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SUMMARY 

The effect of nitrate nitrogen and phosphate on nodulation, 

nitrogen fixation and growth of white clover (Trifolium repens L.) 

plants was evaluated in a series of 'grovith cabinet' and glasshouse 

experiments. Plants of a different age and nodulation status were 

used. 

Nodule dry weight, nodule number and the average nodule weight 

declined on plants grown in solution cultures containing low 

concentrations of nitrate nitrogen (0 . 25 - 0.5mM). The nitrogen 

fixing activity of plants ~as also depressed by low concentrations 

of nitrate nitrogen, in experiments conducted during the wint e1· and 

spring, but a stimulation in activity was observed in plants grown 

during the summer. The nature of the response was dependent on 

the growth response of the host plant to nitrate nitrogen. High 

concentrat ions of nitrate nitrogen (4mM) markedly reduced nodulation 

and ni trogen fixation in all experiments. 

Phosphate increased the total nodule weight, nodule nwriber and 

the nitrogen fixing activity of whit e clover plants, and several 

interactions between nitrate nitrogen and phosphate for nodulation 

and nitrogen fixation were obtained: 

(a) Nodule weight, nodule number and the nitrogen fixing activity 

were more severely reduced by low concentrations of nitrate nitrogen 

at low phosphate levels than at higher levels. 

(b) In one experiment a stimulation in nitrogen fixing activity 

occurred at the low nitrate nitrogen concentration and the highest 

phosphate level. 

(c) At high levels of nitrate nitrogen no increase in nitrogen 

fixing activity was observed when higher rates of phosphate were applied. 

The effect of nitrate nitrogen and phosphate on the soluble and 

reserve carbohydrate content, and percent total nitrogen and phosphate 

in the host plant and nodule material was evaluated and the relation­

ship of the carbohydrate to nitrogen ratio with nitrogen fixing 

activity determined. The ability of this ratio to explain changes 

in nitrogen fixing activity is discussed. 
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I~~RODUCTION 

It is a well established fact that the presence of nitrate 

ions can depress nodule development on legume roots, but recent 

studies in Queensland (Gates, 1970) have shown that this sensitivity 

can be ameliorated if phosphate levels are maintained a t a high 

rate. Gates studies involved tropical legumes and their appropriate 

rhizobial symbionts, and this study was conducted to ascertain whether 

a similar situation obtains with a temperate species like 

Trifolium repens (White Clover). 

Quantitiative information on the effect of nitra te nitrogen 

and phosphate on nitrogen fixing activity in white clover was also 

lacking, and an attempt was made to rectify this deficiency by 

exarnini,ng .the changes in rate of ethylene production per plant or 

mg nodule (dry weight) with the application of nitrate nitrogen and 

higher rates of phosphate. 
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CHAPTER 1 

REVIEW OF LITERATURE 

The review of literature will for convenience, be handled i n 

four sections. The first will review the process of nodulation, the 

second the biochemistry of nitrogen fixation while in the third, the 

effect of combined nitrogen and phosphate on these definite parts of 

legume-rhizobium symboisis will be discussed. In the final section, 

the uptake, assimilation and transport of nitrogen compounds will be 

briefly considered. 

1 .1 NODULATION 

Because of the large volume of literature on this subject, 

only certain aspects of nodulation in legumes will be dealt with in 

detail. Other reviews, (Wilson,1940; Nutman, 1956, 1958, 1965a,c; 

Allen and Allen,· 1958; Raggio and Raggio 1962; Stewart, 1966; 

Dixon, 1969 and Masterton and Sherwood, 1970) contain discussions 

on the aspects not considered here. 

1.2 Root hair infection 

The root hairs are the sites of infection by rhizobia 

bacteria in a large number of legume species, particularly those of 

the genera Trifolium and Vicia, (Raggio and Raggio, 1962). However, 

entrance may also be gained through broken epidermal cells and 

cortical cells and ruptured tissue at the site of rootlet emergence, 

(Nutman, 1956; Allen and Allen, 1958). 

Root hair elongation and deformation are the first visible 

indications of the interaction between legume root hairs and rhizobia 

in most members from the Trifolium and Vicia genera. Root hair 

defonnations most frequently observed are curling at the tip to 

produce a shepherd's crook formation and lateral branching, 

(Nutman, 1965a.) It is generally accepted that IAA is re_sponsible 

in part at least, for these abnormal growth proeesses. For example, 
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a curling reaction, though less typical, can be induced by cell free 

filtrates of nodule bacteria which contain auxins that are acti ve in 

the Went ' s pea test, (Chen. 1938). Further, Nutman et al (1945) and 

Kefford et al (1960) have evidence that rhizobia in culture can oxi­

dise tryptophan which is secreted in small amounts by growing legume 

roots, (Rovira, 1956) to IAA. Finally, the depressing effects of 

additions of nitrate nitrogen on root hair curling in Medicago sativa 

can be overcome in part by adding large concentrations of indole 

acetic acid to the rooting medium, (Murms , 1968c ; Valera and 

Alexander, 1965). Tanner and Anderson (1964) showed that nitrite 

produced from nitrate destroyed IAA . 

The curling reaction was oonsidered by Nutman (1963 ; 1965a,b,c) 

and Raggio and Raggio (1962) to be unspecific . However, more recent 

evidence , (Fahraeus and Ljunggren, 1968; Dixon, 1969; Yao and Vincent, 

1969; and Masterton, 1970) suggests that root hair curling may be 

more specific. Yao and Vincent (1969) for example , reported that 

infection threads were almost entirely restricted to markedly 

defonned hairs and with all hosts, the markedly curled condition 

was practically r estricted to the host plant associated wi th the 

virulent homologous rhizobia. 

Evidence in support of host involvement in root hair curling 

has been supplied by Murma (1968b) in experiments designed to 

measure the effect of No3 nitrogen on root hair curling and nod­

ulation in Medicago sativa. Munns demonstrated that pre-inoculation 

treatment with nitrate markedly reduced the number of curled hairs. 

Since, in this experiment there was no external effect of No3 on 

the IAA produced by the rhizobia, the factor limiting root hair 

curling must have been of internal origin, and thus under host 

control . It is possible that pre-treatment with nitrate resulted 

either in a cell environment unsuitable for the involvement of the 

host cell nucleus which has been shown to be closely associated 

with early stages of inf'ection, (Fahraeus, 1957) or in the prod­

uction of a factor additional to IAA but necessary for root hair 

curling . This view is contrary to that of Fahraeus and Ljunggren 

(1968) who considered the additional factor to be a specif'ic 
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polysaccharide fraction of the rhizobia cells. However, they have 

not been able to identify the material. 

1.3 Induction pf Enzymes in the Host and the initiation 

of Inf'ection 

The passage of bacteria into the root and into the plant 

cells involves the softening and breakdown of cell wall substances. 

Nodule bacteria do not produce any of the pectic or cellulolytic 

enzymes, (Nutman, 1965b) but pectin methyl esterase (PME) and 

polygalacturonase (PG) have been identified in media ~here nodulated 

plants have been grown, (Fahraeus and Ljun:ggren, 1959). 

Polygalacturonase synthesis in particular is r estricted to those 

plants with nodule bacteria able to infect them and correlations 

have been obtained between the amount of enzyme induced and the 

degree of inf'ectiveness, (Ljuniiren and Fahraeus, 1961). Two 

factors No
3 

nitrogen, (Fahraeus and Ljunggren, 1959) and lo~ pH, 

(Munns, 1969) which are known to interfere with inf'ection of l egumes 

also reduce the formation, (No
3 

nitrogen) or the activity of 

polygalacturonase, (low pH). The formation of polygalacturonase 

can be interpreted as the primary effect of the bacteria on the 

host, the synthesis of which r esulting in a partial depolymerization 

of the cell wall pectin, which in its turn facilitates the bacterial 

invasion. 

The active principle which induces the formation of the 

enzyme in the host has been identified as the polysaccharide coat 

of the bacterium, (Ljunggren and Fahraeus, 1959) . It is not certain 

however, that DNA impurities were not present in the polysaccharide 

preparations and therefore, the action of bacterial DNA in the 

induction of the enzyme cannot be ruled out, (Ljunggren, 1961). 

That the inf'ectiveness of an avirulant variant of clover bacteria 

can be restored by treatment with DNA from a virulent strain, 

(Ljunggren, 1961; Balassa, 1960) strongly suggests that cross in­

fectability may be controlled by the constitution of bacterial 

polysaccharide or its determining nucleotides# 

The inf'ection mechanism may be visualised as follows . The 

bacteria secrete water soluble compounds which are highly specific. 
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The active principle passes through the cell wall and on reaching 

the protoplasm, reacts Tiith some specific cell component, probably 

the root hair cell nucleus . Ljunggren and Fa.hraeus (1961) con­

sidered that the reaction bet.7een the bacterial substance and 

specific cell compound results in the formation of an 'organiser', 

which governs the production of polygalacturonase . 

The exact nature of the 'organiser' is not known. Dixon 

(1969) suggested that growth substances like IAA and gibberellins 

may be involved. The nodule inducing principle could alter the 

metabolism of the root hair cells so that these groTith substances 

would be produced in the required quantities . If the sole inhib­

itory effect of nitrate on root hair infection is by the oxidation 

of IAA, and Munns (1968c) and Valera and Alexander (1965) support 

this , then the inhibition of pectinase production by nitrate is 

evidence that the production of the enzyme is affected by IAA. 

rt is clear that the involvement of polygalacturonase in 

the infection processes has led to the development of the theories 

on the mechanism of root hair curling and infection thread initiat­

ion. However, Lillich and Elkan (1968) and MacMillan and Cooke (1969) 

were not able to r epeat the findings of Ljunggren and Fahraeus . 

MacGregor, (~. comm . ) also found that the level of polygalacturonase 

synthesis was not always associated with the degree of infectiveness 

of the rhizobia bacteria . These rrorkers ~ere highly critical of 

the methods used in determining the presence of the pectinase 

enzyme and consider the measurements taken by Fahraeus and Ljunggren 

(1959) or Ljunggren and Fahraeus (1961) were outside the confidence 

limits of the technique . 

1 .4 The Formation of the Infection Thread 

After the bacteria enter into the root hair they are en­

closed in a tube, called the infection thread. The infection thread 

grows through the root hair and the cortical cells , and in some 

way initiates the division of cells within the cortex which then 

form the nodule tissue . 

In the main, three .hypothesis have been advanced to explain 
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the mechanism of invasion and infection thread development. One of 

these, tactly accepted by most earlier investigators, could be 

called the penetration theory. This theory implied that the rhizobia 

actually penetrated the cell wall and grew further through the root 

hair into the cortex . The cellulose lining of the infection thread 

was interpretated as a structure laid dorm as a defence against the 

bacterial intruder, (Schaede , 194.0). However, no cell wall dis­

solving enzymes have ever been found in the media of rhizobia and 

no brea..~ in the cell wall a t the point of entry of the thread has 

been demonstrated. 

In the absence of a chemical explanation, it was then 

generally supposed that entry was afforded by mechanical means as 

has been demonstrated for fungi , (Nutman, 1956). But , in a detailed 

micro-examination of the host's cell '7all McCoy (1932) v1as unable 

to find any evidence to support such a theory. Nutman (1956) 
suggested that no actual penetration of the hair occurs, the root 

hair surface instead becomes invaginated to form an infection 

thread. Nutman hypothesised that the bacteria could take part in 

the process of intussusception and build themselves into and 

through the primary wall of the host cell nall to give an in­

fection thread by invagination. In this way bacteria nithin the 

infection thread could still be on the morphological outside of the 

root, and the infection thread wall would b e n continuous with tha t 

of the host hair cell rrall. Proof of the latter has been provided 

by a number of workers, including Bergersen and Briggs (1958); 
Salhman and Fahraeus (1963); Nutman (1959) and Goodchild and 

Bergersen (1966). 

There are according to Dixon (1969) several features in this 

hypothesis that are not wholly acceptable . First, if the whole cell 

wall invaginates, it must do so against the hydrostatic pressure 

of the cell contents. Secondly, no pore can be seen at the point 

of infection and third, with an open invagination more than one 

strain of bacteria could be present within a nodule, a feature not 

yet demonstrated. 

Dixon, (1969) considered that the bacteria penetrate to the 
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inside of the prima;:-y wall, lv"her a primary and seconda ry wall material 

i s laid dmm ove r the bacterium. It is this material that in-raginat es 

and forms the i n:fec-cion thr-aad walls. To invap- inate agains t the 

tugor pressure of the root ha i r c ell, (Dixon, 'I 969) the outer portion 

of the primary nall behind the bacterium i s possibly strengthened 

as vrell. The hydrostati c pressure of the~ cell contents could also 

be reduced by the i m1)ibing of v7ater by the polysaccharide ::;lime 

associated with the colo:;_w of bacteria, (Kefford rt2:.~, 1960 ; Dixon, 

~ 969) o These worker::; cm::;idersd tlJ.at the i mbibing of ITater would 

cause the root hair cytoplasm to retreat from the infecti on thread 

and further, p rovide tho stretching force needed to initiate and 

maintain the grmrth of' t~10 iri_fection thread . The gron th of the 

bacteria within the ·i.;hre'l.ds -Chcmsel ves may a lso provic:.e the stretch­

ing :forcoo Goodchild and Bergers c:1 ( 1966 ) obser·red~ :from electron 

microscope phoJcographs, bo.cteria ·:;o be tightly packed in the threads . 

There was a l so ovidenco of distort:i.on consistent with the existence 

o:f conside r able end ·i.;o ond :'.Jros sure as the bacteria gre':r i n lengt~1 

and divided. 

The gro11th of the infection thread fro:n cell to coll merel :;­

involves the :i.mi tation of the ori ginal infection and grm-rc~1 th:c~ough 

the root hair cell. The invaginatfon of the next celJ nall is 

thought to occur at the walJ pit so Mulllethale::- (~ 950) J.1as :::hol'ln 

that 11all pit areas aro gen::: r C'..lly consider ably large:i:- ·chan Jche 

b acterium and are at first closec. only by pectic mo."t9 :c~inJ. : · . i:: 

open net of cellulose f ibrils . Tfoceratio:::i e::pe:::-:2.monts on host 

tissue tre.nsverse d by infection t~1reads, ha-re r;hoTin that the threads 

are discontb.uous f::om cell to cell (McC oy, 1932), e7idence '17hich 

s trongly supports tho :J.nvaginat~.on theory, and the pa::;sive movement 

of bacterj o. from cell ~o coll . 

Tr1e close relationshi:'.J between the root ha:i.r cell nucl eus 

and infection thread initiation aricl development has already been 

mentioned in this r eviev:ro This associa tion continues during the 

passage of the infect i on thrnad through the cortex. The infection 

thread invariably passes close to or tends t o move from t he intended 

path to another closer to the nuclens . 'l'hese features po int to tho 

significance of host control i~ noculation,(Fahraeus,1957; Nutman , 1959). 
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1.5 Pattern of Root Hair Infection 

Very few root hairs are infected in legumes. Four to five 

percent of root hairs were infected in lucerne, Medicago sativa 

(McCoy, 1932) and two percent in white clover, (!• repens), 

(Fahraeus, 1957). A high percentage, seldom less than 10 to 20}& 

of the infection threads fail to grow in white clover, (Fahraeus, 

1957). Purchase (1953; 1958) recorded an equal number of in­

~ections and nodules in red clover, thus suggesting closer host 

control during the root hair infection stage in this species. 

Root ba irs became infected on the third or fourth day after 

germination in a large number of Trifolium species, (Nutman, 1965a). 

The initial infections generally occurred at a few well separated 

points or zones on the root and not at random. Subsequent in­

fections aros e within and near these zones and extended in both 

directions until a large part of the root became susceptible. The 

rate of hair infection increased expotentially until the appearance 

of the first nodule, after which a lower but still expotential 

rate was observed, (Nutman , 1965a ,b). 

The spread of infection from centres may be due to the 

diffusion of activating substances either within or outside the 

root, (Nutman, 1965a) since the mean number of infections per 

plant is generally higher when t wo plants are grown close together 

than singly. 

In an attempt to define the nature and the origin of the 

principles controlling infection in legumes, Nutman (1965b) 

evaluated the effect of darkness and decapitation on root hair 

infection in 1> fragifeIUID and !' pariflol"lID. Short periods 

of darkness did not inhibit infection, although the number of 

infections was reduced in comparison to control plants grown in 

light. That the number of infections declined steadily with in­

creasing exposure to darkness, suggested that the seed contains 

'factors' necessary for infection, (Nutman, 1965b). Decapitation 

of the top before 4 days after germination or after 4 - 5 days 

also depressed infection, but did not prevent infection. At four 

days after germination however, decapitation increased the 
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number of i~ections. These results indicate that some factor 

necessary for infection thread initiation comes from the cotyledon 

or plumule and that sufficient moves into the root by the fourth day 

in !· fragiferum to allow normal i~ection, (NutI!lan, 1965b). 

The distribution of infected r oot hairs ~as also changed 

when seedlings were decapita ted at 3 - 4 days. Larger numbers were 

concentrated near the root tip, a fea ture not a ssociated with in­

t a ct plants, where the proximity of an active root meristem could 

inhibit i~ection. 

The pattern and degree of i~ection in legume roots is then 

mos t probably influenced by stimulatory-inhibitory substances. 

Nutman ( 1965b) tentatively proposed that "a precusor of an infection­

pronoting substance may originate in the plant top and be normally 

translocated towards the growing root tip, and that an infection­

inhibiting substance may be p roduced in root meristems and move in 

the opposite direction. The primar'J zones of infection may reflect 

the localised transfo rmation of the precusor into active promoter. · 

This ~ay take place in thos e parts of the root that are r eg ions of 

incipient meristematic activity, and so give ris e to regions of 

denser i~ection". 

Nutman citied the increase in i~ections near the root tip 

on!• fragiferum, when plants were decapitated before four days 

after germination as evidence for his hypothesis, sinoe the main 

root apex, through decapitation would have become an 'inhibited 1 

meristern capable of producing promoter substances. The precursor 

from the cotyledons or hypocotyl would be translocated unaltered 

into the main root ap ex in the absence of other incipient meris­

tematic centres. Indeed the f a ilure of intact legumes to produce 

i~ections in the first four days may be due to a lack of 

incipient merietematic centres. 

If Nutrnan's hypothesis is correct, then it underlines the 

importance of the development of the root as a factor controlling 

i~ection patterns and rates. 
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1 .6 Nodule Development 

The nodule begins as a proliferation of a small group of 

cells of the inner cortex of the root. These cells in most legumes 

are of mixed tetraploid and diploid constitution, the tetraploid 

cells arising from prefoIT:led tetraploid initials that are present 

before infection, (vlfipf, 1939; Wipf and Cooper, 1938; 194.0). Hov;­

ever there are exceptions, since Kodama ( 1967), (quoted by Dixon, 

1969) has reported that Vicia fabia and s ome tropical legumes do 

have diploid nodules. 

Prolifera tion of these cells commences when a tetraploid 

initial is stimulated into cell division by the proximity of an 

infection thread. The rhizobia may stimulate the division of cells 

in the root cortex by contributing a kinetin-like factor, (Torrey, 

1961). Once the initial stimulation occurs , the nodule different­

iates fully by the rapid formation of an organised meristem that 

produces mainly tetraploid cells basally and diploid cells toward 

the outside of the root which forms the cortex in where the vascular 

traces are differentiated. The central tetraploid zone is enclosed 

v;ithin an endodermis continuous with that of the host root and a 

separate endodermis may also envelop each vascular trace. Thus the 

disomatic cells seem to be the actual predetermined sites of in­

fection, (with a few exceptions) but the exact reason for restriction 

of intracellular infections to tetraploid cells remains obscure. 

1 .6 .1 Bacteria in the Nodules 

In some host plants, for example in clovers , bacteria in 

the infection threads are progagated through the nodule by the in­

vasion of the intracellular spaces by infection threads, while in 

others by the division of a few infected cells. It is widely accept­

ed that the bacteria, still in the rod fom, are released into the 

host cell at a point where there is no infection thread wall and 

where the thread is frequently enlargened and spherical in fonn, 

(vesicles). The bacteria appear to migrate to the periphery of the 

thread or vesicle, (Mosse, 1964) before being released by, the pro­

cess of endocytosis into the cytoplasm of the host tetraploid cell, 
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(Bergersen and Briggs, 1958; Goodotild and Bergersen, 1966; Dixon 

1969). 

Other less popular theories have been advanced to explain 

the fori"'.'.ation of the envelope about the bacteria and bacteroids . 

Dart and Mercer ( 1964-) considered that the bacteria e1i1erged f'ron 

the infection thread without a nenbrane envelope , the Dembrane 

being f ormed de novo. Mosse (1964) and Jordon, Gringer and Coulter 

( 1963) on the other hand, claimed that tbe bacteria nere enclosed 

by the endoplasmic membrane . 

The role played by the membrane has been fully evaluated 

by Nutnan (1963 ). It is apparent the nembrane prevents the bac­

teria coming in contact '7ith antibiotic substances in the plant 

cytoplasm. 

1 .6 .2 Formation of Bacteroids 

After being released into the host cell cytoplasm, the 

bacteria may increase in size and change shape, the nature of' the 

changes being species dependent. In sooe hosts, the bacteria 

divide within the nembre.ne so that each nembrane contains several 

bacteria, while in others the membrane behaves as a bacterial men­

brane and divides with the bacteria , so that each bacteriun is en­

closed in a separate envelope. The manner in ~hich the rhizobia 

multiply also appears to be host control+ed. In soyabean nodules 

there are several bacteria nithin each oembrane, (Goodchild and. 

Bergersen1 1966), while in clover and Vieia nodules and possibly 

lucerne the plant membranes surround each individual bacterium, 

(Dart and Mercer, 1961+.; Jordon, 1962; Mosse, 1964-). 

Other biooheraical changes have been recorded with the 

maturation of rhizobia into baoteroids. Foremost is tbe synthesis 

of the enzymes necessary for nitrogen fixation and the production 

of leghaemoglobin found in the solution of the plant sap or assoc­

iated ~ith the lipoprotein membranes of' the endoplasmic reticuluo, 

(Bergersen and Wilson, 1959). Changes have also been recorded in 

respiratory pigments, (Bergersen,1969). The total level of cyto­

chromes is higher in soyabean nodule bacteroids, and the bacteroids 
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do not contain cytochromes a - a
3

, cytochrome o or rhizobiun haemo­

globin, which are associated vrith the free living f'orm (Rhizobium 

japonicum). Bacteroids do contain cytochrome o (5!'2.Rhizobiun) and 

the haemoprotein P-450, and the pigments P-420 and P-4-28 . A 

n onautoxidizable cytochrome c and cytochrone b have been identified 

in both f'ree living organisms and b acteroids. (Appleby 1962, 1969a,b). 

Nutman ( 19650) recorded bac teroid r espiration to be marginally 

higher, and the bacteroids of actively fixing nodules do not contain 

appreciable carbohydrate reserves. 

These changes are most probably the result of the host cell 

transferring genetic information to the bacteria or unblocking 

genetic material already present , but whi ch is repressed in the f'ree 

living organisms , (Bergerse n, 1969). The theory of host cell 

transfer of genetic infornation to the bacteria is f avoured by 

Dilworth and Parker (1969). These workers suggested that genetic 

infonuation, probably encoded in the host as a result of the trans­

fer of symbiosis control to the host from the free living organisms 

during the ev olution of synbiosis, is conveyed to the bacteria 

by the appropriate host mRNA . Goodchild and Bergersen, (1 966) re­

ported that bacteria released from infection threads frequ ently 

group adjacent to the host cell nuclei. Ho~ever, Mosse's (1964) 

proposal of ultra structure connections between the bacteria and 

nuclei Fiere not noted. 

The environment wi thin the nodule may also account for 

some of the changes. Changes in the cytochrome complement could 

be reproduced in culture solutions at low oxygen tension, (Appleby 

and Bergersen, 1958). 

1.7 Nudule Formation and Root Habit 

Breeding experiments have shown that selection of host 

legume plants for high nodule number produces plants with many lat­

eral roots, the reverse being the case for sparcely nodulating 

plants, (Nut~an, 1965a), This close relationship betvieen the 

rooting habit and nodule formation is also further demonstra ted in 

studies conducted by Nutman (1948). In these seedlings inoculated 
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wi th effective Rbizobium cultures had initially a lo~er conpleoent 

of lateral roots in comparison to plants not inoculated. It was 

suggested, ( Nutnan, 1965a) that some of the latercl root priraordia 

had been occupied by bacteria and had gr ovm out as nodules . 

The perrianently enhanced rate of infection and nodule 

fomation, which occurs after noderate delays in inoculation, 

(Nutman , 1949; Dart , 1959) or following release from the initial 

inhibitory effect of trace levels of No
3

, can also be expl ained in 

t erns of host - controlled infection and nodule development. The 

increase in infecti on potential of the root, results fron an in­

crease in the number of lateral roots, each of which bears their 

own foci for infection and nodule fcn:1at i on or for further r oot 

development, (Nutman, 1965a). 

These observations point to a coonon origin or a very 

closely associated origin of lateral roots and nodules and Nutr:en 

(19.fb; 1965a) sugbe sted that the l ateral pri.mordia were metamor­

phosised into nodules . Recently Wittmann(1968) working with field 

beans, (Vicia faba) vetch, (Vicia .::i.E.E.) and field peas , (~ 

sativurn) found that the nodules were of endogenous origin a nd poss­

ibly transformed lateral root primordia . 

Nodules are not ho~ever, modified lateral roots, as in the 

case of non-leguminous nodules, (Fred, Baldwin and McCoy, 1932; 

Wilson, 1940 ; illen and Allen, 1950). Fred, Baldwin and McCoy 

(1932) in sUID.Barising the evidence , concluded that "it is distinctly 

not a Bodified l ate r al root, for it has no central cylinder root cap 

or epidermis. Furthemore it does not digest its way out from the 

cortex of the main root, but remains covered with a layer of cort­

ical parenchyma". Allen and Allen (1 950) s tressed that the nodule 

is a unique type of root hypertrophy with a cortical origin and an 

anatomy whi ch differs fron that of a seconda!"IJ root in both struct­

ure and function. The orig inal concept, (Thimann, 1936; 1939) that 

the nodule is a lateral root modified by auxins produced by nodule 

bacteria is thus no longer tenable. 
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1 . 8 ~odule Size and F£equencY. 

The hypothesis of host controlled infection and nodule 

dcvelopoent at certain foci can also be orought to bear upon the 

nore general problem of variation in nodule s ize and frequency as 

affect ed by bacter ial strain, or environ!llental influences. 

The inverse relatic~ship be~~een bacteri al virulence and 

mean ncdule size has been established in a larger number of hosts , 

(NutD1J.n, 1965a) . NutQan consider ed that the nodules ferried by the 

virulent strain tended to i nhibit nodule fornation to a lesser de­

gree than those of the less virulent strains . Support for the 

hypothesis ~as supplied by Nutnan (1949 ; 1952) . Excisicn of effect­

ive nodules for cxar:iple led t c an irru:iediate increase in the r ate of 

nodule f orraa ti on until the deficit uns r ecovered, i;;herc upon t he 

r ate r eturned to that char acter istic of the host and strain, 

(Nutl!lan, 1952) . A cor.lpariscn of the effects of excision of di ff ­

er ent sizes of' nodul e indi cated tha t lar ger nodules produced upon 

poor nodul ating hosts , or by less vi !'Lllent strains are nore inhibit­

ory than those fcrued on abundantl y nodulating hosts or by nore 

virulent strains . The str ength of the i nhibition is r elated t o the 

activity of the nodular meristen, upon ~hich the size of' nodule de­

pends . Excision of t he uni nfected groITing tip of the root also 

causes an increase in nodulation, thus denonstrating tha t the root 

tip i s also ~ controlling influence upon infection, (Nutman, 1965a) . 

A sioilar relationship c:i.n develop in si tuA.ticns ':7here the 

nunber of nodules on hosts i s severely limited by enviroru:ient~l 

f actors. The feV< nodules f'.)med can attain a large size , thus con­

pensating for loss in bacterial tissue through reduction i n the 

number of nodules initi ated, (Nutoan, 1965a) . That bacterial 

virulence , nodule s ize , oeristeQatic activity and the morphogenesi s 

of the Tihol e r oot a r e closely inter rel ated rlas emphasi sed by Nutf:lan 

(1965a) . He consider ed that the nodul e functi ons essentially as one 

creristem among others active in deterv~ning the patter n of gro,tth. 

1 .. 9 §.tinul atory - Inhibi to:£L_Factors and Nodulation 

The r ole of inhibitory- stimulatory factors in controlling 
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infection and the role of gr owth substances in infection thread 

developnent has already b edn discussed. There is also evidence that 

stimulatory-inhibitory factors and/or growth substances could be 

controlling nodule initiation and growth. No nodule foma tion for 

example, has been obtained upon roots in fully isol ated culture. 

Raggio et al (1957) r eport ed so~e success with primary excised 

cultures, but transfer cultures f ailed to ncdulate. Since nodules 

fo:rned upon fully eti ol ated whole seedlings, it is likely that sub­

stances synthesized in the leaves are r equired in nodulation, 

(Nutman, 1965a). A soluble Borphogenic substance produced in bean 

hypocotyl and cotyledon did exert an influence on nodulation in 

field beans, (Schaffer and Alexander, 1966). The substance was 

not however, peculiar to l egunes. Schaffer and Alexander (1966) 

demonstrated that substances in autoclaved coconut water and coconut 

endospern we r e abl e t o replace those in bean cotyledons or hypocotyl . 

The absence of nodules on transferred excised root cultures 

is probably a r esult of failure of the initial nodule primordiur.: to 

becooe activated, (Nutnan , 1965) since, while top excision on!• 

fragiferum seedlings had no effect on infection, no nodules or 

lateral roots were observed . 

Little is known of the requirements for groTith factors in 

the initiation and growth of nodules . Dixon (1969) tentatively 

suggested r oles for L~\ and gibberellins . Cytokinins have been 

shown to promote proliferation of soyabean and pea callus and 

polyploid mitosis in cultured ro ot segnents, (T orrey, 1961; 

Phillips, 1971). Abscisic acid at concentrations of 1.9 x 16
6 

M 

reduced nodule developnent in pea plants by 6'1% without affecting 

root or shoot growth, root hair curling or infection thread develop ­

ment , (Phillips, 1971). Since abscisic acid also reduced polyploid 

mitosis in roots, Phillips (1971) concluded that abscisic acid r e ­

duced the number of nodules on the plant root by inhibiting the 

cortical cell divisions required for root nodule formation. 
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2 .1 NITROGEN FIXATION 

Biological nitrogen fixation consists of the reduction of 

nitrogen to amr.ionia by living organisms. Unlike most other funda­

mental reac tions in nature, nitrogen fixation is not characteristic 

of majo r classes of or ganisns . The reaction is howev er, distributed 

through a broad spectrun of nicro-organisn synbionts , including 

Rhizobium trifolii" The enzyr:i.e system r esponsibl e for this 

reduction is call ed nitrogenase . 

Mos t of the initial inforriation ga i ned on the nitrogen 

fixing p r ocess has cone fror,1 studies on free living or ganisns. 

However, the information gained from studi es using disrupted nodule 

prepar ations, (Bor gers en, 1967; Bergersen and Turner, 1967; Koch, 

Evans and Russell, 1967) suggests that the symbiotic system is 

similar t o that present in the free living bacteria , Clostridiun 

pasteurianun and Azotobact er vinelandi~ . There are distinguishing 

features, sone of which nay be associated vJi th the unique environ­

ment in the pl ant cell within which the reaction occurs , (Bergersen, 

1969) and these will be highlighted in the review. 

A conpl e t e review of all liter a ture pertaining t o this 

topic will not be undertaken because of the l a r ge volune of liter­

ature on the subject. In this section I will attenp t t o outline 

t he requirements for nitrogen fixation and the probable biochemical 

pathways. A brief d iscuss ion on the possible action of nitrogenase 

will then f ollow. 

The biochemistry of nitrogen fixation has been the subject 

of a number of recent reviews including those of Stewart (1966); 

Burris (1966; 1969); Hardy and Burns (1968); Bergersen (1969; 1971); 

Fottrell (1968); Postgate (1970); Hardy, Burns , Hebert, Holsten 

and J ackson (1972) and Streicher and Valentine (1973). 

2.2 Site of the Primar.Y: Reactions of Nitrogen Fixation 

Bergersen (1960); Klucas and Burris (1967) and Kennedy 

(1966a,b) attenpted to a scertain the l ocation of the primary 

reaction by exposing detached nodules to 15N2 f or various times, 
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and then determining the distribution of the label in the bacteroids, 

cytoplasmic membranes and soluble fractions of the nodule. For 

soyabean nodules, most of the label accumulated in the soluble frac­

tion, a little in tte fraction containing cytoplasmic membranes, 

(subsequently found to be an artif'act) and r.·:me in the bacteroids, 

(Bergersen, 1960; Klucas and Burris, 1967). Initially similar 

results were obtained f'or detached serradella (Ornithopus sativa) 

nodules, (Kennedy, 1966a,b) . However Kennedy et al (1966) later 

reported that the bacteroids from serradella nodules contained sub­

stantial quantities of ner.ly fixed nitrogen . It appears that soya­

bean and serradella nodules differ in the extent to which ~rn3 is 

retained within the bacteroids; 9C% compared to 20/o of the nitrogen 

fixed in one minute being detected in the soluble fraction for 

soyabean and serradella nodules respectively . 

Results from studies using bacteroid suspensions obtained 

from soyabean nodules, (Bergersen and Turner, 1967) supported the 

evidence obtained by Kennedy et al (1966). Labelled nitrogen was 

located entirely in the bacteroid fraction . No nitrogen f'ixation 

was detected in the soluble fraction. Further, the enzymes 

necessary for nitrogen fixation have been located in the bacteroids, 

(Koch, Evans and Russell, 1967b). 

The plant components of the legume syinbiotic system must 

then fulfil auxiliar-f functions. 

2.3 Re~irements f..£E_Nitrogen Fixation in Le~ume Nodules 

Koch, Evans and Russell, (1967a,b) measured the production 

of' NH3 f'rom N2 gas in cell-free bacteroid extracts and sho1iYed that 

the omission of an ATP generating system, Na2s2o4 
or N2 gas resulted 

in little NH
3 

production. They also demonstrated that the reaction 

required anaerobic conditions and that the reaction rate was in­

creased by the ad1ition of MgC1
2 

and creatine phosphokinase, (both 

components of the ATP generating system) . 
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Thus it would seem that the following are necessary:­

(1) an energy source 

( 2) a source of reducing power 

(3) an active enzyme complex 

(4) a suitable reducible substrate, i.e. N2 gas , acetylene 

or hydrogen ions. 

These requirements are similar to those for cell-free ex­

tracts, from free-living N2 fixing organisms like Clostridium 

pasteurianum and Azotobacter vinelandii. 

2.3 .1 Source of Energy 

The first experimental evidence in support of the involve­

ment of ATP in nitrogen fixation was furnished by McNary and Burris 

(1962). These workers showed that arsenate, at concentrations which 

completely suppressed the formation of acetyl phosphate in free 

living organisms including Clostridium pasteurianum and thus in­

directly ATP synthesis also inhibited nitrogen fixation. Additions 

of glucose to the clostridial cultures also inhibited nitrogen 

fixation possibly as a result of the depletion of ATP , brought 

about by glucose - 6 - phosphate synthesis. 

It appears that nitrogenase functions most effectively 

when ATP is supplied via an ATP generating system, euch as creatine 

phosphate - creatine kinase, or acetyl phosphate or acetokinase 

which maintain a low steady-state level of ATP and a negligible 

steady level of ADP. Recent results, however, show that substrate 

levels of ATP may be used providing correct Mg 2+/ATP ratios are 

maintained, (Kennedy, l·ltorris and Mortenson, 1968; Bergersen, 1971). 

In free living organisms the phosphoroclastic reaction 

provides the immediate energy source for nitrogen fixation. 

Pyruvate forms acetyl phosphate, which in the presence of ADP yields 

ATP, acetate , H2 and co2, (Stewart, 1966; Burris, 1966; Hardy and 

Burns, 1968; Fottrell, 1968; Bergersen, 1969). In symbiotic systems, 

the oxidative phosphorylation system is the most likely source of 

ATP, (Bergersen, 1969; 1971). For example, fumarate and succinate, 

both intermediates of the TCA cycle, restored and enhanced nitrogen 
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fixation when supplied to bacteroids prepared anaerobically in a 

medium devoid of 0.3M sucrose , (Ber gersen and Turner, 1967). 

Succinate ~as found to be a prominent constituent of organic acids 

leached from bacteroids sh~~en in a sucrose medium, (Bergersen,1969). 

No such leakage occurred when the bacteroids were prepared in 

sucrose since no depression in nitrogen fixation was noted . 

Detached nodules, (Bergersen, 1962) and suspensions of 

bacteroids, (Bergersen and Turner, 1967) also have a requirement 

for o2• This is further evidence that substrates a re oxidised and 

that oxidative phosphorylation provides ATP as an energy source. 

Finally, Bergersen (1966) noted that when 2,4- dinitrophenol w::l.s· us~d 

as an uncoupling agent in oxidative phosphorylation nitrogen 

fixation was inhibited in nodule breis. 

2.3.2 Source of Reducin~ Pm7er 

Pyruva t e furnishes not only ATP but also acts as an elect­

ron donor for nitrogen fixation in cell free extracts of Clostridium, 

(Burris, 1966 ; Stewart , 1966 ; Fottrell, 1968). The electron might 

come from the hydrogen generated in this reaction. Free hydrogen, 

(Burns and Le Comte, 1964-; Mortenson, 1964-; D 'Eustachio and Hardy, 

1964-) can act as reductant in cell free extracts of fre e living 

organisms providing a hydrogenase is present. Free hydrogen canno t 

however, be utilized in cell free extra cts of soyabean nodules. 

Wong et al (1972) demonstrated that in the absence of any other 

reductant, the nitrogen fixing activity in soyabean nodule extracts 

occurs in the presence of tt
2

, only when the hydrogen donating 

system from f · p asteurianum was present. 

A large number of 'artifical' reductants have been tried. 

To date, sodium dithionite remains the only known non-biological 

reductant which functions in substrate amounts and couples directly 

to nitrogenase. It is an effective reductant for all nitrogenases 

tested, including Azotobacter, ClostridiUI:J. and soyabean nodule 

bacteroid preparations, (Hardy and Burns, 1968; Burris, 1969). 

Pyruvate, Ketogluturate , f5 hydroxy-butyrate, reduced NAD, 

reduced NADH, succinate and fumarate are unable to replace 
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dithionite, (Koch e~-~!,1967; Bergersen, 1969). 

2 .4- Electron Transport: to Ni tr~pas~ 

Bacterial ferredoxin is pivotal in electron transport in 

anaerobic bacteria . It accepts electrons from pyruvate via the phos­

phoroclastic reaction and reduces a variety of enzymes including 

nitrogenase, NAD reductase and hydrogenase. Flavodoxin can r eplace 

ferredoxin in vitroo Bacteri al ferredoxin has not however, been 

found in nitrogen fixing extracts of aerobic, facultat ive or sym­

biotic nitrogen fixing organisms. The absence of ferredoxin in 

symbiotic nodules suggests that alternative ele0tron transport 

systems operate . Evan ( 1969) and Wong et al ( 1972) have proposed 

electron transport schemes for nodule bacteroids . The schemes were 

based on the kno~ledge that coyabean nodules contain extensive 

quantities of poly - B hydroxybutyrate, active ~ hydroxybutyrate 

dehydrogenase, and that extracts of nodule bacteroids catalyse the 

reduction of dyes such as benzyl viologen by NADH. Evans (1969) and 

Wong et al (1972) have demonstrated that a mixtur e containing an 

active nitrogenase, an ATP generating system, benzyl viologen o:r- '"' 

flavoprotein, a catalytic amount of PADH and hydroxybutyrate and tho 

corresponding dehydrogenase catalyses the reduction of acetyl ene to 

ethylene . Any dehydrogenase capable of maintaining a supply of :NADH 

could function as a source of reducing power , Other dehydrogenases 

observed in crude soyabean extracts TI'ere, glyceraldehyde -3- phos­

phate, a NADP specific isocitrate and glucose -6- phosphate dehyd­

rogenases, (V!o ng ~.!_al, 1972), 

A probable elect:.'on transport pathway could be as follows : 

(Wo ng et al, ~ 972). 

(5 -hydroxy . ( 1 ) j>­
butyrate· 

other substrate 

~NAD 

( 1) = ~ hydroxybutyrate 
dehydrogenase 

(2) 
:.....--?;> 

Dye or C3) 
FMN or~ 

FAD 

(2) = NADH 
dehydrogenase 

(3) = 
Nitrogenase 

A NADH dehydrogenase has been identified in an acetone 

powder of bacterial cell walls , (Wpng et al, 1972) and Koch et al 



21 

(1967) have isolated from bacteroids a brown non-heme iron protein 

and Koch~ (1970) a flavoprotein similar to az otoflavin . There 

is s ome evidence, (Wong et al, 1972) that these f arc:-cors could well 

be the natural electron carriers. For example, electrons may be 

transported from an NADPH- generating system, such as glucose -6-
phosphate dehydrogenase through i=.erredoxin J\TlillP reductase to azotc ­

flavin and bac t eroid non- heme iron protein to N2 via nitrogenase. 

The enzyme nitrogenase has been identified in one or two 

components obtained in cell- free extracts of free-living organisms . 

The nitrogenase is present in a component labelled as the nitrogen 

activating system, while the hydrogenase enzyme , long linked with 

the evolution of hydrogen in nitrogen fixation , appea rs to be 

present in another component, the hydrogen donating system (HDS) . 

In Clostridium pasteurianum, the phosphoroclastic r eaction is 

likewise in the HDS . Both components are necessary for N2 
fixation , (Burris , 1966 ; Stewart , 1966; Nicholas, 1963; Postgate, 

1970) . No mention has been made in the literature as to the 

possibility of dividing cell-free extracts of bacteroids in a 

similar fashion . 

2 .5 . 1 HydrogenE.:3 Enz,zmes 

Ther e appear to be t wo hydrogena s es present , at least in 

the extracts of free- living organisms . One identified as a 

' classical hydrogenase' is carbon monoxide sensitive and ATP 

independent , while the other is carbon monoxide insensitive but 

ATP dependent , ( Burris , 1969) . The 'classical hydrogenase ' can 

accept electrons from ferredoxin and evolve or donate electr ons to 

ferr edoxin to be used in nitrogen fixation in Clostridium. 

Bergersen (1969) has found some evidence for the presence of 

' cl assical hydrogenase' in soyabean nodules , but i n the main l i ttle 

reference ia made to this enzyme in the symbi otic system. Dixon 

(1 968; 1972) cetected a hydrogenase in some Rhizobium bacteroids . 

The hydrogenase was similar to that found in Azotobacter; it was 

capable of reducing a r ange of electron acceptors , but the hydro ­

gena s e act ion was not r eversable . Dixon ( 1972) als o demons t rated 
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that the hyd.rogenase was concerned with the oxidation of hydrogen 

with resultant oxidative phosphorylation. An increase in efficiency 

of nitrogen fixation was observed in those bacteroids possessing the 

enzyme. In some respects this enzyme confon~s to the activity of 

of the 'classical hydrogenase'. 

In contrast to the 'classical hydrogenase', the ATP depenc1.­

ent carbon monoxiO.e insensitive hyd.rogenase does not require the 

presence of ferredoxin. The ATP dependent hydrogenase activity 

remains with ni trogenase during purification of extracts, and both 

nitrogenase and ATP dependent hydrogenase have similar requirements, 

(Fottrell, 1968 ). The nitrogenase (fig 2) and the ATP dependent 

hydrogenase may be the same enzyne, (Burris , 1966 ) . 

2 . 5 . 2 Nitrogenase 

This enzyme has been fract ionc..ted into t-110 ·components. One 

component contains iron and molybdenum and has mol ecular weight of 

approximately 180,000, the second contains iron and has a molecular 

~eight of about 51,000, (Ber gersen, 1971). To date no accurate 

figure can be quoted as t o the actual composition of molybdenum 

and iron in Fraction 1 or iron in Fraction II . 

The enzyme complex is extremely sensitive to o2 and must 

be prepared under anaerobic conditions, but unlike its counterpart 

in extra cts fron cell-free organisms, the enzyne does not appear t o 

be cold labile, (Bergersen, 1971 ). 

No one has demonstrated an independent function f or the 

Fraction I or Fraction II of ni trogenase . .Apparently both must be 

present to carry out nitrogen fixation. Some tentative proposals 

have been advanced and these will be discussed. 

2 . 6 Possible Biochemical Pathways in the Conversion of 

Nitrogen Gas t o the Inorganic Form 

The entry of N2 gas into the biochemical vathways could be 

by oxidation or reduction. Entry by way of oxidation would result 

in the forna.tion of N20 or a compound akin to N20 . Since it is 

known that N20 is a competitive inhibitor to nitrogenase, it i s 

unlikely that oxidati on of N2 gas occurs . Further, the hydration 
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products of N
2
0, nitramide and hy.ponitrous acid, have not been found 

to be used by N2 fixing organisms; thus indica ting that their 

presence as intermediates :i_q re:oote . Such an oxidation pathnay is 

unlikely, (Nicholas, -1963) . 

The bulk of evidence supp orts the view that the initial 

reactions a r e r eductive, six electrons being involved in the re­

duction of I'U-I
3

• Should t1>0 - electrcn r educti on occur, the first 

product would b e a hypothetical diimide, the second a hydrazine 

and third and l ast NHy In the scheme of Nicholas ( Fi.'31) the 

diimide c ould alternatively be hydrolysed to hydroxylanine, the 

hydrazine to NH
3 

and hydroxylamine respectively. Hydrazine could 

•also conbine with a:!._:;_:iha ketoglutaric acid to form dihydropyridaz}­

none-S-carboxylic acid (P.C.A.)o Bach (1957) obta ined evidence 

that P.C.A. might be an internedia te and Virtanen and "orkers 

(Nicholas, 1963) prod~ced evidence for the involvement of 

hydroxylanine as an internedi at e o 

Nicholas ( 1 963) , Burris ( 1 966) and Stewart (-1 966) could 

provide only scant evidence f or hydroxylanine , diinide, hydrazine 

or P.C.A. as internediates . Much evidence , like that of Garcia 

Rivera and Burris (1962) indicates that they are not internediates; 

or if they are internediat e s they r ennin firoly bonded to nitro ­

genase during the r educti ve p r ecess . The 1£1.ck of a denonstrable 

exchange r eaction in :~2 fixation 11oul d support this concept, 

(Burris, 1966). 

Recent definitive in vitro experinents and in vivo studies 

demonstrating HD fornation with both nitrogenase and model systems, 

have however provided the first experinental evi dence, although 

indirect, for the occur<::nce of nitrogenase-bound di ioide and 

.hydx~z.Lw , (Hoch, Schneider and Burris, 1960; Jackson, Parshall and 

Hirdy, 1968). Turner and Bergersen (1969) have demonstrated that 

the deuteriuo. exchange reaction was dependent on N2 , ATP and a 

reductant. No enhancewent of exchang~ wa s observed when substrates 

for reduction were c2H2 or CN, which would not be expected to 

bn.tr!l.. enzyne bound interoedi a tes. 
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2.7 Mech~niso of Nitrogenase Activ~ 

The nanner m which nitrogen gas is no st likely r educed t o 

NH
3 

by nitrogenase is shc~n in figure (2). It can be s een that 

there ar e t wo active site s on the nitrogenase enzyme; an electron 

activating site (x) and a substrate cor.J.plexing and reducing site (y). 

The t wG sites can be sep arat ed on the basis of carbon monoxide and 

H
2 

sensitivity, (Hardy and Burns, 1968 ). Thus while carbon non cxi de 

inhibits both r eduction of N
2 

and hydrogen exchange , ('classical 

hydrogenase' activity) carbon nonoxide does not af~ect the r eductant 

dependent ATPase or ATP dependent H2 evolution. 

Activation of N
2 

is undoubtly the oost significant physiolo­

gical a spect of nitrogenase activity. Recent studies indicate that 

an electron from a suitable donor, including dithionite , ferredoxin 

or flavodoxin, may react ~ith an oxidised group X on the nitrog-
ox 

enase enzyme and utilize ATP to produce ADP and Pi and a re~uced 

gr oup of increased r eduction potential (X red). · 

Da s et al (1967) sugcested that the X d nay exist as a hydride, . but re 
~he sequence of these initial events is unknown. Prior reduction 

is f avoured, (Hardy and Burns , 1968 ). Four ATP oolecules per 

pair of electrons transferred appear t o be necessary, (Burris, 1969) 

and molybdenun is involved at this site, (Hardy and Burns, 1968; 

Bergersen, 1971). 

The r ole of ATP has not been clearly defined. An ATP 

induced confo:1Tiational change in nitrogenase during N2 reduction 

was propo sed by Bulen et al (1965). Recently Kennedy (1970) claimed. 

that ATP did induce c on:fon~ational changes in the nitrogenase enzyme 

~rom E· Lupini. The con:foroational changes, he considered occurred 

before substrate reduction, and would generate a reduced chemical 

species on the enzyne with greater reactive potential, comparable 

to the con:fomational states which have been proposed to accompany 

the electron transfer oediated synthesis of ATP within biological 

organelles , such as mitochondria and chloroplasts. 

Theories on substrate complexing a nd reduction will not be 

dealt ~ith in this revie~ . Hardy and Burns (1968) and Hardy et al 

(1972) have outlined possible schemes. 
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What has energed f'rou recent studies then, is the concept 

that nitrogenase acts as a powerful and versatile r edox catalyst, 

coupling ATP hydrolysis and electron transfer in an integrated 

r eacti on. For nany W"orlcers, electron activation is the lmiting 

r eaction in nitrogen fixation. 

2.8 .A@Jonia Assinilaticn 

i'\Thile in bacteroid suspension s (Berger sen and Turner, 1968) 

and cell free ex~_~acts, (Koch et al, 1967a, b; Bergersen and Turne r, 

1968) the nitrogen fixaticn process t er fnin:.; t .8 s·\r.i.th am.r;ionia, in 

nodules the al!lDonia is rapidly assinilated into araino conpounds , 

( Aprison, Magee and Burris , 1954; Bergersen, 1965 and Kennedy, 

1966a ,b). The pr:inary assiDilation step in serredella and soyabean 

nodules is the incorporation of am.oonia into glutanic acid, 

(Aprison e t al , 1954 and Kennedy, 1966a,b). The presence in bact­

eroids of isocitric dehydrogenase and glutaTiic dehydrogenase, 

(Kennedy et al , 1966 and Mooney and Fottrell, 1968 ) would enable 

the reaction to precede by diverting keto glutarate fro~ the tri­

carboxylic ac i d cycle. There is evidence that organic acids of th r 

tricarboxylic a cids are only partially oxidised, (Bergersen, 1971). 

The existence in nodules of tvi-o ar:.uJonia pools, one of which 

wa s in rapid equilibriun wi th newly fixed nitrogen and one which 

wa s not, has been reported by Ber gersen (1 965) and Kennedy (1966a). 

One cf these p ools nay be within the bacteroid or bacteroid plus 

enclosing nenbrane and the other naybe in the host cell, ( Bergers en, 

1971)~ Thus most transao.ination reactions as well as the primary 

assinilation reaction could be nediated by the bacteroids, 

(Bergersen, 1971). 

The amino conpounds do not accumulate in the nodule, 

80-100'% of fixed nitrogen being translocated alnost immediately, 

(Pate, 1958). The nain products translocated are aspartic acid, 

a sparagine , glu tanine and ho 1ros erine , with soall quantities of 

gluta.mic acid, valine and leucine/isoleucine, (Pate , 1962). 

Two alternative theories have been advanced to explain 

the export of nitrogenous compounds from the nodule. In the 
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first, it is proposed (Pate , et al 196q) that the pericycle cells 

l eak solutes passively into the apoplast of the stel e . Source-

sink gradients f or amino ac i ds have been demonstrated bet11een the 

bacterial cells and the nodule cortex , but other analyse s hav e shown 

that fluids exported fro~ the nodule a r e many ti.Des more concentrated 

in certain amino ac ids than ar e the surrounding donor tissues 

(Pate et al, 19·bq). There is also the problem of how nitrogenous 

s olutes and not carbohydrates are dischar ged into the apoplast. 

Pate et al, ( 19bq) sugges ted that the wall pr otuberances a nd spe c­

ialized cytoplasmic structures function in the efficient retrieval 

from the apoplast of sugars and ce rtain amino a cids not destined 

for exp ort in the xylem. 

The second theory pr oposed by Pate and workers (Pate et al, , 

19 bq; Pate and Gunning, 1972) is mo re fully consistent with the 

analytical data on amino acid export . Pate and Gunning (1972) con­

tended that the dominant function of the specialized cells of the 

nodule pericycle (transfer cells) is an active and selective secret­

ion of nitrogenous compounds, in particular aJ"lides into the bundle 

apoplast . Evidence of a glandular activity was obtained from 

bleeding experiments ~ccmducted on detached nodules. Copious bleed­

ing from the cut xylem at the distal end of the nodule occurred 

i mnedi at ely and during the next few hours 1Vhen detached nodules were 

placed in wat er . The sap contained amides and certain amino acids 

up t o ten times the concentration of thos e in the donor nitrogen­

fixing tissues of the nodule, but no sugars wer e detected . 

Pa te and Gunning (1 972) consider ed that the amino compounds 

secreted by the transfer cells in the nodules lower the water pot­

ential of the bundle apoplast, l eading t o an influx of water across 

the endode:rmis, and the flushing of s olutes out to the rest of the 

plant in the xylem. The rapid removal of amino compounds would 

also maintain a steep concentration gradient betv.een the bacterial 

tissues and the transfer cells, thus ensuring a rapid flux of nit­

rogenous compounds to the nodule pericyole. 

2.9 Substrate for Metabolism in Bacteroids 

The absolute requirement for a product or products of 
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photosynthesis for nitrogen fixation has been demonstrated by a 

number of wo rkers including, Virtanen, Moisio and Burris (1955); 
Wheeler (1971); Ber gersen (1 970) and Lawrie and Wheeler (1973) in 

experiments designed t o measure the effect of a rtificial darkness 

on nitrogen fixati on. Virtanen et al (1955) and Lawrie and 1"Theeler 

(1973) de t ected little nitrogen fixing activity in Pisum plants after 

24 h ours darkness. Wheel er (1 971) f ound the rate of fixation i n 

Alnus nodul es to be 5Q1a of control plants after 12 hours darkness , 

and no significant activity could be det ect ed after one day . No 

change in activity »as noted during another 72 hours in the darlc. 

La'i7rie and !Vheeler (1973) were also abl e t o show that the r a t e of 

r ecovery of nitrogenase after dark treatnent was dependent on the 

l ength of the dark period; '.the longer the plants were exposed t o 

darkness, the slower the r a te of r ecovery. The r ate of recovery 

of nitrogenase a lso correlated well ~ith the r at e of a ccumulation 

of l abelled photosynthates in the nodules. 

The marked diurnal pattern in nitrogen fixation in both 

legumes , (Hardy, Holsten, Jacks on and Burns, 1968; Bergersen, 1970) 
and non-legumes, ("Wheeler, 1969; 1971) appears t o be correla t ed with 

the quantity of photosyntha t es moving fr om the l eaves to the nodules. 

Where the supply of phot osynthates t o the nodule is interrupted for 

example, in the detachment of nodules fr om s oyabean r oo ts, ( Ber gersen, 

1970) and stem ringing of alder plants, (Wheeler, 1971) significant 

reductions in rates of acetylene r eduction , and thus nitrogen fixing 

activity have been recorded , thus emphasizing the i mportance of 

photosjl'tlthates _in ·nitrogen f'ixation. 

The increase in nitrogen fixation in~ nodules during 

midday was not correlated with increases in carbo~ydrate levels in 

the nodule tissue a s a whole, (Wheeler, 1971 ). It was suggested by 

·wheeler that a substantial part of th e nodule carbohydrates were 

unavailable for fixation and that maximum rates of fixation were 

attained only when newly synthesized photosynthates wer e entering 

nodules in quantity, prcducing tempor a rily high concentra tions in 

infected cells. That nore l abelled photosynthates were found t o 

accumulate in the younger infected cells , in which the bacteroids 
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were still multiplying than ~n cells densely filled with ba cte r oi ds 

in pisun sa tiVUB nodules, (Lawrie and Wheel er, 197.3) pr obabl y expl a i ns 

the failure of Wheel er ( 1971 ) t o obt a in a sign2_ficant r el at i onship 

bet ween nitrogen fixation and accumulat ed sugars. Nitrogen fixing 

activity was nost clearly a ssocia ted v;i t h the dens ely packed bacter­

oi d cells in PisUI'1 and Lawri e and ?.heel e r (1 97.3 ) concluded tha t 

nitrogen fixation oust have been suppo r ted by a r ap i d i_:-_:0_ ~ '.:-.; ;;tee f l ux 

of phot osynthat e through t he dens el y f illed cells. The phot osyn­

that es do not a ccumul a t e significantly and are met aboliz ed s oon 

after arrival. 

Much of the sugar ent ering r ~ <'iule s, appears from the study 

of Lawrie and ~heeler (1 97.3) t o be us ed f or t he supp ort of g r owth 

and developr:ient of bac-:;er oi ds. i'i. inch6-n and Pa t e ( 197 3) obtained 

sinilar r esults f or fi el d peas. Of t he phot osyntha t es transloca t ed 

t o the nodul e , 17% was consuned i n g r owth, .36% in r espiration and 

47% was r eturned t o the shoot. 

It is gener ally ag r eed tha t gl ucose , fructos e a nd particularly 

sucros e ar e the dominant phot osynthate s transp orted t o the nodules. 

Tha t additions of these suga rs t o s oyabean nodule slices enhanc ed 

nitrogen fixati on, (Bach, Magee and gur'ris;. 1958) is evide nc e that 

they are utilized f or DB t abolic purposes in the nodules. The di~ 

saccharide, sucros e i s pr obably cleaved t o hexos os by a plant inverta s e , 

shown by Kidby (1 966 ) to be present in serredalla nodules . The 

hexoses are then the r eal sub s tra t es 'i!hi ch support nitrogen fix ation 

in the bacteroi ds, (Ki dby and Parker, quot ed by Ber gers en, 1971 ). 

Goodchild and Bergersen (1 966 ) have shwn t ha t host cell mitochondria 

are prominent in the pe riphry of the ba cteroi ds of soy abean nodules, 

and it is possible tha t the s e or ganelles could be active in the 

preliminary me t abolism of photosynthetic pr oducts in nodules, 

(Bergersen, 1971) " 

Significant quantities of reserve carbohydrate materia l are 

present in the nodule s of s oyabeans, (V! cng and Evans, 1971) Pis~ 

sativum,(Lawrie and Wheel er, 1973) and Alnus, (Wheeler, ~971). 

Bergersen (1971) suggested that poly (:1 hydroxybutyrate mi ght be used 

by the bacteroids t o generate r educing power and ATP during the 
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basal level of nitrogen fixation, which occurs in s oyabean nodul e s 

during darkness or aft er d.etachoent frol'.'l the r oo t systen . However, 

Wong and Evans (1 971) coul d not dooonstra t o a direct r ol e f or poly 

~ hydroxybutyrate in nitrogen fixation when supplies of carbo­

hydrat es t o the nodules wer e r educed through darkness or det ach.Dent 

of nodules . Wheel er (1971) ::ind Lawri e andViheel er (1 973) 11er e also 

unable t o provide evidence of rese rve carb ohydr at es, includ ing s t a rch 

being used a s suggested by Ber ge r sen (1971). 

2 . 10 The Rol e of L~ha~.E:_oglobi~ 

Leghaeoogl obin is invariably assoc i ated with nitrogen 

fixing nodul es , and because of the vtr ong correlation bet11een 

l eghaeoogl obin concentration and nitrogen fixed , I!lany attempts hav e 

been oade to assign a key role in nitrogen fixation t o this pignent. 

Ber gersen ( 1971) has sur:in:~arized the proposed r oles and ccncluderl t.h ~.~ 

the r ol e of l eghaer:!oglobin which appears mo st probable i s that 

proposed by Yocun (~964) . Yocuc sugges ted tha t the ventilation of 

the energy- producing si t es in the dense nodule tissue i s poss i bl y 

as sisted by the l eghaenogl obin s olution r1hich surrounds the 

bacteroi ds . 

Leghaemogl obin is a oyogl ob in - like haeoopr ot ein and in 

s oyabean nodules there a r e i t l east two mol ecular f orns, differing 

in !1'.ol e cular we i ght and ar.iino ac:i_d cooposit i on (Ellfolk , 1961; 
c: 

Ellfolk and Sievers , i 967 and I\.ppl eby ~ ·j 969 ),, Both host cells a nd 

bacteroids a re involved in the synthesis of l eghaeuogl ob in. The host 

is resp onsible for th8 synthesis of the protein (Cutting and Schuloan, 

1968 and Dil11or th , 1969) and the bacter oi ds the synthesis of haeo 

(Cutt inr, and Schu~_onn: 'i 968) • 

Leghae~o globin has a high affinity f or oxygen, being half 

oxygenated at a p02 of 0.05 DD Hg (Appleby, 1962)" However, t wo 

states of leghaeoogl obin exist in soyabean nodule tissue, a ferrous­

oxyleghaeuoglobin a nd a ferrous or reduced leghaemogl obin (Keilin 
c 

and Smith, 1947). Appl eby (1969) has denonstrat ed that in y oung 

soyabean nodules, 2ofo of the leghaemoglobin was iL the ferrous-oxy 

form, the balance in the r educed forn . The proportion of oxyle g 

,-haemoglobin rises rapidly with increasing oxygen concentration, 
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particularly a t those oxygen concentrations vvhere nitrogen fixatio~1 

is inhibited (Bergers en, 1962a,b) . 

The high af'finity of leghaemogl ob in f or oxygen shoul d then 

a i d the diffus i on of oxygen in dens ely packe~ ncdule tissue . 

Scholander (1 960) has demonstrated tha t the diffusion of oxygen 

through a nembr ane saturated with a s ol ut i on of haemogl ob in or 

myogl obin wa s ouch fas t er than the diffusion of nitrogen in the 

sa.Jile systen. Schol nnder (1960) als o shoBed that oxygen wa s trans­

ported a t l ow concentration gr adi ents, up t o e i ght times oore 

r apidly through haenoglobin solutions than through wat er. 

Since soyabean leghaenoglou-n is 8CJ% oxygenated a t a p02 3 

X 1 0
-1 rJf -2 mn Hg, and only 15% oxygenat ed at a po2 2 x 10 mn Hg 

(Appleby- , 'i 962), tho loading and unlor.ding tensions for oxygena tion 

and deoxygenation of l eghaenogl obin do net limit the r a te of cxy.;.:-:· 

diffusion t c the bactoroi d,s (Bergersen , 1971). Leghaonoglubin is) 

therefore much suited for the r ol e of f a ciliating oxygen dif'fus i cn 

under t he l ow concentrations of oxygen which cbt ain in nodul es . 

The properties of the haemop r otein pernit a high flux of oxygen t o 

be mainta ined thrcugh the tis sue. Hcmever, since the r a t e of ccn-­

sumption of oxygen by bacteroids i s high, the free oxygen concen­

tration in the tissue is naintained a t a low level ( Ber gersen,1 971) • 

.At normal a t no spheric oxyg e:'.1 concentra tions, l eghaeJ:rJ.ogl ob in nain­

tains a supply of oxygen t o the bacteroids at a r a t e high enough 

for adequate ATP synthesis~ ye t not at a rate likely t o caus e 

oxygen inactivation of the nitrogenase, or conditi ons where oxygen 

might be cone a ccnpeti tive inhibitor of nitrogen fixation as a 

result of the grenter utiliza tion of reducing power in respira tion. 
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EFFECT OF CO!fBI :ffSD rITROGE~J _QJ·l r·~O~lLL_~OF AND. 
--- --..----- ----~ ·,......_. - -------.- .. ·~ .. - · -

HI'TR.O.G.ET-"'. FiUT.I.Q11 

The effect of combined nitrogen on nodulation and nitrogen 

fixation ha s been the sub j ect of many r eports and reviews, including 

those of Wils on (194-0), Nutman (1956; 1965a), Ragg i o and Raggi o (1962) 

and St ewart (1966 ). 

It is gener ally a ccepted tha t application of high concen­

trations of combined nitrogen t o the gr cwing nediun of . legumes 

reduces nodulation and nitrogen fixa t ion. On the ot her hand, s ora e 

wor kers have also obta ined evidence t o sugge s t tha t small applica tions 

of combined nitrogen may stinulate nodul ation and nitrogen fixation, 

(Nutman, 1956; 1965a ; Raggi o and Ragg i o , 1962 and Stewart, 1966)~ 

The correlation of the deGree of nodulation and the r a te of 

nitrogen :fixa tion ·with the carbohydr a t e sta tus of the host pl ant 

l e d earlier Vi'orkers, including Allis on (1935), 17ils on (1935), Bils on 

and Wagner (1935) and Wilson (19J+O) t o fo :rmulat e the hypothesis r e ­

l a ting t he carbohydr at e - nitrogen r a.tio t o the various a spects of 

the symbiosis. These workers oonsider ed that any movement away f'r 0111 

a critical carbohydr at e ~nitrogen r atio would result in a much 

l owered nodulation and nitrogen fixing activity. 

The ability of suoh a concept t o expl a i n the eff ect of con-
1 

bined nitrogen on l egume symbios is ha s be en questioned by Nutman 

(1956) and Ragg i o and Ragg i o (1962). Nutman (1956) considered that 

"this relation, however, oply sur:unarizes experience and does not 

provide an explanation". Nutman (1 956; 1965a ) indicated tha t an 

explanation in t e rI!ls of change s in the gr owth regulating mechanisn R 

in hosts, in particular, in thos e f actors affecting r oo t morphogenesis 

and cell phsiol ogy mi ght be more pr ofitable. Stewart (1966 ) likewise 

concluded tha t other internal f a ctors, including groVi'th substances 

could affect nodulation and nitrogen fixation and that the activity 

of these factors may be altered through additions of combined 

nitrogen. 

However, applications of combined nitrogen might simply re­

duce the supply of carbohydrate t o nodules by increasing the demand 
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for carbohydrates in other areas of the plant, as a result of the 

incorporation of combined ~itrogen into amino compounds and protein" 

Evidence in support of this theory wa s obtained by Small and 

Leonard (1969) in studies on the translocation of 14c l abelled 

photosynthate in nodulated pea and subterranean clover. Applic­

ations of combined nitrogen reduced the quantity of photosynthate 

translocated to the nodule, and increased that translocated to the 

root, presumably as a result of more active root growth. 

3.2 Nodulation 

The inhibitory effect of l arg e concentrations of combined 

nitrogen on nodulation have been obtained in pot trials bv Thornton 

and Nicol (-~ S.36 ), Richardson, Jordon and Garrard (1957) and Munns 

( 1968b) for lucerne (M.ed=b.ca_go _sativ~;), Darbyshire ( 1966) for Tri­

folium ~e~, Dart and Vlildon ( 1970) for cowpea (Vigna sinensis} 

and purple vetch, (yicia ~~rpure~) and by Oghoghorie and Pate 

(1971) for field pea (Pisum .?-~£.ns~) . Richardson e"i; al (1957), 

Dart and Wildon (197 0) and Oghoghorie and Pate (1971) have also 

recorded a stimulation in nodulation at low levels of combined 

nitrogen in the growing medium. 

It is generally agreed that nitrate nitrogen is more inhibiti-· 

tory than other forms of co~bined nitrogen, includ ing urea, ammoniun 

nitrogen and organic forms, (Richardson et al, 1957; Raggio and 

Raggio, 1962; Darbyshire: ·j 966 ; Dixon, 1969 and Dart and Wildon, 

1970). That the inhibitory effect of nitra te nitrogen on nodula­

tion operates externally as well as internally could account for 

the more severe reduc~ions in nodulation noted when ~egumes are 

grown in medi a containing nitrate, (Raggio et al, 1965, Munns, 

1968a,b,c). Tanner and Anderson (1964) showei that IAA produced 

by the rhizobia is oxidised and 'destroyed' by nitrite formed from 

the reduction of !litrate. The inhibitory effect of nitrate on 

nodulation can be r eversed in part by exogenous supplies of IAA, 

(Valera a nd Alexander, . 1965; · :Munns, 1968b, .c). 

Thornton (1935) claimed that the reduction in nodule number 

with application of combined nitrogen is primarily a result of a 

reduction in the number of curled root hairs. Munns (1968b) has 
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disputed Thornton's hypothesis. In Medicago sativa, even with 

application of nitrat e , t he number of curled r oo t hairs greatly 

exceeded the requirement for no dulation. On the other hand, Munns 

found that infection threads outnumbered nodules by a much smaller 

r atio than curled r oot hairs. The ef fec t of nitrate on the form­

ation and development of infection threads could then account for 

much of its effect on nodule number. The action of nitr~te is 

therefore not confined to any one phase of the infec tion process . 

Lar ge numbers of infection threads become arres ted and disorgan­

ised during growth in the presence of nitra t e in l!.edicago sa tiva , 

(Munns, 1968b). 

~lthough nodule numbers were f ound t o decline over a 

range of high nitrate levels in the studies of Thornton a nd Nicol 

(1936) and Oghogh0rie and Pate (1971) the total nodule weight or 

volume of bacterial tissue per r oo t and the average size of 

nodule de creased more markedly. 

The response of l egume rhizobium symbio sis to cor:ibined 

nitrogen is complicated by other f ac tors, the pH of the medium, 

(Fletcher, 1959; Mulder and Vanveen, 1960) gr owth ter:iperatures, 

(H.eyer and Anderson, 1959) and general clinatic conditions, in­

cluding day length and light intensity, (Lyons and Early, 1952; 

Pate and Dart, 1961). The nodulation response t o combined nitro­

gen is also influenced by the Rhiz obium strain used, (Pate and 

Dart, 1961). 

Time of application of combined nitrogen during the growth 

of legume seedlings is also important. In studies with cowpea 

seedlings, nitrogen applied in small supplements at sowing 

benef'itted symbiosis by increasing seedling growth rate and the 

number and size of nodules, (Pate and Dart, 1961). ~hile excess ­

ive amounts of nitrogen applied at this stage did depress nodula­

tion, by reducing the number of successful infections on the prim­

ary roots, Pate and Dart (1961) considered that the damage may not 

te pennanent since slight reductions in nodule numbers were often 

offset by increases in nodule size and efficiency. Further, 

severe restrictions on early nodulation may be offset by a nore 
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extensive and effective nodula tion of the lateral root system, 

providing the l evels of applied nitrogen have declined. Such 

effects were obtained by Dart and Wildon (1970) in l ate r studies 

with cowpea and purple vetch . 

The developing symbiotic a ssoc i ation in cowpea wa s , however, 

particularly sensitive to combined nitrogen applied during ootyledon 

unfolding, (Pate and Dart, 1961). These workers suggested that the 

channelling of photosynthetic products into protein synthesis in 

the expanding sho ot system could have limited the ava ilability of 

carbopydrate and other gr owth material s for root and nodule groTi th. 

Nodule number wa s not affected by applications of nitrogen a t this 

stage or l ater stage s i n host gr owth. ~unns (1968a) who ob t a ined 

similar results with lucerne seedlings , suggested that nodule num­

be r was being controlled on the one hand by nitrat e nitrogen a nd 

on the other by the inhibitions from the first es tablished nodules 

on the initiation of further nodul e s . Thus in nil combined nitrogen 

treat ments, the initial abundant nodulation i mpa irs furthe r r apid 

nodulation. Subs equent nodule pr oduction could b e inhibited app r ox­

imately equally by prior nodulati on the abundant nodula t ed control 

plants a nd by nitra t e in t he Eparc el y nodula t ed plants in the nit­

r a t e treat ment, (Munns, 1968a), Vlhen the effect of nitrate was 

t ested on plants comparabl e in size and in a numbe r of previously 

established nodul es, nodule pr oducti on wa s inhibited by 70 - 8ofo 

irregardless of plant ~ge or wh ether the plants were previously 

nodula ted or not, (Munns , 1968a). These findings further demonstrate 

tha t the nodulation response t o combined nitrogen is influenced by 

a multiplicity of factors, including plant growth and previous 

nodulation status. 

3.3 Nitrogen Fix~~ion 

Generally combined nitrogen depresses nitrogen fixation, 

(Alles and Bartholomew , 1959; Moustafa , Ball and Field, 1969; Dart 

and Wildon, 1970 and Oghoghorie and Pa t e , 1971). Low levels of com­

bined nitrogen can however, increas e nitrogen fixation, (Allos and 

Bartholomew, 1959; Dart and V!ildon, 1970, and Oghoghorie a nd Pate 

197 I). ~'Jhe increases in fixation with combined nitrogen fert­

ilization are associated with increases in plant growth, (Allos 

and Bartholomew, 1959; Dart and Wildon, 1970). 
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3.4 PHOSPHORUS AND NODULATION AND 

NITROGEN FIXATION 

The much improved grow~h of the legume component after the 

a~dition of phosphate to pasture is indirect evidence of the 

involvement of phosphate in nodulation and nitrogen fixation. 

Direct evidence, is however, difficult to find. Van Schreven (1958) 

and Vincent (1965) have summarized the earlier information available 

on the effect of phosphate on nodulation and nitrogen fixation, and 

concluded that phosphate fertilization increases nodulation and 

nitrogen fixing activity in a ranage of legumes. Gukova and 

Arbuzova (1969) and Gates (1970) have also reported similar findings 

and Gates noted that phosphate ameliorated the inhibitory effect 

of combined nitrogen on nodulation in Stylosanthes hwnilis. Phosphate 

can also reduce nitrogen fixation in subterranean clover before it 

becomes limiting for plant growth (McLachlan and Norman, 1961). 

4.1 ASSIMILATION AND TRANSPORT OF NITROGEN 

IN NODULATED LEGUMES 

Pate (1968; 1973) and Oghoghorie and Pate (1972) have 

reviewed the literature on this subject. Inorganic nitrogen is 

assimilated at three points in nonulated legumes receiving nitrate 

nitrogen ; in the nodules and in the centres of nitrate reduction in 

root and shoot material (Fig 3). The activity of the nitrate 

reductase system in the root and shoot is dependent however, on the 

availability of nitrate in the rooting medium. At very high levels 

of nitrate, a pattern of assimilation in field peas dominated by the 

shoot reductase system is promoted, while at low levels, most 

assimilation occurs in root ma.terial, and the nitrate reductase 

potential of the shoot is not exploited (Oghoghorie and Pate, 1971; 1972). 

Two major transport systems distribute the assimilated 

nitrogen about the plant . Products from assimilation of nitrate 

nitrogen in roots, and from nitrogen fixation in nodules , in excess 

of requirements for growth, are carried to the shoot system in the 

xylem (pathway1, Fig 3). In field peas (Oghoghorie and Pate , 1972) this 
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pathway carried large amounts of amide nitrogen (asparagine and 

gluramine) and some ureide nitrogen (allantoic acid) and some 

amino acid nitrogen (aspartic acid and hornoserine) and the level of 

free nitr ate in xylem bleeding sap varying with the availability of 

nitrate nitrogen in the rooting medium. 

Nitrogen componds are also distributed from mature leaves 

via the phloem (pathways 2A, 2B Fig 3) to centres of growth in the 

shoot and root (Oghoghorie and Pate, 1972). Phloem sap collected 

from petiol es and stems of pea plants contained not only amino 

compounds t ypical of xylem transport, but a lso cont ained relatively 

high l evels of other amino acids, such that the t otal compliment 

of amino compounds was in almost correctly bal anced proportions 

f or direct incorporation into protein. Pate ( 1968) and Oghoghorie 

and Pate (1972) considered this stream of ni trogen to be an 

extremely important source of nitrogen for young l eaves and shoot 

meristems and for growth in nodulated roots. 

In field peas, little organic nitrogen was transferred dir ectly 

from the nodules t o the growing points of the roots, and Oghoghorie 

and Pate (1972) concluded that the cycling of newly assimilated 

nitrogen from nodule s to the shoot system and back to the root system 

was an extremely important part of the total transport system operating 

in plants gr owing solely on nodule nitrogen (Pathway 1 - 3 2B; Fig 3). 

The results also indicated that the shoot was just a s important in the 

nitrogen nutrition of the root as the nodules were in providing new 

supplies of nitrogen to the whole plant. 

The relative importance of each transport system would be 

expected t o change with the application of nitrate nitrogen and the 

level of nitrate in the rooting medium could further affect the 

operation of various elements of the transport system. 
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CHAPI'ER II 

1 .1 .1 

Several experiments wer e coDducted in this study. The 

experiments were designed to measure the ef'fect of nitrate nitrogen 

and phosphate on the various phases of legume-rhizobium symbiosis~ 

The ef'f'ect of nitrate and phosphate on root hair curling, infection 

thread development and early nodulation was to be evaluated in 

Experiments 1 and 2. Experiments 3 and 6 were designed to determine 

the eff'ect of nitrate nitrogen and phosphate on the ncdule number 

and/or weight and nitrogen fixing activity af'ter clover plants 1 not 

previously nodulated, were grown in the nutrient solutions for 

periods of' up t o f'our weeks, (Experiment 3) and six week s (Experi­

ment 6) . The effects of these treatments on nodule development and 

nitrogen f'ixing activity in fully nodulated mature clover plants 

were evaluated in Experiments 4 and 5. 

Since Experiments 1 and 2 were conducted under artifical 

light in a 'growth cabinet' and Experiments 3, 4, 5 and 6 were 

conducted in the Agronomy Department Glasshouses, the di scussion on 

materials and methods will be divided into t wc sections, the first 

dealing with the 'Growth Cabinet' experiments and the second, the 

glasshouse experiments . 

1 .2 .1 MATERIALS: GROWTH CABINET EXPERIMEJ\i'"TS 

1 .2 .2 Plant 

'Grasslands Huia' White Clover (C2478) seed was used in 

Experiments 1 and 2. The seed was kindly supplied by Mr.J. Hoglund 

(D.S.I.R. Palmerston North). 

1 .2.3 Rhizobium 

Four Rhizobium strains, C514/1, C1/7, C,rAI and C5039 

(Rhizobium trifolii ~) known to be effective in nodulating 
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'Grassland Huia' White Clover were supplied by Mr. Greenwood 

(D.S.I.R. Palmerston North). The cultures r.ere subcultured regul­

arly (10 day intervals)on t o nutrient slopes. A standard Bacto 

nutrient agar (Difeo Bacto Nutrient Agar) was used as the nutrient 

medium for the rhiz obium cultures. 

1.2.4 Pots 

Clear perspex containers measuring 8 x Bern on top and 

7 x 7cm at the base and 11cm high were used. The containers were 

painted twice with black Gaydec paint to prevent algal growth in 

the pots, and covered with a heavy grade aluminium foil to reflect 

the heat (Plate 1). 

Two glass tubes were inserted into the pots, one at the base 

to permit the inflow of nutrient solution from a reservoir placed 

at the side of the 'growth cabinet' and the other at the 500ml mark 

to drain off the overflow (Plate 2). 

The tops of the pots were covered with the heavy grade al­

uminium f oil. Twelve holes were punched into the foil at r egular 

intervals to provide the positions for 'planting' the seedlings 

(Plate 2). Three layers of fine nylon mesh were fixed to the under­

side of the foil with Araldite to support the seedlings (Pla te 2). 

1 .2 .5 Nutrient Solutions 

A base nutrient solution of the follo~ing composition was 

used; CaS04- 4mM, K2so4 2mM, MgS04- 1 mM, FeEDTA 30f'M and KCL 1 OfM. 

and one ml of the following trace element mixture was added to each 

litre of nutrient solution: 

Boric acid 

Manganese chloride 

Zinc sulphate 

Copper sulphate 

Sodium molybdate 

Cobalt chloride 

2.86 gm/ litre 

1.18 gm/ litre 

0. 11 gm / 1 i tre 

0.05 gm / litre 

o.025gm I litre 

0.05 gm / litre 

The Caso
4 

was prepared as a 1 OmM solution when required, 

the K2so4 and Mgso4 as molar solutions, the FeEDTA as 0.5M solution 

and KCL as a 0.1M solution. The concentrated solutions were diluted 
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with distilled water and the nutrient s olutions were corrected 

to pH 6.o >Vith 0.1 N H2S04. 

1 .2.6 'Growth Cabinet' 

The ' gr owth cabinet' 142cm x 122cm x 46cm high wa s con­

structed by the author to standardize the light intensity, photo­

period and t emperature during the duration of the experiments . 

Lighting was provided by a bank of ' warm daylight' fluor­

escent tubes and six 25 watt tungs ten lamps were also included in 

the lighti~ t o maintain a balance in red/far red Have lengths. 

Aluminium foil was placed around the sides of the cabinet to prevent 

loss of light intensity at the margins of the cabinet . Readings 

taken with an Eppley pyrrheliometer showed that the photosynthe­

tically active r adiation level was about 110 watts m2 
or* full 

sunlight. 'Daylight ' temperature s were maintained at 24 to 25°c 

throughout the duration of both experiments by directing cool air 

into the cabinet . A temperature of 35°c was recorded when the 

cooling system wa s not operating. The night tempera ture wa s 
0 

set at 20 C, 

A photoperiod of 16 hours light and e i ght hours dark was 

used in these experiments. 

1 .3 .1 EXPERIME!ll""TAL 

1 .. 3 .2 Design 

In both Experirnents, 1 and 2, a factorial design was used, 

with two factors nitrate nitrogen and phosphate. There were five 

levels of nitrate nitrogen and five levels of phosphate in Experiment 

1, while in Experiment 2 six levels of nitrate nitrogen and four 

levels of phosphate. 

Two replicates were included in Experiment 1 and four in 

Experiment 2. Since only two replicates could be run at one time, 

replication in time Vias used in Experiment 2. 

1 .3 .3 Layout and Randomization 

The cabinet area was divided into two replicate blocks, 

so that any treatment differences, which may have arisen from 
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temperature changes in the cabinet, brou ght about by the intro­

duction of cool air a t one end of the cabinet, would be account ed 

for in the between r epl icate analysis of variance. 

Within each replicate block, the pots were arranged in rows 

of eight or nine pots (Pla t e 1). Each treatment was allocated at 

random Tiithin the r epl i cat es . The pots were not shifted during 

the running of each exper~ment. 

1 • 3 04- Treat 121ent s 

Nitro[e:r.! 

The f ollowing levels of nitrate nitrogen were used: 

Experiment 1 o, 1 ' 2 , 4-, 8 

Experiment 2 o, .1, . 5, 1 ' 2, 4-

PhosE_hate 

Pho sphate ~as supplied at the f ollowing levels : 

Phosphate ( mM ) 

Experiment 1 0.1' 0 . 5, 1 .o 2.0, 

Experiment 2 o, 0.005, 0.05, 0.5 

To prevent the depletion of thes e conc entrations of com­

bined nitrogen and phosphate, the nutrient solutions vrnre added 

constantly to ea ch pot at a rate of 500mls / pot/ day . The r ate 

of flow was controlled by the he i ght of the reservoir pots, 

(positioned outside the cabinet) above the pots in the cabinet, 

and by the length of fine capillary tubing inserted into the 

tubing conveying the nutrient solution from the reservoirs to the 

pots. A constant l evel of nutrient solution in the reservoir was 

achieved by displacing nutrient solution from a plastic bottle 

which was inverted over each reservoir pot. The 250ml of nutrient 

solution in each plastic bottle was renewed every 12 hours. 

No a ttempt was made to collect the overflow from the pots. 

Plastic tubing positioned under the outlets (Plate 1) conveyed the 



46 

solution t o a 5cm polythene pi pe placed at one side of the ' gro~th 

cabinet'. The s olutions were then discharged into a sink . 

1 .4 .1 CONDUCT O'F' EXPERDiENTS 1 AND 2 

The 'Grasslands Huia ' r'hite Clover seed was sterilized wi th 

a 0 . 1 N MnC12 solution and then thoroughly rinsed with sterilized 

distilled " ater. The seed was then imbibed in aerated sterilized 

distilled water f or 16 hours and transferred t o petri dishes lined 

"ith moistened filter paper t o germinate at r oom temperature . 

For each pot, tl1elve 24-hour seedlings which showed radicle 

development wer e carefully ' planted' into the nylon mesh and the 

aluminium t ops suspended over the surface of each nutrient solution. 

Before cotyledon unfol ding, the nutrient solution was allowed t o 

bathe the seed t o pr event dessi cation and hardening of the testa. 

After unfolding, however, the foil t ops were lifted just clear of 

the solution to r educe the possibility of salt accumulating on the 

l eaf mat erial. 

The nutrient solutions were i noculated i mmedi a t ely with a 

5ml suspension of rhizobia* and l ater at two, f our and six days 

after the commencement of the experiments . The 500 mls of nutrient 

solution qere added constantly t o the pots as from ' planting '. 

Two plants wer e harvested f r om each pot six days after 

colllJ11encement of t r eat ments and the remainder of the plants were 

harvested six days l ater. 

1 . 5.1 PREPA..'R.ATION OF MATERIAL AND METHOD OF ANALYSIS 

The plant r oots were detached from the seedling t ops and 

placed in a F . A.A. fixing s olution. 

The number of curled root hairs and infection threads 

formed on the r oots after six days were t o be recorded . However, 

because considerable difficulty was experienced in removing the 

( • 5mls of distilled water was added t o each of eight 
culture bottles (two fro~ each strain) and the 
40mls of suspension diluted t o 250r.lls) 
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'rhizosphere', (Dart and Mercer, 1963) which obscured the root 

hairs, these measurements were not completed. Shaking the roots 

in water did remove the coatings, but this treatment also damaged 

the root hairs. Munns (1968d) has reported that brushing the 

roots with a 21o hemosol solution r enoved the coatings of micro­

organisms and ferric hydroxide on Medicago sativa seedl ing r oots, 

but this material was not availabl e t o the author. It would 

appear that the 'rhizosphere effect' is associated with plants 

grown in non aseptic conditions. 

1 .5. 2 Nodule Number 

The number of nodules formed on 12 day old seedlings was 

obtained by viewing the r oots under magnification . 

1 .5.3 Dry weight of Tops 

Dry weight of tops was taken after drying the top material 

in an forced air oven at 8o0c for 48 hours. 

2 .1 .o MATERIALS : GLASSHOUSE EXPERIMENTS 

Experiments 3, 4, 5 and 6 were conducted in the Agronomy 

Department Glasshouses, Massey University . 

2 .1 .1 Plant 

To overcome the genetic variability known t o be present 

in White Clover seed, clonal material was used in all of the 

Glasshouse experiments . Five 'Grassland Huia' \/.Thite Clover 

plants were established in May 1972 and in August 1972 each plant 

was subdivided into twenty plants and each established in a sep­

arate pot. 

The clonal material used in the experiments was removed 

from these plants and was established in the f ollowing manner . 

The t..o inch terminal section of stolons growing on the parent 

plants were removed and placed into a dilute nutrient solution, 

(Appendix I 2) contained in large shallow 16 litre trays. The 

stolon sections were supported in the solutions by placing these 

through holes which were punched at regular intervals in heavy 

grade aluminium foil positioned over the surface of the nutrient 
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solution. Non- absorbent cotton wo ol was packed betvve en the stolon 

and f oil to prevent the stol on movenent. 

After a week, the clones were carefully removed from the 

f oil and grouped according to leaf area and size of r oo t system. 

Where mo re than one ro ot ~as present on each stolon section, a 

scalpel was us ed to r 8J1love those not r equired. After the grouping 

and selection of plant material had been completed, the plants were 

i mmediately allocated at random to the various treatments. 

An attempt was made t o prevent nodulation occurring on 

the roots during the establishment period. Stolon sections were 

placed in a 1/7 janola-distilled water solution for ten minutes 

and then thoroughly rinsed with sterilized distilled Pater. How­

ever, this procedure was not entirely successful f or some nodules 

( < 6) did form, probably from infections occurring before washing 

in the diluted janol a solution. It is unlikely that the few 

f ormed would have significantly influenced the final nodule 

number or wei ght. 

2 .1 .2 Rhizobium Cultures 

Four Rhizobium strains, C514/1, CTAI, C5039 and C560 

known to be effective in nodulating 'Grassland Huia 1 White Clover 

were supplied by Mr.Greenwood (D.S.I.R. Palmerston North) . The 

cultures were subcultured as described in Chapter II 1 .2.3. 

2 .1 .3 Pots 

In Experiments 3, 4 and 5, 4.5 litre white plastic liver 

pails, (purchased from the Longburn Freezing morks) were used. 

The pots and accompanying lids were coated first with black Duo­

plastic Gaydec paint and then with Regency Grey Duo-plastic 

Gaydec paint to prevent algal growth in pots and heating respect­

ively. A one-inch hole was punched in each of the four corners 

of the lids and cork stoppers, (each with tv.o holes and split) 

were pushed into these holes. The corks were designed to provide 

the support for the growing clover clones. 

Cardboard divisions, coated with wax in Experiments 4 and 

5 and bitumen paint in Experiment 3, were fastened under each lid. 
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The divisions effectively divided the pot into four compartments, 

thereby reducing r oo t entanglement between different plants. However, 

the structures Here rel'loved appr oximat ely t wo weeks after the 

start of the experiments when fungal gr owth was observed on them. 

Perspex or plastic mat erials would have b een ~ore successful, but 

finance was not available t o purchase the s e materials. 

The 600ral containers us ed in Experiments 1 and 2 were also 

used in Experiment 6, the inflow a nd overflow tubes being blocked 

with wax and s eal ed with ar al dite . An inch hole was cut out of 

the centre of each of the plastic lids which accompanied the con­

t a iners and the co rk stoppe rs used in Experiments 3, 4- and 5 inserted. 

The lids v1ere finally covered Vl' i th a l uminium foil. 

2. 1 .4- Aer a tion 

Nutri ent s olutions in Experiments 3, 4- and 5 were f orced 

aerat ed . Filtered ccmpressed air was drawn off t o each pot by 

inserting hypodermi c needles into high pr essure tubing air line s 

placed bet ween the pots. Rubber tubing a tta ched t o the hypodermic 

needles conveyed the air t o the pot lids and gl ass and plastic 

tubing was used t o conduct air t hr ough the s olution t o the bottom 

of the pots. 

Two types of aerators were used. The mor e successful 

a erator was a one inch length of 0.5mm capillary gl ass tubing 

atta ched t o the eni of the plastic tubing conducting a ir t o the 

bottom of the pot. The other aer at or, used only in Experiment 3, 
consisted of a ten inch length of plastic tubing, punctured at 

two inch intervals. The ends of the tubing were connected t o a 

plastic T-piece, which was in turn c onnected t o the air line. 

The tubing was held a t the bottom of the pot by the cardboa:rU. 

divisions. 'IJIThen these divisions n ere removed, the aerators had 

t o be replaced with the capillary pieces. 

In Experiment 6, the s olution cultures were not f orced 

aerated, as it was hoped tha t a eration resulting from mixing of 

solutions vvhen the pH and nitrogen l evels were corrected would 

be sufficient. The plants did not show any adverse reaction, and 
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it is considered by the author that forced aeration of solution 

cultures in small c ontainers a t least, is not nec essary where 

White Clover plants are being gr own. 

2 .1 • 5 Nutrient Solutions 

(a) Exp eriment 3 

A base nutrient solution of the f ellowing composition wa s 

used; Ca so
4 

5rn1,1, K2so
4 

5mM , :Mg so
4 

1 mM , FeEDTA 30,M~:i and KC l 1 0 _,.. M. 

One r.il of the f ollowing trace element mixture was added t o each 

litre of nutrient solution. 

Boric ac id 

Manganese chloride 

Zinc sulphate 

Copper sulphate 

Sodium r.10lybda te 

Ccbal t chloricle 

0.72 gm/ litre 

0 .25 gm/ litre 

0 .22 gn / litre 

0.05 gm/ litre 

0 . 025gn / litre 

0.05 gl'1 /litre 

The Ca so4 was made up as a 10r~1 solution in 60 litre 

polyethylene containers and a bulk solution, at t wice the required 

strength of K2S0
4

, Mg so
4

, FeEDTA, KCl oade up in separate 60 

litre conta iners. Equal quantities (2.25 litres) of the Ca so4 
solution and the bulk nutrient solution were added to each pot . 

Distilled water was used throughout the experiments and tho pH 

of the nutrient solutions corrected t o pH 6.o with 0.1N H2 so
4

• 

(b) Experiment 4 

A base nutrient solution sinilar t o that used in Experiment 

3 was used in Experiment 4 f or the first 16 weeks of the pretreat­

ment growth period . However, Ca c12 was used in place of Ca so4 
as the calciUB source. For the remainder of the pretreatment 

growth period and the duration of the experiment, a nutrient sol­

ution of double the above strength was fed t o the plants. 

During the pret~eatment growth period, a bulk nutrient of 

K2so
4

, Mg so
4

, FeEDTA and trace elements at eight times the 

required strength was oade and 500mls or 1 OOODls of the solution 

diluted to 4000mls with tapwater. The calciun chloride was added 

as a /.+l:l solution after the bulk solution had been diluted. The 
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pH of the solution was adjusted to pH 6.5 with 0.1N HCl. 

Phosphate was added at an increasing rate during the pre­

treatnent gr owth period. The object being t o maintain a low phos­

phate status throughout the gr o-.-;th of the clover clones. The rate 

of supply of phosphate was as follows: 

0 8 weeks 0.5 mgP / plant / week 

8 12 weeks 1 .o ngP / plant / week 

12 16 weeks 1 .5 mgP / plant / week 

16 20 vreeks 2 . 0 ogP / plant / "Reek 

20 22 iweeks 2.0 BgP / plant / week 

Distilled water was used during the actual experiment and 

the calcium source changed to Ca S04-. The Ca S04- was nade as a 

10mM solution in 60 litre polyethylene containers, and the required 

quantities of K2so4, Mg so4, FeEDTA, KCl and trace eler.1ent mix­

ture added to provide the desired nutrient strength. The nutrient 

solutions were corrected to pH 6.o with 0.1N H2 so4. 

(c) Experinent 5 

During the first 16 '7eek s of the pretreatment growth period, 

the nutrient s olution supplied was the same as that used in Expari­

nent 4-. At 16 weeks the nutrient strength was doubled and the level 

of phosphate increased t o 1mM . This rate of supply was maintained 

during the remainder of the pretreatment growth period and the 

experimental period . 

As in Experinent 4-, distilled water and Ca so4 were used 

during the experinental period and the nutrient s olutions were 

made up as described in Chapter II 2 .1.5 (b). 

( d) Experiment 6 

A base nutrient solution of the saoe composition as in 

Experiment 3 was used, the solution being made up as indicated in 

Chapter II 2.1.5 (b). 

2.1 .6 Temperature Control 

A minimum day temperature setting o:f 22°c was used, but a 
0 

glasshouse temperature o:f 24- - 25 C was normal and on sunny, warm 
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0 days, temper atures of 28 - 32 C we r e not unc or.:lDon. The ninimun 

night tenperature was set at 18°c . 

2.1. 7 Control of Ins ects 

The gl a sshouse was fuoigated every t en days with Vapona 

concentra te (dichlorvos ). 

2.2.0 EXPERililENTAL 

2. 2 .1 

In Experiments 3, 4 and 6 a f ac t orial design with two 

factors, nitrate nitrogen and phosphate was used . Five levels of 

nitrate nitrogen and three levels of phosphate were used in Experi­

ment 3 and 4 and three levels of nitra t e nitrogen and three levels 

of phosphate in Exp eriment 6. The treatments were replica ted three 

times in all of these experinents . 

For Experiment 5, a r anclonized block design was enpl oyed with 

f our lGvels of nitrate nitrogen and f our replicat es . Three harvests 

vver e inqluded , at t rrn , six and t welve days after the c omI!!encement 

of treat I'lents. 

2.2.2 Layout and Randoroi~ation 

( a ) Ex~inent 3 

The thirty pots, (fifteen treatments with t wo pots per 

treatment) in each r eplicate were placed in ei ght rows on two 

6 1 x 3' glasshouse trolleys. The treat ments were allocated at ran­

dom within each replicate, and every second day were shifted 

clockwis e two positions. 

( b) Experiment 4 

The fifteen pots in ea ch replicate vrnre placed in four r ovrn 

on t wo 6 1 x 3' gl a sshouse trolleys. As in Experiment 3, the treat­

ments were allocated at random within each replicate, and were 

shifted clockwise two positions every second day . 

(c) E?Cperiment 5 

In this Experiment, the treatments were grouped according 

to harvest date. The sixteen pots, (four treatments x four 
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replica t es) were placed in f our r orrs on two 6 1 x 3' trolleys. Ea ch 

trolley surfa ce was divided into t wo sections, thereby giving the 

f our r eplicate blocks . The treat ments were allocated a t random 

within each repl i cat e block and shifted two positions every second 

day . 

( d) Experiment 6 

The treat ments wer e gr ouped into three r eplicat e blocks, 

whi ch were distribut ed on t wo 5' x 3' gl a sshouse trol leys . The 

treat ments wer e pos itioned a t r andom within each replica t e and 

were not s hi f t ed during the exp eriment. 

2.2 .3 Treat ments 

The fol lowing ni t r a te nitrogen levels were used: 

N0
3

N ( mM ) 

Experiment 3 o, 0 . 25, 0 . 5, 1 .o' 4- .0 

Exper iment 4- o, 0. 25 , 0 . 5 , 1 .o, 4- . 0 

Experiment 5 o, 0.5, 2. 0 , s.o 

Exp eriment 6 o, 0 . 2 , 2.0 

The concentration of nitra t e nitrogen in the s olution cul­

tures was checked r egularly with the a i d of a Corning liquid i on 

exchange nitrat e el ectrode , coupl ed t o a Radi omet er 22 exp anded 

s cale ion met er, and the nitra t e concentrations wer e adj usted so 

that the mV r eadings corresponded t o those of standar ds at the 

same concentration. The c omposition of the standar d solutions 

di d not differ from the nutrient s olutions and the t emper ature of 

the standar d solutions and the nu trient s olutions were als o ma tched , 

since s olution t emper ature was f ound t o affect the mV r eadings . 

Interfer ence from the chloride anion was eliminated by 

using calcium sulphate instead of calcium chloride as the calcium 

source in all nutrient s olutions, where the nitrate c oncentration 

~as t o be checked with the electrode . The af'fect of organic anions 

and the bicarbonat e i on is not known. Weekly renewal of the 

nutrient solutions should have maintained the concentration of 

these ions at a l ow level . The activity of an ionic species can 
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also change as the t ot al i onic strength of a s olution changes . A 

5CY,Z; decr ease in the t otal i onic strength of the nutrient s olution 

di d not however, affect the mV r eadings for l ow or high standard 

nitrate concentrations. 

Phosphate 

The f ollowing r a tes of phosphat e supply v:re r e us ed : 

Experiment 3 0.2, 0.5 and 1. 5 mgP / plant / week 

Experiment 4 2.0, 5.0 and 1 o.o mgP / plant / week 

Experiment 6 0 .2, 0.5 and 1 .5 mgP / plant / week 

No attempt was made t o maintain the concentration of phosphate 

during the week. Preliminary experiments were conducted t o det er­

mine the r a tes of phosphate t o be used in the experiments . 

2 .3 .o CONDUCT OF GLASSHOUSE "EXPERIMENTS 

( a) ~riment 3 

This experiment co11.1nenced on July 1 1973. Eight clonal 

plants, established a s described ( Chap ter 2 .1.1) >vere placed into 

each of' 90 pots and the nutrient solutions inoculated with a sus­

pension of' rhizobia. Three dif'f'erent clones were use d, one f'or 

ea ch replicate in the experiment . 

The nutrient s olutions Her e changed weekly a nd the 

volume of' nutrient s olution, the pH and nitra te i on concentration 

corrected every second day during the week f'or the f'irst three 

week s of the experiment and daily in the four th and final week. 

Distilled wa t er Has used t o replace that water l ost froB the 

solution cultures through evapo-transpiration, and the pH of the 

solutions containing nitra te were corrected t o pH 6 .0 with 

0.1N H2so
4

• The pH of the nil nitrate control nutrient s olutions 

were corrected to pH 6.8 with 0 . 1N NaOH to counter the observed 

rapid decline in pH in these solution cultures. 

Four harvests were to be conducted in this experiment at 

14, 21, 28 and 35 days after the start of the trial . However, 

only the first and third harvests were completed and only the 

data for the third harvest is presented in this th•ais . At each 
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harvest plants were t o be renoved fron one corner of each of two 

pots allocated to the sa8e treatment. After the first harvest , 

howev er, gr owth differences between plants in each pot were observed. 

A change in harvesting policy was necessary and since one replicate 

had to be discarded because of a wilting probleB (Plate 3), the 

decision was made t o harvest all r enaining plants a t the third 

harvest . 

(b) Experiments 4 and 5 

' Mature ' clonal material, was used in these experinents and 

although different clones were used in each experinent, the plant 

naterial was established at the sane time . For each experinent, 

f our clonal plants were placed into each of 50 containers . After 

four weeks gr owth, the cork stoppers used t o support the stol ons 

were removed t o allow unrestricted ro ot gr owth . 

The plant t ops '7ere partially defoliated after 14 week s , 

and at 18 and 20 weeks the clonal material t o be used in Experiment 

5 and Experinent 4 resp ec tively '>ras renoved fros the po ts , the 

excess water removed fr o1:1. the roots and the fresh weight of each 

plant recorde d . The plant oaterial was then grouped according to 

fresh weight and f or each replicate, mo sinilar plants returned 

t o each pot . Before the plants were r eturned t o the pots however, 

plastic netting (30cn x 38cn) was stapled over the lids . The 

netting provided a horizontal gr owing surface for t he extending 

stolons . 

Nutrient solutions were renewed f ortnightly and the volUBe 

of water in pots in both experinents corrected every t wc days and 

the pH of the nutrient s olutions was adjusted to pH 6. 5 once a week . 

The tap water used in the nutrient s olutions during the pre-treat­

ment growt h period was alkaline , and the water buffered the down­

ward drift in pH in the nil nitrate solutions . 

(i) E:xperinental Period 

The treatments were applied a week after t he grouping of 

plant material in Experiment 5 and two weeks in Experioent 4 . The 

nitrate ion concentra tion, pH and the voluoe of nutrient solution 



Plate 3 Plant material from Experiment 3 which 

was discarded after wilting was observed. 
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were corrected daily and the nutrient s olution changed ea ch week. 

Distilled water was used during the experinental period. 

In Experir.ient 5, plants were harvested 2, 6 and 1 2 ~lays 

after the start of the trial (10th. September 1973) and in 

Experinent 4, the trial was terr.1inated after 12 days (12th.October 

1973). 

(c) Experiment 6 

Plant EJ.aterial fros one clone was established a s described 

and one plant placed into ea ch pot and the nutrient solutions 

were inoculated with a 5LJl suspension of rhizobia . The experiment 

was coP10enced on the 10th February 1974. 

The nutrient aolutions were changed weekly and the volume 

of nutrient s olution, the pH and the nitrate ion c oncentration 

corrected every second day during the first thirty days of the 

experimental period. Distilled water was used to replace water 

l ost froo the s olution cultures through evapo-transpiration, and 

the pH of the solutions containing nitrate were corrected t o pH 

6.0 with 0.1N H2so
4

• The pH of the nil nitrate control nutrient 

s olutions were corrected t o pH 6 .8 >;ith 0 .1 N NaOH . 

During the last 12 days of the experiment, the nitrate 

concentration in half of the nutrient s olutions containing nit­

rate was not maintained, but allowed to beccl!le depleted . The 

volume of the nutrient s olution and the pH ITere however corrected 

every two days, when the nitrate i on concentration, pH and the 

volume of solution f or the remaining pots were being adjusted. 

The plant material was harvested six weeks after the 

start of the experiment. 

2.4 .. 0 PREPARJ\TION OF MATEB.IAL AND ANALYSIS 

2.4.1 General 

Plants were harvested fron early afternoon, when the rate 

of acetylene reduction was likely t o have reached a maximllI!l, 

(Hardy et al, 1968; Ber gersen, 1970). Only one replicate was 

harvested at a time, the acetylene reduction test being conducted 

immediately after the harvest of the replicate was completed. 
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This p olicy ensured that the acetylene reduction test was conpleted 

>7ithin n 1c hours of the r oots be ing first de t n.ched fror.i the tops. 

Further, diurnal changes in the r a t e of a cetylene reduction and 

carb ohydr a t e noverient tu r oo ts and nodules, (Wheel er, 1969; 1971) 

woul d have been account ed for in the between replica t e analysis 

of variance. 

Aft er r eooval fron the pots , the plants \/e re thor oughly 

Vi'ashed in t ap water and rinsed in distilled wa t er. The r oots were 

separated frora the t ops and b oth dried with paper t o'irels. In 

Experioents 4 and 5, where r oo t and nodule sub-saoples f'or the 

r a te of' acetylene reduction and f' or nitrogen , phosphate and carbo­

hydrate anal y ses were dr awn f'roo each plant, the r oots were divided 

appr oxirmtely in half' and the f'resh weieht of' the two sections 

recorded. ?.here two sets of' plants were harvested per treat~ent, 

(Experioent 3) whole plant r oots we r e alloca t ed f' or the acetylene 

reduction test or for nitrogen, phosphate a nd carbohydrate ana ­

lyses. Bo th sets of pl ant s we re harvested a t the sar'le tine, so 

tha t the rela tionship betHeen carbohydr ate ste. tus and r a te of ace­

tylene reduction f or exanpl e , could be deternined . 

The t op, r oo t and nodule r.at erial f or carbohydra te, nitrogen 

and phosphate anal yses were f'rozen i r,nediately af't er being harves t ed 

and l a ter transferred t o a col d freeze-drier f'or drying. Nodules 

were de t ached fron the r oot systens after freeze drying and the 

nodule nunber, (Experiment 3) recorded. 

The nodule rnm.ber and/or we i ght were detem.ined on only 

those r oots or sections of r oo ts which were set aside f or 

analytical wo rk. 

2.4 . 2 Dry Wei ghts 

Dry weights of t ops were taken after dreeze drying the 

plant material f or one week . Ro ot and nodule naterial were also 

dried fer a week before nodule detachment, but after nodule 

de tachment was co~pleted, the r cot and nodule saterial were 

re-dried in a freeze-drier for three days and the dry weights 

then recorded . 
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2.4.3 Acetylene Reduction Assay 

The procedure used in these experiments was similar t o that 

outlined by Hardy et al (1968); Chu (1971); Dart and Day (1971) and 

Oghoghorie and Pate (1971), except that inE.xperiDents 4, 5 and 6, 
the ateospheric gas in the incubation vessels was not n ithdravm and 

repl aced with an argon/oxygen gas Tiixture, a s specified by Hardy 

et al (1968) and other m:rkers. The r cot and nodule materi al wa s 

incubated in an atnosphere conta ining bo t h nitrcgen gas and acetylene. 

A detailed ac count of the procedure used in the deter nination 

of rate acetylene reduction is given in Appendix I 3. 

2.4.4 Percent age Soluble Sugar~ 

The s oluble sugar content in plant material was deternined 

by a procedure currently in use in the Plant Physiology Division 

l abora t ories, D.S.I.R. Paillerston North. The s oluble sugars were 

extracted by suspending freeze-dried plant naterial in 62.3% 

nethanol f or 10-15 ninut es . The extracti on was done at a tenper­

a ture of 55°c and the quantit y of sugars in the ne thanol extractanc 

was dete:rr;J.ined by the phenol-sulphuric acid col orimetric nethod, 

(Hodge and Hofreiter, 1962). 

A de tailed account of the extraction procedure and color­

imetric de t e rmination of su~ars is given in Appendix I 4. 

2 .4-. 5 Percentage St arch 

The starch cont ent in the pl~nt nat erial was deterDined by 

Deasuring the quantity of glucose r eleased aft er the incubation of 

boiled suspensions of plant nateria l with an amyl oglucos idase enzyme 

prepara tion. The quantity of gluc ose v;a s de t ermined colorimetrically, 

by incubating a liquots fron the anyl oglucos i dase digests with a 

glucose oxidase preparation and o- dianisidine hydrochloride~ 

Sulphuric ac i d was added after the required incuba tion tine, t o 

produce a nagenta colour. Starch determinations were conducted 

on plant naterial used previously for soluble sugar deterninations. 

A detailed account of the procedures used in estimating 

the starch c ontent in plant tissues is given in Appendix I 5. 
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2.4.6 Percent Total Nitrogen 

The percent total nitrogen in plant material was obtained 

by Kjeldahl digestion and auto analyser analysis. The Kjeldahl 

digestion procedure was raodified to include nitrate nitrogen in 

the total nitrogen dete:nnination. 

2.4.7 Percent Total Phosphate 

The percent total phosphate in plant naterial was 

obtained by Kjeldahl digestion and auto analyser analysis 

2.5.0 STATISTICAL MNI'HODS 

2.5.1 Analysis of Variance 

The Bar 3 syste~ of linked programmes for regression 

analysis, written in Fortran 2-D for the IBM 1620 computer was 

used in the analysis of variance. 

Transformation of data 

Where the variance was proportional to the mean, i.e. 

in counts of nodules on the clover roots, a square root trans­

forr:i.ation was used to stabilize the variance (Snedecor and 

Cochran, 1967). 

Least significant difference (LSD) 

The least significant difference for the nitrate nitrogen 

or phosphate treatment means was calculated as outlined by 

Snedecor and Cochran (1967) 

~ LSD 

where s 

n 

= 

= 
error mean square 

number of replications 

The LSD was calculated only when the F test for the nitrate 

nitrogen or phosphate treatments was significant. 



Plate 4 Plant material from Experiment 3 showing 

toxic effect of high levels of phosphate (A). 

Plate 5 Comparison of plant material from Experiment 3. 

Plants in A 1P1N received the low phosphate 

level, while those in A 3P1N the highest l evel . 





61 

CHAPTER III 

RESULTS 

For ease of discussion , the results of each experiment 

have been grouped together . 

1 GR01"!TH ROOM EXPER.Il:ffil.TTS: 

1 • 1 EXPERH'iENT 1 

1 .1 • 1 Nodule Number 

The summary of the analysis of variance for the number of 

nodul es per seedling is pr es ented in Appendix II 1.1. Nitrate 

nitrogen significantly reduced ( P <0.01) the number of nodules, 

but no significant phosphate treatment effect or nitrate nitrogen 

x phosphate inter ac tion was recorded . 

( a) Nitrate Nitrogen 

Table 1 presents the mean number of nodules per plant. Th e 

LSD value liste~ in Appendix II 1 . 2 indicated tha t there was a 

significant difference between the control (nil nitrate nitrogen) 

and all nitrate nitrogen treatment means. However, there were no 

significant differences between the nitrate nitrogen treat ment 

means (Appendix II 1.2) . 

1 .1 .2 Seedling Top Dry V:feight 

A highly significant difference (PC 0.01) was recorded 

for the nitrate nitrogen treatment means . However, the phosphate 

means were not significantly diff erent, and no phosphate x nitrate 

~itrogen interaction was recorded (Appendix II 2.1). 

( a ) Nitrate Nitrogen 

The growth response of white clover seedlings to applied 

nitrate nitrogen is significant only between the nil nitrate 

nitrogen treatment mean and the nitrate nitrogen treatment means 

(Appendix II 2.2). Increasing the concentration of nitrate in the 



Table 1 Nodule number Eer seedling 

Cone. of N0
3 

N (mM) 

0 2 4 8 

CJ 0.1 17 .l+O 8. 60 5.85 7.25 5.60 .µ 
ro 

..c 
0. 0.5 15.65 5.85 7.40 7.00 6.75 Vl 
0 ....... 

~ ! 1 .o 16.80 7.40 6.30 6.25 5.15 
4-l 
0 

• 2~0 15.85 6.95 6.15 5.90 5.45 u c 
() 

4.0 20.60 6.25 6.35 5.4ti 6 .10 . u 

Tahle ... 2 Seedling toE weight {mg} 

Cone. -of No
3 

N (mM) 

1 2 3 4 5 

(]) . . 0.1 1-.13 . ...µ 4.61 4.96 . 4.25. . 5.15 
ro 
.c: 0 • .5 ··-t.26 5.56 . 3.88 4.00 4.61 0. 
Vl 
0,.... .c: ..,.. 
p.. t . 1 .o 1.09 4.50 4.18 }.M5 4~87 

........ 
4-l 
0 2.0 1 .15 4.35 3. 71 3.65 4.10 
• u 

I c 4.0 1.20 4, 16 3. 91 4.26 3.97 0 
u 
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nutrient solution did not significantly change the top growth of 

the seedlings. 

1.2 EXPERillENT 2 

1 • 2 .1 Nodule Number 

The means fo r the nitrate nitrogen and phosphate treatments 

are presented in Fig . 4. Significant nitrate nitrogen and phosphate 

treatment effects were recorded (Appendi x II 3.1), however no 

interaction between nitrate nitrogen and phosphate was noted . 

( a ) Nitrat e Nitrogen 

The addition of nitra t e nitrogen to the growing medium 

significantly reduced the number of nodules on each seedling 

(Appendix II 3 .3) . While the means for the 0 . 5rnM and 1.0rnTuI 

nitrate nitrogen treatments or the 1 • Orru'll and 4 . OmM nitrate nitrogen 

treatments were not signif i cantly different, the differences 

between all other treatment means we r e significant at the 5% 
l evel of probability . 

(b) Phosphate 

The means for the 0.005, 0.05 and 0.5mM phosphate treat­

ments were significantly greater than the mean for the nil phos ­

phate trea t ment. Hovrever, no significant differences were obtained 

between the othe r phosphate treatment means . 

1 • 2 .2 Seedling Top Dry We i~ht 

Application of nitrate nitrogen and phosphate to the sol­

ution cultures significantly increased (P< 0 .01) the growth of 

t he top system of Huia White Clover seedlings (Fig.5). A signi­

ficant interaction (P < 0.01) beween nitrate nitrogen and phos­

phate was also recorded (Appendix II 4-.1). 

(a) Nitrate Nitrogen 

The means for the nitrate nitrogen treatments and the LSD 

are presented in Appendix II 4.2. The 8 .0mM nitrate nitrogen 

mean which recorded the highest top dry weight, wa s significantly 

greater than the means for the 0.5, 0.1 and OrnM nitrate nitrogen 
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levels; and the 4.0, 1 .o, 0.5 and 0.1rnM nitrate nitrogen means were 

signif'icantly greater than the O. Omll'I control mean . 

(b) Phosphat e 

Mos t growt h occurred in the highest phosphate treat ment. 

The mean for the 0. 5mM phosphate l evel was signif'icantly greater 

than the mean f'or the 0 . 005mM and O. O:rnM phosphate l evels. A 

signif'icant increase in the growth also occurred between the 0.05 

or 0.005rnH phosphate means and the O. OmM phosphate mean (Appendix 

II 4 .3). 

( c ) Phosphat e x Nitrate Nitrogen int eraction 

The significant increase in top growth with nitrate nitro gen 

application occurred only in those culture solutions where phosphate 

was added . }'urt her, the growth r esponse t o applied phosphate was 

more pronounced at higher l evels of nitrate nitrogen in the gronth 

medium (Fig .5). 



2. GLASSHOUSE EXPERINEN1rs 

2.2 EXPERIMENT 3 - Harvest 2 

2. 2 .1 Nodulation 

The nodulation data a r e presented in terms of nodule 

number, nodule weight and the average i;;re i ght per nodule on a 

per plant basis. 

(A) Nodule Wei ght 

66 

The inclusion of nitrate nitrogen in the growing medi um 

sharply reduced the dry we i ght of nodules on each clover root 

(Fig . 7). The reduction in Tiei ght nas highly significant (P< 0.01), . 

(Appendix IV 1.1). Increasing the rate of phosphate on the other 

hand, significantly (P< 0.01) increased nodule we i ght. No inter­

action bet ween nitrate nitrogen a nd phosphate was recorded 

(Appendix IV .f.1 ). 

( a ) Nitrate Nitr 0gen 

The nil nitra te trea t ment recorded the highest we i ght of 

nodule material, the we ight of nodule material being reduced to a 

third of that recorded for the control, by growth in a 4.0mM nitrate 

nitrogen solution (Fig . 7). The LSD for the nitrate nitrogen means 

listed in Appendix IV 1.2 indica ted that a significant reduction 

in nodule weight occurred between the following nitrate nitrogen 

treatment means: 

(i) the O.OrnM and the0.25, 0.5, 1 .o and 4.0mM nitrate 

nitrogen treatment means 

(ii) the 0 .25mM and the 0.5, 1 .o and 4.om:M nitrate 

nitrogen treatment means 

(b) Phosphate 

The LSD for the phosphate treatment means is presented in 

Appendix IV 1.3. A signif'icant increase in nodulation occurred 

between the 0.2mgP / plant / week phosphate level and both the 

0.5 and 1.5mgP / plant / week phosphate level. No differences were 

recorded between the two higher rates. 

I 
. I 
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(B) Nodule Number 

The summary of' analysis of variance f' or nodule nUT'.lber is 

presented in Appendix IV 2.1. nodule nunber per plant r oo t ITas 

significantly (P< 0.01) reduced by the application of nitrate 

nitrogen, the nuraber of nodules being r educed to approximat ely 

half that of the contr ol, i . e . the nil nitrate trea t ment, with 

the application of high levels of nitrate (Fig. 6) . Higher rates 

of phosphate increased t he nuraber of nodules (Fi g .6), the incr eas e 

being significant at the 1% probability level (Append.ix IV 2 .1 ). 

No interaction existed betITeen the nitrate nitrogen and phosphate . 

(a) Nitrate Nitrogen 

As in the case of nodul e we i ght, l ow levels of' nitrate 

nitrogen in the nutrient solutions ( o. 25 and 0.5mM No
3 

!'.:) sign­

ificantly reduced the nodul e nunber. The reduction in nodule number 

that occurred be tlrnen the 0 . 5rnM nitrate nitrogen treatment mean 

and the 1 .o or 4 . 0r.nM nitrate nit r ogen treatment means was not 

however, significant (Appendix IV 2.2). 

(b) Phospha te 

The phosphate treat nent oeans for nodule number and the 

LSD are presented in Appendix IV 2.3 . A significant increase in 

nodule number occurred between the lowest phosphate level and the 

two higher level s . There uas no significant difference in nodule 

number between the two higher phosphate levels. 

(C) Aver age Nodule Weight 

The average nodule weight data is presented in Fig . 8 . 

Nitrate nitrogen alone affected the average nodule weight (Appen­

dix IV 3.1); the reduction being highly significant (P< 0.01). 

The low rates of nitrate nitrogen were a s effective as the higher 

rates in reducing the average weight of nodules, since no sign­

ificant differences occurred betITeen the treatment means repres­

enting the low and high rates of nitrate nitrogen addition 

(Appendix IV 3.2). 



69 

2.2.2 Nitrogen Fixation 

The r a tes of ethylene production per root system and mg 

dry weight nodule ~aterial were used a s an indice s of nitrogen 

fixing activity. 

(A) Ethylene producea/Roc t{Hour 

Figure 9 present s the means for the amount of ethylene 

produced per root per hour and Appendix IV 4.1 a summary of the 

analysis of variance. Nitrate nitrogen significantly (P< 0.01) 

r edu ced the rate at which ethylene Has produced . One the other 

hand, additions of higher rates of phosphate significantly (Pc:: 0 . 01) 

increased t he rates of ethylene production. The nitrate nitrogen 

x phospha t e inter ac tion was not just significant at the 5fc, level 

of probabili t-J. 

( a ) Nitrate Nitroge n 

The nitra te nitrogen treatnent means and the LSD are 

presented in Appendix DT 4 . 2 . The nil ni.trate nitrogen treatnent 

mean r ecorded the highest r a t e of nitrogen fixing ac tivity . The 

r a te vras however, dr astically decreased by the low concentrat i ons 

of nitrate i n the nutrient s olutions. Further, less sever e re­

ductions resulted from the increase in concentration of nitrate. 

At the highest nitrate nitrogen level, (4 . 0mM) the rate of ethylene 

production per r oo t was reduced t o 11% of the control nil nitrate 

nitrogen trea tnent . 

(b) Phosphate 

A significant increase in nitrogen fixing a ctivity resulted 

from the incr ease in the level of phosphate from o.2mgP I plant /neek 

to 0.5 and 1 .5ngP / plant / week . The difference between the t wo 

higher phosphate treatment means was not significant . 

(B) Rate Ethylene Production per mg Nodul e Dry Weight 

Only nitrate nitrogen significantly affected the r ate of 

ethylene produced per rig dry weight of nodule. A sUIIlI'lary of analy­

sis of variance is presented in Appendix IV 5.1 and the treatme;1c 

means are shown in Fig . 10. The computed LSD value listed in 
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Appendix lY 5 . 2, shows that the 0 and 0 . 25oM nitrate nitrogen 

treatment means are significantly different from the 0.5, 1 .o and 

4- . 0mM nitrate nitrogen treatr:1ens means . There were no significant 

differences between the 0 and 0 . 25ml"i nitrate nitrogen nean s or the 

0 . 5mM and the 1 . O or 4- . 0ol'!I nitrate nitrogen means. li t the highest 

level of nitrate nitrogen (4-.0rc.M) the rate of ethylene produced per 

mg dry Hei ght of nodule had been reduced to approximately 4-CJ%. of 

the nil nitrate treat oent. 

2 . 2.3 Plant Growth 

(A) Top Dry Weight 

The t op dry we i ght data is presented in Fig. 12 and a 

summary of the analys is of variance is shown in Appendix TV 6.1. 
Addition of nitrate nitrogen in the nutrient solutions led to a 

significant (P< 0 . 01) increase in t op growth . Phosphate did not 

significantly inf'luence top groHth, ancl a nitrate nitrogen x phos ­

phate interaction was net detected . 

The highest t op we i ght was recorded for the 1 .OmM ni trats 

nitrogen treatnent r.iean . This !'lean was not, ho11ever, significantly 

different froi:: the othe r treatment means where nitrate was added . 

Significant d ifferences were recorded be t ween the nil nitrate 

treatment mean and all the nitra t e nitrogen treatment means . 

(B) "R.oot Vlei.~ 

Both nitrate nitr ogen and phosphate significantly (P< 0 . 01) 

influenced r oo t growth (Appendix TV 7 .1). Fig. 13 shows that the 

addition of nitrate to the nutrient solutions increased r oot 

gr owth while an increase in the level of phosphate reduced r oot 

gr owth. 

As in the case of top growth , no significant differences 

occurred between the treatment means where nitrate was added . 

Significant differences were recorded between the nil nitrate treat­

ment mean and all the nitrate treatoent means (Appendix IV 7.2). 

The phosphate treatI:!ent means and the LSD are presented 

in Appendix IV 7.3. 
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(c) Total plant weight 

The analysis of variance is summarized in Appendix IV 1 lf.1 

and the mean data for total plant weight is presented in F~g 11. 

Nitrate nitrogen significantly increased total plant growth . 

The means. for the nitrate ni trogen treatments and the LSD are 

presented in Appendix IV 13 . 2 . 



900 

800 

mgs 700 _ 

mgs 

600 

•t 
1 

500 .dl 

700 

600 

500 

400 

I 
0 

I 
0·5 

Total plant dry weight 

I 
1 

1::.. 1 .5 mgP/pla.nt/week 
0 0.5 " 
0 0.2 " 

I 
2 

mM N0
3 

N 

Top dry weight 

I 
3 

73 

4 



mgs 

74 

L>... 1.5 mgP/plant/week 
300 0 0.5 " 

0 0.2 " 

200 

100 -

0 -~-----~~--~~~----------------------
0 0·5 1 2 

mM N0
3 

N 

Root dry weight 

3 4 



2.2.4- Po~oent Total Nitrogen 

(A) Top Material 
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The analysis of variance and mean dat a for percent total 

nitrogen are presented in Appendix IV 8 .1 (a) and Table 3 res­

pectively. A significant increa se in percent t otal nitrogen r e ­

sulted fr om the addition of nitra t e nitrogen t o the culture s olu­

tions. Phosphate di d net significantly change the percent t ot al 

nitrogen level in t op naterial . 

Signif i cant increases in percent t otal nitrog en occurred 

between the 0 and 0.25 mM nitra te nitrogen treatr:ient means and the 

0.5, 1 .O and 4-.0mM nitrate nitrogen trea t I'J.ent means (Appendix IV 

7.2). There was no significant increase in percent t otal nitrogen 

between the O. OmN and 0 . 25mM nitrate nitrogen treatnent mea ns or 

be tween the 0 . 5oM and 1 • 0 and 4- . 0f?1J{! nitrate nitrogen trea t.oen t means. 

( B) Roo t Mat erial 

The inclusion of nitra t e nitrogen in the gr owing ElediUD, 

and the increase in the level of phosphate increased the percent 

total nitro~en in the r oo t system, (Table 4-). The increases in 

nitrogen content were significant at the 1% probab ility level 

(Appendix IV 8 .1 (b). No significant nitra t e nitrogen x phos­

phate interaction was recorded . 

( a ) Nitra t e Nitrogen 

LoIT concentra tions cf nitra te nitrogen, significantly in­

creased the total nitrogen content of r oots. The means for the 

nitrate nitrogen treatments and LSD ar e pre sented in Appe ndix IV 8.2. 

(b) Phospha te 

The means for the phosphate treatnents and the LSD are 

presented in Appendix IV 8.3. Increasing the level of phospha te 

from 0.2mgP / plant / week t o either 0.5 or 1 .5ngP / plant / week , 

significantly increased the percent total nitrogen content, however, 

no increase in content was observed between the two higher phos­

phate levels. 



Table 3 Percent total nitrogen in toE material 

Cone. of No
3 

N (mM) 

QJ 0 0.25 0.5 1 .o 4.0 _µ 
rO ~ ..c <lJ 

0.2 3. l38 0. <V l,. .. . 02 4.07 4,23 4.15 UJ 3 0, 
..c ..µ 
0.. -c 

0.5 3.98 rd 3.93 4.51 4.35 4.82 ~r-l 
I) -o. 

........ 
t-4 0... 

1.5 4.01 4.67 \J) Q\ 4.09 4.57 4.31 > E 
j 

Table 4 Percent total nitrogen in root material 

Cone. of ri o
3 

N ( IIL\1) 
lj) 
_µ 
rJ ~ ..c QJ 

0 0.25 0.5 1 .o 4.0 
0. (JJ 

. UJ 3: 
2 . 58 3. 21 3.53 3.65 3. 51 0'-..0 . 2 ..c ..µ 

0.. >=: 
ro 

2. 66 3.60 3.86 4.02 ~ r10.5 4.13 
'-.. 

r-i 0.. 
2. 75 3.28 3 .81 4.13 4.29 QJ ())1 . 5 > E s 

Table 5 Percent total nitrogen in nodule material 

Cone. of N0
3 

N (mM) 
(!) 
..µ 0 0.25 0.5 1 .o 4.0 rO ~ ..c QJ 
0. QJ 

~ ~ 0.2 8.14 7.55 7.02 6.67 6.66 
..c ~J 

0.. ~ 
ti.. r-l 0.5 8. 04 7.80 7.79 7.83 7.03 
0 0. 

'-.. 
r-l p, 1 5 
rJ tn • 7. 94 6. 9?. 7 051 7.57 8.85 
:> E 

s 
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(C) Nodule Material 

Neither nitrate nitrogen nor phosphate significantly changed 

the percent total nitrogen content of nodule material . 

(Appendix IV 8 .1c, Table 5) 

2.2.5 Percent Total Phosphate 

The data for the percentage total phosphate in top, root 

and nodule material are presented in Figures 14- A,B, C respectively. 

(A) Top Material 

A SUDJ~ary of the analysis of variance for percent total 

phosphate is given in Appendix IV 9 .1( a). Phosphate as expected, 

very significantly affected the phosphate content of the top 

material ; the percent total phosphate increasing with the higher 

rates of phosphate . Nitrate nitrogen on the other hand, reduced 

the phosphate content, the reduction being significant at the ~ 

probability level. (Fig. 14-A) 

(a) Nitrate Nitrogen 

No significant differences were detected between treatnent 

~eans whe re nitrate nitrogen was applied (Appendix IV 9.2). The 

~ean for the nil nitrate treatment was however, significantly larger 

than all treatment Beans '17here nitrate was added to the solution 

cultures. 

(b) Phosphate 

Significant differences occurred between all phosphate 

treatment means (Appendix IV 9.3). 

(B) Root Material 

The mean data for percent total phosphate is shown in 

Fig. 14-B. Inclusion of nitrate nitrogen in the growing mediun 

brought about a significant (P< 0.01) decline in phosphate content, 

while an increase in the level of phosphate very significantly 

(P < 0.01) lifted the percentage total phosphate values. The decline 

in percent phosphate with the addition of nitrate nitrogen wa s 

recorded at the higher levels of phosphate only; no decrease 
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occurred at the l owest phosphate level. This nitrate nitrogen x 

phosphate interaction was si gnificant at the 3% pr obability l evel. 

( a ) Nitr a t e Nitrogen 

As in the case of the top naterial , the addition of l ow 

concentrations of nitrate nitrogen significantly r educed the per­

cent phosphat e in r oo t nat erial. The r eduction was hovrnver, nore 

severe, significant differences being obta ined between the O. OrnM 

and 0 . 25rnM nitrat e nitrogen treatr::lent oeans and between the 0.25mM 

and the 0 . 5mM nitra t e nitrogen trea t ment oeans. (Appendix DJ 9.2) 

(b) Phosphat e 

The neans of the phosphate treatoents and the LSD are 

presented in Appendix IV 9.3. Significant differences occurred 

between all means. 

( C) Nodule 

Higher percent phosphate values were r ecorde d when the 

l evel of phosphate ~as increased (Fig . 14C) . The increase wa s 

highly significant (P(0.01), (Appendix DJ 9 • .3 (c) and all phos­

pha te trea t nent oeam(.i\p'pendix IV .9>.))were significantly different 

froo ea ch other. No change in the per cent phosphate l evel was 

apparent when nitra t e nitrog en wa s fed t o the pl ants (Fig . 14C), 

however. 

2.2.6 Percent soluble sugars in Top a nd Roo t Material 

(A) Top Material 

The addition of nitrate nitrogen t o the nutrient solutions 

did not cause any consistent change s in the percent s oluble sugar 

levels of t op oaterial (Table 6). However, significantly lower 

levels of sugars wer e obta ined in those plants receiving higher 

rates of phosphate (Table 6) and (Appendix DJ 10.1). The means 

for the phosphate treatments and the LSD are presented in 

Appendix IV 10.2. 

( B) Root Material 

The mean data for the percent soluble sugar level in root 

material is presented in Table 7. The addition of nitrate 
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nitrogen, and the increase in the l evel of phosphate were found to 

significantly (P < 0.01) change the soluble sugar status of the 

r oo t material . No inter action be~een nitra t e nitrogen a nd phos ­

phate was r ecorded, however (Ap pendix TV 11 .1 ). 

( a ) Nitrate Nitrogen 

The soluble suga r sta tus of the r oo t material increased 

significantly when l ow (0.25mM ) and high (4.0mM) concentrations 

of nitra te nitr ogen were added to the nutrient solutions. How-

ever, the 1 .oorvr nitrate nitrogen treatnent raean was not significantly 

different fron the nil nitrate control treatnent mean (Appendix TV 

11.2). 

(b) Phospha te 

The phosphate trea t ment nean and LSD are presented in 

Appendix IV 11 .3. A siGnificant reduction in soluble sugar level 

in root materi al was rec orded when the level of phosphate was 

increased froo 0 .2mgP /plant/ 'ileek t o 0 . 5 er 1.5mgP /pl ant/ .-veek. 

The lowest level of s oluble sugars was detected in r oo t material 

re~oved from plants receiving the interr:1edi at e phosphate l evel 

and an increa se in the level of phosphate to 1 .5ngP / plant / week 

fron 0.5mgP /plant /week significantly increased the percent 

scluble sugar l evel. 

2.2.7 Percent Starch in Top and Root Material 

(A) Top Material 

The treatment means are presented in Table 8 . A signi­

ficant (P< 0.01) reduction in percent s t arch resulted from the 

increase ,in the level of phosphate (Appendix Iv 12.1). No 

significant nitrate nitrogen treatment effect or phosphate x 

nitrate interaction was recorded , however. 

A summary of the phosphate trea t means and the LSD are 

presented in Appendix I'V' 12.2. 



( B) Root Material 

No significant ni ·L r a te nitrogen treatment effects or 

pho sphate x nitra t e nitrogen interaction were recorded 
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(Appendix TV 13 .1). t~ significant ( P< 0 . 01) r eduction in percen-c 

sta rch in r oo t material was obt ained in tho se plants r eceiving 

higher rates of phosphate (T able 9). The phosphate treatment 

neans and the LSD a r e pr es ent ed in Appendix IV 13 .2 . 



'rable 6 Percent soluble sugars iz:i plan~ 

Cone . of No
3 

N (mM) 

(j) 0 0.25 0.5 1.0 4.0 .µ ~ 
ro QJ 

..C: rJ 

~< 0.2 6. 0G 6.41 6.03 6.25 6 .14 
0 ..µ 

..c: ~ 
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0 '-... 
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Q) f:; 
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> s 

Table 7 Percent soluble sugars in plant root 

Cone. of N0
3 

N (mM) 

(]) 0 0. 25 0.5 1.0 4.0 ..µ 
ro ~ 

..c: QJ 
0.. (]) 
VJ 3 0 2 lh 11 4. 49 4. 73 4.33 4.61 0 '-... • , ..c: ..µ 

Cl. c 
rd 

3.45 3.79 3.86 3.74 3.97 4-< rl 0.5 
0 0. 

'-... 
.--l Cl. 3. 68 4.42 3.75 3.79 l+. 26 QJtJl1 .5 
:> E 
~ 
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T8ble 9 Percent starch in root material 
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2.3 EXPERIMENT 4 

2.3 .1 Nodule Dry wei ght 

Because of t he size of t he r oot systeo, only thos e nodule s 

on the section of t he r oo t harvested fo r car bohydr a t e analys e s we r e 

de t ached . The per centage of t he to t al roo t we i ght ha rve s t ed f or 

the carbohydrat e anal yses was de t e:rnined, and the t ot al nodule dry 

v;ei ght obta ined, by ad justing tho r ecorded nodul e dry vrn i ght to 

pr ovide the nodule dry wei ght f or the t ot al ro ot systen . The neans 

f or the fifteen treat nents a r e p r esented in Fig. 15 a nd the sur.u.~ ry 

of the analysis of variance is shown in Appendix V 1 .1. Nitra t e 

nitrogen added t o the nutrient solutions significantly (P < 0.05) 

changed nodule dr y we i ght, while a n increase i n the r a t e of phos­

pha t e signifi cantly enhanced t he wei ght of nodule material . No 

signif'icant nitra t e nitrogen x ph osphate i nt er action 11as observed, 

however (Appendix V 1 .1). 

( a) Nitra t e nitrogen 

The rieans fo r the nitra t e nitrogen treat nents and the LSD 

ar e presented in Appendix V 1 .2. A signifi cant r eduction in 

nodule wei ght occurred betvl'een the 0 and 0.25nM nitra te nitrogen 

treatnents and the 0.5, 1 .o and 4 .0l!lll1 nitrat e nitrogen treat nents. 

Howeve r, there we r e no signi f i cant differ ences between the 0 and 

0.25mM nitrate nitrogen treat nent neans, or b etvl' een the rieans f or 

the higher nitra te nitrogen c oncentrations (Appendix V 1.2). 

(b) Phospha t e 

The highest nodule we i ght was recorded f or the 

10ngP /plant/ we ek level of phospha te. The nean for this treat­

nent was significantly greater than the neans for the 2 and 

5ngP / plant / week phosphate levels, "ffi'lile the neans for the two 

lower r a tes were not significantly different. 

(c) Nitrate nitrogen x Phosphate interaction 

Although a significant (P< 0.05) interaction between nit­

rate nitrogen and phospha te was not reco:rUed, an interaction between 

the two nutrients is apparent (Fig.1 5) . At the 0.25mlVI nitrate 
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nitrogen concentrat ion and the highest phosphate l evel, the nodule 

weight exceeded that recorded for plants grov.n in the absence of 

nitrate nitrogen but at the sane l evel of phosphate . The opposite 

occurred a t the lo~est phosphate level, where the application of 

nitrate (0 . 25El11) to the nutrient solution ~arkedly reduced the 

nodule we i ght. No change was recorded fer the nediun phosphate 

level. 

VJ hen the 1 . OoM and 4- .Or:1M nitrate nitrogen treatraent oeans 

for the three phosphate levels are coopared, it can be seen that 

the addition of the 4- . 0oM nitrate nitrogen level tended t o increase 

the r ate of nodul ation at a low phosphate level, whereas for the 

high phosphate treatnent, the r ate of nodulation was clearly reduced. 

2.3.2 Nitrogen Fixing Activity 

(A) Ethylene production per r oot per h our 

Nitrate nitrogen significantly reduced (P< 0 . 01) and the 

higher phosphate levels , significantly i ncreased the rate of ethy­

lene production per root (Appendix V 2 .1). The overall interaction 

between the nitrate nitrogen and phosphate treatments was not quite 

significant at the 5% level of probab ility. The treatDent raeans 

are presented in Fig. 17. 

(a) Nitrate nitrogen 

The nil nitrate treatnents produced the l argest anount of 

acetylene (Appendix V 2.2), the neans being significantly greater 

than the neans for the 0.25, 0.5, 1.0 and 4-.()rn}!I nitrate nitrogen 

treatments. The 0 . 25rnM nitrate nitrogen Dean was also significantly 

greater than the 1 .O and 4-.0mM nitrate nitrogen treatoent oeans and 

the 0.5DM nitrate nitrogen treatment mean was significantly greater 

than the 4-.0mM nitrate nitrogen treatfilent Dean . 

(b) Phosphate 

Increased rates of ethylene production resulted froo the 

higher levels of phosphate. The most significant increases 

occurred between the lowest phosphate level and the highest, and 

between the two higher rates (Appendix V 2.3). 
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(c) Nitrate nitrogen x phosphate interaction 

Though not significant, an interaction be tween the nitrate 

nitrogen and phcsphate treatnents wa s obtained (Fig .17 ) . Notice­

ably larger phosphate trea t cent differences wer e recorded ~here 

nitrate was not added t o the nutrient solution, these differences 

declined ~ith the addition of nitrate, until at high l evels of 

nitrat e nitrogen, little difference existed bet>leen the phosphate 

neans. 

(B) Rate of Ethylene producti_g n per ng Dry weight nodule 

A sumnary of the analysis of variance is presented in 

Appendix V 3 . 1 . Significant nitra te nitrogen and phosphate 

treatnent effects and an interaction betHeen the nitrate nitrogen 

and phosphate treat nents was recor ded. The neans for the treat­

ments ar e shovm in Fig . 18. 

( a ) Nitrate nitrogen 

The addition of nitra te nitrogen t o the gr owing mediUD of 

the clover plants significantly l owe red the ability of the nodule 

material to redu ce a cetylene to ethylene . Significant differences 

were ob t a ined between the nil nitra te treatnent nean and t he means 

fo r the 0 .25, 0.5, 1.0 and 4-.0mM nitrate nitrogen treat ments and 

between the 0.25 or 0.5rnM nitra te nitrogen treatnent means, and 

the 1.0 or 4-.0nM nitra te nitrogen treatnent neans (Appendix V 3.2) . 

(b) Phosphate 

An increase in the r a te of ethylene produced per mg DW 

nodule occurred when the quantity of phosphate supplied to the 

plants was lifted . The phosphate treatnent neans and the LSD 

are presented in Appendix V 3.3. 

2.3.3 Plant GroHth 

(A) Top GroRth 

No significant increase in tcp gr owth occurred with the 

addition of nitrate nitro gen t o the nutrient solutions. An in­

crease in the availability of phosph~te , aid on the other hand 

significantly affect the growth of the top system of the clover 
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clone. An inter ac tion between nitrate nitrogen a nd phosphat e 

treatments was also obtained, but ~as only significant at ~~e 1q1o 

probability l evel (Appendix V 4 .1). The trea t oent neans are 

presented in Fig . 20. 

(a) Phosphate 

Greater t op gr owth r esulted froc the increa se in the 

ava ilability of phosphate and significant differences were recorded 

betlleen the l owes t and the highest phosphate treat nent means, and 

the two higher phospha te treat oent means (Appendix V 4.2). 

(b) Nitrate nitrogen x phosphate interaction 

At the l owest phosphate level, the t op growth response to 

nitrate nitrogen was binodal in fonn and was char acterized by a 

peaik: at a l ow l evel of nitrate nitroGe n, f ollowed by a second 

peak a t the highest level of nitrate nitrogen (Fig. 20). Top 

gr owth also peaked at the 0.25mM nitrate nitrogen level and inter­

medi at e l evel of phosphate, but the gr owth was no t markedly re­

duced when higher r a tes of nitra t e nitrogen were added, and nor did 

it rec over at t he hi ghest nitrate nitrogen l evel. At the highest 

phospha te l evel, t op growth increased I'.l.arkedly with high concen­

trations of nitra t e nitrogen in the nutrient solutions. 

(B) Root Growth 

The analysis of vari ance is surnarized in Appendix V 5.1. 

No significant phospha te treat oent effects or nitra te nitrogen x 

phosphate interaction wa s obtained, but r oo t growth increased 

significantly when nitrate nitrogen was applied to the nutrient 

solutions (Fig .19). 

The means f or the nitrate nitrogen treatments and the LSD 

are presented in Appendix V 5.2. There were significant in­

creases in top growth between the O.OoM nitrate nitrogen treatnent 

Neans and between the 0.25rnM nitrate nitrogen treatment and the 

1.0mM nitrate nitrogen treatment mean. 
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(C) Total plant weight 

The analysis of variance is swnrnarized in Appendix V 10.1 

and the mean data for total plant weight is presented in Fig 16. 

Phosphate and nitrate nitrogen significantly increased (P 0 . 01) 

the total plant growth. 

The means for the nitrate nitrogen and phosphate treatments 

and the LSDs are presented in Appendices V 10. 2 , 10 , 3 respectively. 
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2.3 .4 Percent t otal nitrogen in top _( a ), root (b) and nodule 

naterial (c) 

(A) Top Material 

A significant (P< 0.01) increase in the percent total 

nitrogen in top naterial was obtained with the application of 

nitrate nitrogen . Higher phosphate l evels did not however, 

significantly affect the t ot al nitrogen content of the tissue, 

but an interacti on was obtained betl7een the nitrate nitrogen and 

phosphate treatnents (Fig. 21A; Appendix V 6.1 (a). The neans 

for nitra te nitrogen treatnents and LSD are presented in 

Appendix V 6.2; significant differences occurring betvveen all 

treatnent Beans. 

( a) Nitrate nitrogen x Phosphate interaction 

There are three points of interest. First, in the control, 

nil nitrate treatnent, the percentage of t ot al nitrogen declined 

when the l evel of phosphate supplied t o the plants was increased, 

while at high levels of nitra te nitro gen (4.0mM) the percent total 

nitro gen increased a t the higher phosphate levels. Finally, 

phosphat e had little effect on the percent t otal nitrogen level 

a t the two l ower nitrate nitrogen concentrations (Fig . 21A). 

(B) Root Material 

Significant nitrate nitrogen and phosphate treatnent 

affects ~e re recorded, but no interaction was observed 

(Appendix V 6.1 (b). 

(a) Nitrate nitrogen 

The percent t otal nitrogen content increased with the 

addition of nitrate nitrogen (Fig . 21B). All treatment oeans 

were significantly different fron each other (Appendix V 6 . 2) . 

(b) Phosphate 

Overall, the percent total nitrogen content declined 

when the level of phosphate was increased (Fig . 21B) . The lowest 

phosphate level was only significantly greater than the highest; 

no significant differences being present between the ot~r neans 
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(Appendix V 6.3). 

(C) Nodule Material 

No significant treatnent effects were recorded 

(Appendix V 6.1(c). The neans for the treatnents are presented 

in Table 12. 

2.3.5 Percent Total Phosphate in Top, Root and Nodule Material 

(A) Top Material 

The analysis of variance is presented in Appendix V 7 . 1 

( a ). Nitrate nitrogen did not significantly change the percent 

total phosphate level, and no interaction between nitrate nitrogen 

and phosphate \7as obt a ined. The level of phosphate in the top 

naterial however, was significantly higher when the ~uantity of 

phosphate supplied to the plants was increased (Fig. 22A). All 

phosphate treatment neans ne re significantly different fron ec1.ch 

other (Appendix V 7.2). 

(B) Root Material 

The means for the nitrate nitrogen a nd phosphate treat­

ments are presented in Fig . 22B. Significant nitra te nitrogen 

and phosphate treatment effects ·were recorded (Appendix V 7 .1 (b), 

but no interaction beween nitrate nitrogen and phosphate i.;as 

obtained. 

(a) Nitrate nitrogen 

The ~eans for the nitrate nitrogen treatments are pres­

ented in Appendix V 7.2. Addition of nitrate nitrogen to the 

growing nediun significantly reduced the level of total phos­

phate in root naterial . 

(b) Phosphate 

Highly significant increases in the level of phosphate 

in root naterial were obtained vvhen the quantity of phosphate 

supplied to the plants was lifted. JUl phosphate treatment means 

were significantly different (Appendix V 7.3) . 
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Table 13 Pe;rcent solublt: sugars in toE material 
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Table ~4 Percent soluble sugars in root material 
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(C) Nodule Material 

As in the case of r oot oaterial , significant nitrate 

nitrogen a nd phospha te trea t nent affects were recorded 
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(Appendix V 7 .1 (c), for nclule naterial . The l evel of phosphate 

in the nodules i7as reduced by the application of nitrate nitrogen, 

(Appendix V 7. 2) a nd highly s i gnificant incre~ses in phospha te in 

nodule nateri al f ollowed \7hen the quantity of phosphate in the 

gr o•1ing nediun ·,;as increased (Fig . 23) . 

2 . 3 . 6 Percent Soluble Su5ars in Top , ~oct and Nodule Material 

(A) Top Material 

The neans f or the trea t nents are shoi7n in Table 13. Ne 

significant nitrate nitrogen x phosphate interaction ~as r ecorded, 

and phosphnte di d not af'fect the level of sol uble sugars in t op 

naterial . A significant decline in the level of soluble SUGars 

did occur ~ith the appl i cation of nitrate nitrogen (~ppendix V 8.1 ), 
the decline in sugar level b etlfeen the 1 . Ont! ni tre..t e nitr ogen nean 

and the 4 . 0nM nitrat e nitrogen nean beinG significant 

(Appendix V 8 . 2) . 

(B) Root Material 

A sumnar y cf the analysis of variance f or percent soluble 

sugar s in r oo t naterial is presented in Appendix V 8. 1 (b). 

Nitrate nitrogen a nd phospha te significantly (P< 0 . 01) reduced the 

percent soluble sugar content, but no interaction i7as obtained 

(Tabl e 14). 

The nitrate nitrogen treat~ent oeans and the LSD are given 

in Appendix V 8 . 2 and the phospha te treat oent neans a nd LSD in 

Appendix V 8 .3 

( C) Nodule Material 

A significant (P< 0 . 05) interacti on was obtained between 

the nitrate nitrogen and phosphate trea t ments, and significant 

ni trate nitrogen and phosphate trea toent effects were also 

recorded (Appendix V 8.1 ) . 
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(a) Nitra t e nitrogen 

The highest l evel of soluble sugar in nodule nat erial was 

f ound in nodules deta ched fron pl ants which had been grown in the 

1 . 0mM nitrate nitrogen treat nent. The sugar l evel declined 

steadily ~ith t he r eduction in concentration of nitrat e in the 

gr owing nediw.1 a nd Tias l owest in nodules renoved from plants which 

had not received nitrate nitrogen (Fig . 24) . 

The nitrate nitrogen treatoent neans and LSD are r eported 

in J~ppendix V 8 . 2.. The ().~~ nitra te nitrogen !'lean was sign­

ificantly greater than the 0 . 5 , 0 . 25 and OnM nitrat e nitrogen 

treat nent neans , but not s i gnificantly higher than the 4 . 0rnM 

nitra t e nitrogen treatnent nean, while the 4 . 0r:iM nitrate nitrogen 

trea t nen t rrn.s s i gnificantly hieher t han the 0 . 5, 0. 25 and OmM 

nitrate nitrogen treatnent neans . 

(b) Phospha te 

An incr ease in the supply cf phosphate t o clover pl ants 

reduced the l evel of s oluble SUfars in ncdul e nat erial (Fie . 24) . 

The l owest sugar l evel was cbt~ined in nodule naterial removed froc 

pl ants gr own at the highest phospha te level, the treatnent mean 

beine significantly l ower than the neans for b eth l ower r ates of 

phosphat e (Appendix V 8 .3). A s i gnificant difference betl7een 

the Beans f or the two lower phosphat e levels uas also obtained 

(Appendix V 8 .3 ) . 

2.3 .7 Percent Starch in Top , Root and Nodule Material 

(A) Top Material 

The phosphate and nitrate nitrogen treat nent neans f or 

percent starch a re shown in Table 15, and a SW!lrnary of the 

analysis of variance is presented in Appendix V 9 .1. Nitrate 

nitrogen and phosphate significantly (P< 0 . 01) changed the 

starch level in t op material, but no interaction bettteen these 

nutrients was recorded (Appendix V 9 .1). 



(a) Nitrate nitrogen 

A significant reduction in the percent starch in top 

I'.laterial occurred Hhen nitra te nitrogen was applied t o the ro oting 

ned.i1..ll71 of clover pl ants. The LSD for the nitrate nitrogen treat­

ment ceans is p resented in Appendix V 9 .2. 

(b) Pho sphate 

The starch l evel in the top material Tias l oPer in those 

plants which had re ceived higher l evels of phosphat e (Table 15). 

l'i.11 phosphat e treatnent r;ieans were significantly different fron 

each other (Appendix V 9 .3). 

( B) Root Material 

n surnnary cf the analysis of variance is presented in 

Appendix V 9.1 . Nitrate nitrogen and higher pho spha te levels, 

significantly (P< 0.01) reduc ed the percent s t arch level in r oo t 

naterial. No significant interaction bet ween nitra t e nitrogen 

and phosphate was obtained (Table 16) . The ~eans f or the nitra t e 

nitrogen treatments and phosphate treatnents are shown in 

Appendix V 9 . 2 and 9.3 respectively. 

(C) ]'\Todule Material 

No significant phosphate treatment effect 11as ob t ained 

and no interaction between nitrat e nitrogen a nd phosphate wa s 

recorded. However, nodules renoved fron plants which had been 

gro~n in solutions supplied with nitrate nitrogen had significantly 

(P< 0.01) l o>7er starch levels (Table 17). 

Significant differences ~ere obtained between all the 

nitrate trea t ment means , >7ith but one exception. The difference 

be"h?een the 1 .OmM nitrate nitrog en treatnent mean and the 4.0mM 

nitrate nitrogen treatment mean was not significant at the 5% 
probability level (Appendix V 9.2). 



'ruble 15 P0rcc11t totn.l star ch i n top material 

Cone . of N0
3 

N ( mM) 
Cll 
.µ 

0.25 1.0 4.0 <v ~ 0 0.5 ..c: Cll 
p, QJ 
Ul :;: 

1 6 . 01) 13.:J5 13.43 0' 2 15. 77 14.35 ..c .µ 
p, c: 

co 
1 I+. 96 12.40 11 • 59 4, rl 5 1h.45 13. 19 u P.. 

' rl p, 
QJ lJ) 10 > E . 14 . 91+ 12. 96 12. 21 1 o.66 10.47 
3 

Table 17 Percent total starch in nodule material 

Cone. of No
3 

N (mM) 
ll) 
.µ 0 0.25 0.5 1. 0 4.0 (() ~ 
.c: QJ 
0. QJ 
Ul 3: 
O '- 2 7.10 

..c: .µ 
6 .13 4. 66 3 .61 4.02 

0.. c: 
ro 5 7.50 6.35 6.41 3,26 3.53 4-l r-i 

0 0. 

' ~ ~ 10 
:> E 

7.53 7.14 5.89 4.33 3,24 

3 

Table 16 Percen t total starch in root material 

Cone. of N0
3 

N (rnM) 
Q) 
.µ 
ro ~ 0 0.25 , 0,5 1 • 0 4.0 .c Cll 
0. Cll 
(/J 3: 

5. 08 4,38 4.06 O'- 2 4.34 4.42 .c .µ 
0.. c co 

4.08 3.85 4-l rl 5 5.37 ,3. 66 4.19 0 0. 

' rl p, 
3.28 3.57 QJ °' 10 4.59 3. 71 3,53 :> E 

3 
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EXPERIMENT 5 

The rate at which nitrate nitrogen inhibited nodulation 

and nitrogen fixation was studied in this experiment . Hmrnve r, 

only within harvest cooparis ons of treatment means were made . 

2.4 . 2 ]\Todule Dry Wei ght 

No significa nt change in nodule we i ght ~as recorded on 

clover r oo ts, when plants were harvested two and six days after 

the application of nitrat e nitrogen to the nutrient s olutions 

(Fig . 28) and (App endix VI 1 .1). However , after 12 days growth 

in nutrient solutions containing nitra te, nodule production was 

significantly reduced (P< 0.01 ) . For harvest three, the highest 

nodule VTe i ght wa s recorded in the nil nitrate control treat!'1ent 

and the lowest f or the 2. 0riM nitrate nitrogen treatnent . The in­

crease in nodule wei ght obtained v-rhen the c oncentra tion of nitrate 

nitrogen Has increased t o 8 . 0mM fron 2.0mM was not significant 

(Appendix VI 1 .2). 

2.4.3 Ethylene production per plant per hour 

The analysis of variance f or each harvest is presented in 

Appendix VI 2 .1. The rate of ethylene production per plant at 

harvest was not significantly changed by the addition of nitrate 

nitrogen t o the growing mediliIIl, but with tine and with the uptake 

and utilization of nitrate nitrogen by the plants, very significant 

(P< 0.01) reductions in rates of ethylene production were recorded 

(Appendix VI 2.1). 

The nitrate nitrogen treatnent nean and LSDs for harvests 

2 and 3 are presented in Fig . 26 and in Appendix VI 2. 2. 

2.4.4 Ethylene production per mg DW nodule per hour 

The rate of ethylene production per ~g DW nodule was not 

significantly reduced by the application of nitrate nitrogen at 

harvest 1, but at harvest 2 and 3, significant reductions in 

activity were recorded (Appendix VI 3.1). As was the case for 

rate ethylene production per plant, the reductions becane more 

significant with time (Appendix VI 3.1) and (Fig . 27). 
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At harvest 2, no significant differences were r ecor ded 

betv7een the treatments where nitra te wa s present in the gr owing 

mediUIJ. The 2.0mM nitra t e nitrogen treatment mean was however, 

significantly l owe r than the 0.5mM nitrate nitrogen trea t nent Bean 

a t harvest 3 (Appendix VI 3.2). 

2.4.5 Top dry Hei ght 

JITo significant change s in t op dr y weight i78r e recorded a t 

any harves t, when nitrate nitrogen was added t o the growing media 

of ' nat ure' nodu.lated clover plants (App endix VI 4 . 1) . A sumriary 

of t he treatoent means is presented in Fig . 30. 

2.4 . 6 Root dry we i ght 

A r eduction in r oo t dry we i ght, just significant at the 

3% level of pr obability, was r ecorded for the third harvest 

(Appendix VI 5.1 ) . Ne significant changes in root we i ght wer e 

recorded in harvest 1 and 2. The treatment means and LSD f or 

harvest 3 are presented in Fig. 3·1 and Appendix VI 5.2. 

To t al plant weight 

No significant change s in total plant gr ov;th wer e 

recorcled a t any harvest, when nitrat e nitrogen wa s f ed t o ' mature ' 

nodulated clover plants. (Appendix VI 9.1) and (Fi g . 29). 

2.4.8 Percent t ot a l nitrogen in Top, Root and Nodule Na terial 

The percent t ctal nitrogen levels presented in this 

experiment are for harvest 2 and 3; no analyses were conducted on 

plant oaterial froo harvest 1 • 

(A) Top Material 

As expected , the addition of nitrate nitrogen significantly 

increased the percent t otal nitrogen level in t op material 

(Appendix VI 6.1). The treat oent means and the LSD for percent 

t ot al nitrog en a re presented in Table 18A and Appendix VI 6.2. 
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(B) Root Material 

A sumnary of the trea t oent oeans is given in Table 18B. 

Significantly (P< 0 . 01) hir,her percent total·~11 itl"ogen values ; ·::.:.:.:: 

obtained wh er e nitra t e nitrogen was added to the gr owing media of 

clover plants . The treat ment oeans and the LSD for percent total 

nitrogen in rc ot oaterial are pr esented in Table 18B and 

Appendix VI 7 . 2. 

(C) Nodule Material 

While an increase in percent t ot a l nitrogen was recorded 

in nodule nat erial whi ch was renoved from pl ants aft er s i x days 

gro<7th in nutrient s olutions containing nitra t e nitrogen 

(T able 18C ), no significa nt change in percent t otal nitrogen was 

obta ined in nodule l'iat erial r er10ved fror. pl ants which vre r e 

harvested t vrelve days after the coODencenent of the nitrate treat­

oents (Appendix VI 8 .1 ) . 

The nitrate nitrogen treatoent ceans and LSD for harves t 

2 are pres ented in Appendix VI 8 . 2 . 



Tuble 18 Percent total nitrogen in 

toEz root and nodul e 

Cone. of N0
3 

N (mM) 

0 0.5 2. 0 8 .0 
A_T ou rnatE::rial 

Harvest 2 2. 98 3.31 3. 50 3 . 5L1-

Hetrvest 3 2. 96 3.33 3.84 3. 84 

13.Root material 

Harvest 2 2.18 2.59 2.55 2. 67 

Harvest 3 2.18 2.41 2. 83 2.75 

C,_Nodule material 

H&rVest 2 7.02 7.37 7. 36 7.42 

Harvest 3 7.42 7.40 7. 67 7 .51 
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2.5.1. EXPERIMENT 6 

Because Experiment 6 was conducted late in this study, 

there Yvas not sufficient time for a detailed statistical analysis 

of the data. 

The treatment means for rate of ethylene produced per plant 

per hour, total plant weight , top dry ·weight and root dry weight 

are presented in Figs 32, 33, 34 and 35 respectively. 



Table 19 Top to root ratio Experiment 3 

Cone. of N0
3 

N (mM) 

Q) 0 0.25 0.5 1.0 4.0 
+> ro ~ .c CJ) 
,~(j) 0.2 3.08 3.32 2.88 2.86 2.78 ti) ~ 
o'-.. 
.c +> 
P-1 ~ 0.5 4.33 3.61 4.63 3.94 4.06 "1 
~ rl 

~~ 1 .5 4.30 4.14 4.41+ 4.54 4.80 
~ ~ 
(j) 

H 

Table 20 Top to root ratio Experiment 6 

Cone. of No
3 

N (mM) 

il) 0 0.2 2.0 
+> 
"1 ..!.; .c Q) 

~~ 0.2 1.68 1. 92 2.00 
O'-.. 
.c +> 
~ ~ 0.5 2.04 2.50 2.94 <II 
~ rl 
0 ~ 

rl ~ 1.5 2.28 2.40 3.00 
~ If 
Q) 
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CtlAPrER IV 

DISCUSSION 

For con...,-enience , the ~1il3~ssion will be hand.led in four 

sections. In the first section, the effect of nitrate nitrogen and 

phosphate on nodulation will be discussed, while in the second and 

third, the effect of these treatments on nitrogen fixation and plant 

growth will be considered. The role of the carbohydrate to nitroeen 

ratio and the effect of nitrogen and phosphate treatments on the 

carbohydrate , nitrogen and phos~hate content of plant and nodule 

material will be discussed i n the final section. 

1. NODULATION 

In their review, Raggio and Raggio (1962) concluded, that 

low rates of nitrate nitrogen (around 5 to 14ppm but even up to 50 

ppm N0
3 

N) can be beneficial for nodulation in l egumes. The r esults 

obtained in several experiments in this study, where plant mater ial of 

a different age and nodulation status were used, do not support their 

conclusion since low concentrations of nitrate nitrogen (0 . 25 , 0.5mM) 

in solution culture significantly reduced the weight of nodule material 

(Fig 7) . For example, in Experiment 3, the nodule weight of clover 

clones was reduced to 60, 40, 30 and 27% of the nodule weight of 

plants grown in solution cultures without nitrate nitrogen, when 

concentrations of 0 . 25 , 0 .5, 1 . 0 and 4.0mM nitrate nitrogen were 

applied respectively (Fig 7) . Much of the reduction in nodule weight 

occurr ed then at nitrate nitrogen concentrations below the levels 

considered by Raggio and Raggio (1962) to be stimulatory and similar 

results to those recorded for Experiment 3, wer e also obtained in 

Experiments 4 and 5, where nitrate nitrogen was added to the growing 

media of nodulated ' mature ' clover clones (Figs 15 and 28). 

Further reductions in nodule weight occurred when the 

concentration of nitrate nitrogen was increased to 4mM in Experiment 

3 (Fig 7). However, the 4.0mM nitrate nitrogen mean for nodule 

weight was only significantly different from the meaP for the 0.25mM 
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nitrate nitrogen level (Fig 7). Similar responses wer e also 

r ecorded , where high levels of nitrate nitrogen were added to 

'mature ' clover clones (Figs 15 and 28). HoweveL, in the l atter 

experiments, the nodule wei ght obtained from plants r eceiving 1 . O 

or 4.0mM nitrate nitrogen levels were slightly but not significantly 

higher than t hose r ecorded for the 0.5mM nitrate nitrogen t reat ment. 

Nodul e weight is significantl y reduced when large concentrations 

of nitrate nitrogen ar e applied to the medium of growing whi t e clover 

plants . Thornton and Nicol ( 1 939) and Oghoghorie and Pate ( 1 971") 

have a lso r ecorded marked r eductions in nodule we i ght when large 

concentrations of nitrate nitrogen v1ere added to lucer ne (Medicago 

sativa) and f ield peas (Pisum arvense L.) respect ively • 

.An evaluation of the number of nodules present on the root 

system of white clover plants af t er treatment with a series of nitrate 

nitrogen concentrations, was undertaken i n Experiments 1 , 2 &nd 3. 

In the growth r oom E>xper iments , very significant r eductions in nodul P­

number i'lere obtained , ·when Huia YJ1n t e clover seedlings were grown 

for ten days in the presence of nitrate nitrogen . Concentrations 

of nitrate nitrogen as low as 0.1mM significantly reduced the nodule 

nurrmer, and the nodule number steadily declined as the l evel of 

nitrate nitrogen was increase~ , so that i n Experiment 2 only a t hird 

of nodul es count ed on nil nitr2te control pl ants wer e present on 

plants grown in the 8 . OrnM nitra t e nitrogen solution culture (.B1ig 4). 

In Experiment 2, significant differences wer e r ecorded beh>veen most 

nitrate nitrogen treatment means, but in Exper iment 1 , because higher 

rates of nitrate nitrogen were used, significant treatment mean 

differences were r ecorded only b e t ween the nil nitrate treatment 

mean and the means for the nitrate treatment . Munns (1968b) also 

found that nodule number was significantly r educed when lucerne 

seedlings were grown for short periods in dilute (0 .02 and 0. 2mM) 

nitrate nitrogen solutions. 

The r eduction i n nodule number with the application of high 

concentrations of nitrate nitrogen was not as marked in Experiment 3 

(Fig 6); the decline did not parallel the decrease in nodule weight 

which occurred under high nitrate conditions. For example, ori 

applying nitrate nitrogen concentra tions of 0.25, 0.5, 1.0 and 
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4.0rnM, the nodule number was reduced to 82, 69, 64 and 59'/o of the 

nwnber f ound on no nitrate control plants (Fig 6). Thornton and 

Nicol (1936), Pate and Dart (1961) and Oghoghorie and Pate (1971) 

also r eported that nodule number was less markedly affected than 

either nodule weight or volume of nodule tissue. Pate and Dart (1961) 

suggested that nodulation , as characterized by nodule number became 

less sensitive to reduction by nitrate as the host plant aged . 

Munns (1968Q)and Dart and Wildon (1970) have obtained similar results. 

For example, Munns noted that the nodule number in the first 'crop' 

of nodules produced on lucerne seedling roots was severely reduced by 

nitrate whereas the nodule number in a later 'crop ' was not affected. 

Dart and Wildon ( 1 970) reported that the number of nodules on the 

primary roots of cowpea plants were reduced when different forms 

of combined nitrogen wer e applied at high concentrations, but no 

reduction in nodule number vvas detected on the secondary ro ot s. 

Munns (1968a)claimed that with time the experiments cease to be a 

simple test of the effect of nitrate on nodule production; rather 

they b ecame comparisons between abundantly nodulated plants in 

nitrate free medium, and sparcely nodulated plants in medium containing 

nitrate . \'/hen Munns ( 1 968a..) tested the effect of nitra te on plants 

of comparable size and degree of nodulation, nodule production was 

inhibited by 70 - 80%, cegardless of plant age or whether the plants 

were previously nodulated or not. 

Nutman (1956; 1965) has published evidence that the inhibitory 

eff ect of an established nodule originates in the nodule meristem, 

and that larger nodules, because of the more active nodule meristem 

are more inhibitory than smaller nodules . The mean average weight 

of nodules in the nil nitrate treatment was significantly greater 

than the mean average weight of nodules in the 0 . 25 , 0.5, 1 . 0 and 

4.0mM nitrate nitrogen treatments (Fig 8) and the mean average 

weight of nodules in the 0 . 25rnM nitrate nitrogen treatment was 

significantly greater than the 0 .5, 1 . 0 and 4 . 0mM nitrate nitrogen 

treatments. Thus , in Experiment 3, the inhibition of further nodule 

formation would be much greater in the nil nitrate treatments, and 

since most nodules appeared in the second flush or on secondary 
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roots, features whi ch both Munns (1968 ct) and Dart and ~i/ildon (1970) 

reported, the true effect of combined nitrogen and nitrate nitrogen 

in part i cular was hidden , due to the vigor ous r estraint offered by 

the prior heavy nodulation. Such r esul ts suggest that nodule number 

alone is not a satisf actor y guide to the effect of nitra t e nitrogen 

on nodulat ion in l egumes; nodule weight or vol ume of nodule tissue 

are b e tter indices . It is possible tha t the stimulation in nodule 

number by low levels of nitra t e nitrogen r ecorded by Richardson 

et al (1958) and McConnell and Bond (1957) may have been due t o the 

inhibitory effect of prior nmdul at ion on further nodule development 

in the contr ol treat ments. 

There are other r easons why nodule number in the experiments 

in this study ; i n particular the gro¥1th r oom experiments , was markedly 

r educed by l ow concentrations of nitrate . The concentration of the 

nitrate nitr ogen in the medium was maintained during the duration of 

the experiment s and local depletion of nitrate was also prevented 

by using vigorously aera ted solution cultures , 'rhe supply of nitrci.t:.. 

with time , did decrea se in Exper imen t 3 a s a result of increased plant 

growth and a f aster r ate of removal of nitrate nitrogen which may have 

contributed slightly t o the less inhibitory effect of ni trat e on 

nodule number recorded in t his experiment . 

Phosphate generally increased the extent of nodula tion in 

these experiments. A very significant increase in nodule number 

resulted from the application of phosphate t o nutrient solutions in 

Experiment 2. However, an increa se in phosphate concentration from 

.005mM t o . 05 or 0.5mM did not significantly increase the nodule 

number at low nitrate nitrogen l evels, a lthough there appeared to 

be some advantage in applying the higher r ate at high l evels of nitrate 

nitrogen. 

Gates (1970) suggested that the demand upon phosphate seed 

reserves during nodule development could be considerable, with 

intense competition occurring between the nodule and host seedling 

for this supply of phosphate under conditions of limited external 

supply of phosphate . Nodule number was severely reduced when phosph~~~ 

was not supplied to the medium (Fig 4). Presumably very low r ates 

of phosphate could induce similar but less severe effects . The 

severity of the phosphate deficiency increa sed as nitrate nitrogen 
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was applied and no nodulation was r ecorded at very high nitrate 

nitrogen concentrations (Fig 4). 

In Experiment 3 significant increases in nodule weight and nodule 

number were recorded where the phospha t e level was increased from 

0.2mgP /plant/ week to 0.5mgP /plant./ week, but no significant 

increase occurred when the rate of phosphate was increased to 

1.5mgP /plant/ week, from the 0.5mgP /plant/ week. The increase 

in nodule weight which occurred, was a result of the increase in 

number of nodules formed, not i n an increase in the average weight, 

since the means f or the three phosphate treat ments were not 

significantly different from each other (Fig 8). Further work is 

obviously required to verify this finding. Application of higher 

rates of phosphate to ' mature' clover clones also stimulated nodule 

growth, more part icularly where nitrate nitrogen was applied a s 

well (Fig 15). 

No interactions between nitrate nitrogen and phosphate were 

recorded for nodule weight, nodule number or aver age nodule weight. 

However, there are several trends that justify comment. Firstly, 

nodule weight, nodule number and the average weight of nodules are 

more severely reduced by low concentrations of nitrate nitrogen at 

the low phosphate l evel than a t higher phosphate l evels (F13s 6, 7 
and 8), and secondly for mature clover plants in particular , the 

level of nitrate nitrogen required to produce the lowest nodule 

weight, increases with increasing phosphate supply (Fig 15). Thus 

at higher phosphate l evels 'mature' white clover plants may be 

better equipped to overcome the inhibitory effect of low or moderate 

levels of nitrate in the growing medium. However, at the high 

nitrate nitrogen concentrations the advantage disappeared, largely 

as a result of the increase in nodule weight at the lower phosphate 

level (Fig 15) and the continued reduction in nodule weight at 

higher phosphate levels. · Further evaluation of the effect of nitrate 

nitrogen and phosphate on 'mature' nodulated white clover plants is 

warrented. The above study was not designed to measure changes in 

nodule weight and observations of change after longer periods of 

treatment would provide more substantial evidence. 
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2. NITROGEN FIXATION 

Allos and Bartholomew (1959); Raggio and Raggio (1962); 

Dart and li-ildon ( 1970) and Oghoghorie and Pate ( 1971.) have reported 

that low concentrations of nitrate nitrogen (ar ound 5 to 14ppm and even 

up to 50ppm) can be beneficial for nitrogen fixation. In this study, 

the r ate of ethylene produced per root per hour was used as an index 

of the rate of nitrogen fixation and the results obtained in 

Experiments 3, 4 and 5 show that low concentra tions of nitrate nitrogen 

(0.25 or 0.5mM) significantly reduced the rate at which ethylene was 

produced. Higher concentrations of nitrate nitrogen further 

significantly depressed the rate of ethylene production, but the 

1.0mM nitrate nitrogen mean was not significantly lower than the 

4.0mM nitrate nitrogen mean in Experiments 3 and 4 (Figs 9 and 17). 

At the 4.0mM nitrate nitr ogen concentration , the r at e of ethylene 

production was r educed to 11% of the rate for the control nil nitrate 

treat ment , in Experiment 3 and to 20/o in Experiment 4; an indication 

that at high levels of nitrate nitrogen , nitrogen fixation is markedly 

depressed, even in plants fully nodulated bllfor e the application of 

combined nitrogen. Allos and Bartholomew (1959); Moustafa, Ball and 

Field (1969); Dart and Wildon (1970) and Oghoghorie and Pate (1971) 

have also reported a marked depression in nitrogen fixation when high 

l evels of combined nitrogen were applied to the gro~ing medium of 

legumes. 

The r esults obtained in Experiment 6 are in direct contrast 

to those obtained in Experiment 3 since the r ate of ethylene 

production was 32% higher than that recorded for the control treat­

ment at the 0.2mM nitrate nitrogen treatment (Fig 32). This 

result is similar to those reported by Allos and Bartholomew (1959); 

Raggio and Raggio (1962); Dart and Wildon (1970) and Oghoghorie and 

Pate ( 1 971 ) and, it is probable that the change in response to nitrate 

nitrogen is associated with a change in climatic conditions. 

Since Experiment 3 was conducted during the winter months, and 

Experiment 6 during the summer months, light intensity and in 

particular, day length would have differed between the two experiments. 
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Nitr ogen fixa tion is not immediately affected when nitrate 

nitrogen is fed to nodulated clover plants , since in Experiment 5, 
no significant change s in the r ate of ethyiene production were 

noted between the nitrate treatments 4.8 hours af ter the addition 

of nitrate nitrogen (Fig 26). After six days hoViever , the r ate of 

e thylene production was significantly lower a t the 0.5mM nitrate 

nitrogen l evel, but no further decline in activity resulted from 

the addition of higher concentrations of nitrate nitrogen. The 

decline in the r ate of e thylene production became more severe 

after 12 days; the means for the 0.5, 2.0 and 8.0mNI nitrate 

nitrogen treatments being significantly lower than the mean for 

the control treatment . The decline in nitrogen fixing activity 

Viith time is possibly associated with an increase in the 

utilization of combined nitrogen for the growth of new leaf, stem 

and root material . 

The r ate of ethylene produced per plant per hour 

increased significantly at the higher l evels of phosphate in 

all Experiments (Figs 9 and 17) . Similar r esult s have been 

obtained by other workers (Van Schreven, 1958; Vincent, 1965 and 

Gukova and Arbuzova, 1969) for a range of legumes including soya­

bean, peas, horse beans and subterranean clover . The increased 

r equirement for phosphate may be linked with the high require ­

ment for ATP in nitrogen fixation, and Bergersen (1971) suggested 

that restricted inorganic phosphate supply may affect the 

formation of ATP in nodules . 

No significant interactions b etween nitrate nitrogen and 

phosphate were recorded for the rate of ethylene production per 

root in Experiment 3 or 4, but in Experiment 6, the nitrogen 

fixing activity at the 0.2mM nitrate nitrogen level was markedly 

influenced by the level of phosphate supplied (Fig 32). The 

increased sensitivity of nitrogen fixation to low levels of 

nitrate nitrogen in association with low phosphate levels was 

also apparent in Experiment 3 (Fig 9). It would appear that 

nitrogen fixation is more severely depressed when small con­

centrations of nitrate nitrogen are added to the growing medium 
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of r estricted phosphate supply, and when plant growth and therefore 

demand for nitrogen is low. The relationship between plant growth 

and nitrogen fixation will be discussed in a later section. 

The reduction in the rate of ethylene produced per mg nodule 

(dry weight), (Fig 10) in the presence of increasing concentrations 

of nitrate nitrogen in Experiment 3 was not a s marked as tho.t 

r ecorded for the rate of ethylene produced per plant. It can be 

concluded therefore that where legume - rhizobium symbiosis develops 

in the presence of nitrate nitrogen, the reduction in nitrogen fixing 

activity is due mainly to a decline in the weight of actively fixing 

nodule material (Fig 7). However, a different response is obtained 

where nitrate is added to nodulated l egumes . A very significant 

decline in the ability of nodule material to reduce acetylene t o 

ethylene was r ecorded in Experiments 4 and 5, and it is likely that 

this decline in the activity of established nodules caused much of 

the decrease in the rate of ethylene produced per plant (Fig 18 and 27). 

There appears t o b e no advantage in supplying higher r &tes 

of phosphate to legumes when high concentr ations of nitra te nitrogen 

are also supplied, since the r a t e of ethylene produced per mg nodule 

(dry weight) per hour was not increased with higher rat:ts of phospha te 

a t the 4 .0mM nitrate nitrogen concentration in Experiment 4 (Fig 18). 

Several factors may have contributed to this response. Firstly, the 

level of phosphate in nodule material rose only slightly with 

higher phosphate r ates a t this nitrate nitrogen concentration 

(Fig 23). Secondly, top grov .. th was greatly enhanced at these 

levels of phosphate and nitrate nitrogen and it is possible that the 

inhibition of nitrogen fixation was correspondin3\jmore severe. 
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3. PLANT GROWTH 

Very significant changes in total plant growth were r ecorded 

when nitrate nitrogen was added to the nutrient solutions and where 

the level of phosphate was increased . For example, phosphate 

significantly increased the growth of plants in Experiment 4 (Fig 16) 

and Experiment 6 (Fig 33), while nitrate nitrogen stimulated the 

grovvth of plants in Experiment 3 (Fig 11) , Experiment 4 (Fig 16) and 

Experiment 6 (Fig 33). Nitrate nitrogen did not significantly increase 

plant growth when applied to the media of 'mature' white clover clones in 

which phosphate and other essential nutrients were not limiting 

(Experiment 5, Fig 29). In these plants, symbiotic nitrogen fixation 

was furnishing all the nitrogen needed in grol'.'th; combined nitrogen, 

when applied, merely replaced that s ource, the level of nitrogen 

fixation being decreased (Fig 26) . The carbohydra te r equirement s for 

symbiotic nitrogen fixa tion and the assimilation of nitrate nitrogen 

ar e also similar, since if a lo~er carbohydrate requirement for the 

assimilation of combined nitrogen existed , more carbohydrate would 

have been available :for growth in the nitrate trec: ted plants. This 

in turn would have lead to higher rela tive grow~h r a t es in the nitrate 

treated plants, and in terms of dry weight, an increasing difference 

between the control and nitrate treated plants . Gibson (1966) and 

Minchin and Pate (1973) have also demonstrated that the carbohydrate 

r equirements for nitrogen fixation and nitrate assimilation are 

similar in subterranean clover and pea plants. 

A greater utilization of carbohydrate in nodulated plants 

can occur during the earlier periods of growth when the symbiotic system 

is being developed (Gibson, 1966). The growth response recorded 

for plants grown in the presence of nitrate nitrogen in Experiments 

3 and 6 probably reflects the greater utilization of carbohydrate in 

heavily nodulated plants. The delay in nitrogen fixing activity in 

the nil nitrate treated plants could have also contributed to the 

failure of these plants to gain dry weight as rapidly as the nitrate 

treated plants. Gibson (1966) also observed that shoot growth in 

subterranean clover was more affected than root growth. This 

reduction in total photosynthetic capacity of the plants would have 
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an obvious eff ect on the future development in t erms of dry matter 

increase . Whil e no gro~th r esponse to nitrate nitrogen was r ecor ded 

in E.xper iment 5, nitrate nitr ogen significantly increc.sed t he 

gr owth of f ully nodulated ' mature ' plants which had previously been 

grown a t l ow phosphate l evels and in the ab s ence of nitrate (Fig 16) . 

Since at the l ow phosphate l evel, the r a t e of ethylene pr oduction 

per plant (Fig 17)was significantly lower t han that for t he high 

phosphate treatments, the gr owth of the clover clones in the nil 

nitrate treat ments would have been limited by the availabili t y of 

symbiotically fixed nitrogen. Guk:ova and Arbuzova (1969) observed 

th~t in soyabeans, peas and hors e beans, low phosphate l evel s inhibited 

fixation of at mospheric nitrogen more tha n the utilization of combined 

nitrogen. The delay in obtaining the higher nitrogen fixing c apacity 

in plants grown in the nil nitra t e trea t ment when the pho sph~te level 

was i ncreased could explain the gr owth r esponse t o ni tra t e nitrogen 

r ecorded at the higher r a t es of phosphat e (Fig 16) . 

The effects of phosphat e and nitrate nitrogen on t op and 

r oot growth were also observed. Very significant changes occurred 

when nitrate nitrogen and phosphate wer e added t o the growing medium 

of clover plants . An increase i n the phosphate supply significantly 

increased the growth of the t op system of pl ant s gr own in Exper iment 

2 (Fig 5), Experiment 4 (Fig 20) and Experiment 6 (Fig 34); while 

nitrate nitrogen stimulated the growth of the top system of p l ants 

gro~n in Experiment 1 (Table 2), Experiment 2 (Fig 5), Experiment 3 

(Fig 12) and Experiment 6 (Fig 34) . As expected, no increase in top 

growth occurred in Experiment 5, when nitrate nitrogen was supplied 

t o fully nodulated ' mature ' clover clones (Fig 29) but the nitrate 

nitrogen main treat ment eff ect, (averaged over all phosphate l evels) 

was also non-significant in Experiment 4, although different t op 

growth responses to nitrat e n i trogen were r ecorded between the three 

phosphate treatments (Fig 20). V/hile this interaction was only 

significant at t he 10% level of probability the resulting trends are 

of interest. At the l owest phosphate l evel, the top growth response 

to nitrate nitrogen was bimodal in f orm and was characterized by a 

peak at a low l evel of nitrate nitrogen, followed by a second peak 

at the highest level of nitrate nitrogen. Top growth also peaked 
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at the 0 . 25mM nitrate nitrogen concentra tion and intermediate level 

of phosphate, but the growth was not markedly reduced when higher 

rates of nitra te nitrogen were added to the nutrient solutions, nor 

did growth r ecover a t the highest nitrate nitr ogen level. At the 

highest phosphate level, top growth increased appreciably with high 

concentrations of nitrate nitrogen in the nutrient solutions (Fig 20) . 

The bimodal growth response recorded at the low level of 

phosphate was probably the net effect of nitrogen uptake and 

nitrogen fixati on over the tvvelve day growing period . The occurrence 

of the peak at low levels of nitr ate nitrogen was dependent on this 

nitrogen being additive to that obtained in nitrogen fixation. 

Indeed, the efficiency of nodule material in reducing acetylene to 

ethylene ·was not significantly lov.er than that recorded for the 

noa.W:es I'rom control nil nitrat e pl ants , a t the 0 . 25mM nitrate 

nitrogen concentration and l ow phosphate level (Fig 20) . ht the 

higher phosphate levels on the other hand, top gr oVvth we;s sirnil2r 

in the control and 0 . 25m~ nitrate nitrogen treatments . The supply 

of inorganic nitrogen was no l onger complementary t o that ob t ained 

in nitrogen fixation , since the nitrogen fixing activity of the nodules 

was significantly reduced by the presence of nitrate ions (Fig 20). 

The t r ough between the two peaks which is apparent at the 

low phosphate 10vel, was pr obably thE. result of the suppression of 

nitrogen fixation by the 1 . OmM nitrate nitrogen concentration . 

The second peak corresponds to the growth response t o high concentr etior:s 

of nitrate nitrogen. At higher phosphate levels no noticeable decrease 

in plant growth occurred at the 1 .OmM nitrate nitrogen level, 

al though the nitrogen fixing activity of plants declined at this 

level of nitrate nitrogen . Combined nitrogen appears to replace the 

loss of symbiotically fixed nitrogen more effectively at high 

phosphate rates . This response was probably not observed at low 

phosphate levels because insufficient phosphate was pr esent for 

optimal nitrate r eductase activity, nitrogen metabolism and plant 

groVv~h (Gukova and Arbuzova, 1969). 

The very marked increase in top growth which occurred at 

high levels of nitrate nitrogen and phosphate (Fig 20) was also 
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observed in Experiment 2 (Fig 5) and Experiment 6 (Fig 34). 

Cartwright (1972) also reported positiv~ top growth r esponses with 

high levels of combined nitrogen and phosphate . The increa se in 

growth of leaf material in lucerne was associated with an increase 

in the act ivity of the pentose phosphate pa thway in young expanding 

lucerne leaves (Cartwright, 1972) . The pent os e phosphate pathway is 

generally considered t o be a major s ource of N.b.DPH, (required for 

r educt ive biosynthetic processes) pentoses and other intermedia tes 

required f or nucleic acid synthesis and growth (Cartwright, 1972) . 

Root gro~th was higher in plants fed nitrate nitr ogen in 

Experiments 3, 4 and 6, while no change in growth was recor ded in 

harvest 1 and 2 in Experiment 5. A significant r eduction in growth 

at the 2.0mM nitra te nitrogen level was however, recorded in harvest 3. 

It is generally agreed th2t the gr owth of root systems of l egume s on 

nodul e nitrogen alone is somewhat inf erior t o thc t of nodula t ed plants 

r eceiving some additional inorganic source of nitrogen and it is 

conceivable tha t one of the main beneficial eff ect s of the nitra t e 

nitrogen is t o provide a direct and readily utilizable source of 

nitrogen for root growth. Mo st of t he nitrogen r equired in root gr owth 

in pea plants using only symbiotically fixed nitrogen is obta ined from 

the shoot system, negligible amounts being t r ansferred dir ectly fro m the 

nodule t o the r oot, (Oghoghorie and P~te , 1972). 

Root growth r e sponses t o phosphat e varied between differ ent 

experiments . In Experiment 4, for example , where the level of phosphat e 

supplied t o ' mature' clover clonal plants was incre~ sed, phosphate did 

not significantly change root growth. .b.. decline in root growth was 

actually r ecorded in Experiment 3, but in a similar experiment conduc t ed 

during summer months (Experiment 6) an increase in growth was recorded 

at higher levels of phosphate. No satisfact ory explanation can be 

advanced to cover these results. Gibson (1966) has noted tha t nodule 

development in subterranean clover was associated with a r eduction in 

the rate of extension in the main root, and a reduction in the nunilier 

of lateral roots formed. vvbile nodule development was promoted at high 

levels of phosphate in Experiment 3, the increase in nodulation at high 

nitrogen levels would not be expected to have greatly influenced root 

growth at those levels (Fig 13). On the other hand, toxic levels of 
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phosphate may have arisen in roots a t the higher phosphat e l evels. 

Top gro~th in the control nil nitra te treatment was depressed at the 

t wo higher pho sphat e l evels (Fig 12) and a t oxicity symptom described 

by Rossite r ( 1952 ) was very much i n evi dence i n t he ol der l eaves . 

No such t oxicity was r ecor ded f or the l owest phosphate l evel (Plat es 4,5) 

YVilliams ( 1948 ) considered tha t t he gr owth depr ession wi t h high 

phosphat e supply r esul t ed from a decr ease i n the synthesis of nucl eo­

pr otei ns and Ros siter ( 1952) c onc l uded tha t fo r subterranean clov er, 

internal concentrat i ons in exc ess of 1 . 2 - 1 .4% t ot al phos phor u s in 

leaves wer e as sociated with toxic i ty symptoms. Appl ications of 

combined nitrogen wer e found t o overcome the phospha t e toxicity in 

subterranean clover, by pr omot i ng plant grow~h and a ' dilution' 

effect, wher eby the internal concentrat ion of phosphorus di d not 

b ecome critically high (Ros siter, 1952 ). The t oxicity wa s not not ed 

i n the leav e s of pl ants in Experiment 3 r eceiving nitra t e nitrogen and 

the percent phosphat e l evel di d decli ne (Fig 14.A). However, whi l e 

percent t ot a l phospha t e va l ues were high in l eaf mat er ial the values 

f or the ro ot mat erial were much higher and r emained a t 1 .CP/o even 

when high concentr&tions of nitra t e nitrogen were applied (Fig 14B). 

Root growth may then have decli ned at the higher phospha te l evels 

because of the presence of t oxic l evels of pho s~hate . Root gr owth 

in Experiment 6 (Fig 35) wa s not i ncreased by phosphat e &t the 

control nil nitrate treatment, and similar t oxici ty symptoms were 

observed in leaf material at the higher r a tes of phosphat e . However, 

when nitra te nitrogen wa s present in the gr owing medi a , root gr ovrth 

increased with higher r a tes of phosphate. The increased growth 

resulting from the applied nitrate may have affected a dilution of 

the phosphate concentration in the root ma teria l. .Although the same 

ra:tes of phosphate supply were used in Experiments 3 and 6, it is 

also possible that lower r a t es of phosphate absorption into roots 

occurred in Experiment 6, since the solution cultures were not 

continually aerated. 

Allos and Bartholomew (1959) and Hoglund (1973) concluded 

that the host plant growth r esponse to combined nitrogen may determine 

the nitrogen fixation response to combined nitrogen. The results 

obtained in this study substantiate their findings. Generally, 
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applications of low concentrations of nitrate nitrogen to growing 

media of white clover plants, reduced the nitrogen fixing activity 

of the plants. However a stimulation in nitrogen fixation was 

recorded at the 0.2rriM nitrate nitrogen concentration and the 

highest rate of phosphate in Experiment 6 (Fig 32). The stimulation 

in nitrogen fixation was associated with a marked increase in plant 

growth (20~ higher than control plants grown at the same level of 

phosphate) and is probable that an increased demand for nitrogen 

resulted from the higher growth rate, and that with time, the demand 

for nitrogen greatly exceeded the supply of inorganic nitrogen. 

Symbiotically - fixed nitrogen could meet the deficit between plant 

demand and the supply of inorganic nitrogen. 

Although an increhse in plant growth a lso occurred with the 

application of low concentrations of nitrate nitrogen in Experiment 3, 

plant growth at the 0.25m1vl nitrate nitr ogen concentration was only 

50% greater than that of the control plants grown at the same r a t e 

of phosphate (Fig 11). 

At higher nitrate nitrogen concentrations, inorganic 

nitrogen provides most of the nitrogen required in plant growth and 

nitrogen fixation is severely restricted . This is app&rent in 

Experiment 5, (Harvest 2 and 3) where plant growth at the highest 

nitrate nitrogen concentration was not sig.nificantly higher than that 

recorded for the 0.5rriM nitrate nitrogen concentration (Fig 29) and 

where the rate of ethylene production was significantly lower at the 

higher nitrate nitrogen concentration (Fig 26). The inhibitory effect 

of moderately high nitrate nitrogen concentrations (2.0mM) on 

nitrogen fixation can be offset however by the growth response of 

the plant to the combined nitrogen. In Experiment 6, the rate of 

ethylene production in plants grown in nutrient solutions containing 

a 2.0rru~ concentration of nitrate nitrogen and the highest level of 

phosphate, was not much lower than the value recorded for the plants 

grown in the nil nitrate nutrient solutions and at the same level of 

phosphate (Fig 32). Plant growth for the nitrate treated plants was 

approximately 450% higher than that recorded for the control plants 

(Fig 33). At the same nitrate nitrogen concentration, but at the 
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lowest phosph~te level, nitrogen fixation was s ever ely depressed , 

since the supply of phosphate limited plant growth and therefore 

the demand for nitrogen. 

A stimulation in nitrogen fixation and nodulation can 

also be obtained where high concentrations of combined nitrogen 

in growing media are not maintained (Fig 32) . The incre~se in 

nitrogen fixing activity with the depletion of nitrate nitrogen wcs 

most significant in plants grovvn <.i.t the highest nitrate nitr ogen 

concentration and phospho.te level, and wher e the r£te of plant grov;th 

and therefore the demand for nitrogen were high. Nitrogen fixation 

did not increase in plants gr own at the lower phosphate levels 

since the supply of phosphate limited pl ant growth , nodule development 

and prevented an increase in the nitrogen fixing activity of 

established nodule mater ial (Fig 32) . ~t the lower nitrate nitrogen 

concentr ati on and the highest phosphate level, symbiotic nitr ogen 

fixation was providing most of the nitrogen required in plant gro,vt h 

(Fig 32) . 

Control of the level of nitrate nitrogen in the gr owing 

medium is necessary if the eff~cts of nitrate nitrogen on nodula t ion 

and nitrogen fixation are to be interpreted correctly. It is probable 

that the stimulation in nodule development on Stylos~nthes humils 

reported by Gates (1970), when concentrations of 15 and 30ppm of 

combin~ nitrogen and high rates of phosphate were added to a light 

textured nutrient deficient soil , occurred as a result of a fall in 

soil nitrate levels as plant size increased. 
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THE Cb.RBOHYDRATE - NITROGEN Ri'-TIO 

~hlch ha s been written about the relationship of the 

carbohydr at e - nitrogen r a tio with nodulation and nitrogen in legumes 

(hilson, 194-0; Stewart , 1966) . In this study, the effect of nitrate 

nitrogen and phosphate on the r elationship wa s evaluated . 

The percent total nitrogen level in top and root material 

was found t o increase significantly in plants fed nitra t e nitrogen 

(Tables 3, 4-; Figs 21A,B), a lthough for top mat erial in Experiment 3, 
the mean f or the 0 . 25m."1 nitrate nitrogen treat ment was significantly 

greater than that for control trea t ment (Table 3). The percent total 

nitrogen levels did not however, increase in proportion to the nitrate 

nitrogen concentr ations in the gr owing media , thus indicating that 

luxury consumption of combined nitrogen did not occur in these 

experiments. In nodulated plants receiving no nitrate nitrogen, 

the percentage of t otal nitrogen in dry matt er of shoots was consis ­

tently higher than in r oot s, thus giving the shoot system a 

disproportionutely large share of plant t ot al nitrogen. Root material 

from plants receiving only symbiotically fixed nitrogen possess a 

sub-optimal nitrogen status, a f eat ure also noted by Bowna ( 1970) for 

nodula ted subterranean clover plants; and it is probable tha t this 

factor contributes to the slower gr owth of plants r eceiving no 

combined nitrogen (Bouma, 1970; Oghoghorit and Pate, 1972) and that one 

of the main beneficial eff ects of combined nit r ogen is t o pr ovide a 

direct and r eadily utilizable source of nitrogen f or root growth, in 

addition to tha t which is made available to the root via the 

rranslocatory system of the shoot system, (See Fig 3 and Oghoghorie 

and Pate, 1972). 

The increase in the percent tota l nitrogen level in top and 

root material with the application of nitrate nitrogen is a reflection 

of the nitrate reductase activity, and greater synthesis of amides and 

amino acids. Considerable quantities of energy would be used in these 

processes, and it is conceivable that sugars, normally used to support 

the growth of nodules and nitrogen fixation, are redirected to the 

leaves and roots. The percent total nitrogen values for top and root 

material in Experiments 3 and 4- were both significantly but 



128 

negatively correlated with the nitrogen fixing activity (hppendixI1 ). 

The percent total nitrogen level of top material was also 

affected by the phosphate level (Table 3, Fig 21A). At high levels 

of nitrate nitrogen, phosphate increased the nitrogen content 

significantly, but in the control treatments the phosphate effect 

was influenced by the age and pretrea t ment status of plant materia l. 

Phosphate increased the percent total nitrogen content in top materia l 

from the nil nitrate treatments in Experiment 3, but reduced the 

nitrogen content in top ma t erial in Experiment 4. An increase in 

growth r a te and demand for nitrogen occurred when the phosphate level 

was raised in Experiment 4, and the t emporary delay in attaining a 

higher nitrogen fixing capacity could have caused the lower nitrogen 

content. In Experiment 3 on the other hand, the phosphate treatments 

were imposed over a longer period, and the percent nitrogen level in 

top material r eflected the activity of the nitrogen fixing system. 

Bergersen (1970) and Schwinghamer et al (1970) have reported significant 

correlation coefficients between the nitrogen fixing activity of 

legume s and the total nitrogen in plant tops. The percent total 

nitrogen level in root material from Experiment 3 also increased when 

phosphate levels were raised, (Table 4) but in Experiment 4, the 

t otal nitrogen content declined in all the nitrogen treatments 

(Fig 21B). 

In Experiments 3 and 4, neither nitrate nitrogen nor 

phosphate significantly changed the percent tota l nitrogen content of 

nodule material (Tables 5, 12). However, nodule material obtained 

from plants fed nitr ate nitrogen and harvested six days after the 

treatments commenced, contained significantly higher tota l nitrogen 

levels. A reduction in demand for syrribiotically fixed nitrogen, or 

a shortage of "carbon skeletons" for amino acid synthesis in nodules 

may have contributed to the accumulation of nitrogen, and it is 
possible that the nitrogen fixing activity and nodule growth declined 

as a result of the higher nitrogen levels. However, no significant 

differences were noted at the third harvest (12 days) and further 

experimental work is required to ascertain whether the percent total 

nitrogen level does accumulate for short periods in nodule materia l 

after the addition of nitrate nitrogen. 
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The carbohydrate status of plant material in Experiments 3 

and 4 was determined by meas.uring the soluble sugar (sucrose and 

hexoses) and starch levels . The soluble sugar content in top 

material in Experiment 3 was not significantly reduced with the 

application of nitrate nitrogen (Table 6) but in Experiment 4, 

the level was significantly lower at the highest nitrate nitrogen 

concentration (Table 13). The soluble sugar content in root 

material (Experiment 4) on the other hand, was reduced by small 

concentrations of nitrate nitrogen (0 .5mM); with further significant 

reductions as the concentration of nitrate nitrogen was increased 

(Table 14). In Experiment 3, higher soluble sugar levels were 

recorded in root material from plants receiving nitrate nitrogen; 

but the 1. 0mM nitrate nitrogen mean was not significantly higher 

than the mean for the control treatment, although it was 

significantly lower than the means for the 0.25 and 4 . 0mM nitrate 

nitrogen treatments (Table 7). 

The reduction in soluble sugar levels in top and r oot 

material was probably the result of increased utilization of sugars 

for nitrate assimilation, amide, amino acid and protein synthesis 

(Orcutt and \/ilson, 1935). An increase in soluble sugar content 

can occur, however when the supply of soluble sugar increases as a 

result of a larger leaf area and higher photosynthetic activity , or 

where the rate of utilization of soluble sugars declines. The increase 

in sugar concentration in root material receiving the 0.25mM nitrate 

nitrogen concentration (Experiment 3) probably occurred because the 

nitrate level was insufficient for utilization of the additional 

sugar formed. This explanation does not apply however , to the 

increase at the 4.0mM nitrate nitrogen treatment. A reduction in 

nitrate reductase activity i~ root material may have occurred at the 

highest nitrate level. Oghoghorie and Pate (197~) concluded that 

"at very high levels of nitrate, the nodula.ted legume may mimic those 

non-leguminous plants sho~n to be incapable of reducing nitrate in 

their roots". An examination of the activity of the nitrate reductase 

enzyme in shoot and root tissue at low and high nitrate nitrogen 

concentrations is warrented. 
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At higher phosphate levels, the level of soluble sugars in 

top and root material was significantly lower. Tingey Fites and 

Baharsjah (1974) showee that compounds such as phosphate which 

stimulated glycolysis a nd the pentose phosphate pathway, also 

stimulated nitrate reductase activity. The reduction in sugar 

concentration at higher phosphate levels is a r eflection of the 

greater utilization of sugars in nitrate r eduction , amide and amino 

acid synthesis and protein synthesis. 

In Experiment 4, the percent starch level in top and root 

material was significantly reduced when nitrate nitrogen was supplied 

to the plants and when the level of phosphate was increased (Table 15,1 6 ). 

Significant quantities of starch could have been hydr olysed to 

provide substrate for nitrate assimila tion and protein synthesis and 

it is also probable that the level of sta rch synthesis declined with 

the r eduction in the surplus of s olubl e sugars in both top and root 

material. 

It has been suggested that the degree of nodulation and 

nitrogen fixation in a legume is governed by the internal carbohydrate 

to nitrogen ratio , (Wilson , 1940; Stewart, 1966) and that any deviation 

from a 'critical r a tio' causes sub-optimal nodulation and nitrogen 

fixation. The soluble sugar and metabolizable carbohydrate (soluble 

sugar + stardh) status and the total nitrogen concentrat i on for the 

whole plant were determined and the soluble sugar or metabolizable 

carbohydrate to nitrogen ratio calcula ted. Both ratios were 

significantly and positively correlated to the nitrogen fixing activity 

of nodules (Appendix I b ) . 

'While it is clear that the ratio is highly correlated with 

nitrogen fixing activity, it is probable tha t the infonnation only 

summarises experience (Nutman, 1956) and tha t the carbohydrate -

nitrogen relationship of the plant is not causally connected with 

any of the functions of symbiotic nitrogen fixation. The mechanism 

by which the carbohydrate - nitrogen relationship in the leguminous 

host plant exerts its influence is still a w~tter of dispute . One 

theory that has gained widespread acceptance , indicates that combined 

nitrogen reduces the supply of carbohydrates to nodules because of 
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increased protein synthesis in top and root material. Wilson (1940) 

considered that the simplified "carbohydrate" mechanism was t oo 

limited a concept since it neglected that equally important function 

of nitrogen in the plant . However, there ha s been little support 

for the other concert that the regulatory influence of the 

carbohydrate - nitrogen relationship is comparable to that of a 

hormone . Some evidence has been provided in support of the former 

theory. Small and Leonard (1969) for example , showed tha t the 

proportion of photosynthate translocated to nodul es in subterranean 

clover and pea plants declined when nitrate nitrogen was supplied. 

However , Small and Leonard (1969) did not estimate the level of 

soluble sugars in leaf, root or nodule material or the nitrogen fixing 

activity of the nodules. The keystone of all the carbohydrate 

hypotheses is the assumption that combined nitrog~n reduces the level 

of soluble carbohydrate in the host. Few experiments have been 

conducted to check this assumption and the results reported above, 

suggest that nitrate nitrogen does not depr ess the soluble sugar 

content of the host plant , although the metabolizable carbohydrate 

levels were lower, with the r eduction in percent starch in top and 

root materi al . Nitrate nitrogen then causes a reduction in 'reserve ' 

carbohydrates and not readily utilizable carbohydrates in the host 

pl ant . 

Orcutt and Wilson (1935 ) have reported a decline in the 

level of reducing sugars and sucrose in the sap of soyabean plants 

which were fed nitrate nitrogen; the level of sugars in the leaf , 

stem and root material were aff ected differently. In leaf material 

the level of reducing sugars in the cell sap decreased with the 

addition of l arge concentrations of nitrate nitrogen . h decline in 

sugar content also occurred in stem and root material at the low 

concentrations of nitrate nitrogen, but a t higher concentrations 

the sugar levels increased. Orcutt and Wilson (1935) also observed 

that plants which did not receive nitrate nitrogen , suffered from 

nitrogen 'hunger' and that nitrogen fixation was just commencing in 

these plants when the plant material was harvested for sugar 

analyses . A surplus of sugar would be expected where nitrogen is 
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limiting protein synthesis. If an allowance is made for the surplus 

at the nil nitrate and lowest nitrate nitrogen treatment , then the 

results reported by Orcutt and Wilson ( 1935) are similar to those 

recorded in Experiment 3. 

The suggestion by Allison and Ludwig (1934) that the sol uble 

sugars are used primar ily f or top gr owth and not f or root growth and 

i ndirectly nodule growth when nitrate nitrogen is supplied , must be 

rejected. The top to r oot r atio in plants har vested in Experiment 3 

(Table 19) and Experiment 6 (Table 20 ) did not increase with the 

addition of nitrate. Wilson (1935) and Thornton and Nicol (1936) 

also failed t o detect any r elationship between the cl'ange in top to 

r oot r atio and the growth of nodules. 

If the supply of photosynthates to nodule material declines 

with the application of nitrate nitrogen, then lower levels of soluble 

sugars in nodule mater ial might be expected . However , an increa se in 

the soluble sugar content was noted in nodule material receiving 

nitrate nitrogen (Fig 24) . The increases were significant at the 

1 . O and 4.0mM nitrate nitrogen treatments for the two highest phos ­

ph&te l evels and a t the 1.0mM nit r ate nitrogen treatment and the 

lowest phosphate level. A reduction in the soluble sugar level was 

recorded however, at the 4.0mM nitrate nitrogen treatment and lowest 

phosphate level; this decline being associated with an increase in 

nodule growth (Fig 24). 

The higher levels of sugars could have resulted from an 

increase in the translocation of soluble sugars to nodule material , 

or from a decline in the utilizat ion of sugars in nodule growth (Fig 15) 

and nitrogen fixation (Figs 17 and 18). The latter theory is more 

acceptable, since Small and Leonard (1969) have demonstrated a 

reduction in translocation of sugars to nodules with the application 

of nitrogen. The results obtained (Fig 24) also suggest that the 

growth of nodule material and the nitrogen fixing activity are not 

limited by the supply of soluble sugars, and that the change in trans­

location pattern recorded by Small and Leonard (1969) may have arisen 

from a reduction in' sink' activity in nodule material . Lawrie and 

Wheeler (1973) concluded that the main 'sink' for accumulation of 
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phot osynthates was in the infected tissue. However , there was 

considerable var iation in the accumul ation of l abelled photosynthates 

in individual infected cells . Younger infected cells showed a 

marked accumulation of photosynthates , while the cells densely f i lled 

with bacteroids showed relatively little accumulation. The reduction 

in nodule growth (Fig 15) may have contributed most to the accumulat ­

ion of sugars , but soluble sugars not utilized in nodul e gr owth would 

be avail able _ for nitrogE:n fixation (Lawrie and 'v11heel er, 1973) . 

The quantity of sugars t r anslocated t o nodules is sufficient 

t o meet the requirements for gr owth and nitrogen fixation , .even when 

nitrat e nitrogen is supplied to the plants . There is evidence that one 

or more factors inherently associated with plant growth ar e capable 

of inhibiting nodule development and nitrogen fixa tion. The relative 

gr owth of different pl ant organs is detennined by the distribution 

and activity of stimulatory and inhibitory gr c••th factors a s well 

as by assirr~lation r at e and nutrient uptake , and the explanation 

of the cor relation of nodul ation and nitr ogen fixation with the 

carbohydrate to nitr ogen ratio may f ol low f r om a bett er understanding 

of the h or mone contr ol of plant gr owth (Nutman, 1965). It is also 

clear that the amount of nodule gr owth and the nitrogen fixing 

activity in nodule mat er ial is rela ted t o the nitrogen r equirements 

of the plant . The host is thus not called upon t o support a l ar ger 

amount of symbiotic tissue than necessary t o maintain grov~h. 

A r eduction in 'sink ' activity in nodules may have also 

caused the decline in the per cent t ot a l phosphate levels in nodul es 

f r om plants supplied with nitrate nitrogen (Fig 23). That the phosphate 

levels in nodule material were signif icantly correlated wi th the 

nitrogen fixing activity ( r = . 838 and 0. 801 for r a t e of ethylene 

produced per plant or mg nodule (dry weight) per hour respect i vely), 

is evidence in support of the hypothesis that the increased r equire ­

ments for phosphate in legumes may be linked with the high requirement 

f or ATP in nitrogen fixation (Bergersen, 1971). Other workers 

(van Schreven, 1958) have reported similar correlations between 

phosphate levels in nodule ma t erial and nitrogen fixing activi ty. 
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CONCLUSION 

1. Low concentrations of nitrate nitrogen (0.2 - 0.25mM N0
3 

N) 

caused either an increase or a reduction in nodulation and nitrogen 

fixation in white clover plants. The nature of the response was 

dependent on the growth response of the host plant to nitrate 

nitrogen and the degree to which the resulting demand for nitrogen 

exceeded the supply of inorganic ni trogen. 

2. Large concentrations of nitrate nitrogen caused marked 

r eauctions in nodule weight , nodule number and the average weight 

of nodules and also severely depressed the nitrogen fixing 

activity. ht these concentrations, inorganic nitrogen supplied 

most of the nitrogen required for host plant growth. 

3. Phosphate increased the total nodule we i ght , nodule number and 

nitrogen fixing activity. 

4. Interactions between nitrate nitrogen and phosphate v.ere 

observed for nodulation and nitrogen fixation. The total nodule 

weight, nodule number , the average w~ight of nodules and the 

nitrogen fixing activity were more sever ely reduced by low con­

centrations of nitrate nitrogen a t the low phosphate level than at 

the higher phosphate levels. On the other hand, an increase in 

nitrogen fixing activity can occur at low concentrations of nitrate 

nitrogen, providing that phosphate and other factors are not 

limiting plant growth and therefore the demand for nitrogen. 

Although higher rates of phosphate either partially or fully 

overcame the inhibitory effect of low concentrations of nitrate 

nitrogen on the nitrogen fixing activity of nodules, no such 

increases were observed when higher rates of phosphate were added 

in association with high concentrations of nitrate nitrogen. 

5. Nitrogen fixation was most immediately reduced when nitrate 

nitrogen was supplied to nodulated clover plants . The de~line in 

nitrogen fixing activity with time appeared to be associated with an 

increase in the utilization of combined nitrogen for the growth of 

new leaf, stem and root material. 



6. Nodule number alone, is not a satisfactory guide to the effect 

of nitrate nitrogen on nodulation in l egwnes. 

7. In seedlings and newly established clonal material, plant 

growth was greater in those plants which received nitrate nitrogen, 

and higher levels of phosphate v.hen the treatments commenced at 

inoculation. A growth response to nitrate nitrogen and phosphate was 

also obtained when these treatments were supplied to nodulated plants 

where the rate of nitrogen fixation was limiting the availability 

of nitrogen for growth. Nitrate nitrogen does not however, increase 

plant growth when supplied to nodulated clover plants in which 

phosphate and other essential nutrients were not limiting symbiotic 

nitrogen fixation. In such cases it can be concluded that the 

carbohydrate requirements for the assimilation of nitrate and 

symbiotic nitrogen fixation are the same. 

8 . The top growth response in nodulated plants to nitrate nitrogen 

~as bimodal in form when a ran~e of nitrate nitrogen concentrations 

were added in association v.i th a lov; level of phosphate. The bimodal 

growth response was a reflection of the net effect of nitrogen 

uptake and nitrogen fixation over the grow~ng period. 

Marked increases in top grovvth occurred at the high levels of 

nitrate nitrogen and phosphate , providing the environmental 

conditions did not limit plant grov•th. 

9. Evidence was produced in support of the theory that root grow~h 

in nodulated legumes is inferior to those receiving some additional 

source of combined nitrogen. 

10. The percent total nitrogen level in top and root material was 

negatively correlated with the nitrogen fixing activity. 

11. The soluble carbohydrate or rnetabolizable carbohydrate to 

nitrogen ratio of host plants were significantly correlated with the 

nitrogen fixing activity. There was however, little evidence that 

nitrate nitrogen reduces the soluble carbohydrate levels in the host 

plant . 

12 . Soluble sugars were observed to increase in nodule material from 

plants receiving high concentrations of nitrate nitrogen. 

13. The phosphate level in nodule material was positively correlated 

with nitrogen fixing activity. 
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Appendix I 2 Nutrient solution for establishing clonal material 

CaC12 2mM 

K2so
4 

2mM 

Mgso
4 

1mM 

Fe EDTA 30 uM 

K2H2Po
4 

0.1m.M 

KN0
3 

0.1mM 

Micro - nutrients, 1ml of the trace element mixture 

(Chapt er II 2.1.5). 



Appendix I 3 Acetylene Reduction Technique 

The measurements of ethylene production during incubation 

of s amples with acetylene were made on a Shimadzu series GC-4J3 

gas chromatograph , fitted with a flame ionization detector and : 

Procedures 

(a) a colwnn packing 'Por opak T', 80-120 mesh; 

column l ength 2 metres (Experiment 3) and 25cm 

in .Experiments 4, 5 and 6; colwnn diameter 3mm. 

(b) nitrogen gas flo~ r ate of 25ml per minute 

(c) column temper ature of 100°C 

(d) gas sample of 1 . Oml (Experiment 3) and 0.5ml 

in Experiments 4, 5 and 6 

Freshly cut root or root segments were blotted dry and placed 

in labelled 200ml 'Vegerrtlte ' sere~ sealed j ars. In Experiment 3, t he 

air in the bottles was completely replaced with an argon (80fo)/oxygen 

( 2ofo~ gas mixture befo r e incubc:, tion, but this pr ocedure was not 

continued in Experiments 4, 5 and 6; and root samples were incuba t ed 

in an nitrogen gas-acetylene a tmosphere . Even at low concentrations 

a cetylene is a powerful competitive inhibitor of nitrogen fixation 

(Schallhorn and Burris, 1967) and Hardy et al (1968) observed tha t the 

decrease in acetylene reduction r a t e resulting from a failure to 

replace air with an oxygen/argon mixture was only 10 t o 2ofo. 

Tv .. enty mls of the atmospheric or argon/oxygen mixture gas 

in the incubation vessels were wi thdravm and replaced with 20mls of 

acetylene gas. The roots were incubated for a given period, normally 

30 ~~nutes, although a 20 minute incuba tion period was used in 

Experiment 4. The r a te of acetylene reduction was found t o be linear 

over these periods. 

At the end of the incubation period, gas samples were 

withdrawn in 1ml disposable plastic syringes, and the samples stored 

by pushing the needles into rubber stoppers. Regular shaking of 

the labelled vessels insured tha t the gas was uniformly distributed 

throughout the vessels during the incubation period, and particularly 

when the ga s samples were withdrswn . 



Calculation of ethylene production in the acetylene reduction assay 

of nitrogen fixation 

Ethylene produced wa s calcula ted from the c2H~C2H2 gas 

liquid chromatograph peak height r a tio in the sample compared t o 

the ratio in a standard mixture (20 units acetylene/1 unit ethylene) 

in 200ml incubation vessels. 

Assume: 

mls C
2
H
4 mls Cii2 

Pk ht r atio 

Standard x y A 

Sample u z B 

Volwne of c
2

H
2 

injected f or incuba tion = x 
Gas mixture r u.tio x/ gives a pk ht r at io A 

Uy 
If II II /z gives a pk ht ratio B 

x//u/ = A/ 
y z B 

Bxz 
u = 

Ay 

Bkz where k x 
= - Ay 

= x - z 

x u 
= -Bk 

x 
= 1 + 1 -

Bk 

X.B.K. u = 1 BK + 

This gives u in mls c2H
4 

at the temperature and pressure 

at which c2H
2 

was measured into the incuba tion vessel. 



1 mole gas 22.4- ml at o0 c and at msophcric pres~ure -1000 

22 . 4- x 1 x 273 + T ml at T°C and P = 1000 p 273 
a t mo spheric pressure 

u inµ moles X.B.K.P. 273 1000 
= 1 B.K. 22 .4- (273 T) + + 

u in µ mol e s x. a/ 
K. F b. 

= 
1 + a /b . K 

where X = vol. c
2
H

2 
used in the incubat i on 

a = C2H
4 

pk ht in sample 

b = c
2
H

2 
pk ht in sample 

K x = Ay = ml c2H4 in standard 

Pk ht ratio in std x mls c
2
H2 in standard 

F 
P (atmos) x 

(273 + T) 
273 x 1000 = 22 . 4- x 

= 4-1.6 at latmos. and 20°C 

A programme was written by Mr R. Scott, (for the Hewitt- Pa ckard 

calculator), to calculate this. 



Appendix I 4 

Reagents 

A summary of the proc edure f or determination of 

s oluble suga rs 

(1) Methanol extract ant (62 .5%): 150ml distilled 

water and 250rn.l meth&nol. 

(2) Phenol 5%: 5gms of phenol in 100mls of 

distilled wat er 

(3) Sucrose standard: Dissolve 2 . 5gm of sucrose i n 

20mls of water and dilute t o 25rnls with dis t illed 'M.i.ter .• 

(4) Concentr&ted sulphuric aci d : 

Procedure 

(1) 50mg of freeze dried plant rr~t erial was weighed 

into screw capped culture tubes (125 x 16mrn tubes and caps with 

teflon liners) and 5mls of 62.5% met hanol added. 

(2 ) The tubes wer e p l a c ed in a 55°c wa ter ba th f or 

15 minut es, cooled in tap water and centrifuged a t 2000rpm for 

15 minutes . 

(3) Four mls of the supernat ant wer e r emoved and 

added to 5m1 of chlor oform in screw capped culture tub es. The 

methanol and chlor of or m were thor oughly mixed , by vigorously 

shaking the tubes. The tube s were centrifuged f or 5 minutes at 

2000rpm t o clarif.y- the t wo pha ses. 

(4) Fifty ;,iJ. of th e upper phase was added t o 1ml of 

5% phenol and 4mls of concentrat ed sulphuric acid dir ect ed onto 

the surface of the liquid t o ensure adequcite mixing and hec.. ting. 

The test tubes were allowed to cool slowly t o r oom temperature and 

the absorbances r ead a t 490nm. 

(5) Standards were prepared by adding 25 and 50 t11 
of 10% sucrose t o 4ml of 62.5% methanol and extracting with 

chloroform as before. These amounts of sucrose corresponded 

t o 5% and 10% (dry weight) of soluble sugars for the 50mg samples. 

Readings for the samples were multiplied by x 5/4 before comparison 

with standards. 



Appendix I 5 

Reagents 

A summary of the procedure f or determination 

of sta rch 

(1) 0.5m Sodium acetate buffer pH 4 .5: 41 .3mls of 

gl acial acetic acid is made up to 450ml vii th water and adjusted t o 

pH 4.5 vnth 2Cf% s odium hydroxide . Dilute to 500mls. 

( 2) .A.myloglucosida se reagent: Dissolve Sigma 

amyl oglucosidase (h 7255) 1mg/ml in the sodiwn acetat e buffer . 

Filter through Vihatrnan No , 1 paper and stor e in a refrigerntor. 

(3) Tris/Glycerol buffer: 30.2g Tris is dissolved 

in 400ml water, and the pH adjusted t o pH 7.0 with cone, hydrochlor ic 

acid. Dilute to 500rrus and add 330mls of A. R. glycer ol and store 

in a r efrigerator. 

(4) Glucose Oxidase/Per oxidase r eagent (G.O.P.) : 

60mgs of Sigma glucose oxidase (Aspergillus niger), 6mg of Sigma 

peroxidc:i.se (horse n.:dish) and 20mg of 0-Diansidine hydrochloride 

vvere dissolved in 200mls of Tris/Glycerol buffer . 

Note : The 0-Diansidine hydrochloride is best dissolved in about 

50mls of the buffer vnth warming . Dilute t o 200mls and stir in 

the glucose oxidase and peroxidase until di ssolved. Store in a 

bro'l'ITl bot t l e in a r~frigera tor. 

(5) Starch standard: Suspend 100rng BDH Analar soluble 

starch in 10ml of distilled wat er . Place in a boiling water bath 

until 'dissolved'. Dilute to 50rnl, i .e. 2rng starch per ml. Prepare 

at least weekly and rehea t b efor e used if stored a t 0-4°C. 

(6) Glucose standard: 0.25g D- glucose in 250ml 

distilled water . 

Procedure 

(1) The residue from the 62.5% methanol extraction was 

suspended in 100% methanol, the tubes capped and pl aced in a boiling 

bath for about 5 minutes. The tube s were then cooled in tap water , 

and centrifuged at 2000rpm. The supernatant was decanted carefully 

and the extraction repeated. 



(2) Two mls of distilled water ¥iere added to the residue of 

these extractions, and the tubes were capped and placed in a boiling 

water b e. th f or 15 minutes t o gelatinize the stc.. rch. .hfter cooling , 

2mls of O. 5M sodium ace t a te buffer <•nd 1 . Oml of the amyloglucosidase 
0 preparation were added , and the tubes placed in a 55 C water bath 

and incubated for 60 minutes . The tubes wer e co.oled, the contents 

diluted t o 10rr~s and the tubes centrifuged a t 2000rpm for 10 minutes . 

(3) The amount of glucose r eleused was deter mined by 

incubating 0 . 05 to 1rri (depending on starch concentration) of the 

diluted amyloglucosidase digest in a final volume of 1ml of water 

plus 2mls of the GOP reagent at 37°c for 60 minutes. Tubes 

containing D- glucose go a brown colour during this incubation. Five 

mls of 18N sulphuric acid was added t o the tubes to produce a magenta 

colour, and the absorbances were read at 54-0nm. 

Glucose standards (25 and 50 pl equivalent to 25 and 50 pg 
D-glucose in 1ml of water) were also prepared. 

The l evel of D-glucose (pg) in the digests was calculc..ted 

and the starch content obtained by multiplying the D- glucose value 

by 0. 9. 

Reaction Mechanism 

(1) Gelatinized starch 
amyloglucosidase 

55°C, 60 minutes 

glucose oxidase 

(2) D-glucose + FAD 

37°c, 60 minutes 

spontaneous 

peroxidase 

D glucose 

gluconolactone 

+ FADH2 

3,3-dimethoxy-4, · 
4-diiminodipheno 
quinone 
(Magenta in H+) 



Appendix I 6 Carbohydrate to nitrogen ratio (Experiment 4) 

Soluble Metabolizable 
df carbohydrate carbohydrate 

to nitrogen to nitrogen 

Rate of ethylene 
43 0.615 o.639 per root 

Rate of ethylene 43 0.681 0 .. 705 
per root 

Appendix I 7 Correlation of percent total nitrogen with 

nitrogen fixing activit;z 

Rate of ethylene/root df % nitrogen % nitrogen 
top root 

Experiment 4 39 . 64, .767 
Experiment 3 28 .535 .,782 

Rate of ethylene/mg nodule 

Experiment 4 39 .742 .799 
Experiment 3 28 .538 .637 



Appendix II 1 .1 Anal.zsis of variance for number of nodules 

Eer seedling 

(sq rt transformed data) 

Source df MS F 

Replicate 3.285 x 10-3 0 .036 ns 

NO N 4- 5 .356 x 1 o1 
58. 68 ** 3 

10-2 Phosphate 4- 2.797 x 0 .306 ns 

N x P 16 6 . 446 x 10-2 
0.706 ns 

Error 24- 9 .127 x 10-2 

Appendix II 1.2 LSD for nitrate nitrogen trea t ment means 

(sq rt transfor med data) 

Cone . of 0 1 .o 2.0 4-.0 8 .0 
LSD 

N0
3 

N (mM) (t 0.05) 

Mean 4 .16 2. 65 2 .53 2. 52 2. 4-1 0.278 

Appendix II 2. 1 Anal.z~i~ of variance fo r seedling toE weight 

(rn:i tural data) 

Source df MS F 

Heplicate 1 1 .1 52 1 • 61 8 

NO N 1 
28 . 982 >i<* 4- 2 . 064 x 10 

3 
x 10-1 Phosphate 4- 6 .601 0 .927 ns 

N x P 16 -1 2.788 x 10 0 .392 ns 

Error 24 7 . 120 x 10 -1 

Appendix II 2.2 LSD for nitrate nitrogen treatment means: 

Cone. of 
N0

3 
N (mM) 

Mean 

Top dry weight 

(natural data) 

0 1. 0 2.0 

1.17 4-.64 

4-. 0 8.0 
LSD 

(t 0.05) 

4-. 54- 0.779 



Appendix II 3. 1 Anal.:zcSi:> of' variance for number of nodu l es 

per seedling 

(sq rt transformed data ) 

Source df :MS F 

.tteplicat e 3 7. 731 x 10-1 

NO N 5 5. 547 43 .179 ** 3 
x 101 Phosphate 3 2.415 188. 005 ** 

NxP 15 1. 198 x 10-1 0. 932 ns 

Error 69 4. 01 2 

Appendix II 3. 2 LSD for nitrate nitr ogen main treatment effects: 

nodul e number 

(sq rt transformed data ) 

Cone . of 0 0. 1 0. 5 1. 0 4. 0 8.0 N0
3 

N (rriM) 

Mean nodule 3.461 2. 847 2. 51 9 2.353 2.195 1. 741 number 

Appendix II 3.3 LSD for phosphate main treatment effects : 

nodule number 

Cone. of 
phospha te (mM) 

Mean nodule 
number 

(sq rt transformed data) 

0 0.005 0.05 

0.909 2 . 981 3. 091 

0.5 

2.988 

LSD 
(t 0. 05) 

0. 253 

L.SD 
(t 0.05) 

0.206 



Appendix II 4.1 Analysis of variance for seedling top dry weight 

Source df MS F 

.Replicate 3 6. 468 x 10-1 

NO N 5 6.437 22 . 798 3 1 Phosphate 3 2. 576 x 10 91 • 251 
~x P 15 1 . 089 3.856 
Error 69 2.823 x 10 -1 

Appendix II 4.2 LSD f or nitrate nitrogen treatment means 

top dry weight 

Cone. of 
N0

3 
N (mM) 0 0. 1 0.5 1 . 0 4. 0 8.0 

Mean top 
weight 1. 829 2.853 3. 072 3. 303 3.378 3.616 

Appendix II 4. 3 LSD for EhosEhate treatment means : 

toE dr;y: weight 

(natural data) 

Cone. of 0 0.005 0. 05 0.5 Phosphate (rnM) 

Mean t op 
1 .475 3.321 3. 506 3.732 weight 

** 
** 
** 

LSD 
( t 0 . 05) 

0. 375 

LSD 
(t 0.05 ) 

0.306 



J..ppendix r.v 1 • 1 Analysjjs of variance for nodule '•eight 

Source df MS F 

iieplicate 1 3 . 960 x 10 
2 

22 . 76 ** 
N0

3 
N 2 

21 .37 ** 4 3. 718 x 10 
2 Phosphate 2 1 . 317 x 10 7 . 57 ** 

N x P 8 7 . 993 0 . 50 ns 

Error 14 1 . 740 x 10 
1 

Ap:pi:>ndix IV 1 . 2 LSD for nitrate nitrogen means : nodule \.ie ight 

Cone . of 
0 0 . 25 0. 5 1 .o 4 . 0 

LSD 
N0

3 
N (mM) ( t 0 . 05) 

Mean nodule 
27. 00 16 .14 10. 50 8 . 98 7 . 92 5.17 Vleight (mg) 

Appendix IV 1 . 3 LSD for phosphate means : nodule weight 

Phosphate level 
mgP/plant/day 0.2 0 . 5 1 . 5 L..SD 

( t 0-.~05) 

Mean nodule 
10. 02 15. 33 16 . 97 4 . 00 weight (mg) 



b.ppendix IV 2. 1 Analisis of variance for nodule number 

(sq rt transformed) 

Source df MS F 

Replicate 1 . 890 x 1 o-3 o. oo 

NO N 4 1 . 803 x 1 o
1 16 . 12 ** 3 

x 1 o1 Phosphate 2 2. 578 23 . 05 ** 
N x P 8 7 . 674 x 10-1 o. 69 

Error 14 1 • 11 9 

Appendix "DI 2. 2 LSD for nitrate nitrogen tre~tment means : 

nodule number 

Cone . of 0 0. 25 0. 5 1 • 0 4 . 0 
LSD 

No
3 

N (mM) (t 0. 05) 

Mean nodule 
18 . 53 16 . 71 15 . 33 14. 85 14. 17 1 • 31 number 

Appendix IV 2.3 LSD fo r EhosEhate treatment means : 

nodule numbe:.~ 

Phohhate level 
mgP plant/week 0. 2 0.5 1 • 5 HID 

Ct o:os) 

Mean nodule 14 . 11 16 . 47 17 .17 1 . 02 
number 



Appendix IV 3 . 1 Analysis of variance fo r average nodule weight 

Source df MS :B' 

Replicat e 1 5 . 74-1 x 1 o3 

No
3 

N 4- 1 • 64-5 x 1 o3 12 . 91 ·~~ 

Phosphate 2 2. 74-6 x 1 o2 2 . 16 ns 

N x P 8 1 
0 . 58 7 . 378 x 10 ns 

Error 14- 1 . 274- x 10 
2 

Appendix IV 3 . 2 I.SD for nitrate nitr ogen treat ment means : 

aver age nodule weight 

Cone . of 
0 0 . 25 0 . 5 1 • 0 4-. 0 

LSD 
N0

3 
N (mM) (t 0 . 05) 

Mean nodule 
77. 8 57 . 2 4-3. 7 4-0 . 2 37. 9 13. 98 weight (mg) 



Appendix IV 4. 1 Ji.nal.ysis of variance fo r r ate eth~lene Er oduce d 

per r oot :per ho1:1E 

Source df MS 

Eepl icate 1 1 • 121 x 10- 2 

No
3 

N 4 3. 873 
Phosphate 2 5. 607 ..,. 1 0- 1 ... 
NxP 8 1 . 156 •r 10-1 

E::-:.~o::- 14 5.814 x 10-2 

Appci0.ix .LV 4.2 LSD fo r nitrate nitrogen m~an_~ : 

mo l e s c2H:/::'.'ooJ~hou:.~ 
Cone . of 0 0. 25 0.5 1 • 0 4 .0 N0

3 
N (mM) 

Mean 2. 098 1 . 18 0 ,.1:.1 0.28 0. 23 
ClI4/rt/ hr 

Appendiz( IV 4 .3 _LSD for phosI?J:mt~--m~in eff ect: 

mol es C,)!_, / .. ~o~~/ho_13r 
'+-

Phosphut e l evel 0.2 0.5 1.5 mgP/ pl ant/week 

Mean 
0.567 0. 942 1 .005 c2H/rt/hr 

F 

( • i_· . 
~ _: 

66. 61 >:~* 

9.65 ** 
1 . 99 ns 

LSD 
(t 0. 05) 

0. 094 

LSD 
(t 0.05) 

0.073 



.h.ppendix IV 5. 1 .b...'1alysis of var iance for r ate 

.:er oduction Eer mg DW 

nodule per hour 

Source df IVJS 

Replicate 1 3.1 42 x 103 

No
3 

N 4 3.567 x 1 o3 

Phospha-':;e 2 2 . 916 x 10
2 

N :x p 8 1.729 x 1 o2 

Er ror 14 1 . 975 x 10
2 

hppendix IV 5.2 LSD nitrate nitrogen means : 

c2H~mg dry weight nodul e/hour 

of 

Cone . of 
No

3 
N (mM) 0 0 . 25 0 .5 _:· .o 4.0 

~;:JmgD\1 /hr 8g'{ 4 76 0 1 37 . 7 32 . 1 32 . 2 

eth;}:'.:lene 

F 

15 . 91 ** 
18. 07 ** 

1 . 4-8 ns 

0 . 88 ns 

ISD 
(t 0. 05) 

17. 40 



Appendix IV 6. 1 Analysis of variance for top dry weight 

Source df :iv;s F 

Replicate 5. 410 x 10 4 9.87 
N0

3 
N 4 5. 613 x 104 1o.25 ** 

Phosphate 2 6.120 x 1 o3 1 . 1 2 ns 

N x P 8 2. 260 x 103 0 .41 ns 

Error 14 5.478 x 103 

Appendix IV 6 . 2 LSD for nitrate nitrogen means : top dry ~eight 

Cone. of 
No

3 
N (mM) 

Mean 
(mg) 

0 0.25 0. 5 1 • 0 4.0 

424.7 582 . 0 635.0 656 .2 650 . 2 

LSD 
(t 0. 05) 

91. 66 



.h.ppendix IV 7 .1 Anal.zsis of variance for root dry v.eight 

Source df MS F 

Replicate 1 8. 112 x 10 2 
3.44 

NO N 4 4 . 046 x 1 o3 17 . 14 ** 3 
7. 494 x 103 Phosphate 2 31 . 75 ** 

N x P 8 2 
1 . 33 3 . 141 x 10 ns 

Error 14 2.361 x 102 

Appendix IV 7 . 2 ISD for nitrate nitrogen means : 

root dri v.eight 

Cone. of 
0 0.25 0 . 5 1 . 0 4 . 0 

LSD 
No

3 
N (mM) (t 0. 05) 

Mean 112 . 2 157 . 5 164. 5 176 . 5 172 . 8 19. 0 (mg) 

Appendix IV 7.3 LSD for phosphate means : root dry we;ight 

Phohhate level 
mgP plant/week 0. 2 0 .5 1. 5 

:µ3D 
( t , d. 05) 

Mean 
188. 2 143 . 6 138. 4 14. 7 (mg) 



Appendix IV 8 01 Analysis of variance for ?ercent total nitro_gen in 

top, root and nodule material 

top root nodule 
Source df MS F MS F MS F 

Replicate 1 10496 x 10 - 2 2.083 x 10 -3 5.201 x 10 -1 

-1 -1 Oo93 N0
3 

N 4 30238 x 10 5068 •• 10766 53091 •• 40574 x 10 ns 
-1 -1 -1 Phosphate 2 1.997 x 10 3o50 ns 40236 x 10 12.93 •• 9.152 x 10 1086 ns 
-2 - 2 -1 1.68 N x P 8 70 625 x 10 1.34 ns 50082 x 10 1.55 ns 8 . 282 x 10 ns 

Error 14 50704 x 10 - 2 30275 x 1:0 - 2 4. 918 x 1 0 
-1 

Appendix IV 8 02 LSQ_j~~ nitrate nitroge n means: !:..ppendix IV 8 o 3 LSD for phosphate treatment means : 

% total nitroqen % total nitroqen 

Conco of 0 Oo25 Oo5 1o0 4o0 
LSD Phosphate level 

Oo2 0.5 1o5 
LSD 

N0
3 

N (mM) (t 0.05) mgP/plant/week (t 0.05) 

Mean % Mean % 

Top 3.94 4o04 4o38 4. 41 40 43 o .. 296 Root 3o29 3.65 3.65 0.174 

Root 2. 66 3.36 3o73 3997 3o94 0.224 



Appendix IV 9o1 Analysis of variance f or percent total phosphate in 

top, root and nodule material 

top root nodule 
Source df MS F MS F MS F 

Replicate 1 4 .,720 x 10 - 2 10019 1.330 x 10 -5 2.430 x 10 
-3 

4 -2 -1 
15.02 

-3 
0.32 N0

3 
N 20111 x 10 4o56 •• 1.,109 x 10 •• 20372 x 10 ns 

- 1 -1 Phosphate 2 6.,310 x 10 136 .. 23 •• 20031 275 .. 03 •• 7.,023 x 10 94.24 •• 
8 -3 0.60 N x P 20769 x 10 ns 2. 48 7 x 10 

- 2 
3o37 

-3 
0.17 • 1 .. 292 x 10 ns 

14 -3 - 3 -3 
Error 4.632 x 10 7.385 x 10 70452 x 10 

Appendix IV 9 .. 2 LSD for nitrate nitro9en me ans : Appendix IV 9o3 LSD for EhosEhate means: 

% total phosphate % total phosphate 

Level of 
0 o .. 25 0 .. 5 1.0 4 .. 0 

LSD Phosphate level 
Oo2 0.5 1.5 

LSD 
N0

3 
N (mM) (t 0.,05) mgP/plant/week (t 0 .. 05) 

Mean % Mean % 

Top 0 .. 582 0 .. 460 0 .. 448 0 .. 440 0 .. 451 0.084 Top 0.215 0 .. 498 Oo 716 0.,065 

Root 0 .. 857 0 .. 690 0 .. 558 0.528 Oo567 0.106 Root 0 .. 217 0.589 1.114 0 .. 082 

Nodule 0 .. 554 0.819 1.084 0.,083 



Appendix "IV 10.1 Anal;}'.:sis of variance for percent soluble 

sugars in plant top 

Source df N.S F 

.lteplica te 4 . 889 x 10- 1 
6 . 37 

N0
3 

N 4 1 . 739 x 1 0- 1 
2 . 27 ns 

Phosphate 2 1 . 579 20 . 56 >!cit< 

N x P 8 8 . 480 x 10- 2 1 .10 ns 

E.rror 14 7. 680 x 10- 2 

Appendix IV 10. 2 LSD for phosphate means : percent soluble 

sugars in top mater ial 

Phosphate l evel 
0 . 2 0. 5 1 . 5 

LSD 
mgP/plant/week (t 0 . 05) 

Mean 
~.18 5 . 61 5 . 41 0 . 266 percent 



Appendix rv 11 • 1 Analisis of variance for Eercent soluble 

sugar in roots 

Source df MS F 

Replicate 1 .145 
N0

3 
N 4 2.sse x 1 o -1 5.89 ** 

Phosphate 2 1 .251 23.61 ** 
NxP 8 -2 1.36 6. 664 x 10 ns 

Error 14 4.885 x 10 -2 

Appendix IV 11 • 2 I.SD for nitrate nitrogen means: Eercent 

soluble sugc:. r in root material 

Cone. of 0 0.25 0.5 1 .o 4.0 LSD 
No

3 
N (mM) (t 0.05) 

Mean 
3.75 4.23 4.11 3.95 4.28 0.274 percent 

Appendix IV 11 .3 LSD for Ehos12hate means: 12ercent soluble 

sugars in root material 

Phosphate level 0.2 0.5 1.5 
LSD 

mgP/plant/week (t 0.05) 

Mean 
4.45 3.76 3.98 0.212 percent 



Appendix IV 12 . 1 Anal;zsis of variance for Eercent starch 

in toE mater ial 

Source df MS F 

Replicate 2. 840 x 101 
128. 42 

N0
3 

N 4 2. 908 x 15
1 

1 . 32 ns 

Phosphate 2 9. 013 40. 76 ** 
NxP 8 3.272 x 10- 1 

1 . 48 ns 

Error 14 2. 212 x 10- 1 

Appendix IV 12 . 2 LSD for EhosEhate means: Eercent starch 

in to32 material 

Phosphate level 
0 . 2 0 . 5 1. 5 

LSD 
mgP/plant/week (t 0 . 05) 

Mean 
3 . 89 2. 76 1.56 0 . 451 percent 

Appendix r.v 13 . 1 Anal;zsis of variance for Eercent starch 

in root material 

Source elf MS F 

Replicate 3 . 239x10 
1 

106 . 61 
-1 

2. 65 N0
3 

N 4 8 . 056 x 10 ns 

Phosphate 2 2.513 8 . 27 ...... 

N x P 8 2. 018 x 10-1 o. 66 ns 

Error 1 I+ 3 . 038 x 10- 1 

Appendix r.v 13 . 2 LSD for J2hOS£hat e means : Eercent starch 

in root material 

Phosphate level 
0 . 2 0 . 5 1 .5 

LSD 
mgP/plant/week (t 0.05) 

Mean 
2. 38 1.47 1 . 56 0.529 percent 



Appendix IV 1 ~. 1 Analysis of variance for total plant weight 

Source df NtS F 

Replicate 1 6. 816 x 104 1 0.572 

N0
3 

N 4 9 . 014 x 104 13 . 981 ** 
Phosphate 2 1 . 628 x HY 0. 253 

NxP 8 2.579 x 1 a3 0 .400 

Er ror 14 6 .. 447 x 1 o3 

Appendix IV 11,. . 2 LSD for nitrate nitrogen treatment means : 

total plant weight 

Cone~ of 
N0

3 
N (mM) 0 0. 25 0 . 5 1 . 0 4.0 

Mean plant 536 8 739 . 6 799 . 3 832 . 6 823 . 0 
weight (mgms) • 

LSD 
{t 0. 05) 

99 . 44 



Appendix V 1 • 1 Analysis of variance for nodule dry weight 

Source df MS F 

Replicate 2 1 • 767 x 1 o4 1 . 39 

N0
3 

N 4 4 . 255 x 104 3 . 34- * 
Phosphate 2 1 . 341 x 104 4- . 034 * 
NxP 8 1 . 341 x 104 1 . 05 ns 

Err or 28 1 . 275 x 104 

Appendix V 1 . 2 LSD for nitrate nitrogen means : nodule 

dry weight 

Cone. of 0 0 . 25 0 . 5 1 • 0 4 . 0 
LSD 

N0
3 

N (mM) (t 0 . 05) 

Mean 
571 . 1 566 . 5 406 . 8 438 . 5 434. 5 109 . 0 (mg) 

Appendix V 1 . 3 LSD for phosphate means : nodule dry weight 

Phosphat e level 
2 5 10 ISD 

mgP/ plant/week (t 0. 05) 

Mean 
44-9 .5 472 . 8 560 . 6 84- . 5 (mg) 



Appendix V 2. 1 Anal,:z:sis of variance f or rate of eth,ylene 

produced root/hour 

Source df MS F 

Replicate 2 4 • .331 x 102 12 . 16 

NO N 4 1 . 739 x 1 o3 48 . 85 ** 3 
1 . 089 x 1 o3 Phosphate 2 30. 59 •• 

N x P 8 1 
7.586 x 10 2. 13 ns 

Err or 28 3 . 562 x 10 
1 

Appendix V 2. 2 LSD for nitrate nitr ogen means : r ate of 

ethylene produced root/hour 

Cone . of 0 0 . 25 0 . 5 1 .o 4 . 0 
I.SD 

NO N (mM) ( t 0 . 05) 
3 

Mean 43 . 3 31 .1 25. 8 13 . 3 8 . 7 5 . 76 

Appendix V 2. 3 LSD for EhosEhate means : rat e of ethzlene 

Eroduced r oot/hour 

Phohhate l evel 2 5 10 LSD 
mgP plant/week ( t 0 . 05) 

Mean 17. 7 21 . 67 34. 0 4 . 46 



Appendix V .3 . 1 Anal,ysis of variance for rate et hylene Eroduced 

mg nodule DW per hour 

Source df MS F 

Replicate 2 6 . 956 x 102 5 . 16 

N0.3 N 4 5.326 x 1 o3 .39. 50 ** 
Phosphate 2 1 . 505 x 1 a3 11 • 1 6 ** 
N xP 8 .3. 09.3 x 1 o3 2. 29 * 
Error 28 1 • .348 x 102 

Appendix V .3 . 2 LSD for nitrate nit rogen means : rate ethylene 

Eroduced per mg nodule DW per hour 

Cone . of 0 0 . 25 0.5 1. 0 4.0 
LSD 

N0.3 N (mM) ( t 0 . 05) 

Mean 80 .1 58.5 52 • .3 29 . 5 18.6 11 • 21 

Appendix V 3 . .3 LSD f or EhosEhate means: rate eth;zlene Eroduced 

per mg nodule DW Eer hour 

P:10sphate level 
2 5 10 ISD 

mgP/plant/week (t 0 .05) 

Mean 40.0 44.3 59.0 8 .68 



.Appendix V 4. 1 Anal_ysis of variance for toE drv ·weight 

Source df MS F 

Replicate 2 2.548 x 101 39054 
No

3 
N 4 ·1 , 232 1 . 91 n:::; 

Phosphate 2 6.675 1 Oo36 *~t 

N zP 8 1 ,284 2 nQQ ns 

~1 .. ::co~ 28 60444 x 10 . ·1 

A::_:ipendi::: v 4 . 2 LSD for pho ;:;p_!l&te _l!leans : top dry weight 

.Pho~phate level 2 5 10 LSD 
mgP /plant/week ( t 0.05) 

Mean 
19 .4 ~ 9' 9 20. 7 0,60 ( gmc:; ) 

Appendiz V 5. 1 Ana3=,ys~s of VE~riance for r oot dry weight 

Source df MS F 

Replicate 2 ..... 0--1 
-' '·-J I 14.45 

No
3 

I-r 4 1 . O)l~ 4,88 * ~~ 
, -Phosphate 2 80845 x 10 0,39 DS 

N xP 8 1 . 55.3 x 10-1 o.69 ns 

E::--ror 28 2,241 :c 1 0 ·-'\ 

Appendix V 5.2 LSD for ni t:;:ate nitrogen means: root dr y wei ght -

Cone. of 0 0. 25 Oo5 LO 4.0 
LSD 

N0
3 

N ( m.\1) ( t Oo05) 

Mean 5.16 5.55 5o87 6.09 5. 65 0.46 (gms) 



Appendix V 601 Analysis of variance for percent tota l nitroge n in 

~roo~ and nodule materia l 

t op root nodule 

Source df MS F MS F MS F 

Replica t e 2 1o 389 x 10 --2 Oo7 2 50600 x 10 - 3 Oo46 10 541 x 10 -1 1o19 

4 1.78 3 92 087 217045 
-2 Oo75 H0 3 N . ,, 2o 65Lt ::t :) 90777 x 10 ns 

- 2 -2 -2 
Phosphate 2 40742 x 10 2o47 ns 40838 x 10 3o96 ::i 10134 x 10 0~09 ns 

- 2 ... 3 
Oo53 

-1 00 8 6 ii x p 8 40633 x 10 2041 ... 6c529 ;: 10 ns 10123 x 10 ns 

Error 28 1.920 x 10 ·- 2 1
0 

221 X 10- ? 10300 x 10 -1 

Appendix V 602 LSD .. _for n._~ trate nitrog:e::i treatment means: Appendix V 6,. 3 _:'.:.i_.?_1? __ ~?2? . i;:11~~tiate treatment means: 

% t oj:al_ ni 1£~g_c~ % total nitr<?9,~ 

Conco of 0 Oe25 Oo5 1c0 4o0 
LSD Phosphate leve l 2 5 10 

LSD 
N0

3 
N ( mM ) (t 0 ~05) mgP/plant/week (t 0.05) 

Mean 
2o51 2.,65 208 7 3 ~ 24 3,60 Oo 134 Mean 2o79 2~76 2068 0"083 top root 

Bean 
2o17 2~ 35 20 63 3010 3o49 Oo107 root 



Appendix V 7o1 Analysis of variance for percent total phosphate in 

top , ro?t and nodu~~ material 

t op root nodule 

Source df MS F MS F MS F 

Replicate 2 40667 x 10 -5 Oo23 50089 x 10 - 4 10785 
- 4 30356 x 10 0. 41 

4 - 4 10469 x "0- 3 - 2 
34.14 N0

3 
N 50722 x 10 2o81 ns 5o16 .. ,, 20820 x 10 .,,, 

- 2 - 2 - 2 Phosphette 2 40376 x 10 214070 •• 3u049 X 10 106097 ( • . 40546 x 10 55.04 •• 
8 - 4 Oo85 - 4 - 4 Oo96 N x P 10739 x 10 ns 10817 x 10 0.,64 ns 70939 x 10 ns 

Error 28 - 4 2.038 x 10 20850 x 10 - 4 80260 x 10 
- 4 

Appendix V 7 o 2 LSD for nitrate nitroqe0_~~~: Appendix V 7o3 !;_SD for phosphate treatment means: 

% total EhOS.J?h~~t-~ % total phosPbate 

Cone. of 
0 Oo 25 0 . 5 1o0 4.0 

LSD Phosphate l evel 
2 ~ 1G ., LSD 

N0
3 

N (t 0 . 05) mgP/plant/weelc (t 0.05) 

Mean 
Oo344 0. 336 0.322 Oo312 0. 321 Oo016 Mean o. 283 0.334 0.391 0.011 root top 

t-!can 
0 . 451 0. 392 0. 372 Oo316 0 . 319 0.028 

Mean 0 ., 286 0 .320 0.375 0.013 nodule root 

Mean 0 . 319 0.363 0.429 0.,022 nodule? 



Appendix V 80 1 Anal vsi s of vari ~I}£.e....f.~.9E~-t_ sol_uble ~~_:i.n 

_!:op, root an~ r.odul~ m~terial_ 

top root nodu l e 
Source df MS F MS F MS F 

Replicate 2 20188 
- 1 10676 x 10 Oo89 9.,200 x 10 - 2 1o04 

- 1 
N0

3 
N !;, 909117 x 10 - ~ .. 42 ,,,. 5.,362 23069 ::. ... 10496 16092 . .., 

Phcsp:1:.:t2 2 9o70tl X 10- 2 
043 ns 60697 25~83 ... .. ,. 4r92 55062 •• 

-1 . . 1 , - 1 
N x P 8 1o617 x 10 - 0 72 nc:; 10464 ~- 10 O" 'J C I'S ~0 113 x 10 2o39 • 
i.:rror 28 20249 x 10 - 1 - 1 10869 x 10 D.,843 x 10 - 2 

i\pper..J:'. -~ V Bo 2 .~SJ?-f_oE.._E:i;~£~!:~E_i_~roc;12n~~~ trr_£n-:: ~: h.pp0r.dix V 8 03 LSD for pnosphute ti:-~atrn2nt means: .. ... ·---.:-- -··-·- - --- - -
°/,. _soll]_b_l~- -- ~-u9_ar~ ~ -~olubJ~ __ :5u9~ 

Conco of 
0 Co 2'.' 0~5 '.i.oO !. 0 0 

LSD Phosphate level 
2 5 10 

LSD 
N0

3 
N ( rr:JI) (t Oo05) mgP /plar1t/week (t Oo05) 

Mean 8001 8 004 8 002 7o79 'in 26 0-:46 Mean 6.- 33 5., 92 5o02 Ou32 top root 

Mean 
605 7 6038 So63 5.,57 1±.,62 0,,42 Mean 6.,57 5o89 5o43 0,,22 root nodu l e 

Mean 
5o60 5~ 70 5o73 6o53 6_,25 Oo29 nodule 



Appendix V 9o1 Analysis of variance for Eercent total starch in 

toE, root and nodule material 

top root nodule 
Source df MS F MS F MS F 

Replicate 2 1o316 2o10 1.439 x 10 -1 Oo43 3.612 6.00 
1 1 

42.33 N0 3 N 4 1.938 x 10 30.89 •• 2.191 6049 •• 2.547 x 10 •• 
1 

Phosphate 2 2.140 x 10 3401 2 •• 2.049 6007 •• 1.033 1.72 ns 

8 -1 -1 -1 
N x P 50638 x 10 . 90 1.639 x 10 ., 49 9.435 x 10 1o57 ns 

Error 28 6.,273 x 10 -1 3 .. 374 x 10 -1 6.015 x 10 -1 

Appendix V 9 . 2 ~SD for nitrate nitro~en tre atment means : Appendix V 9.3 LSD for phosphate treatment means: 

% total starch % total starch 

Conca of 0 Oo 25 0 .. 5 1o0 t,,oO LSD Phosphate l evel 5 10 
LSD 

N0
3 

N (mM) (t Oo05) mgP /plant/week 2 (t Oo05) 

Me an 15033 14.39 13.,25 12020 110 83 Oo765 Mean 14.64 13.32 120 25 0.59 top top 

Mean 
5o01 3o90 4o05 3. 91 3.83 Oo56 

Mean 4 . 46 4.23 3o74 0., 434 
root root 

Mean 
7o38 6.54 5o65 3.73 3.60 Oo75 nodule 



Appendix v 1 0. 1 Analysis of variance fo r tota l plant weight 

Source df MS F 

Replicate 2 4 . 688 x 10 
1 

77 . 679 

NO N 4 3 . 273 5. 214 ** 3 
Phosphate 2 8 . 184 13 . 036 ** 
N x P 8 1 . 254 1 • 998 ns 

Error 28 - 1 
6 . 277 x 10 

Appendix V 10. 2 LSD f or nitrate nitrogen treatment means : 

Cone. of 
N0

3 
N (mM) 0 

Mean plant 2 6 weight (gms) 4- . 3 

0 . 25 

26 . 04-

total plant weight 

0 . 5 1 • 0 4-. 0 
LSD 

(t 0 . 05) 

25 . 82 26 . 20 25. 78 0 . 76 

Appendix V 10. 3 LSD fo r phosphate treatment means : 

Level of phosphate 
mgP/plant /week 

Mean plant 
weight (gms) 

2 

25. 02 

total plant weight 

5 

25 . 54-

10 
LSD 

(t 0. 05) 

26 . 4-7 0. 57 



Appendix VI 1 . 1 Analysis of variance for nodule weight 

Source 

Replicate 

NO N 
3 

Error 

Source 

Replicate 

No
3 

N 

Error 

Source 

.i:teplicate 

N0
3 

N 

Error 

df 

3 

3 

9 

df 

3 

3 

9 

df 

3 

3 

9 

Harvest 1 

MS 

5. 065 x 103 

1 .070 x 103 

1 . 445 x 103 

Harvest 2 

MS 

9. 621 x 103 

6. 804 x 103 

1 • 812 x 103 

Harvest 3 

MS 

9. 986 x 1 a3 
3 . 585 x 104 

1 . 876 x 1 o3 

F 

3 . 51 ns 

0 .74 ns 

F 

5 . 31 

3. 75 ns 

F 

5 . 32 

19 . 11 "'* 

Appendix VI 1 . 2 LSD for nitrate nitrogen treatment means: 

nodule weight 

I.SD Cone . of 
No

3 
N (m.\1 ) 0 0 . 5 2.0 8. 0 (t 0. 05) 

Harvest 3 
mean (mg) 713 .08 589 . 28 497.48 531 .83 69 . 28 



Appendix VI 2.1 Analysis of variance for rate of ethylene 

production per root per hour 

Source 

Replicate 

No
3 

N 

Error 

Source 

Replicate 

NO N 
3 

Error 

Source 

Replicate 

N0
3 

N 

Error 

df 

3 
3 

9 

df 

3 

3 

9 

df 

3 

3 

9 

Harvest 

2. 046 

3 . 280 

4.225 

Harvest 2 

x 102 

x 101 

1 
x 10 

MS 

2 . 8§0 x 10
1 

2 .85~ x 10
2 

4.34-0 x 10
1 

Harvest 3 

MS 

1. 733 x 10
1 

2. 84-1 x 1 o3 

5.099 x 101 

F 

4 . 484 

0. 78 

F 

ns 

o. 70 

7.07 ** 

F 

0.34 

55. 72 ~'* 

Appendix VI 2.2 LSD for nitrate nitrogen treatment means: 

moles c2H/root/hour 

Cone. of 
No

3 
N (mM) 

Harvest 2 
mean 

Harvest 3 
mean 

0 

42.94 

91 . 93 

0.5 

27 .73 

60.00 

2.0 8.0 

25.62 25.24 

35.57 35.83 

LSD 
(t 0.05) 

1 0.16 

11 .~2 



Appendix VI 3.1 Analysis of variance for rate of ethyl ene 

production per mg DW nodule mat eria l 

Harvest 1 

Source 

Replicate 

N0
3 

N 

Error 

Source 

Replicat e 

N0
3 

N 

Error 

Source 

Heplicate 

N0
3 

N 

Error 

df 

3 

3 

9 

df 

3 

3 

9 

df 

3 

3 

9 

MS 

4 . 985 x 1 o2 

3 . 143 x 1 o2 

1 . 328 x 10
2 

Harvest 2 

MS 

6 . 006 x 101 

5 . 115 x 10
2 

9.~ x 10
1 

Harvest 3 

MS 

4 . 857 x 10
2 

3.389 x 103 

1.360 x 10
2 

F 

3. 76 

2.37 ns 

F 

0. 63 

5.36 * 

F 

3.57 

24. 92 ** 

Appendix VI 3.2 LSD for nitrate nitrogen treat ment means: 

c2H~mg DW nodule/hour 

Cone. of LSD 
N0

3 
N ( rnM) 0 0.5 2.0 8 .o ( t 0.05) 

Harvest 2 
mean 

Harvest 3 
mean 

80 .33 

131 • 55 

57.58 57.30 58 .30 

101 . 85 68 . 80 

Appendix VI 4.1 Analysis of variance for top dry weight 

Harvest 

Source 

lieplicate 

No
3 

N 

Error 

Source 

Replicate 

N0
3 

N 

Error 

Source 

Replicate 

N0
3 

N 

Error 

df 

3 

3 

9 

df 

3 

3 

9 

df 

3 

3 

9 

MS 

1 .033x1 0
1 

1. 986 x 1 0-1 

1 .392 x 10-1 

Harvest 2 

MS 

1 .004 x 10
1 

4.680 x 10-1 

2.042 x 10-1 

Harvest 3 

MS 

1 .587 x 1 o1 

1 .161 

4-. 14-9 x 1 0-1 

F 

74. 20 

1 .4-3 ns 

F 

4-9.1 68 

2.29 ns 

F 

38.24 

2.79 ns 

15 . 62 

18.65 



Appendix VI 5. 1 .Analysis of variance fo r root dry weight 

Harvest 

Source df MS F 

Heplicate 3 4 .302 x 10-1 
35 . 29 

N0
3 

N 3 1 . 072 x 10- 2 o. 88 ns 

Error 9 1 • 219 x 10-2 

Harvest 2 

Source df .MS F 

Replicat e 3 5 . 032x10 -1 
23 .58 

N0
3 

N - 2 
0 . 59 3 1. 277 x 10 ns 

- 2 Error 29~ - ,. . 2. 134 x 10 .. .... 

Harvest 3 

Source df MS F 

Replica t e 3 6 . 526 x 10 -1 
55 . 80 

No
3 

N - 2 
* 3 4 . 690 x 10 4 . 01 

- 2 Error 9 1 . 169 x1 0 

.Appendix VI 5.2 LSD for nitrat e nitrogen treatment means: 

root dry weight 

Cone.. of 
0 0.5 2 . 0 8 . 0 

I.SD 
N0

3 
N ( t 0. 05) 

Mean 
3 . 613 3 . 448 3.355 3.433 0 . 173 gm 



Appendix VI 6 . 1 Analzsis of variance for ,12ercent total nitrogen 

in top material 

Parvest 2 

Source df M.S F 

Replicate 3 1 .149 x 10 -2 
0.73 

N0
3 

N -1 16. 77 ** 3 2.634 x 10 

Error 9 1. 571 x 10-2 

Harvest 3 

Source df :MS F 

Replicate 3 2 .523 x 1 o-3 0.07 

N0
3 

N 3 7.923 x 10- 1 
21 .67 ** 

Error 9 3.366 x 10-2 

Appendix VI 6 .2 LSD fo r nitrate nitrogen treatment means : 

percent total nitrogen in top mater ial 

Cone. of 
0 0.5 2.0 8 . 0 

LSD 
N0

3 
N (mM) (t 0.05) 

Harvest 2 
2.98 3 .31 3.50 3.55 0.200 

mean percent 

Harvest 3 
2. 96 3.33 3.84 3.84 0.293 mean percent 



Appendix VI 7. 1 Anal.zsis of variance for percent total nitrogen 

in root material 

Harvest 2 

Source df MS F 

keplicate 3 3.139 x 10-2 2.37 
No

3 
N 3 1. 940 x 10-1 

14.63 ** 
Error 9 1.327 x 10-2 

Harvest 3 

Source df MS F 

Replicate 3 1.389 x 10-2 0.64 
NO N 3 3. 654 x 10-1 16.86 ** 3 

x 10-2 Error 9 2.1 67 

Appendix VI 7.2 LSD for nitrate nitrogen treatment means: 

percent total nitrogen in root material 

Cone. of 0 0.5 2.0 8.0 LSD 
No

3 
N (mM) (t 0.05) 

Harvest 2 2.18 2.59 2.55 2.67 o.H34 mean percent 

Harvest 3 2.18 2.41 2.83 2.75 0.235 mean percent 



Appendix VI 8. 1 Analzsis of variance for Eercent il:otal nitrogen 

in nodule material 

Harvest 2 

Source df MS F 

Replicate 3 9.475 x 10-2 2.66 
No

3 
N 3 1 .371 x 10-1 3.86 * 

Error 9 3.557 x 10-2 

Harvest .2 
Source df MS F 

Replicate 3 8 • .354 x 10 -2 1 • .39 
-2 N0.3 N .3 6.306 x 10 1 • .39 ns 
-2 Error 9 4.550 x 10 

Appendix VI 8. 2 LSD for nitr~te nitrogen treatment means: 

Eercent total nitrogen in nodule material 

Cone. of 0 0.5 2.0 8.o LSD 
N0.3 N (mM) (t 0.05) 

Harvest 2 
7.02 7.37 7.36 7.42 0.302 mean percent 



Appendix VI 9 • 1 Analysis of variance for t ot al plant 

rlry weight 

Harvest 

Source df :rvrs F 

Replicate 3 1 . 494 x 101 
112.36 

NO N 
3 3 2 .294 x 1 0-1 

1 . 73 ns 

Error 9 1 .330 x 10 -1 

Harvest 2 

Source df WJ.S F 

Replicate 3 1 .475 x 10 
1 

71 .51 

N0
3 

N 3 
-1 2.06 Li..254 x 10 ns 

Error 9 2.062 x 10 -1 

Harvest 3 

Source df MS F 

Replicate 3 2.291 x 1 o1 
46.86 

NO N 
3 3 7.690 x 10-1 

1.57 ns 

Error ' 4.888 x 10-1 




