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gHAPIER 1 

REVIEW OF NITROGEN FIXATION IN.NAT.IVE COMMUNITIES OF .- , 
NEW ZEALAND WITH EMPBASIS ON NODULATED NON ... LEGUME PLANTS 

; 

A. INTRODUCTION 

Coriaria is the most widespread and vigorous genus of 

nodulated, nitrogen fixing plants in the nal'tive flor.a of New Zealand, 

The following study is concerned with the impact that Coriaria, 

and in particularC. arbore.i" hc~s 01:1 the n~ trogen economy of 

natural communities.. Included in this research were experiments 

on the physiology and metabolism of atmospheric nitrogen fixation, 

cytological investigations of nodules and endophyte', and ecolo~ical 
\ ~ 

studie_s __ on the- role of Coriaria in pioneer vegetation. 
~-.-~--

The subject of nitrogen fixation has been.frequently reviewed 

recently. General accounts of the biology of nitrogen fixation, 

covering all organisms, have been given by Alle~ and Allen (1958), 

Norris (1962), McKee (1962), Vlrtanen and Miettinen (1963)" Burris 

(1966) and Stewart (1966, 1967). Emphasis has beenlaid'on the 

~ccumulationQf. nitrogen in' 'the ecosystem by n<:m-symbiotic systems 

in a review by Moore (1966) and. for. largely symbiotic systems by 

Henzell ~nd Norris (19&2). , N~trogen fixation is discuss~d under 

the title of syrobiosis'.byScbaede (1962), Lan~e (1966), and Meyer 

(1966), and nodules by Raggio and Raggio (1962). The biochemistry 

of nitrogen fixation has been t1:).e,subject of reviews by Nicholas 

(1963) and King (1965) in addition to sections on this topic in 

most of the above reviews. Reviews of sLightly narr~wer compass 

concern nitrogen fixation in free-living b~~teria eog. Mortenson 

,(1962, 1963), blue-green algae eog. Fogg and Stewart (1965) and 
I 

non-legume root nodules Bond (1963, 1967) and Allen and Allen 

(1966). 

With such a vast amount of review literature it would be 

presumptuous of me to review'again the general subject of nitrogen 



fixation or of nitrogen fixation in non-legumes. The following 

review is therefore particularlY concerned with the known and 

putative sources of nitrogen for plant growth in natural communities 

in New Zealand. This is followed by a review of selected 

references on aspects of nitrogen fixation by non-legumes as it 

relates to this study of Coriaria. 

B. NITROGEN FIXATION IN NATIVE COMMUNITIES 

1,~\ Legumes 

In any native community the most obvious group of plants 

which fix ni trogenare the le~umes. Bond (1958) has remarked on 

the paucity of native legumes in New Zealand. Compared with the 

vast number of legume species in the Australian flora, the New 

Zealand region with forty eight species in eight genera is under

-represented. All species are woody, slow growing, perennials of 

the Papilionaceae (Papilionoideae) (Allan,1963). None of the 

Mimosaceae (Mimosoideae), so widely represented and distributed in 

Australia, are present in New Zealand. ~~:tor_~_ally_,t::he New 

Zealand legumes fall into two main groups each of four genera.,'_ 

Canavalia, Swainsonia, Clianthus and Sophora have affinities 

outside New Zealand; in-Australia for the first three and 

circum-Pacific for the last named. The other genera Notospartium, -------- ------ -- - - -

Chordospartium, Corallospartium and Carmichaelia are endemic to the 

N'W~~Zeai~ndr~gion, the first three possessing but four species 

between them and being confined to small areas of the South 

Island, while the last named genus with 38 species is found 

throughout the country. _ 

While some of the spectes are of interest from a plant 

geographic or a morphologic,?l point of view, the only species 

that show wide enough distribution or vigorous enough growth to 

be significant as nitrogen fixers belong to Sophora and 

Carmichaelia. The three species of Sophora include two tree 

species and one bushy shrub. The latter has a narrow 

distribution and is confined to rocky places whereas the arboreal 

species occur over wide areas but are largely limited to riparian 



30 

or forest edge sites, and they are not pioneer plants. Some 

species of Carmichaelia e.g. C. grandiflora may produce dense 

stands of pioneer vegetation on moraines and alluvium. A 

chronosequence of soils and vegetation dominated by this species 

has -been described at Franz Joseph glacier by Stevens (1963) in 

which large gains in nitrogen are due to C. grandiflora. 

However, this phenomenon is not widespread, many of the Carmichaelia 

species being confined to sub-alpine communities. In the light 

of this notable paucity of legumes in the New Zealand flora other 

sources of nitrogen, which are available for plant growth, will 

be discussed o 

2. Free-living bacteria 

The nitrogen fixing capacity of the free living bacteria 

Azotobacter and Clostridium has long been established. Since 

1950 a number of new bacterial species have been added to the list 

of nitrogen fixing organisms and the list now numbers 18 genera 

(Stewart, 1966). The importance of free living bacteria to the 

nitrogen accumulation of soils is somewhat equivocal as there is 

a vast difference between their actual performance in a soil, and 

their potential as can be gained from a consideration of numbers 

present in a soilo Moore (1966) s4mmarised much quantitative 

data on the non-symbiotic gains of nitrogen in soil and sOil/plant 

systems and concluded that the role played by Azotobacter is 

insignificant in most cases, although the combined activities of 

numerous bacterial species may lead to significant gains in nitrogen. 

Isolated reports, such as that of Knowles (1965), showing strong 

fixation by bacteria in Quebec soils under both anaerobic and 

aerobic conditions, do existo Bacteria, being generally 

saprophytic organisms, thrive in soils which are already highly 

organic and not lacking in nitrogeno 

New Zealand soils are mostly lacking in Azotobacter (Ross, 

1958, 1960a, b). Native soils from a variety of habitats were 

sampled as well as soils under introduced pasture, crop and forest. 

A. beijerinckia was however isolated from a market-garden soil 

(Ross, 19DOc), and from soils at Franz Joseph glacier (Nordmeyer, 
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1966)0 Line (perso comma 1968) also isolated Ao beijerinckia, 

although from a sand dune soil near Dunedino Di Menna (1966) 
surveyed the indidence of nitrogen fixing olostridia and 

Azotobacter in New Zealand soils. In common with the findings of 

Ross- (loco cito) she recovered Azotobacter only from heavily 

manured soils but she found nitrogen fixingdlo~t,ridia. present 

in all soils 0 Numbers ofclostrid,i.a. were very low in dry coarse 

soils but reached 2 - 5 x 106 /g in a whey irrigated silt loam 

soilo Clostridia numbers ~howed no correlation with productivity 

of introduced pastureso 

Recently Line (pers. commo 1968) has extr~cted Pseudomonas Spa 

from tussock grassla~d soil in Otago o This species grows on 

nitrogen free media and shows a ,similar induction period for 

nitrogen fixing activity as described by Proctor and Wilson 

(1958) for Pseudomonas Sppoe Experiments are under way in this 

laboratory to determine the nitrogen fixing ability of this organism 
. 15N US1.ng 20 

Nordmeyer (1966), in a study of the microflora of alpine soils, 

demonstrated an almost complete lack of nitrogen fixing ~rganisms 

from these regions in New Z~lando 

What little work has been done on free living nitrogen 

fixing bacteria in New Zealand ipdicates their insignificant 

roleo Thus the two classical ,nitrogen fixing systems, free-living 

bacteria and bacteria symbiotic with legumes, are neither wide~ 

spread nor vigorouso Consideration is now made of lesser known 

nitrogen-fixing systems. 

30 Aerial 

Erickson (1959) and Vi~tanen and Miettinen (1963) have 

reviewed the extensive literature on this subject, which indicates 

that less than 10 lb N / acre-annum are brought down in 

precipitation. In most instances t.he amounts are considerably 

lesso The sources of nitrqgenfound in precipitation a~e varied 

and the relative proportions hard to determine 0 High values are 

recorded near industrial and agricultural areas and it now appears 

that much-of this nitrogen originates from biological or industrial 

,.' ... ','. -

I: -.~. 

i 
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sources rather than from a photochemical reactiono Rain may 

contain nitrogen in three farms; ~'litrate, ammonia and organic" 

Ammonia present has evaporat,ed from the soil and sea (Martin and 

Skyring,1962) while nitrate nitrogen is largely of biological 

origip, rather than from 'fixation' as indicated by the absence 

of nitrate in rain falling in mountain areQ,s (Wilson,1959). 

Organic forms of nitrogen, mainly protein, originate from oceanic 

and terrestrial organic matter. Thus, although these forms of 

nitropen may bei important in slow developing native ecosystems 

they are neither great in magnitude nor do they r~present real 

gains of nitrogen to the biosphere. 

The ocean is thought to be the main source of precipitation 
. : ' 

nitrogen in New Zealand (Wilson, 1959). Concentrations up to 

0 0 47 ppm nitrogen have been recordeq in rainwater collected 10 

miles inland and 0.40 ppm in snow, falls on Mt Ruapehu, 60 miles 

inlan~. A survey of rainwater composition is currently being 

carri~d out by Horne (pers. comm. 1967). Coastal rainfall was 

found'to contain a maximwn of 0 0 6 ppm nitrogen. Annual. nitrogen 

increments from rainfall may therefore reach as high as 2 lb / 

acre on the west coast, much less falling on eastern and inland 

areas. Stevenson (1959) in Nelson was unable to repeat Ingham's 

(1950) claim of 0.41 mg nitrogen per 1000 cm2 filter paper 

exposed to the atmosphere. 

A. Blue-green algae 

(a) Free-living algae 

The blue-green algae (Myxophyceae) inhabit marine, 

fresh water,and terrestrial habitats where t~eir contribution 

to nitrogen economy may be very significant. Shields et aL 

(1957) record dramatic increases of .nitrogen in soil 

cove~ed by algal crusts. Even in semi-arid areas of 

Western Australia, sigqificant fixation by blue-green algae 

. may occur, (Tehan and Beadle, 1955). The most dramatic 

results are those recorded in India by Singh (1950, 1961) 

in reclamation of saline and alkaline lands and in cultivation 

, .,'j"': .•. , 



with blue-green algae. Singh estimated an increase of 

80 lb nitrogen / acre in three months in soil covered by 

a crust of Cylindrospermumo The ability of blue-green 

algae to survive long periods of desiccation renders them 

-very important soil organisms of the tropics and deserts 

6 0 

and Holm-Hansen (1963) has also recorded that Nostoc commune 

from Antarctica is capable of nitrogen fixation. 

To date 40 species have been shown to fix nitrogen when 

in pure culture, (Stewart, 1966). The following species, 

occurring in New Zealand, (Chapman et aL,1957, Flint, 1966), 

have been shown elsewhere to be nitrogen fixing"o This 

does not, however, mean that the New Zealand species are all 

likely to fix nitrogen as different strains of some species 

do not possess this ability: Anabaena flos-aquae, Cylindro

spermum licheniforme, Co maius, Nostoc commune, No sphaericum, 

Nomuscorum, Calothrix parietina, Scytonema hoffmanii, 

Tolypothrix tenuis, Hapalosiphon fontinalis and H. laminosus 

(= Mastigocladus laminosus). The last named species was 

isolated from a hot pool at Whakarewarewa, Hew Zealand, 

and is able to fix nitrogen at temperatures up to 50C, 

(Fogg, 1951), and represents the only record of nitrogen 

fixation by blue-green algae of New Zealand. Flint (1967) 

has collected blue-green algae from many soils in New Zealand 

although they occur in low numbers. However at two sites, 

Manorburn and Blackstone which have more alkaline soils, 

blue-green algae flourish, the following species being 

recorded for the latter site: Nostoc muscorum, N. commune, 

and Scytonema hoffmaniio Recently in U.S.A. Mayland and 

McIntosh (1966) used 15N2 to show that nitrogen fixed by 

blue-green algae becomes available for growth of higher 

plants, and thUs, in some soils, this form of fixation may 

be important in New Zealand. 

(b) Symbiotic algae 

Blue-green algae co~bine with hosts to form symbiotic 

assoeiations of four different types: 



i with fungi to form lichens; 

ii with hepatics; 

iii with cycads; 

iv with angiosperms 0 

- T~e nature of the symbiosia is not well worked out in most 

ca,ses, althougl;l for some the alga has been shown to be 

nitrogen fixing in 'vivo. 

70 

Bond and Scott (1955) confirmed, using 15N2 , that the 

lichen speciesCollema granosum and Leptol5ium lichenoides 

fi~ed elemental nitrogen (bbth lichens contain Nostoc as the 

phycobiont)0 Species of Peltigera (Scott,19.56) also 

cOTDbine significant amounts Qf 15N2o Rogers et ala (1966) 

te~ted 12 species of lichens, from the south central arid 

zone of Australia, for nitrogen fixationo One species, 

Collema coccophorus incorporated large amounts of 15N2o 
Two other species are of interest vizo Lecidea crystalifera 

anc;i Parmelia conspersa ,in ,that they showed slight enrichments 

in spite-of the fact that they contain green aLgal symbiontso 

The very small amount of fixation, 0 0022 and 000073 atom 

t 15N f . d 15N ld percen excess or a ~~x ay exposure to 2' cou 

well have come from bacteria within the thallus as Azotobacter 

has been reported to be present in some lichens, (Bond and 

Scott, 1955LThis does not, however, negate the fact that 

this system, be it a two or tbree organism symbiosis, may 

be capable of significant nitrogen fixation. 

In New Zealand, the nitrogen fixing ability of Lichens 

has not been investigated. There are" 17 lichen genera 

possessing blue~green algal symbionts, (Murray, 1962, 1963a,b). 

These are classified below according to the genus of 

Phycobiont. 

i Nost'oc 

Dendriscocaulon 

Peltigera 

Leptogidium 

Lempholemma 

Collema. 
: 



Physma 

Leptogium 

Parmelliella 

Molleropsis 

Pannaria 

ii Scytonema 

Polychidium 

Coccocarpia 

iii Calothrix 

tichina 

Homospel~a 

iv Stigonema 

Ephebe 

Placynthium 

Steinera 

8. 

So little work has been dope on the ecology of lichens 

that it is impossible to speculate on the li~ely impact of 

any of these genera in native communities 0 

The bryophytes, Blasia and Cavicularia, are known to 

contain the nitrogen fixi~g Nostoc sphaericum, (watanabe and 

Kiyohara, 1963), while in Anthoceros the blue-green algal 

endophyte appears to be unable to fix nitrogen (Stewart, 1966)0 

Saubert (1949), (reported by Moore, 1966) estimated that 

the Azolla-Anabaena association (::ould add up to 300 lb N / 

acre-annum to paddy soils. Azolla rubra, thought to be a 

variety of Ao filiculoides, occu:rs in fresh water ponds and 

slow moving streams thro~ghout New Zealand o In this 

situation it would play a part in the eutrophication of lakes 

and waterways, but would have little impact on the nitrogen 

status of terrestrial communities 0 

In higher plants, blue-green algae form nodule structures 
. h f C dE· . 15N h f . ln t e roots 0 yca s. xperlments uSlng ave con lrmed 

that these nodules are capable of fixing nitrogen (Bond, 1959;. 

Bergersen et alo, 1965)0 

Of much greater impor,tance in New Zealand are the blue

greeR algal associates of the Angiosperm Gunners, 



(Haloragidaceae)0 Harder (1917) first isolated Nostoc 

trom Gunnera and claimed it to be nitrogen fixingo Winter 

(1935) identified the symbionta~ Nostoc punctiforme and 

Schaede (1951) has traced the infection of cells by the alga 

- and demonstrated conclusiv~ly the intracellular position of 

the alga in cells of Gunnera manicatao Drewes (1928) had 

shown that No punctiforme was able to fix nitrogen in the 

free stateD 

The algae occur in small "glands" situated at the 

base of the leaves" The" glands" are morpho logical f ea tures 

of the host plant (Miehe, 1924) and are subsequently 

invaded by the algao 

In New Zealand the 10 species of Gunnera (all endemic) 

a,re rather small herbaci~us plan1;s compared with the large 
, >. 

90uth African and South American _species 0 The New Zea'land 

species are widely distributed but are confined to wetter 

areas where they may form vast ~ats on swamps or damp road 

cuttings o Batham (1943), in describing the vascular anatomy 

of Gunnera sppo of New Zealand described the Nostoc "glands" 

and shows that each "gland" is supplied with two vascular 

traces terminating in the symbiotic regiono ,Philipson 

(1963) has an illustration of New Zealand Gunnera,.spo with 

intraceliular Nostoc cellso 

Recently, in this department, we have identified Nostoc 

containing "glands" in Go arenaria, G; dentata and Go strigosao 
, 

~xperiments are being conducted to determine the nitrogen 

fixing capacity of the symbiosis and to what extent nitrogen 

is transferred from alga to hosto 

50 Mycorrhizae 

There is increasing evid~nce that nitrogen fixation is 

associated with Gymnosperm myco~rhizal rootso Thus Stevenson 

(1959), in growth experiments and 15N2 exposures, concluded thfit 

Pinus.radiaba roots were capable of fixationo Richards and 

Voigt (1964) have also shown incorporation of 15N2 into mycorrhizal 

Pinus radiata'although they concluded that the nitrogen fixation 



possibly occurs in the rhizosphereo Subsequently Richards 

(1968) has presented further evidence for the above resultso 

Whether the nitrogen fixing system is due to the two organism 

mycorrhizal association, or wnether a three organism system is 

involved remains unresolved 0 

10. 

Of much interest in New Zealand are the gymnosperm genera in 

the Podocarpaceae, Araucariaceae., and Cupressaceaeo All of the 

New Zealand species bear nodules (Y~ates, 19Z4; Baylis et ai., 1963; 

Allen and Allen,1966)0 The nodules are found on the superficial 

feeding roots which form dense cushion-like masses ariOund the 

bas~s of plantso Baylis et alo (1963) have descri~ed the origin 

and structure of the nodules and conclude that they are morpho~ 

logical features of the plant w1:lich normally become infected with 

a vesicular-arbuscular phycomycetous fungus 0 Kahn (1967) has 

. recently confirmed that nodules are not mycorrhizal in origin 

inPodocarpus as roots of plants grown in sterile culture produced 

nodule~o 

Although Bond (1959) could find no evidence for nitrogen 

fixation in seven species of PodocarDus either in growth 

experiments or using 15NZ ' Bergersen and Costin (1964) found 

significant uptake of 15NZ into nodules of Po lawrencei 0 Be.cking 
15 (l965a) has further demonstrated N

Z 
uptake by nodules of 

Po rospigliossiio Recently Mo~rison and Engliph (1966) showed 

that the nodules of Agathis australis are capable of enh,ancing 

p1:losphorus absorption of these plants and also appear capable of 

incorporating 15Nzo Morrison (perso commo. 1968) has exposed 

nodules of Po nivalis, Po dacrydioides, Po ·totara and Phyllocladus 

to .15NZ 0 Results from these .experim~nts are extremely variable 

ranging from ZoO atom percent exc::eas 15N to no enrichment 0 

The normal endophyte of nodules in the podocarps is a 

vesicular-arbuscular phycomycete_of the Endogone type (Baylis et alo, 

1963; Becking,1965a). There is, however, good evidence to show 

that nitrogen fixation is definitely associated with this symbiosis' 

Uemura (1964) has consistently isolated actinomycetes from 

roots of Podocarpus macrophylla, and Sciadopitys verticillatao 

Isolation~ from the former are closely related to organisms 



isolated from Alnus, Eleagnus,; Coriaria and Ceanothus noduleso 

Morrison and English (1966) also report seeing an orqanism of 

actinomycete dimensions in nodules of A.?;athis australis. 

Therefore the possibility exists that these nodules may become 

infected by a phycomycete or an actinomycete (or both). Such 

invasions may be seasonably controlled and are p~obably highly 

competitive. 
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In New Zealand the podocarp species (plus A$athis and 

Libocedrus)often colonise pioneer sites and young soils in lowland 

and alpine areas. Po nivalis (which closely resembles 

Po lawrencei of Australia) and {>hyllocladus alpinus'are common 

inhabitants of poor soils such as high altitude moraines and 

shingle slideso It is probable that the success of podocarps 

on such sites is due to their enhanced ability to absorb inorganic 

ions by way of nodules, although nitrogen fixing ability may play 

its part 0 Until such time as repe?table nitrogen fixation is 

obtained and correlated with tn~ p~esence of a specific endophyte, 

this source of combined nitrog~n must remain tentativeo 

6. Leaf nodule symbiosis . ' 

Bacteria may occur in specialised glands and pits within 

plant leaves o Bremekamp (reported by Bond, 1967) found that 

species of Pavetta and Psychotria (Rubiaceae) possess leaf 

"nodules" as do many 'species of Ardisia (Myrsinaceae) 0 Bond 

(1959) was unable to demonstrate ni:trogen fixation in a leaf of 

Psychotria exposed to 15N2 for }2"hourso Hanada (1954, reported 

by Bond, 1967) isolated a Xanthomonas species from Ardisia hortorum 

which was shown by Kjeldahl analysis to fix nitrogen in culture. 

In minus-nitrogen sand culture, plants of Ao hortorum possessing 

leaf "nodules" showed healthy growth for two years. The most 

convincing report is that of Silver et ale (1963) who isolated a 

species of Klebsiella, a facultative aryaerobe, from leaf nodules 

of Psychotria bacteriophylla. In p.erobic conditions the organism 

grew well in nitrogen-free media and was capable of nitrogen 

fixation. Homogenates of leaves in aerobic gas mixtures 

incorporated 00029 atoms percent excess 15N• Although the 
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st-ructure of leaf "nodules" is not discussed, it is presumed that 

they provide an anaerobicenvix:onm~ntt:0rthe growt~ of bacteria 

similar to that found in root nodules. In New Zealand, Stevenson 

(1953) has reported glands on th~ stipules of many spe~ies of 

Coprosma (Rubiaceae)o Coprosma robusta plants were later shown 

to fix 15N2 (Stev~nson, 1959) although the fixation was reported 

to be in leaves rather than in.stipuleso Philipson (persocommo 

1968) conducted an experiment with Co robusta in which several 

plants were d'eprived of stipuleso The plants lacking stipules 

rapidly showed deficiency symptoms whi~e intact plants remained 

healthy 0 Stevenson (1953) also, ,reports that hairs within domatla 

on Coprosma leaves contain bacteria. 

The glands in the leaves"Qf Myoporum laetum and species of 

Myrtaceae are gener~lly acknowledged to be oil producing organs, 

however Stevenson (1953) claim~ that these and similar glands 

in Not:hopanax, Suttonia and Vitex leaves contain bacteriao 

The distribution of leaf glands is possibly of much wider 

extent and sigpificance than has been generally acknowledged. 

A survey is currently being carried out; under the auspices of 

International Biological Progr.am (IBP) .-to determine th~ extent 

of leaf nodulation throughout the worldo The pos~ibility exists 

that leaf glands may possess n~_trogen fixing bacteria in some 

cases, and an;o as pointed out by Humm (1944) and tenta\tively 

demonstrated by Silveret al. (1963), this symbiosis may provide 

the host plant with essential gr:-owth s\1bstances other than nitrogeno 

Depending on the specificity of these symbioses for the bacterial 

component,artificial introductionsof~itr6gen fixing bacteria 

could be applied to this group of host "plants. 

The phyllosphere (analogous to rhizosphere) is that area 

of the leaf surface in which the microflora are controlled by the 

meta~olic activity of the leafo ~uinen (1961) found that a 

considerable microflora, including species of Azobacter and 

Beijerinckia, exists on the surfaces of leaves of tropical plants 

~nd later (1965) demonstrated anthrone -and ninhydrin positive 

substances in the rain water and dew on leaves of tropical plants o 

In her experiments, excised leaves showed nitrogen gains of 20% 

. ~;."._.A,., •. __ ._-' '.,._., . 

, . - -. 
r _. __ ~ , • _ ••• , '.' •• 

, .. ,' .. 



to 105% in two weeks accompanied by gains in dry weight. Bond 

(1967) provides a' cri tical rev~,ew of Ruinen' s work, although one 

fact not mentioned by Bond is the unnatural condition under which 

the experiments were conducted. With the excision of the leaves 

for-two week experiments, the natural ",sinks" for photosy'nthate 

(apices, flowers and roots) we.r;e r;eqlOved. It is highly likely 

that excess carbohydrate was e~uded frO.m the leaf into the 

suspending water and thus the leaves were able to support an 

unnaturally vigorous microflorq,o Nevertheless the mere presence 

of Azotobacter and Beijerinckia in the phyllosphere is of 

importance although the real sLgnificance of this association 

to the nitrogen economy of plant s has y,et to be qemonstra ted. 

Ip New Zealand, Nordmeyer (1966) has made a survey ()f 

phyllosphere organisms of a variety of sub-alpine plants. 

Azobacter was not discovered and Beijerinckia found on one 

species onlyo 

70 Higher plants 

The inability of higher plpnts to fix atmospheric nitrogen 

has been challenged on a numbe.r,-of occasions. Ruben et al. 

(1940), using radioactive nitrogen ( 13l'J
2

) in wnat they claimed was 

a non-ammonia producing system, showed incorporation into barley. 

Burris (1941)-was unable to repeat this using 15N2o Similarly 

the claim for rice plants by Chakroborty and GUpta (1959) has been 

refuted by Hart and Roberts (1961)0 The claims of Stevenson 

(1959) and Turchin et al (1963) remain to be confirmed. 

Stevenson (1959) reviewed much work, both for natural 

communi ties and those containing ,exotic species, in w~ich balance 

sheets for nitrogen do not tally. In fact, many ecosystems 

appear able to accumulate considerable quantities of nitrogen in 

the absence of known nitrogen f~xing organisms. Stevenson's 

experiments concerned the growth of a wide variety of plants in 
15 minus-nitrogen sand culture and exposure of whole plants to N2 " 

Many plants appeared able to accumulate nitrogen in sand culture 

which was shown to be free of Azotobacter and Clostridium even 

when atmos_pheric ammonia was eliminated as a source of nitrogen. 
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More dramatic still are the r~sults obtained using 15N2 where an 

even wider array of plants showed evidence for fixation eog. 

Epilobium erectum incorporated 0.51 atom percent excess 15N into 

shoots from a gas mi~ture containing 25 atom percent excess 15N2 
in ~ 14 day period. As the total nitrogen of the plants was 

analysed this result means that over 2% of the total sho'Jt nitrogen , 
was added from the atmo1:>phere i:p a two week period. As no total 

nitrogen figures are given the actual amount cannot be calculated 

but must be quite considerable. Similarly, figur~s for roots 

of Dactylis glomerata, when reworked as above, give 1.0, 1.4 and 

2.1 ~ercent fixed nitrogen after exposure for 14, 18 and 30 days 

respectively. Such increases, if they occur as p~rt of the 

plants normal growth, should be much more readily manifest in 

their growth 0 The nitrogen gains in the above two plants were 

assumed to have come frsm roots, but whether by myco,rrhizae or 

bacteria could not be determine~. Fix~tion by le~fy shoots 

was ~lso demonstrated for several speci~s. 

Part of the general thesis proposed by Stevenson (1958a, b, 

1959) is that there is the possibility that higher plant tissues 

are capable of nitrogen fixat~op. N9n~ of Stevenson1s experiments 

were designed to test such a thesis and this proposal remains to 

be proven. Many criticisms have been levelled at the techniques 

used in the above experiments viz. long exposure times, reuse 

of gas mixtures and failure to maintain sterility. However, 
15 enrichments as high as 0.51 atom percent excess N are hard to 

explain even on these grounds. The possibiLity sf methylamine 

production and contamination of equipment with highly enriched 

material are not valid, as control material had enrichments below 

0.006 atom percent excess 15N• Burris (1966) made a plea to 
15 reduce the N2 exposure times to one to two hours to reduce 

external effects o It should be possible inlthis time to show 

nitrogen fixation'of the order uf that described above in short 

exposures, as long as reasonably enriched gas mixtures are used 

and only soluble nitrogen extracted. A six hour exposure of 

plant material using 95% enrichep 15N2 and extraction of soluble 

nitrogen (~a. 40% of total nitrogen) would result in an enrichment 
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of more than 0004 atom percent excess 15N fon::- the low'est enriched 

Dactylis glomerata plant described above and 0 008 atom percent 

excess 15N for the Epilobium erectum plantso 

The other work which deman.ds attention is that of Turchin 

et al~(1963) who claimed to have extracted a nitrogen fixing 

plant protein fraction from a variety of higher plantso Extracts 

from such unlikely plants as rye, birch, rose, timothy and 

b . h d t 2 0 t . 15N . . egon1a, s owe up 0 • a om percent excess 1n an ammon1a 

plus amide fractiono The ability to obtain nitrogen fixation 

in crude alcohol extracts.of plant tissue described in this work 

casts suspicion on the techniques usedo To date, no authen~icated 

and repeatable nitrogep fixing system has been shown to exist 

outside the lower plants. 

\. C/ 
80 .. /, Non-legume root nodule bearing plants 

. " 
There is little doubt that nodulated non~legume plants are 

the most important nitrogen fixing plants of the New Zealand 

native flora. As in/Finland, where the nodules of alders 

(Ao incana and Ao glutinosa) provide the bulk of fixed nitrogen, 

so in New Zealand the nodulated species of Coriaria and Discaria 

occupy a similar position. In the light of recent reviews 

(Allen and Allen, 1966; Bond, 1967) it would be pointless to review· 
... 

the whole field of non-legume symbiosis in angiosperms 0 It is 

intended therefore to review the position of Coriaria in its 

symbiotic role and in so doing cover some of the literature on 

certain aspects of non-legume nodulated plants as it relates to 

the present study. In particular, comparisons will be drawn 

from legume studies, an approach not mad.e in other reviews 0 

(a) Geographical and taxonomic distribution 

Some 30 species of Coriaria hav~be~nqescribed for the 
~-~-~~. ~ - .-'--~~-'~-"-'--~ -. -'" ., •. ,-,-, ", •• ; •• - • '.,< -.~ 

monotypic family Coriariaceaeo The species show extreme 
'---'-"""r;"~- ,r' ,-~,. ,"~, • , __ ., 

discontinuity in distribution being found in southern 

. Europe, eastern Asia, south and central America, New Guinea 

and New Zealand. Distribution of the species has been the 

subject of a monograph by Good (1930) who speculates that in 



light of its present distribution Coriaria must have been present 

in many areas from which it has since disappeared. Taxonomically 

the genus presents many difficulties due to extreme natural 

variation and hybridisation, (Good,1930L Oliver faced similar 

problems (1964) in his revision of the New Zealand species which 

are currently divided by Allen (1961) into 7 species and a 

species complex, the taxonomic status of the latter being rather 

doubtful. 

(b) Coriaria nodules and nitrogen fixation 

The first record of nodulation for Coriaria is'from Japan 

where Shibata and Tahara (1917) made a study of root nodule 

morphology and structure of non-legumes including Coriaria. 

Kataoka (1930) subsequently demonstrated that nodulated 

Co japonicaplants were capable of nitrogen fixation. Kataoka 

made many observations on the growth and, physiology of Coriaria 

nodules, noting the highly "aerobic" development of nodules, 

and that the nitrogen content of young nodules was greater than 

that of older nodules and of roots. >~a~aoka found that crushed 

nodule suspensions would not c;ause nodulation in sand grown 

Coriaria plants and also that chance infection in sand culture 

was a very rare phenomenon 0 Sand culture experiments 

demonstrated -the ability of nodulated Coriaria to fix atmospheric 

nitrogen 0 

Nodulation by New Zealand Coriaria is first recorded by 

"Cryptos" (1944) who reported nodules on Co sarmehtosa in the 

Wairarapa district. The many oQservCiti<:ms reported by "Cryptos" 

led him to believe that these nodules were nitrogen-fixing 

structures. 

Bond (1958) drew attention to the importance of Coriaria 

as a nitrogen fixing genus and in particular to its likely 

importance in New Zealand. Monsterrat ,(1958) extended knowledge 

of nodulation to include C. mvrtifolia a native of the western 

Mediterranean. Stevenson (1958) exposed whole plants of 

Co arborea to 15N2 and speculated that nitrogen fixation may 

have occurred in shoots and roots as well as nodules. The first 



conclusive proof that Coriaria root nodules are capable of nitrogen 

fixation was provided by Harris and Morrison (1958). In their 

experiments nodules of C. ,arborea were excised and exposed to a 
gas mixture containing 10% 02 and 90% N2 30 atoml~ercent excess 
15N• Acid extracts of the nodules gave excess N values from 

0.51 to 0.89 after a 24 hour expsure. Morrison and Harris 

(1958) added Discaria toumatou to the list of nodulated non-legume 

plants, and again reported (1959) on the inability to find nodules 

on C. sarmentosa roots in New Zealand. Excised nodules of 

Discaria were shown to incorporate 15N2 (Morrison, 1961). 

Fixation of nitrogen by C. myrtifolia was demonstrated in a 

sand culture experiment by Bond (1962). Nodules of this species 
. . 

were shown to have the same gross morphology as described by 

Shibata and Tahara (1917) for C. japonica. 

Burke (1963) extended our knowledge of nodulation of New 

Zealand species of Coriaria, showing the preseri~e of nodules on all 

species and five hybrids. Mark (pers. comm. 1967) coll~cted 

nodulated Co papuana from the central high.lands of New Guinea, 

and also C. intermedia is mentioned as nodulated by Shibata and 

Tahara (1917)0 Thus two more species must be added to the list 

of Allen and Allen (1966). It is probable that all species of 

Coriaria are nodulated and fix nitrogen. 

The number of known nodulated non-legume genera continues 

to grow with the recent additions of Arctostaphylos, Purshia and 

Cercocarpuso Webster et al. (1967) have confirmed nitrogen 

fixing capacity of nodules of Purshia tridentata using 15N2 " 

(c) Ecological importance of nodule bearing non-legumes 

The ecological importance of nodulated non-legumes in 

countries of high latitudes such as Finland and Canada and the 

temperate regions of New Zealand where leguminous species are not 

common or vigorous, is hard to overstress. Moore (1964) discusses 

ecological importance of non-legumes in Canada where they may 

form an appreciable proportion of the shrub layer. Rates of 

nitrogen accumulation in natural ecosystems have been derived 

for a v~~iety of non-Legume nitrogen fixing species: Myrica gale, 
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(Bond, 1951), Dryas drummondii, Alnus crispa and Sheperdia 

canadensis (Crocker and Major, 1955), Alnus 'crispa (Lawrence, 

1958), Casuarina eguisetifolia (Dommergues, 1963), Alnus glutinosa 

(Virtanen and Miettenin; 1963), Ceanothus ,spp. (Delwiche et al., 

196-5), Comptonia peregrina (Schramm cited by Bond, 1967), Alnus 

rugosa (Daly, 1966) and Hippophae rhamnoides (Stewart and Pearson, 

1967)0 
In New Zealand,Stevens (i963) has studied nitrogen 

accumulation on newly exposed parent material after retr~at of 

the Franz Joseph glaciero The major nitrogen cont~ibution on 

the flat terraces was due to the indigenous legume Carmichaelia 

grandiflora and to a lesser extent from Coriaria arborea. One 

tentative measurement at this site indicated that C. arborea 

coule}. contribute as mu,ch as 100 lb N / acre-annum. Oliver (1942), 
in his monograph on Coriaria in New Zealand, recognised C. arborea 

as a pioneer plant of river terraceS and the coast and designated 

it a light demanding species; he did not, however, recognise its 

possession of root nodules. Bond (1958) remarked on the 

probable ecological importance of Coriaria and this ha~ been 

further discussed by Harris and Morrison (1958) and Morrison and 

'Harris (1959). Stimulation of associated 'vegetation has been 

noted for Co~iaria spp. invading new sites, (Burke, 1963; 
Druce, 1957 and Druce cited as,.pers o comma in Morrison and Harris, 

1959). 

(d) N,ature of endophyte and site of fixation 

The precise nature of the endophyte of non-Legume nodules 

remains undetermined 0 An extensive literature on this subject 

has accumulated since the original investigations of the last 

century 0 This literature has been reviewed by Bond (1963), 
Raggio and Raggid (1962) and others and the present state of 

knowledge leaves little doubt that the endophyte is an actinomyce~~ 

but consistent failure to reinfect plants with isolated organisms 

makes precise determination impossible. 

Sections of nodules observed under the light microscope reveal 

a variety' of forms. Morrison and Harris (1958) observed the 



endophyte of Discaria to be filamentous near the nodule apex, 

producing vesicles in more proximal parts of the nodule. For 

Ceanothus, a genus closely r~lated to Discaria, Furman (1959) 

has made a detailed microscopic and microchemical study. The 

thallus is shown to become compacted into a "peloton" occupyihg 

most of the cell, the hyphae being terminated by vesicles. There 

was no evidence for gametes or spores in these vesicles and 

although vesicles are nOAmally present in mature nodules, they 

no~mally terminate hyphae rather than occur on their own. 

Myrjica gale nodules also possess fine hyphae although with club 

sha'ped ends (Fletcher, 1955). Fletcher also described segmented 

.fQrms of hyphae looking like bacteria end on end. 

The endophyte of Alnus
i 

sppc has been the subject of many 

cytological investigations. Much of this work has been 

revi~wedby Schaede (1962). Becking (1965b ) investigated the 

endophyt€ of Alnus and its growth within sterile cultur'ed nodules 

and concluded that the end,ophyte is an obligate symbiont as the 

organism failed to grow out of surface sterilised nodule slices 

even when these slices would cause reinfection of alder plants. 

Such a conclusion can hardly be. justified on that evidence alone, 

(Allen et a1o, 1965). The nodules of Goriaria have been studied 

cytologically by Shibata and Tahara (1917) and Allen etal. 

(1966). The distribution of the infected cells.'is assymetrical 

within the nodule, the hypertrophied endophyte-containing cells 

displacing the stele to one side. The endophyte occurs with the 

hyphae in a radial arrangement. Infection starts with the invasion 

of peripheral hyphae which send radiating hyphae towards the centre 

of the cell, this centre remaining free of endophyte and possibly 

representing the vacuole. 

described but in actively 

dimensions and proportions 

-legumes are not present. 

Club shaped ends of hyphae are 

$rowing young nodules, vesicles of the 

described for other species of non~ 

The electron microscope has recently added much to our know

ledge of non~legume nodule structure and in particular of the 

endophyte in vivo. Silver (1964) made a study of Myrica cerifera 

nodules. Jhe hyphae within the infected cells are shown to be 
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branched septate and with enlarged club-shaped tips. Little host 

cell sub~tructure other than nucleus is shown to remain in ,'., 

infected cells. 

Becking et ala (1964) in their study of Alnus glutinosa 

nodules describe three forms of the endophyte. Hyphae are shown 

to be terminated by large (4-5 }-l) vesicles. In contrast to 

Silveri s study of Myrica, Beckinget al. demonstrated abundant 

host cell structures- including mitochondria and a membrane of 

host origin surrounding the inf'E?cting hyphae and vesicles. They 

describe a third form of the endophY't-e, the "bacteroid" (0.5~1.5J.1), 

existing in host cells which have lost vesicles,nucleus and 

mi to.chondria • 

A further ei'ecrronm.icroscope study of Alnus nodules by 

Gardner (1965) confirms the presence of three forms of the 

endophyte d~scribed ~bove_but differs in that vesicles are said 

to be the predominant stage of the endophyte attained during 

winter. Vesicles are thus described as resting sporangia by 

Gardner. In further contrast, Gardner describes the "bacteroids" 

as being confined to host cells very rich in sub-structure 

(cf. Becking et ala 1964). 

Two different groups of plants can be separated on the basis 

of nodule anatomy. The nodules of Ceanothus, Alnus and Discaria 

possess abundant vesicles in infected cells while those of Myrica 

and Coriaria possess hyphae, which may be swollen at the tips, as 

the dominant form. In the former group the hyphae are compacted 

intQa "peloton" while in,the latter the hyphae are arranged in 

paralleL fashion. 

With the establishment of the fact that 

structures exist in nodules the vesicles are 

1965b)to be the site of fixation. Becking 

two or three distinct 

f~voured ~y Becking, 

(1965b) has produced 

ineffective_nodul~s lacking vesicles on Alnus glutinosa by 

inocculation with cultured nodule tissue and suggests that 

nitrogen fixation is therefore associated with vesicles~ 

AllEm_et aL (1966) suggest that the absence of vesicles from 

effective Coriaria nodules is evidence either for a fundamental 

difference in symbiosis or for the vesicles not being the site of 

fixation. However, the club shaped ends of hyphae in Coriaria 
and Myrica may function as vesicles. 
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Uemura (1961, 1964) and Meyer (1966) consider the vesicles 

at the end of hyphae in Alnus,. Eleagnus and Hippophae and the 

club shaped tips of Casuarina, Coriaria and Myrica to be involute 

forms of the organism. This term is a morphological one and 

refers to their formation in old cultures and probably should not , 
be used for forms developed within nodules. Becking et ala (1964) 

compare the structure of vesicles in alder nodules with those 

produced in 

from Alnus. 

culture by one ofUemura's Streptomyces isolates 

The vesicles in culture were smaller than those in 
I 

nodules and lacked the cro~s walls. 

The formation of bacteriCil-like cells, "bacteroids", is another 

unresolved problem. Schaede. (1933) observed that the endophyte 

may suffer two fates; either digestion, indicating host supremacy, 

or the hyphae may fragment to give "bCj.cte.roids" in which case 

host cytoplasm disintegrates. This latter form was thought to 

be a reproductive stage. Pommer (1959) on the other hand 

isolated an actinomycete from Alnus which in culture produced 

enlarged swellings; these were internally divided and broke 

down to give "bacteroids". The electron microscope study of 

Beckin~ et ala (1964)confirms'Schaede (loc. cit.) in most details. 

Beckinp et ala consider there m.;ty be two alternative fates for the 

endophyte ~ .a~ter inf ection either the endophyte becomes enclosed 

in a host produced membrane and produces vesicles or is .reduced to 

"bacteroids"o An alternative view, however, is that the 

"bacteroid" forms are produced as the. symbiosis ages. More 

detailed studies are required to estaqlish the way in which the 

different forms develop with time. 

The fact that vesicles and hyphae are enclosed in a cyto

piasmic membrane led Becking (1965b) to speculate on this membrane 

as the site of fixation in Alnus. This theory had been proposed 

by Bergersen (1960a) for soybean nodules. He later proposed 

(Bergersen, 1960b) a scheme for fixation in legume nodules in 

which the bacteroid envelope played. a major role in fixation. 

The bacteroid envelope in legumes had been demonstrated by electron 

microscopy by Bergersen and Briggs (1958) who showed the enclosing 

membrane to be of host cell origin. Subsequently Dixon (1964) and 



~oodchild and Bergersen (1966) have shown that the enclosing 

membranes arise by an endocytotic process as the infection 

thread passes through the host cell wall. 

On quite different evidence Stewart (1962, 1966) proposed 

that the site of fixation in nn-legtmes is outside the endophyteo 

He considered the rate and magnitude of removal of fixed nitrogen 

to be too great to be accounted for by dissolution of endophyte 

cellso rhus for several years the theories of Ber~ersen were 

in vogue for both legume and non~legume symbiosiso Such a theory 

is now no longer acceptab1eo High labelling of the. membrane 

fraction of soybean nodules could not be repeated by Kennedy et 

alo (1966) and Klucas and Burris (1967)0 Bergersen (1967) and 

Koch et alo (1967) have now shown quite conclusively that fixation 

occurs within the bacteroid cello 

Identification of endophytes by isolation continues to be an 

upresolved and vexed questiono.' This "work has be~n well reviewed 

by Bond (1963, 1967) and Uemura (1964), and otherso A considerable 

number of workers have observed actinomycetes within nodules and 

have consistently isolated actinomycetes (usually Streptomyces) 

from the nodule interioro Moie recent repo~ts include those of 

Uemura (1961, 1964), Allen et aL (1966), Danilewicz (1965) and 

Wollum et aL .(1966) 0 In very few cases have any of these 

isolates been reported to caus~ infectiono Those examples which 

do report a re-infection either did not provide adequate controls 

(Pommer, 1959) or proceeded only to. the stage of root hair swelling 

(Wollum et ala, 1966L The formation of nO,dules on plants is 

usually brought about by application of crushed nodule suspension 

to sand or water culture grown plants ~ in the absence of an 

isolated effective organism. 

unsuccessful (Kataoka, 1930; 

In Coriaria this method has proved 

Bond, 1958; Allen et alo, 1966) 

and all nodule production for experimental work on this genus is 

made in soil~ Bond (1962) reports that soil taken from roots of 

Co myrtifolia would successfully cause nodulation on that species 

but not on Co japonicao 
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(e) Physiology of nitrogen fixation 

i Whole plant studies 

Considerable research has been made into the physiology 

- of nitrogen fixation in n6n~legumes ~ particularly by Bond 

and co~worke~s in Glasgow;. Early results indicated marked 

differences between the Legume and non~legume s.ymbiosis~ 

_ _ __ )~.owever, many of these dif f erences have been reso 1 ved or 

better understood in recent years. It is likely that the::: 

similarity in the fixation process now known for Rhizobium 

and the free~living bacteria Azotobacter and Clostridium, 

will also be foun.d to exist for non-legume (?actinomycete) 

fixationo 

InhibitLon of nitrogen fixation by addition of combined 

nitrogen is known to be a geperal effect on symbiotic nitrogen 

fixing systemso In general both nodulation and fixation 

are suppressed by high ,levels of available nitrogeno 

Thornton (1947),using tracer techniques,established that 

nitrogen fixation by nodulated soybeans and lespedeza was 

inversely proportional to.the amount of combined nitrogen 

suppliedo Allos and Bartholomew" (955) extended this 

finding to include a variety of l~gumeso Similar results 

have beeri obtained for non~legutile~ by McConJ].el and Bond 

(1957), Stewart and Bond (1961) and Stewart (1963)' among 

.otherso There is increasing evi~ence that low concentrations 

of combine'd nitrogen 'may enhance fixation (Gibso~ and NU,/=m<;ln, 

. 1960, for legumes and McConnel and Bond', 1957, for Alnu1s). 

In common with the findings of Gibson and Nutman (loco cito), 

Darbyshire (1966) showed that nitrate and nitrite of the 

order of 10 pg/plant for Trifolium sppo delayed nodulation, 
'. 

prolonged the initial rapid root infection phase and 

stimulated lateral root_ formation, whereas ammonium or 

urea had no effect at these concentrations.' Higher 

concentrations of all forms of nitrogen delayed and decreased 

nodule formation and increased root growtho Altering the 

carbohydrate status of the plant had no inf luence- on nodule., 



formation in Darbyshire!s experiments3thus the balance of 

carbohydrate and nitrogen in the plant, once thought to be the 

ma'jor controlling inf luenceon nodulat.ion, was considered to have 

very little effecto 

Tanner and Anderson (1963) have suggested that the effect of 

inorganic nitrogen on nodulation is an external one in that addition 

of nitrate to Rhizobium reduc~s the 1M concentration because of 

its destruction by nitrite formed from the added nitrate. 

However, Cartwright \(1967) cou14 find no evidence for the specific 

effect of nitrate on nodul~tiono Th~ general conclusion being 

that the accumulation of unassimilated. nitrogen and depletion of 

carbohydrates ,generally reduc;.eq. nodula tiono 

Thus the effects of addition of combined nitrogen appears 

to be similar for non-legumes and legumes, however, the mechanism 

in each case for ~nitiatiori and fixati~n is largely unresolve4o 

Rate'of translocation of fi~ed nitrogen from nodules to 

shoot is similar in legumes and non-legumeso In legumes a high 

percentage of the fixed nitrogen is rapidly transloca"):ed from the 

nodule to the host plant (Bond,1936; Pate,1958a)0 A similar 

situation has been shown for aLder (Stewart (1962)0 

TJle pathway of translocation in alder has been identified as 

the xylem (Bond, 1956)0 ,In these expe.):"iments substantial 

enrichments of 15N occurred in. shoots six hours after exposure 

of noduleso 

The form of translocated nitrogen in most high~r plants is 

organic nitrogen (Bollard, 1957, 1960L Pate and co-workers have 

used the technique of collecting bleeding sap from legumes to 

study the symbiotic relationships of these plants (e.g. Pate, 

1962; Pate, Wallace and Van Die, 1964; Pate and Wallace, 1964)0 

The majority of translocated nitrogen in the field pea (Pisum 

arvenQe) moves in tha amidB'asparagine, and the appearance of 

this amino acid occurs at the onset of symbiotic activity. The 

use of bleeding sap exudates provides an elegant method 6f 

studying symbiotic relationships as well as metabolic activity 

6f root systems. 
.' 



ii Excised nodules 

Early studies of fixation of 15N2 by excised legume nodules 

(Burris et al., 1943; Tove, Niss and Wilson, 1950) often failed ~ 

because of a rapid falloff in nitrogen fixation after excision, 

presumably due to a depletion of respiratory substrate. By 

rapid nodule excision and extracting the soluble fraction only 

for analysis , Aprison and Burris (1952) were able to achieve 

censistent uptake of 15N2 in legume nodules. However, fixation 

rapidly falls off in legumes, reaching zero in less than 6 hours. 

In many non~legumes, fixation in excised nodules continues for 

24 hOt,Jrs (Bond, 1957). Excised nodules of Myrica ce"rifera 
15 (Sloger and Silver, . 1965) incorp.oEat.eci-·L 6 atem percent N XS over 

.. . 15 
18 hours from 30% excess N2 ~as mixture, the increase being 

virtually linear over this period. 

Using excised nodules, Bond (1961) has demonstrated an 

oxygen tension effect en nitrogen fixation for several non-legumes, 

optima being reached at p02 001 to 0 02. For legumes it is 

known to be reached at higher concentrationseog. 0.58 in soybeaI! 

nodules, (Bergersen, 1962). Using whole plants, Ferguson and 

Bond (1954) found increased oxygen tension in the reot medium 

f~voured nitrogen fixation in red clovero In a similar experiment" 

with alder McConnell (1959) demonstrated an increase in nitrogen 

fixation with Increasing p020 

Bergersen (1962) separated the effec~~ of respiration and 

nitregen fixation in soybean nodules showing that above 0~5, p02' 

the permeability barrier .outside the bacteroids breaks doWn 

permitting p02 at ~he bacteroids te ,ris~. N"itrogen fixation is 

subsequently inhibited as oxygen competes with the nitrogen for 

reducing power generated by the bacteroid::;. Further work by 

Bergersen (1966) and Bergersen and Turner (1967) has confirmed 

the anaerobic nature of the nitrogenase enzyme system. The 

difference between legume and non-legume p02 function on nitrogen 

fixation may now be visualised as a ~ifference in the degree of 

pretection afforded this enzyme system by the surrounding tissue. 

In this respect discussion of the role played by haemoglobin is 

important. 



Haemoglobin was first positively identified as the red 

pigment from legume nodules by Keilin and wang (1945)0 This 

pigment is not normally produced by host or bacterium when growing 

alone and is not present in free-living nitrogen fixing organisms. 

Its presence in all legume nodules actively fixing nitrogen, 

absence in ineffective nodules, and the inhibition of nitrogen 

fixation by carbon monoxide led many workers to speculate that 

haemoglobin was directly implicated in the fixation of nitrogen 

(e. go Abel, 1963). Further, the correlation between leg

haemoglobin content and nitrogen fixed, e.g. Virtanen et al. 

(1947) s trongly suggested direct action of haemoglobin. .However, 

Bergersen (1961) showedtha t this relationship, although occurring 

under a variety of conditions, was not necessarily a ca~al one. 

More recently the role of leghaemoglobin in nitrogen fixation 

has been conclusively shown to be indirect. Bergersen (1966) has 

prepared nitrogen fixing suspensions of bacteroids, free of 

haemoglobin, from soybean nodules and Koch et ala (1967) and 

Bergersen and Turner (1967) have prepared cell free extracts from 

soybean bacteroids capable of fixing nitrogen in the absence of 

leghaemoglobin. The role of leghaemoglobin is now envisaged as a 

protective one for the bacteroid site of nitrogen fixation. Thus 

oxygen may be ~apidly transporteq to the bacteroid through the 

haemoglobin to support respiration, but free oxygen would not be 

available to compete for reducing power at the nitrogen fixing site. 

Smith (1949) was unable to detect haemoglobin in alder nodules. 

Lf,kewise Moore (1964) was unable to detect h~emoglobin absorption 

bands in sliced nodules of species of Alnus, Eleagnus, Shepherdia 

and Hippophae. On the other hand Davenport (1960) claimed that 

Casuarina nodules possess a pigment with spedttDscopic properties 

of haemoglobin and that Myrica and Alnus contain bound forms of 

haemoglobin. In view of the fact that only a secondary role is 

played by haemoglobin in nitrogen fixation, its possible absence, 

or presence in ~ery low quantities in non-legumes, does n'ot 

constitute a fundamental difference in the nitrogen fixation 

process as has been suggested. 



(f) Nitrogen metabolism 

Little work has been undertaken' on non-_legumes to ascertain 

the path of nitrogen in the fixation process. In a paperchromato

graphic study of the nitrogen constituents of leaves,roots and 

nodules of alder, Miettinen and Virtanen (1952) showed citrulline 

to be the major amino acid of nodules. The presence of citrulline 

in unnodulated roots demonstrated that citrulline is not a compound 

specific to nitrogen fixation in this plant. Leaf et ale (1958, 

1959) have followed incorporation/of 15N2 into the various amino 

acid components of Alnus and Myrl.ca nodules. With.exposure 

times of 30 minutes and longer, the high labelling of the carbamyl 

nitrogen of ci;trullinein'Alnus, and the amide nitrogen of glutamine 

and asparagine in Myrica, strongly suggests ammonia as an early 

product o.f fixationo The low labelling of free ammonia in each 

case is probably a function <of the. ,amount of ammonia not directly 

concerned in fixationo Similar ingirect evidence for the 

implication of ammonia in legume~ni~rogen fixation was obtained 

by Aprison et ala (1954) and Zelitch etaL (1952). By use of 

refined 15N2 techniques, Bergersen (1965) showed directly that 

ammonia is the first stable proauct of nitrogen fixation in 

soybea~ nodules. 
Bond .(1964) achieved a low level of incorporation of 15N2 

into the acid soluble material of crushed Casuarina noduleso 

Sloger and Silyer (1965) reported fixation in anaerobically 

prepared homogenates of Myrica cerifera nodules only when supplied 

with dithioniteo Sloger and Silver (1966) improved the above 

results by incorporating an ATP generating system (via creatine 

phosphokinase~ in~o the homogenates o In·view of the recent 
work o~ cell free systems from soybean nodules the above results 

indicate similar requirements for non-legume symbiotic nitrogen 

fixation to that found in legume nodules and in free-living systems 0 

Moore (1964) reported that nodules of Alnus sppo and Eleagnus 

commutata were incapable of evolving hydrogen. In view of the 

general.presence of hydrogenase activity in nitrogen fixing 

organisms, this absence was thought to. represent a fundamental 

difference_in non-legume symbiosis. However, as Bond (1967) has 

pointed out, no evidence is given of the nitrogen fixing ability of 
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the material usedo An alternative explanation may be provided 

in the work of Dixon (1967)0 In pea root nodules Dixon found 

no evolution of hydrogen but rather an uptake of hydrogen. He 

c~ncluded that at least two separate hydrogenase systems exist and 

tnat they work in opposite directions and thus must be situated 

at different siteso 

nodules. 

A simi1:ar situation could exist in non-legume 

Recent work by Stewart et ala (1967) shows that nodules of 

non~legumesare able to catalise the reduction pf acetylenet-o 

ethylene, a phenomenon now shoWn to b~ characteristic· of the 

ni_trogenase system of enzymes ip legume nodules and free living 

b .. cteria. 

Bond and Hewitt (1961), Hewitt and Bond (1966) have 

d~nstrated a specific requirement for molybdenum andc~obalt- by 

nitt'ogen fixing non-legume nodules, and recently Bond and Hewitt 

(1967) have shown that copper enhances nit~ogen fixation in a 

similar way to that shown for legumes. As for molybdenum, no 

s~ecific rel~ in the nitrogen fixation process has yet been 

assighed to. copper. 

The increasing amount of work being conducted on symbiotic 

nit'regen fixation tends to reinforce the hypothesis that enzyme 

sy~tetns in legumes and non-legumes a~"e the same .As has been 

stressed in the foregoing review the small physiological and 

biPchemical differences may be explained. 

Co A RATIONALE FOR RESEARCH ON CORIARIA 

The present experimental work was planned to provide a 

quantitative assessment of nitrogen g~ins by root nodules of 

Coriaria plants.growing in the field and the glasshouse and in 

particular to verify the putative 'importance of Coriaria in New 

Ze~land plant communities. In add~tion it was hoped that the 

physiology of nitrogen fixatien in intact plants and exci'sed 

nedules could be studied using 15N2 in order to make comparisons 

with other non-legume and leg~me nitrogen fixing symbioses. 
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CHAPTER 2 

MATERIALS AND METHODS 

Those techniques which were used on several occasions are 

dealt with in this section 0 More specific techniques and 

departures from standard t:echnique are described with the 

investigation. 

A. RAISING POPULATIONS OF NODULATED PLANTS 

29. 

All seed and plant material of Coria ria arborea was 

collected fJ:p~ Kaikoura. Seed, collected between March and May, 

was sown from mid-August onwards on to a 1;: 1 mixture of 

inoculating soil and washed river sand. Initially, soil from 

around roots of C. arborea plants growing in a reserve "Town 

Belt" in Dunedin was used as this was known to nodulate plants 

readily, (Morrison,pers. comma 1965). Subsequently a soil from 

Rotorua was found to be sU2erior to the Dunedin soil both in 

period for nodule formation and number of nodules formed. 

Under warm conditions germination began two weeks after 

sowing and proceeded for a further three weeks. . Plant growth 

was slow on the two soils used and 1:>ythe time six to eight 

leaves had formed, red pigmentation in st-ems and leaves indicated 

growth suppression due to nitrogen deficiency. These symptoms 

were relieved six to eight weeks after germination when nodul~tion 

normally began and lush nitrogen-sufficient foliage was produced. 

Plants showing more severe deficiency symptoms of yellow foliage 

failed to produce nodules. Nodulated plants were removed to 

sand culture at two week intervals. Selection of even sized 

plants from these populations, and from succeeding sowings, 

allowed new batches of plants to be established until December. 

From December onwards nodulation in the glasshouse was irregular 

and unreliable. 

'.-. - -~~-~ . '- - .. - -- - . ~ . 
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Bo CULTURE TECHNIQUES 

I. Sand culture 

A commercial horticultural grit consisting of screened, 1/4 

inch lIall inll, washed river sand was used for sand cultures either 

in 4 inGh (1.2 litre) plastic pots or 7 inch (5 litre) painted 

tins. ).n. spme cases where increased water holdingcapaci ty was 

required, f or large plant·s, 1 : 1 sand I vermiculite or sandi 

perlite ,mixtures were ·used. . Vernr:~rculite was leached for 24 hours 

until pH of the effluent· had fallen to 7.0. .Nodulated plants 

were nor~ally watered daily and supplied twice weekly with minus-' 

nitrogen nutrient solution of the Long Ashton formula, (Hewitt, 

1952, 1966). Iron was supplied to sand cultures as Fe.EDTA at 

1 ppm in the above solution. The above techniques produced very 

healthy plants, but after removal from inoculating soil no new 

nodules were formed. 

2. Water culture 

Gr~at difficulty was experienced in maintaining healthy 

plants in water culture. Plants grow:ing in one litre capacity 

containers aerated through a s~ngle capillary quickly showed 

nitrogen defid .. ency symptoms in leaves with dark nodules and , .. 

roots. It became obvious that nodulated Coriaria plants reqUired 

more than usual aeration both. for maintaining healthy root growth 

ani! for nodule ventillation. 
r, - t-

An .apparatJ,Js was devised (fig., 2.1, plate 2.1) in which 

roots aJ1Q. nodules were alternately bathep in aerated nutrient 

solution_anq. exposed to 'air. A polystyrene culture tank 18 x 
12 x 6 ~nch~~ (20 litre) was connected via a ~ inch glass siphon 

tq a similar. ve~sel immediaj:ely.beneath it. Subsequently it was 

f-otind that some polystyrene contains toxic plasticisers and PVC 

tanks a.r:e now used for culture work. A fibreglass pump, 

mounted 'below, received nutrient solution via a 3/4 inch PVC 

tube, and continuously returned the solution to the top tank via 

~ inch tubing. Four identical systems were connected in parallel 

to one elec·tric motor. The rate of pumping and siphon size were 



FIGURE 2.1 

Circulating water cul~ure apparatus. A 

20 litr~ polystyrene tank is connected via 

a siphon to a lower tank. Nutrient solution 

is continuously pumped from the bottom to the 

top tank while 'the siphon periodically 

'empties the top tank to a level determined by 

the depth of the si~hon. 

PLATE 2.1 

Four water culture systems in parallel in the 

glasshouse. 
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chosen so that when the top tank filled the siphon operated, 

rapidly emptying the top tank to the siphon intake levelo When 

siphoning ceased, the top tank slowly filled again. Siphoning 

time was approximately three minutes and refilling time eight 

minutes; thus root systems oJ plants were exposed to air five 

times every hour 0 Free fall of solution into both tanks 

ensured thorough aeration, oxygen concentration being 98-100% of 

saturation as measured by an oxygen e.lectrodeo A PVC cover, 

with 35, 1 1/4 inch holes covered the top tank, plants bei~g 
supported by split rubber washers • 

. Very satisfactory results have since been obtained using 

similar vessels and large volumes of finely diffused compressed 

airp .Three feet of ~ inch PVC tubing, weighted with glass beads, 

was laid in the bottom of the tanko Eight or more aquarium 

a_erati.pg stones were inserted,. into the tubing by forcing them 

into small drilled holes. When air was forced through the 

system at cao 1 litre / minuteostone the roots of all plants in 

the.tank were continuously bathed in small air bubbles and very 

healthy roots and nodules obtained. A further modification to 

this technique was to lower the solution level to below the 

nodules of plants and the fine mist produced above the liquid as 

bubbles broke-surface was sufficient to maintain healthy root 

growth. Half strength nutrient solutions were used for all 

water culture experiments. 

Co HARVEST AND ANALYSIS 

10 Plant harvest 

At harvest,plants were ~ivided into rootishoot and nodule 

and dried at 10So C for 24 hours. Individual weights were 

taken for each plant and plant part so that variability data 

could be obtained for statistical treatment 0 The dried material 

was then bulked for each treatment and passed through a "Cassella" 

grain mill using a 005 mm screen and stored, after redrying, in a 

desiccator over CaC12 0 



.2. Kjeldahl nitrogen analysis 

Total nitrogen was estimated on dried and milled plant 

material or on liquid extracts by a semi-micro Kjeldahl technique o 

The digestion mixture consisted of 19 selenous acid and 1 g 

copper sUlphate in 100 ml nitrogen-free sulphuric acid. Frothing 

of material during charring of carbohydrate was reduced by adding 

,two drops of 50% v/v aq silicone antifoam. Digestion was carried 

.on for one hour after the solution clearedo A variety of 

catalyst nlixturesl. with and without potassium sulphate, and 

digestion times were tried but no significant increase in 

recovery of nitrogen from Coriaria material was achieved 0 

Ammonia was distilled from the digest in a Markham still 

into 5 ml of 2% boric acid cont~ining four drops of mixed 

indic,ator (Ma and Zuazaga" 1942). Distillation was continued 

until 30 ml of distillate was collected (distilling rate 6ml / 

minute) 0 Titration was made with standardised HCl to a standard 

colour obtained on an equivalent amo~nt of double glass distilled 

water containing boric acid and indi~ator. Using this method 

amounts of nitrogen down to 10}lg could be determined and 

differences of 2 pg were recognisable and repeatableo 

30 Separation and estimation of nitrogen fractions 

Three main nitrogen frac~ions were separated and estimated 

from alcohol extracts of nodules or directly on xylem sapo 

Methods are based on those of Vickery et alo (1935), Barker and 

Volk (1964) and Bergersen (1965)0 

(a) Ammonia nitrogen 

The extract was brought to pH 10 with saturated borax 

solution, in a vacuum distillation apparatus. Distillation 

of ammonia into boric acid was continued for 30 minutes 

under vacuum (50 mm Hg) the sample maintained at 400 C in a 

water bath. Acid scrubbed air was drawn through the 

solution and the apparatus to carryover the ammonia. 

Ammonia determination was made by direct titration of the 

boric acid. 



(b) Amide nitrogen 

Subsequent amide distillation was conducted by alkaline 

hydrolysis of the extracto Five ml of 40% sodium hydroxide 

was added and then distilled by boiling for 10 minuteso 

Ammonia was collected i~ boric acid and titrated directly. 

(c) Amino nitrogen 

Total amino 

by the method of 

be recovered for 

nitrogen was determined colorimetrically 

Rosen (l957L When amino nitrogen was to 
15 ' 

N analysis, ~he method of Kennedy (1965) 

was usedo In this technique amino acids are reacted with 

ninhydrin in solution, the colour complex is then broken 

down and the ammonia liberated is distilled off. 

Two modificatiohs of the Kennedy technique have been 

necessary for the work with Coriaria extracts. Firstly, as up 

to 10% of the amide nitr"ogen~was liberated in the reaction, 

prior removal of amide nitrogen was necessary. Careful pH 

titration back to neutrality, after alkaline hydrolysis and 

distillation of amide -N J gave a solution suitable for amino 

~N recovery 0 Secondly it was found necessary to neutralise 

all HCl used to break down the ninhydrin complex before 

transferring the extract to the Markham still as small 

amounts of volatile HCl given off upset titrations. 

Since this study was carried out, a method has been 

published (Henderlong and Schmidt, 1966) for the extraction 

of free ammonia and amide nitrogen which would provide a 

solution suitable for a~!no acid determination without prior 

alkaline hydrolysis. 

Tests were carried out ona solution containing known 

amounts of ammonia, glutamine and glutamic acid. At least 

97% was recovered in each case and when the solution was 

added to a plant extract equivalent increases were found in 

each fractiono 



4. Determination of,aijUllQnium in culture solution 

To maintain constant concentrations of ammonium nitrogen in 

nutrient solutions a rapid method of ammonium estimation was 

required which was insensitive to other nutrient ions in solution o 

This was based on a Nessler method for determination of ammonium 

nitrogen in Kjeldahl digests (Middelton, 1960). The solutions 

required can be stored indefinitely and the colour complex 

produced is also stable. 

Reagents: 

i 002% aq gum arabic 

ii Nessler reagent: 9 g mercuric iodide and 12 g 

potassiu.miodidein 1 litre distilled water 

iii IN sodium hydroxide 

iv 1M sodium citrate. 

Gum arabic 'is used to stabilise the colour produced by the 

Nessler reagent by preventing flocculation of the colloid. 

Nessler reagent made up without alkali was stable indefinitely. 

Off colours and precipitates formed by reaction of divalent 

cations with Nessler reagent were removed by the chelating agent 

sodium citrate. 

Method 

One rol of nutrient solution was added to 1 ml of sodium 

citrate solution and well mixed. Four ml of gum arabic solution 

was added, and after mbdng, followed by 2 ml of Nessler reagent • 

T!le solution was then br.:ought to 0 0 3 N NaOH by adding 4 ml of IN 
I 

sodium hydroxide. After fifteen minutes, when maximum colour 

development was achieved, absorbance was measured in an "EEL" 

colorimeter using a blue filter. 

Standard curves were constructed for each level of nitrogen 

required so that the required amount of ammonium sulphate solution 

could be added to bring the nutrient solution back to the required 

NH4-N concentration. 

D. TECHNIQUES FOR STUDY OF ENDOPHYTE AND NODULE STRUCTURE 

Handcut sections of living nodule material mounted in water 
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and viewed under a phase-contrast microscope provided the best 

method of studying the disposition of endophyte within cells of 

Coriaria nodules. Although fine hyphae could be detected in 

prepared material in early stag'es of development the nature of 

mature stages was discerned only in living material. Host cells 

were disrupted by firmly pressing and sliding a cover-slip onto 

a thin hand-cut section. This method was first described by 

Allen, Silvester and Kalin (1966). Nodules of C. arborea and 

several other species were also fixed in CRAF III, wax embedded 

and serially sectioned. Staining was carried out with periodic 

acid and Schiff'sreagent as used by Furman in his study of the 

endophyte of Ceanothus. 
~ 

E. ISOTOPE TECHNIQUES 

1. Preparation of 15NZ 
15 15. (NH

4
)Z S04 95 atoms percent N excess obta~ned from 

Isocommerz, East Berlin was reacted with sodium hypobromite , 

(Sims and Cocking,1958) .overm~rcury in a modified van Slyke gas 

analysis·apparatusQ The ammonium sulphate solution was let in 

through the ct!P and evacuated. With the mercury level adjusted 

so that no air was trapped, the reservoir was lowered and 

hypobromite let in through the cup to react with the ammonium 

sulphate. When the reaction was completed the gas was displaced 

into a vessel previously evacua ted to 0.05 t·orr with a rotary 

pumpQ 15NZ was initially stored over dilute H
Z

S0
4 

to absorb 

ammonia produced in the reaction. 

z. Preparation of gas mixtures 

For some experiments gas mixtures were obtained by syringing 

the component gases, from reservoirs fitted with serum seals, into 

the individual exposure flasks by water displacement. For later, 

more ctitical, experiments the required gases, a single column 

mercury manometer and the gas mixture vessel were connected to an 

all glass 2-mm capillary manifold. The system was repeatedly 



evacuated and flushed with argon and then after final evacuation 

and leak testing each gas 'was allowed to enter the system to 

its required partial pressureD Gas mixtures were stored over 

previously evacuated distilled water at 10 cm wat€r pressure. 

3. Exposure of plant material to 15N2 , 

For the majority of experiments a gas mixture consisting of 

20% 02' 70% A, and 10% N2 was u'sed, the nitrogen enriched with 

10- - 96 atoms percent excess 15N• 

(a) Exposure of nodules in the field. 

The required gas mixture was transf.erred to a dropping 

funnel and maintain~d at 5 - 10 em water pressure by 

adjustment of an atta~h€d funnel (Plate 202a)o Nodules 

exci-sedand to be exposed to 15N2 , in the field were placed 

in 15 ml glassvial .. s, filled with di,stilled water and then 

closed with a plas~iccap previously pierced with two 21 

gauge syringe needle holese Careful manip(lla tion ensured 

that no air remained in the vial. Gas was removed from the 

reservoir into apl-astic gas-tight syringe through the serum 

seal cap, the_deadspac~ in the syringe previously, filled 

with wat~r<> The syringe was inserted through one of the 

holes in the plastic 'cap, the vial inverted, and gas 

expelled into the vial displaced the water through the other 

small hole. A small arnoul)t of water in the vial sealed the 

two holes in the cap until ~ piece of PVC insulating tape was 

placed over the cap"a __ 

Alternatively, when exposures were to be made a long 

distance from a road a 50 ml gas-tight nylon syringe was 

filled with 15NZ gas mixture and carried into the fi·eld 

with the needl€ forced into a rubber bung. 

Nitrogen fixation was terminated by pouring 5 ml 3N RCl 

into the glass viala 

(b) Excised nodules: laboratory experiments 

'White nodule tips 5 - & rnmlong wereexci-sed from nodule 



PLATE 2.2 

(a) Apparatus for exposing excised nodules to gas 
, t t " 15N , h f' Id Th mlx ures con aln~ng 2 ln t e le. e 

gas mixture,stor~d in a dropping funnel at 

slightly above atmospheric pressure,? is removed 

through the serum cap ~ith a plastic disposable 

syringe. Water is then displaced from the 

small glass vials with this gas and the caps 

sealed with PVC tape. 

(b) Apparatus for exposing excised nodules to gas 
, ,,15N ' h 1 b mlxtures contaln~ng . 2 In tea oratory. 

Nodules are placed in the vessels (25 ml flasks 

with stopcock tops) and the system repeatedLy 

evacuated to half atmospheric pressure and 

flushed with argon. Argon, and nitrogen 

oxygen mixture were then allowed to enter 

the system to their required partial pressure. 
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clusters of actively growing plants of equivaleflt age, into a 

beaker surrounded by ice" The nodule material' was thoroughly 

mixed and distributed amongst the reaction flaskso Each flask 

consisted of a 25 ml Erlenmeyer flask fitted with a B 19 standard 

taper stopcock neck and a stem with a B 10 cone which fitted into 

a glass manifold (Plate 202b). With the reaction flasks fitted, 

the system was successively evacuated to half atmospheric pressure 

and flushed with argon. W.ith the appropriate partial pressure 

of argon in the system, F~egas ~ixture (usually 02 : N
2

; 2 : 1), 

was admitted to give a final gas_ mixture of 1- : 2 : .1; 

A. : 02 : N20 Flasks were allow~d to equilibrate on the manifold 

for several minutes theJiltops.wefe closed and flasks transferred 

to a constant temperature bathe 

(c) Whole plant methods 

A. system was devised to expose the root systems of intact 

C • . Lt· .. 15N ( F· 2 "2 " or~ar1.a pants 0 gas ml:-xtures conta1.p1.ng 2 see l.g. • 

and Plate 2.3L Plant -;-oots were sealed into a p~rspexchamber, 

full_of nutrient solutiotl.A gas mixture (stored in a 5 litre 

aspi.rator) was di-spLaced into the system to expose the nodules 

to 15N2 and the gas kept circulating, by a peristaltic pump, 

through 10% KOHsoluti-on to remove CO
2 

produced by root and 

nodule respi.ration. 

The pump, designed ~nd const-ructed for this work,consi.sted 

of four 1/4 inch rotating stainLess steel rollers mounted at 

points 900 apart on circular end pLates. ·Flexible rubber 

tubing was firmly wrapped around the rollers so that rotation of 

the rollers isolated a small secti-on of the tube and provided a 

peri-staltic pumping action. At optimum tube tension, pressures 

up to 8 lb inch2 were exerted. Pumping speed was altered by 

changing tube size or varying the voltage supply to the 12 volt 

automobile windscreen wipe;- motor which drove the unit, from 2 

to 12 volts. Gas mixtu;-es were pumped into the plant chamber 

via an aquarium air diffusi.ng stone in the nutrient solution and 

returned to the aspirator where it was similarly dispersed through 

the 10% KOH solution. The perspex chamber (volume 4 litres) had 



FIGURE 2.2 

Apparatus for exposing whole nodulated plants 
. t " 15N Pi to gas m~x ures conta~n~ng 20 ants are 

sealed into the perspex chamber and gas mixture 

from the top aspirator pumped into the system 

displacing nutrient solution. When the 

required gas volume is obtained gas is 
. . 

circulated through the KOH and back through the 

chamber, maintaining aerated solution and CO2 
free gas. 

PLATE 2.3 

Apparatus as described above. 
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a two- piece lid with matching holes on the two halves to 

hold up to six plantso The top of the box was ground 

flat so the lid sealed easily with "Apiezon Mil vacuum 

grease and 1/8 inch metal thread studs threaded into the 

box walls. Plants were sealed into place with "Prestik 

N202" (Bostick Ltdo) a butyl rubber / asbestos sealing 

compound which was non-toxic, and retained good plasticity 

and sealing properties under a variety of conditions 0 When 

pl~nts were firmly in position, a final seal was made with 

a paraffin wax / lanolin mixture devised by Evans and 

Vaughan (1966)0 For experiments with large plants growing 

in 7 inch tins, another chamber was made from 9 inch diameter 

PVC ductingo 

In operation, the perspex chamber was filled with nutrient 

solution, gas mixture 'vas displaced from the aspirator into 

the chamber by water from an elevated winchester and nutrient 

solution removed via a drain clip. With all nodules exposed, 

the winchester and the drain were isolated and 5 cm of water 

pressure established with a large burette o The gas deficit 

produced by oxygen utilisqtion and CO
2 

absorption was 

measured in two ways. Firstly, changes in volume within the 

system d~e to uptak~ of oxygen (C02 is absorbed) registered 

as change in pressure on the buretteo Secondly, a 10 ml 

syringe containing 1 ml of freshly made alkaline sodium 

dithionite solution (10% in 3% NaOH w/v) was used to withdraw 

9 ml of gas mixtureo The needle was sealed in a cork and 

the syringe shaken until there was no further absorption of 

oxygen. If constaI).t temperature was maintained in the 

syringe, accurate measures of oX:)7gen partial pressure could 

be madeo Oxygen was replaced in the chamber via a two-way 

tap and syringeo 

E . f 15N . . d xtractLon 0 contaLnLng compoun s 

Sensitivity of the 15N technique can be greatly enhanced by 

extraction of specific nitrogen fractions or compounds undiluted 

by the great bulk of protein nitrogen. Most workers, after 

, .. '.' . -.,.' 
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Aprison and Burris (l95Z~, extract material in 3N HCI which 

provides a simple techni'lue for fixation of plant material and 

extraction of soluble compounds •. 

Probable hydrolysis of amide nitrogen using 3N Hel made it 

desirable to -use other extracting media when specific nitrogen 

fractions were investigated. 

(a) RCl extraction 

Nodules were e~tracted three times with 3N Hel in a 

glass pestle and mo~tar. Pooled supernatants from 

centrifugation at 3QOO RCF for 10 minutes were submitted 

to I<jeldahl digest:i.oTI. The pellet was dried, weighed and 

also digested. Ammonia from digests of the soluble 

fraction was distilled into water (rather than boric acid) 

as early mass spectrometry results indicated interference 

from boric acido No losses of nitrogen were detected under 

these cobditions prqvi4ing qistillate temperature was kept 
-

below zoe and the cqndensor.tip was always immersed in the 

coliecting flasko .After titration, one drop of, 10% H
Z

S04 
was added to each sample and the flasks sealeq U11;til they 

were evaporated 0 Between distillations the condensor was 

cl€aned with distilled water and the Markha~ still allowed to 

steam for at least three plinutese No ~'ghosti.fi.gll 
15 . . .~ 

effect of N held in the still was detected, thus the 

alcohol distillatio~ between samples as recommended by 
. ' 

Bremner (1965) was ~ot performed 0 Samples were boiled 

down to Z ~ 3 mi on,a hot plate and stored in 10 ml plastic~ 

-capped vialso 

(b) Ethanol extraction 

Material extracted in 70% ethanol was treated in the 

same way as (a) aboveo Extractions were made either in a 

pestle and mortar orin a "Duall" all glass tissue homogen~ 

iser (Kontes Ltde) driven by a variable speed electric drilL 

c::-a:.~. ,_ .... :-.:.r..-~:~:--7~': :"'a'-.,:-~.~., .. 
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(c) Methanol ~ chloroform - water extraction 

Bieleski (1963) has presented evidence for phosphatase 

activity in extracts of plant tissue extracted by the 

conventional techniques, eogo hot or cold ethanoL Where 

it was desirable to quickly stop nitrogen fix~tion for 

metabolic studies and where a relatively pure extract was 

required with minimum of hydrolysis of amide nitrogen,one 

of the methods of Bieleski (1964) was usedo Nodules were 

dropped into methanol - chloroform - water MCW (12 : 5 : 3 

v/v) at the temperature of dry iceo Subsequent extraction 

was as described by BLeleski and Turner (1966)0 

50 15N measurement 

It is not intended to review here the theoretical or 
. 1 f ' l' 15N pqtct~ca aspects 0 . mass spectrometry as .1, t app Les to 

. . 

measurements in biological materialo 

given by Burris and Wilson (1957), San 

Cheng and Edwards (1966), H~ser (1996) 

Adequate coverage has been 

Pietro (1957), Bremner, 

and Bremner (1965)0 

However, specific methods and departures from standard technique 

will be describedo 

The mass spectrometer used for the analyses described is 

housed at the~lnstitute of Nuclear Sciences, DSIR, Wellington. 

Samples therefore had to be pooled and taken to·Wellington at 

intervals and this imposed severe limitations on the design and 

execution of experiments 0 As it was not possible to take gas 

1 f h ' f the 15N 2 . samp es rom eac exper~ment, no assay 0 concentrat~on 

of the gas mixtures could be madeo However, knowing the 

original 15N2 concentration it was possible to estimate the 

final concentration in the gas mixture after dilutiono More 

importantly, it was not possible to monitor the gas concentration 

for each replicate of a treatment and therefore no checks could 

be made for leakage 0 Within these imposed limitations it has 

been possible to achieve good reproducibility of resultso 

The mass spectrometer has been described by Hulston and 

Shilton (1958)0 The instrument is designed for accurate 

determination of the natural abundance of stable isotopes and has 
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a double inlet system for rapid comparison of standard with 

sample gasa For measurement of 15N enrichment a double collector 

technique was employed 0 The ioI). currents of the adjacent masses 

28 and 29 were continually compar_ed, and the ratio measured directly " 

with-a decade resistance-box using a 10 inch recorder as the null 

indicatoro With this configupation it was possible to measure 

significant differences of 00002 atoms percent and enrichments 

of 00003 atoms percent. Ion currents at mass 32 and maSS 40 

were measured by direct deflection and appropriate air corrections 

ma;deo All measurements were made against standard Coriaria 

material from an extract pf unexposed material treated in the 

same manner as the expel;'imental materiaL After reaction of 

ammonium sulphate in Rit~enb~rg tubes, (Rittenberg" 1948) the 

ni~trogen produced was introduced into the mass spectrometer via 

a liquid air cooledtrapo The problems encountered by Burris 

and Wilson (1957) of methylamine survival of Kjeldahl digests and 

its subsequent breakdown in the mass spectrometer were not 

encountered 0 Huser (1966) also found that problems associated 

with methylamine and N20 could be eliminated by use of a liquid 

a~r trapo 
15 One of the major limitations of the N2 technique is the 

sample size needed for ma.ss spectrometry 0 Most operators require 

1 - 2 mg nitrogen for analysiso For biological·work this imposes 

severe limitations on experiments and often entails the worker 

growing large amounts of plant materiaL The instrument used in 

these studies required at least 500 pg nitro~en for maximum 

current from the mass 28 collector. It has been poss'ible however 

to obtain meaningful results on samples of 50 pg nitrogen by 

modifying techniques and _with careful attention to detailo 

Specially made micro Rittenberg tubes served to reduce the volume 

of the inlet system by 30% giving a corresponding increase in 

pressure and voltageo The small samples of ammonia and amide 

nitrogen which in preparation were distilled directly from 

alcohol extracts were most critical. As methylamine was unlikely 

to be a problem in these samples a dry ice / methanol cold trap 

was used ~ - -This gave a further increase in the inlet pressure 



of small samples as at liquid air temperatures a proportion of the 

nitrogen sample is retained in _the cold trap, possibly adsorbed to 

the ice or the trap walls. Careful evacuation of samples to 

eliminate dissolved gases ensured that air corrections were small 

and thus some of the disadvantages of working at low ion currents 

were offset. 

Fo EXTRACTION OF XYLEM SAP 

Sap was vacuum extracted from woody stems by the method of 

Bollard (1953)0 This m~thod ensured little contamination from 

phloem or cut cells o 

Root pressure exudation was also used as a source of x.ylem 

sapo Plants were decapitated just below the point where the 

branches meet and the bark peeled back. A polythene tube was 

fitted over the xylem and the system incubated at 2So C. Sap 

was collected either by inserting a hypodermic syringe through the 

base of the tube and drawing off the sap or by sealing the tube 

and allowing the sap to pass through a hypodermic needle into a 

vial or directly into a fraction collector tube. 

Go CHROMATOGRAPHY OF AMINO ACIDS 

Alcohol-soluble nitrogen fractions were .p:1rified by elution 

with OoSN NH
4

0H from Zeocarb 225 strong acid ion-exchange resin. 

Extracts were evaporated under vacuum at 350 C and taken up in 

30% isopropanol. Amino acids were separated by thin layer 

chromatography using the mixed layer of Turner and Redgewell 

(1966L High voltage electrophoresis (60 v/cm) was carried out 

in a perspex chamber cooled with "Supersol" (a commercial white 

spirit) using pH 109 buffer (Bieleski and Turner, 1966)0 

Ascending chromatography was carried out using N butanol/acetic 

acid / water (5 : 1 : 4 v/v) for four hourso After drying in 

moving air, --plates were sprayed with 002% ninhydrin in acetone o 



Identification of amino acids was made by co-chromatography with 

authentic compounds and c9lour reactions with ninhydrin, 

ninhydrin / collidine and Ehrlich's reagent 

(2 g paradirnethylaminobenzaldehyde in 90 ml 95 % ethanol plus 

10m 1 11 N He 1 ) • 



CHAPTER 3 

ECOLOGICAL OBSERVATIONS OF CORIARIA SPECIES AND 
ia;: 

- ACCUMULATION OF NITROGEN IN A PLANT SUCCESSION 
DOMINATED By.cORIARIA ARBOREA 

Ao INTRODUCT,ION 

The first part of this chapter reports observations made of 

the impact of Coriaria sppo in a variety of alpine and lowland 

areaso As will bedemQnstrated Coriaria plays a very important 

role in re-colonising bare grouncL In order to provide a 

quantitative assessment of this role, one small area dominated by 

Co arborea was chosen for intensive study. The area chosen, 

Hapuku River Kaikoura, is,100 miles north of Christchurch and the 

vegetation colonising the river bed is a primary successiono 

The rate of development of vegetation on such primary bare 

ground depends on a number of factors. The interdependence of 

those factors governing ecosystem development was first proposed 

by Jenny (1941) to describe "the fundamental equation of soil 

forming factors", 

S = f (Cl, 0, R, P, T) 

Thus soil properties were conside~ed by Jenny to be a function of 

climate, organisms, relief, parent material and timeo Major 

(1951) pointed out that by changing S to V (vegetation) the 

equation would also describe the factors forming ~ particular 

vegetationo Although such ~quations are not amenable to 

mathematical solution they ~ave provided a great stimulus to 

studies of plant and soil ~ynamicso Thus when soil parent 

material is freshly exposed a series of changes both in soil and 

vegetation are initiated •. 

Common among the rate-limit:i,ng fact;ors of primary successions 

.is lack of soil nitrogen, and thus nitrogen fixing plants are 

often found on such siteso Choice of successional v.egetation 

in which'all forming factors, other than time, are constant 
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lllows a study of time-dependent yar~ables, such as nitrogen 

lccumulation, to be madeo Such sequences are described as 

~hronosequences; well documented examples, in which soil and 

ecosyst_em nitrogen accumulation rates were estimated are those 

of Crocker and Major (1955), 9rocker and Dickson (1957), Leisman 

(1957) and Stevens (1963). A similar approach is made in this 

study with Coriariao 

B. ECOLOGICAL OBSERVATIONS 

Although therhizomatoy.s species of Coria ria tend to be. 

limited to high altitude habitats two species descend to inter

mediate altitudes and assume wee·d propprtions in unimproved 

native pastures or in newly laid exotic pastures. C. kingiana 

is a dangerous wea,d on sheep stations on the Ngamatea plain, a 

high plateau east of Taihape in central North Island.
1 

In the 

South Island Co sarmentosa behaves similarly on farms along the 

eastern foo:thillsof the alps from Canterbury to Southland 

(plate 301)0 In both the above examples the species have 

established in the area prior to farming, but the advent of 

intensive stocl<.ing has reduced grass competition and brought 

about a spread of Coriaria. Both species die back in the 

winter, but spring growth quickly forms a closed canopy 12 to 18 

inches above the ground and lateral rhizome spread takes place0 

In their natural sUb-alpine environment the rhizomatous 

species, including the two above, quickly invade recent slips. 

Good correlation is found.with colluvium particle size and 

Coriaria invasion, coarse bouldery material providing the best 

substratum 0 This is amply demonstrated for Co pottsiana on 

Mto Hikurangi (plate 3.2), and also for C. arborea (plate 3.7). 
Mt. Hikurangi on the East~ape, North Island, is the type 

locality for Co pottsiana, which now exists only there and on 

neighbouring Mt. Parikanapa. On the former it forms dense mats 

on several slip faces above 3000 ft where it stimulates the 

growth of the introduced grasses cocksfoot, browntop and 

i' -~.~. -- ,----~".~~.~ ":: .. ~ ___ . _~ _:~ s·~: 
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PLATE 3.1 

Coriaria sarmentosa at Porter's Pass, Canterbury, 

J400ft.above sea level. 

(a) Dark patches of C.sarmentosa in partially 

improved hard tussock (Festuca novae

zelandiae) lartd~ . Coriaria at this site is 

competing well with the grasses as the latten 

are continually grazed. Tussocks are Festuca 

and shrubs on skyline are Discaria toumatou 

(b) C. sarmentosa establiJ3hipg in greywacke shingle 

in the Kowhai river.Coriaria·provides shelter 

and stimulates growth of associated native 

tussock and introduced grasses. 





PLATE 3.-2 

Coriaria on Mt. Hikurangi, East Cape, North 

Island. 

(a) _C.PQttsian~ establishingambngst boulders 

at the edge of slip scarp, 3400ft. 

(b) Hybrid Coriaria, prQbably-·C . .kihgiana/ 

C. nlumosa, has completely healed this slip 

face a,mongst subalpine scrub~. 3,800ft. 

Grass can be seen growing through the 

Coriaria at this site. 





pLATE 3.3 

c. pottsiana on Mt Hikurangi, E;ast Cape, 

, North Island. 

(,9.) Dense, patch of C o _ pottsiana at foot of 

boulder slip at 3,300ft. 

(b) Same slip as above showing stimulation of 

~orkshire fog by C.pottsianab 

Coriaria regeneration is normally associated 

with a boulpery sUbstr4tutlJ s~ch as that shown. 
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Yorkshire fog (plates 302 and 303)0 Similar stimulation by 

Co sarmentosa is figured in plate 301 where the native tussocks 

Festuca novae~ zelandiae and Poa caespitosa are stimulatedo A 

perfectly healed slip face on Mto Hikurangi was completely covered 

with-a Coriaria hybrid suspected to be Co kingiana / Co plumosa 
I 

(plate 302)0 The above examples merely illustrate a widespread 

phenomenon, the other species, in particular Co plumosa, also 

playing a role in early succession on primary and secondary bare 

ground 0 

Coarborea is confined to lo~land sites, being frost tender, 

semi-deciduous in cold areas, but seldom oc'curring above 1000 ft 

in the South Islando Co a·rborea like the other species requires 

high rainfall, is virtually ab'sent from Canterbury, but thrives 

on the West Coast and in Marlborough in the South Islando In 

the North Island it thrives in all coastal situations and through-

out the central volcanic plateauo Co arborea seedlings cannot 

compete with grasses and native shrub species in fertile soils 

but on slips, exposed subsoils, eogoroad cuttings, and on volcanic 

debris Co arborea, often provides the dominant covero Plate 304 

shows the situation along manY,of the forest tracks and in forest 

clearings in the Tokor6a forests of Forest Products Ltdo The 

pumice lands of the Central Plateau provide the best gr9wing and 
-, 

most extensive and rapid nodulation conditions for Co arborea 

of all situations in New Zealando 

On Mto Tarawera the site of recent basaltic eruptions, vast 

areas of Co arborea may be foundo In most cases the Coriaria 

stands are associated with washouts and river beds where the 

underlying rhyolite debris of previous eruptions is exposedo 

This phenomenon is discussed in relation to nodulation in a 

later chapter 0 

The above brief descriptive account outlines the importance 

of Coriaria in a variety of pioneer siteso These few instances 

outline and highlight a widespread phenomenon. The importance 

of Coriaria sppo in supplying symbiotically fixed nitrogen in 

~hese areas may be gauged by the rate of succession. At Rotorua 

and Tokoroa Coriaria may be eliminated from the succession in 

,'0' ." ... __ .,. , 
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· PLATE 3.4 

C. arborea regeneration in Pinus radiata 

forests at TokorOa,pumice country, North 

Island. 

(a) C, arborea quickly colonises track sides and 

cleared land on pumice country. 

(b) Forest clearing showing dense growth of 

C,arborea extending well into the. pine 

forest. 
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twenty years during which time nitrogen supply has increased to 

support vigorous growth of other shrub hardwood or forest soft-

wood species. The putative importance of Coriaria in thisl 

respect was measured in a river bed succession at Kaikoura in 

order to gain quantitative data on nitrogen accumulation. 

c. ACCUMULATION OF NITROGEN IN A C. ARBOREA 

DOMINATED PLANT SUCCESSION 

The Hapuku river 10 miles north of Kaikoura on the east 

coast, South Island (fig. 3.1) provided an ideal situation to 

study C. arborea regeneration." Extensive alluvial terraces 

have been formed along the river which is normally 6 feet 

across but when in flood may be 60 yards or more wide. 

The terraces (plate 3.5) are, quickly colon~sed by C. arborea 

and provide a suitable c~onosequ?nce for nitrogen accumulation 

studies. The main area of study was centred on the point where 

Grange Road meets the river. At this point vegetation and 

soil analyses were made on fiv~ contiguous terraces separated 

horizontally by less than one hundred yards and vertically by 

less than 30 feet. All terraces were virtually level and 

formed from the same bouldery greywacke gravel deposited at 

various. times since ca. 1911. 

1. Methods 

Reports of floods (Cowie, 1967) and local rainfall figures 

(J.P. Emms pers. comm.) produce a picture of severe flash floo~iing 

in this steep, sparsely vegetated catchment east of the Seaward 

Kaikoura Range. Ring counts of five species (Coriaria arbor~, 

Leptospermum ericoides, Aristotelia serrata, Hedycarya arborea, 

and Melicytus ramiflorus) correlated well with the flood and 

rainfall data and established the terrace ages as follows: 
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PLATE 3.5 

Htlpuku river beci and associated terraces, Kaikoura. 

(a) Looking aCrQss the river, which is flowing 

normally, at the Coriaria covered terraces. 

Terrace A is at river level and B is shown 

at right. Terrace C is dominated by C. arborea 

while E is dominated by tall Leptospermum 

ericoides. The seaward Kaikoura range rises 

steeply in the background. 

(b) Ternac::es on the other side of the river showing 

a similar progression but with more mature 

forest on the higher terraces. 





Terrace Age in 1966 

A 0 years 

B 5 " 
C 14 " 
D 25 " 
E 55 " 

Vegetation cover was assessed by line transects and the point 

centred quarter method (Cottam and Curtis, 1956). 

Attempts were then made to sample the whole ecosystem for 

dry matter and nitrogen productivity. On the younger terraces 

this was practicable but on terraces D and E where vegetation 
. gro~~d 

was from 20 ft to 40 ft; measurements of above/productivity were 

not attempted. 

As large boulders form the greater bulk of the alluvium, 

core sampling was not possible. Quarter square metre pits 

were dug to 40 cm and all the material removed was sieved through 

a 2 mm screen. The two fractions were weighed in the field, 

the coarse fraction being discarded while a weighed sub-sample of 

the fines was returned to the laboratory where it was dried and 

weighed to give volume-weight estimations and water percentage. 

Nitrogen estimations were made on the dried fine material 

and related to the total material from each pit. Litter collected 

from the pit surface and roots from within the pit were weighed 

and sub~samples taken for weight and nitrogen analysis. Where 

it was practicable aerial vegetation was collected for a similar 

area above the pit and d;ivided into leaf and stem for later 

analysis. 

The time taken to dig and sieve a pit made it necessary to 

subjectively position th~m beneath vegetation representative of 

the terrace. For the younger terraces, where there was a 

considerable proportion of bare ground, the dry matter and 

nitrogen increments derived in this manner over-represent the 

true situation. In all cases productivity data collected in 

this manner is mUltiplied by 1001% cover to give the actual 

gains in __ the ecosystem. Potential gains under conditions of 

complete cover are thus considerably greater than those quoted 
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for young terraces. 

2. Results 

(a) Terrace ages 

Coriaria, J..eptospermum and Aristotelia first enter the 

succession two, five, and ten years respectively after the 

formation of the surface,. Addition of this factor to the 

ring counts of the largest specimens of each species at any 

one stage gives close agreement with terrace age. As 

Coriaria produces many short-lived branches from a woody 

stock, it was necessary to use this stock for ring counts. 

The estimated age of the most extensive terrace, C, 

corresponds well with a heavy rainfall recorded at Grange 

Road by MEo J.P. Emms on 9 August, 1952, when 9026 inches 

fello In two days, 17-18 March 1941, 11.76 inches of 

rain fell at Grange Road, probably accounting for terrace 

D. 

(b) Vegetation Succession 

Abundant seed for Cor,iaria establishment is available 

along the Hapuku River to 1000 ft above sea level. Seed 

collected there gave 10 - 80% germination in the first 

seasono Early colonisation byCoriaria is not limited 'by 

seed supply but by bigh surface temperatures on the 

unprotected gravel, local water deficiency or subsequent 

floodingo The material brought down by the severe floods 

that produce the terraces, contains large boulderso As 

the flood subsides sand and silt are deposited and beneath 

the boulders, moisture and trapped silt make an ideal medium 

for establishment of Coriaria (plates 305, 307). Roots and 

root nodules may lie immediately beneath a rock on the 

trapped wet sand (plate 3.7). Another site of establishment 

is at the foot of terraces along seepage lines which drain 

the terraces (plate 306)0 All Coria ria seedling 

establishment at Hapuku can be traced to either of these 

two-situations. 



PLATE 3 0 6 

(a,) TerraceD ,not shown in plate 3.5, shows 

large C •. !)irborea in foreground with 

,r~generation pf Leptosp.ermutn at ri:gh,t. 

(b) Co arborea seedli~gs establishing alon& 

a lipe of se~page 'at the foot of 

terrace C. 





· __.~. PLATE 3. 7 

Colonis~tion of riv.~r .b~.d J>,Y.C. arborea; 

a~sociation with boulders. 

(a) Nodules, i,ndicated by arll:-ows, and roots 

.lyin$ iJIltpediately beneath a_gJ:"~wacke 

boulder. 

(b) As above but note the accumulation of 

_. QQ;ani9debris around the rim of the ~ 

hole and the silt accretion lower down. 
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Vegetation development is represented graphicalLy in figure 

302. Virtually all ground is covered 15 years after terrace 

formation and Coriaria dominates the sequence for approximately 

30 years. After 25 years Leptospermum and AristoteLia begin 

to o~ertop the Coriaria (plate 3.6) and on the oldest terrace 

there are no emergent Coriaria. The few Coriaria that are left 

on terrace E fail to compete with such scrub hardwoods as Melicytus· 

ramif lorus, Hedecarya arborea, Alectryon excel sum, Fu";~ll;sia 

excortica ta and Carpodetus serratus in addition to': Lepto spermum 

and Aristotelia. Sophoramicrophylla and Pittosporum eugenioides 

are present as seedlings at this stage and domin"te "the surrounding 

older vegetation. 

(c) Soil development 

Figure 3.2 indicates a considerable increase, with time, in 

the fine material in terraces. A number of factors are likely 

to contribute to this phenomenon. Firstly, it is unlikely that 

the terraces were formed from alluvium of the same size distri= 

bution, and subsequent surface flooding, insufficient to remove 

plants, may account for some of the increase in fine material. 

Secondly, signs of chemical weathering of the gravel can be seen 

in the surface layers of terraces D and E and this along with 

the accumulation of organic matter accounts f~pr much of the 

increase in fine material. 

Moisture content of the bulk soil was estimated from the 

fine fraction and related to the total volume. The increase in 

moisture content correlates with the increase in fine material 

and is a function of the increase in organic matter with time 

(fig. 3. 2L 

(d) Dry matter production 

Productivity data are presented in figure 3.3. Dry matter 

production~in shoots was difficult to measure on terraces D and 

E because of the size of plants, but root and litter production 

was estimated throughout the sere. The average annual rate of 

dry matter production excluding litter, for the first 14 years 

. -.'.' ... ', .. --: 



FIGURE 3.2 

Plant .succes~ion and soil data from Hapuku 

river sequence. 

(a) The change in percentage cover with time 

indicates a peak in Coriaria cover after 

14 - 20 years while scrub-hardwood species 

begin to dominate about this time. 

The times ~hown indicate the five terraces 

A-E. 

(b) Increase in percentage fine material and 

percentage moisture content in the 2 mm 

fraction of terrace surface soils. 
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FIGURE 3.3
1 

Productivity on terraces in Hapuku river 

sequence. 

(a) Dry matter production in vegetation on 

the various terraces; cumulative data. 

(b) Nitrogen accumulation in both vegetation 

and soil on the various terraces; 

cumulative data. 
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was 500 g/m2 while between 5 and 14 years it was 650 g/m 2 

(6170 lb/acreoannum) 0 Litter accumulation reached a peak 

soon after 25 yearso The majority of the litter is produced 

by the semi-annual or frost induced leaf fall of Coriaria and 

the litter curve (figo 3 0 3) follows closely the curve for 

percent cover by Coriaria (fig. 302) although with decided lag, 

During the 25 to 55 year period there was little litter 

production but a massive accumulation of dry matter in the 

wood of the hardwood specieso Existing litter was decomposed 

until after 55 years there is scarcely any detectable 

f ermenta tion layer 0 

(e) Nitrogenaccumulation 

Total nitrogen increment was only measured on the terraces 

A, Band C where the whole ecosystem was sampled. Over the 

14 years represented by these terraces the annual increment 

was 6 0 55 g N/m2, or 9020 g N/m2 (82 lb N/acre) annually for 

the period 5 to 14 years, _(fig. 3.3). Beyond terrace Conly 

surface (litter and soil) nitrogen additions were measured. 

At terrace D stage, li~ter accumulation was at a maximum and 

the accumulation of ~urface ~itrogen had increased to 6045 g 

N/m 2 0annum for the period 14 to 25 years whereas prior to 

this it had_been 309 g N/m2 .annum. A conservative extra

polation of the graph presented in figure 3.3. would anticipate 

at least a similar amount of nitrogen accumulation in the 

vegetation, giving an estimated rate of fixation of 1209 g 

N/m 2 0annum (115 lb N/acreoannum) 0 A more realistic figure 

would anticipate a similar ratio of two, for nitrogen in 

vegetation to surfac~_nitrogen as was found in terrace C 

thus giving an upper ~limit of nitrogen accumulation of 
2 19 0 35 g N/m (172 lb N/acre) annually during the maximum 

growth and cover phase of Co arboreao 

Do DISCUSSION 

The ecological significance of nitrogen-fixation in natural 

; communities is well recognised and has been exten~ively reviewed 
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in recent years (Allen and Allen, 1964; Stewart, 1966 and Bond 

1967). Investigations of the nitrogen contribution by non

legume plants received its impetus from La~rence (1953) and the 

work of Crocker and Major (1955). The latter authors estimated 

nitrogen contribution by nodulated Dryas drummondii and Alnus 

crispa at 55 lb N/acre.annum. Virtanen and Meittinen (1963) 

have calculated that the Alnus glutinosa symbiosis may contribute 

annually up to 200 lb N/acre. Using 15N techniques Delwiche et 

al. (1965) and Stewart and Pearson (1967) separately estimated 

nitrogen accumulation rates of ca. 50 kg N/ha.annum (44.5 lb 

N/acre.annum) for Ceanothus and Hippophae respectively. 

The present account makes the assumption that all nitrogen 

fixed in the ecosystem resulted from the nodules of Coriaria. 

Other possible sources of nitrogen must be eliminated before the 

above assumption can be accept~}l. 

In the highly aero.pic, non-organic environm~nt presented by 

a river bed, saprophytic bacterial nitrogen fixing organisms 

will be at a minimum. No algae crusts were detected at any 

stage of the succession. The close proximity to the sea of the 

Hapuku area studied makes it likely that nitrogen increment 

from rain water may- be a significant source. Using the figures 

of Wilson (1959) and Horne (pers. comm., 1967) it may be estimated 

that the maximum possihle increment from rain water could be 500 

mg N/m2 .ahnum. Most of this nitrogen would be lost during early 

stages of succession as the gravels have little water or nutrient 

holding capacity. At best therefore rainwater may contribute 

5% of the accumulating nitrogen. 

Of the legumes invading the terraces at Hapuku, rare 
I • 

spec~mens of clovers and broome Cytisus scoparius occur in early 

stages of succession but contribute little to the total ecosystem. 

The native legume Sophora microphylla enters the succession after 

50 years and dominates~ome of the older terraces where it will 

contribute significant quantities of nitrogeQ. 

Coriaria fails to compete with faster and taller growing 

species, on terrace E. After 55 years the surv~ving Coriaria 

plants are overtopped and failing. The transition period when 

'-',' .. - . - ~ .". - -'. --'. 
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litter production and surface nitrogen reach their maximum, 
( 

occurs between 25 and 55 years~ probably between 30 and 40 years. 
i 

Beyond this point Coriaria plants play a relatively minor role 

and nitrogen gains by fixation will be slight. At Glacier Bay 

(Crocker and Major, 1955) this transition was also reached after 

about 40 years where the surface nitrogen content had risen to 

280 g N/m2 compared with 250 g N/m2 'at Hapuku. However at 

Hapuku the entry of a new nitrogen fixing species, Sophora, at-

this point means that nitrogen in the ecosystem will continue to 

rise. 

The accumulation of organic matter in a primary succession 

follows the typical sigq10id curve of growth. This is shown 

for the Hapuku terraces in fig '3.3 for both dry matter and nitrogen 

accumulation. The considerable lag period is due mainly to 

time taken for colonisation. Crocker and Major (1955) sampled 

subjectively " ••• to avoid complexities introduced by the 

colonisation lag ••••• "o Although subjective sampling was made 

at Hapuku these were adjusted by figures for ground cover as the 

colonisation lag must be considered an integral part of the 

succession and cannot be so easily discarded o Thus the lag 

period is due to the time taken for colonisation beneath 

boulders and at places of seepage as well as the lag in growtho---" 

A less obvious contribution to the lag in nitrogen fixation is 

discussed in"chapter 60 Experiments described there demonstrate 

that available combined nitrogen of 5 ppm stimulates maximum 

nodule growth and thus nitrogen fixation will not reach a maximum 

until plants are established and some soil nitrogen accumulation 

and mineralisation has occurred. 

The importance of nodulated Coriaria as the main native 

source of fixed nitrogen has been speculated upon by several 

workers (see dhapter 1)0 The observations in the first part 

of this chapter give point to these specuLations while the second, 

section provides the first quantitative verification.of it. 

Under natural conditions the Coriaria root nodule symbiosis is 

able to contribute at least 100 lb N/acre.annually. In some 

situations eog. the volcanic plateau of central North Island this 

.,', 
.-', ~ ~ -

-'-">~, 

,. ,' .. , .. ', 



, .', - . 
-- . , - ..... ~ ..... , . , ~ ... -- .. ~ ~ ~. . ~ . 

., -~ '-', ,,'. - . -.. --' . - . , ." ".- .... -~ .. ~., ...• '. -:.. 

figure could be 200 lb N!acre.annum. Probably the most important 

recent contribution by Coriaria to soil nitrogen economy is on 

this volcanic plateau. During the extensive volcanic upheavals 

of the late Fleistocene, over 700 square miles of vegetation 

were destroyed and a further 5000 square miles badly damaged by 

ash showers (Vucetich and Pullar, 1963). Present regeneration 

on pumice slips and washouts and also on basalt lapilli of the 

more recent Tarawera eruption (Nicholls, 1963) indicate that 

C. arborea played a vital part in recolonisation at this time. 

Much of this volcanic plate~, now either intensively farmed or 

planted in exotic softwood forests, owes its present f~rtility 

to early colonisation byCQriaria. Removal of Pinus forests 

quickly initiates a subsere dominated by C. arborea with 

Aristotelia and Melicytus. 

Of particular importance to the part which Coriaria plays is 

the semi-deciduous nature of both the leaves and branches. In 

the rhizomatous species this event is annual whereas in C. arborea 

it occurs continuously with a maximum in autumn or after frost 

damage. This is undoubtedly the major mechanism whereby 

symbiotic fixed nitrogen is returned to the soil, making this 

plant even better suited to its pioneer role. 

Although the other species of Coriaria are much less vigorous 

than C. arborea they are ideally suited to their role as alpine 

pioneer stabilisin~ species. All species other than C. arborea 

are deciduous and possess strong rhizomes. All species possess 

nodules (Burke, 1963), and all are capable of fixing nitrogen 

(see later chapter). Their nitrogen contribution in mountain 

regions throughout New Zealand and their ability to colonise and 

stabilise infertile unstable areas,places them alongside C. arborea 

as plant species of great importance to New Zealand soil fertility. 

. , .. -- . ~'-' -- -,-, 



CHAPTER 4 

FIXATION AND TRANSLOCATION OF NITROGEN 

BY CORIARIAARBOREA 

A GLASSHOUSE EXPERIMENT 

Ao INTRODUCTION 

Having established the ability of nodulated Coriaria to 

supply nitrogen to the ecosystems in which it gr,ows it) became 

necessary to establish more accurately the capacity of 

nodulated plants to utilise atmospheric nitrogen under relatively 

controlled conditions 0 Quantitative data is available for 

nitrogen fixation by two species of Alnus grown in water culture 

(Ao glutinosa, Stewart, 1962 and Ao rugosa Daly, 1966)0 

The above studies and others on legumes, eog. Bond (1936), 

Pate (1958a, b) and Oke (1966), have given quantitative data on 

nitrogen fixation, nitrogen fixation efficiency in terms of nodule 

weight, and have shown the rapid translocation of nitrogen from 

the nodule to the rest of the planto Under normal conditions 

of growth, les~s than 10% of the nitrogen fixed is retained in 

the nodules of both legumes and Alnuso Prior to 1936 it was 

considered that symbiotically fixed nitrogen was retained within 

the endophyte, being liberated~only on the death and disruption 

of endophyte cellso However Thornton (1930) had shown there 

was no early breakdown of ~l>acteroids in lucerne nodules and Bond 

(1936) clearly showed that soon after nodule formation in soy~ean 

plants, 80 to 90 percent of the fixed nitrogen is transported 

from the noduleso Subsequently Chen and Thornton (1940) 

studying the development of ef~ective and ineffective legume 

nodules, demonstrated that the volume of organised bacterial 

tissue in effective nodules increases with time from three to 

thirty days after nodule inception with little or no disinte= 

gration of bacterial tissueo By these means it was established 

that for legumes, the nitrogen fixed is readily available to the 
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host planto 

For non-legume plants a similar situation is found. Bond 

(1956) demonstrated that 15N2 applied to intact alder plants 

can be found in combined form in the shoots after 6 hours, and 

further that the transport from nodule to shoot is via the 

xylemo Stewart (1962) in a long term growth study of alder 

demonstrated a similar rapid release of fixed nitrogen to the 

host planto 

The present experiment was designed to study quantitatively, 

nitrogen fixation by nodulated Coriaria arborea grown under 

relatively controlled conditions, to follow growth rates ,and 

fixation efficiency and translocation of fixed nitrogen during 

the first growth season. 

Bo HETHODS 

Co arborea seeds were germinated in Dunedin inoculating soil 

in Augusto An even sized population of plants, each possessing 

one nodule, was selected, planted into individual plastic pots 

containing washed river sand, and supplied with minus~nitrogen 

nutrient solution twice weeklyo Plants were evenly spaced on a 

greenhouse bench and random samples of 10 plants taken at 20 day 

intervals from-24 October until 1 April the following yearo 

Separate root, shoot and nodule data were obtained 0 

Two measures of nitrogen fixing efficiency are used to 

describe the amount of nitrogen fixed per unit of tissue per unit 

of time: 

10 Nodule efficiency as described by Bond (1936) is given by 

the expression F / WI + W2 , where F is the nitrogen fixed 
2 

in mg per day and WI and W2 are the nodule weights at the 

beginning and end of the periodo Efficiency is thus the 

increase in nitrogen per unit nodule weight (arithmetic mean 

of nodule weight over the growth period) per day. Efficiency 

percent is therefore mg N/I00 mg noduleoday. 
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20 "Relative nitrogen assimilation rate" RN (Gibson, 1965) is 

given by the expression RN = (loge N2 - loge N1 )0(t2 =t 1 ) 

where N1 and N2 are total nitrogen values at times t1 and 

t20 The expression is analagous to that used to define 

ielative growth rate and expresses the increase in nitrogen 

contained in plants o On a percent basis RN.:;mgN/100mgN.day. 

Confidence limits of the means p = 0.05 (Croxton, 1953) 

are given for dry weight data onlyo As all other data is 

dependent on this, the same variability will be shown by these 

data. 

Co RESULTS 

At the commencement of the experiment the seedlings were tiny, 

averaging less than 12 mg with nodules averaging 0030 mgo The 

increase in stem number (table 4.1) illustrates the growth habit 

of Co arborea in which stems are continually produced from the base 

of the plant. After four months stem number had reached a 

maximum of 15, the oldest of which were starting to die and lose 

their leaves. ExponentiaL increase in dry weight and nitrogen 

was attained soon after the first harvest and continued for most 

of the experiment although there was a definite reduction in 

growth rate over the last periodo At the last harvest, nodulated 

plants had accumulated 6404 mg nitrogen while unnodulated plants 

grown under the same conditions contained only 0089 mgo Plate 

401 shows the sizes of nodulated and unnodulated seedlings at 

final harvest 0 

Confidence limits of the mean show that the variability in 

plant size at anyone harvest was very largeo The variability 

decreased with increasing plant size~ thus at harvest 2 the 

confidence limits represent ca. + 50% of the mean while. at harvest 

9 they are ca. ± 20% of the mean o 

Growth data are presented in table 402 in which table harvest 

times and-the growth periods which occur between them are 

tabulated. 
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PLATE 4.1 

C.arborea"plants grown in sand culture for 160 

days. 

(a) Nodulated and unnodulated seedlings. Nodule 

cluster on plant at left occurs at base of 

stem. Note. particularly good root growth 

in nodulated plant. 

(b) As above, nodulated plant at right. 
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Translocation of fixed nitrogen from the nodule to the rest 

of the plant exceeded 84% throughout the growth period, showing 

little variation except that during the last period there was 

evidence of a loss of nitrogen from nodules in excess of that 

fixedo 

Consideration of growth data is based on the exponential 

phase of growth which occurred between harvests two and seveno 

For this period the relative growth rate of the whole plant 

was maintained at between 100% and 108%, falling rapidly in the 

autumn to less than 005% (table 402, column 5L Nodule growth 

follows the same trends as whole plant growth throughout the 

growing period and also .maintains exponential growth. Exponential 

growth of nodules is further demonstrated in figure 401a where 

nodul.e growth is shown to fit the curve log y = 00012x + 00620 

Not only do the nodules and the total plant weight increase 

exponentially so also does the total plant nitrogeno The rates 

of increase of plant nitrogen and.nodule weight are given by the 

slopes of the curves (fig. 401a) log y = 00124x for total nitrogen 

and log y = 000120x for nodule weighto 

While whole plant and nodule growth appeared to proceed at 

a relatively steady rate, nitrogen fixed showed large fluctuations 

from period t~ periodo This is reflected in fluctuations in 

efficiency and relative nitrogen assimilation rate RN .(}:able 402, 

columns 3 and 4)0 Although the efficiency fluctuates widely 

with time, when the time factor i~ eliminated and individual 

nodule weights correlated with individual plant nitrogen, a 

highly significant linear .corr;elation is obtained, (figo 4.1b), 

for the exponential growth phaseo This correlation fits the 

regression Y = 00276x + 1068 with r = 0 0960 Thus although 

over any short period, such as the 20 day period used here, 

nitrogen fixed per unit of nodule or per unit of plant nitrogen 

may be unstable, the integrated plant nitrogen is strongly 

correlated with nodule sizeo 

The ratio RN I Rwt has been used by Gibson (1965) to 

determine the balance between growth and nitrogen fixation. 

Where the- value exceeds 1000 nitrogen fixation is proceeding 

':~: .~: - ~ -:~: ,~; -~~ :~~:~:~: ._.-... '_'. cr ..-~.:. '...~...;. 
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FIGURE 4.1 

Growth data for nodulated Co arborea plants grown 

in sand culture in a glasshouse. 

(a) _ For t.he, growth period 20 to 100 days increas,e 

in nodule weight and in total nitrogen was 

exponential.. A close,correlation between 

nitrogen increase and no~ule weight increase 

is shown by the slope of the two lines. 

(~b) The linear correlation of the above two 

parameters is shown in this graph for the 

exponential phase only. The correlation 

coefficient (r) for the deiived cur~e is 

0096 indicating a very high level of 

significance. 
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faster than dry matter productiono In Coriaria,for a period 

when the ratio falls below 1000 the corresponding harvest shows 

that plant growth has proceeded at the expense of nitrogen stored 

in the planto Thus for period vi (table 4 02) RN / Rwt = 0045 
and ~lant nitrogen fell from 2 0 24% to 1 0 39 % of dry weight 0 

This relatiopship holds consistently throughout the experiment 

and both vindicates the use of this expression and demonstrates 

further that nitrogen fixation is more sensitive to short term 

environmental changes than is growth. 

D.DISCUSSION 

Until such time as it is possible to gain better control of 

nodulation in Coriaria physiological experiments such as the one 

described will be accompanied by large variationo This variation 

is manifest not only in the weight data but also contributes to 

the variability in fixation efficiency described above. Other 

sources of variation are the genetic variability of the plants and 

the variation in time of germina·tion o Some degree of control 

of these sources of variation was made by selection of even sized 

populations at two stages during early growtho 

Any discussion arising out of this experiment of the likely 

performance of Co arborea in its natural habitat is limitedo If 

the 4 inch plant pots had been at tightest packing, the plant 

density would have been 100 / m
2 

and the nitrogen fixed 

6041 g N / m2 (57 lb N / acre) for a growth period of 160 dayso 

This compares very well with the average rate of 6 0 55 g N / m2 0annum 

for the first 14 years of the chronosequence described in chapter 

30 The basis for this comparison is open to a number of questions 

such as the density of plants and the stage of growth, however 

this similarity does give weight to the figures produced in 

Chapter 3 0 

One further limitation to the experiment is that plants in 

sand culture do not form further nodules~ Whereas under natural 

conditions Cgriaria plants may possess up to five nodule clusters 



at the end of their first year, in the experiment they still had 

only one noduleo Thus the development of nitrogen fixing capacity 

was limited by the growth of one nodule. Plants in the field 

may therefore perform better although plants possessing one nodule 

appear similar to those possessing several (see chapter 5)0 
The strong correlation between relative growth rate of the 

whole plant and of nodules could be an indication that the 

nitrogen supply from nodules was limiting growth and thus plant 

growth is dependent on nodule growtho The alternative view is 

that the growth of nodules may be limited by available carbohydrate 

produced by the plant and thus nodule growth is pegged to plant 

growth. In either case.as long as nitrogen is limiting growth t~ 

two will undoubtedly be well correlated. 

At the close of theeKperiment in early autumn there was 

a decline in the mean number of living shoots. This phenomenon 

of semi-annual growth of aerial shoots is characteristic of 

Co arborea. Whereas in the alpine species of Coriaria,aerial 

growth is wholly annual, the shoots of Co arborea may last from 

six months in young plants to five years in older plants. 

Subsequent leaf fall from the aging shoots whether it be a 

continuous or annual event provides the major means whereby 

symbiotically fixed nitrogen· is returned to the soiL Three 

lines of evidence indicate that there is no large scale excretion 

of nitrogen from nodules. 

L Soil at Hapuku (fig. 3.2) shows a much greater lag in 

nitrogen accumulation than total nitrog.en, indicating that 

build up of soil nitrogen is dependent on decay of fallen 

litter. 

2. Associated sand culture of nodulated C. arborea with the 

grass species Dichelachne crinita, Festuca novae-zelandiae 

and Lolium perene failed to show stimulation of the grass 

species when leaf fall was eliminated. 

3. Simil~rly,nodulated and unnodulated seedlings of Co arborea 
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grown in the same water culture container (chapter 6) 

further confirmed that no significant nitrogen exudation 

occurs from nodules or root systems under these conditions. 

rn common with legumes and other non-legumes the amount of 

nitrogen translocated represents approximately 90% of the nitrogen 

fixed at anyone periodo This remains steady until the last 

growth period when 110% of nitrogen fixed is translocatedo 

That the latter phenomenon is a real one is demonstrated by 

similar results being obtained by Bond (1936) for soy~~an and 

Stewart (1962) for aldero 

This rapid and massive removal of recently fixed nitrogen 

from the site of fixation to the shoots has led workers to

speculate that nitrogen fixation is carried on at a site external 

to the endophyte 0 On the evidence of 15N labelling experiments 

in which the subcellular components were fractionated, Bergersen 

(1960a, b) proposed that the site of fixation in soy bean nodules 

is in the host membrane surrounding the bacteroidso This theory 

found wide appeal among workers on both legume and non=legume 

symbiosis. However~ Kennedy (1965) and Klucas (1966) were unable 

to repeat this and have shown that in soybean and serradella 

nodules the greatest concentration of 15N is in the bacteroid 

fraction. Subsequently Bergersen (1967a, b) has been able to 

extract nitrogen fixing bacteroid suspensions virtually fre~ 

of the host membrane and has further extracted a cell~free nitrogen 

fixing fraction from the bacteroidso It must now be assumed 

that the site of fixation is within the bacterium of legumes 

and presumably within the endophyte of non-legume nodules as well. 

In Coriaria the time interval for entry of nitrogen, its 

incorporation into organic compounds and transport to aerial 

portions of the plant is considerably less than three hours 

(see chapters 8 and 9). 

Average daily rate of nitrogen fixation between harvests 

two and seven'was 0040 mg N / plant, while mean effeciency was 

4.4 mg N / g noduleoday (0044%)0 The former, per plant, 

expression has little meaning outside the context of this 



experiment as it makes no reference to the size of the plant or 

the active tissueo The latter, efficiency expression, was 

coined by Bond (1936) to provide a means of reference and 

compari'son for nitrogen fixation datao However, the term 

effici-ency is unfortunate in this context as it leads to the 

belief that differences in efficiency either between or within 

species or even in the same population derive from differences 

in the ability of the endophyte to fix nitrogen. Such 

differences doubtless do exist but more likely reasons for 

variation in efficiency arise from death of the endophyte 

reducing the active volume of nodule tissue or deterioration of 

environmental conditions such that lower substrate concentrations 

exist in the noduleso 

It seems appropriate therefore to discuss the concept of 

nitrogen fixing efficiency as an index whereby different 

species of plants can be compared 0 Pate (1958a) in a study of 

nitrogen fixation in the field pea (Pisum arvense) has preferred 

to call this same expression "apparent fixation intensity", 

although still referring to efficiency in the text o Gibson 

(1965.) suggested the use of the expression "relative nitrogen 

assimilation rates" (RN)o Analagous to relative growth rate, 

this term expresses increase in nitrogen per unit of nitrogen 

contained in the planto This expression will be used for 

comparison in the present account 0 

Efficiency of nitrogen fixation fluctuates markedly with 

no obvious trend emerging and little correlation with relative 

growth rates for total plant ,or nodule weighto ~ fluctuates 

in a similar manner to efficiency 0 Thes,e short term 

fluctuations could indicate that there is no correlation between 

nodule weight and nitrogen fixatio~ -during the periodo As 

nodule growth is closely linked with total plant growth rather 

than with nitrogen fixation, it is realised that the short 

term correlation is secondary onlyo In the long term, however, 

there is excellent correlation between nodule weight a,nd total 

nitrogen fixed (figure 401)0 It is considered therefore that 

short term f~uctuations in efficiency and ~ are due to 



environmental fluctuations which, although they do not materially 

affect growth rate, have a marked effect in depressing nitrogen 

fixation. Comparison of periods iii and iv (table 4.2) will 

illustrate this point: while relative plant growth is the same 

for both periods at 1.15%, and relative nodule growth little 

different at 1.10 % and 0.93 %, efficiency fluctuates from 1.33 % 
to 0.26%, and ~ from 1.75 % to 0049 %. Similar trends can be 

seen throughout; period ii having a low efficiency with 

relative growth rate still high at 1.0 %. 
There is little doubt that such fluctuations are due to 

environmental effects. A light integrating device consisting of 

two selenium barrier~layerphoto-cells in series held under half 

ping~pong balls, was attached to a recording micro~ammetero 

Unfortunately this was damaged soon after the beginning of period 

iii. However, a comparison of periods i and ii does show that 

significantly lower light intensities occurred during period ii 

during which period there were three spells of cold south-west 

raino During period i there was an average of 72 units / day 

above 1000 ft candles and 10 units / day above 2000 ft candles 

while for period ii the averages' were 48 / day and 2 / day 

respectively. The units are graph squares under the integrated 

light curve (fig. 4.2), 
Similarly the low efficiency and RN for period iv is thought 

to derive from the higher temperatures prevailing during this 

period. The average maximum outside temperature during period 

iii was 71F and during period iv was 78F with correspondingly 

higher glasshouse temperatures. During period iv serious 

drying out of sand cultures occurred which disproportionately 

affected nitrogen fixation. Experiments on subterraneum clover 

(Gibson, 1965) showed that in controlled environment conditions 

~ fluctuations are very small. 

Although the evidence is circumstantial the following 

conclusions regarding environment and nitrogen fixation may be 

drawn from this experiment; 



FIGURE 4.2 

Sample Ji.ght: int.egrq.ti~g curves for periods i and ii; 

four consecutive day~ in each case. The light 

measuring device consisted of two selenium barr~er 

layer p?-otocells in' serles each underq. half 

pin.g~p~ong~ ball at.ta.cbed to a recording micro-ammeter. 

Theo~tput of aeleniuw cells is non-linear in the 

h~gherlight range ,·see calibration. However an 

indication of. t):le r .. elative daily light intensity 

may be gained by. con~sidering the figures given in 

parenthesis f,or .each curve which are the number 

of chart squares under the graph above 1000 foot 

candles. All four days shown for .p~riod i were --... , 

b.rigpt although the movement of a'n\J,mberof small 

passing clouds is evident 1'n the traces for 26 and 

27 October. FO.r period ii all days shown had heavy 

cloud with 22 ~and 24 .November shE>wing some breaks 

in cover. For period i the- daily average above 

1000 foot candles was 72 units while for period 

ii it was 48. 

I 
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Harv.at 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

* 1. 

2. 

3. 

4. 

TABLE 4 . 2 

Growth data for C. ,rbor" •• 8411n,1 It own 1n .and 
20 day interval. from 24 October untiL 1 April. 

Totat N 1* 2* 3* 4* 
N Perlod N fixed .trand. "" Ettie. ~ 

IDS ~. -. Crana! • 
'" '" 

0.27 
1 1.76 1.57 90 2.00 4.30 

2.03 
u 1.07 0.93 87 0.50 0.92 

3.10 
III 4.40 4.17 95 1.33 1.75 

7.50 
Iv 1.35 1.31 97 0.26 0.49 

8 . 85 
v 20.90 18.60 89 2 . 26 2.63 

29.80 
vi 13.30 11.20 84 0.59 0.80 

43.10 
vll 9.23 8.50 92 0.26 0.42 

52 . 30 
viii 12.10 13.40 110 0.31 0.45 

64.40 

culture, barve.Ced at 
Mean. of 10 plant • • 

5* 6* 7* 
RN RW1: Rwn 

'" '" 
:t..W1: 

5. 20 2.30 0.83 

1.00 0.77 0.92 

1.15 1.10 1.52 

1.15 0.93 0.43 

1.65 1.45 1.60 

1.79 2.13 0.45 

0.35 0.29 1.20 

0.45 0.16 1.00 

Nitrosen transfer i. calculated by 5. Relat lv. arowth raC. (eotal plant) 
lubcractins fro. the amount ot nitrosen (lDS/l00 '"I.day) 
fixed over eM period, that aao':.lnt 
recained 1n thl nodule •• 6. Relae lve srowth raCa (nodulI .) 
Nitrolen tranaterred •• percent of (105/ 100 10 •• day) 
n1 tros.n fixed.. 
Efficiency ~ aaneu Bond (1936) 7. Ratio nltros." a •• imllatlon raC, / 
(-aN/I00 •• nodul •• day) r.laeive arowth raC •• 

raC. 

8* 

" 
'" 

2.25 

1.45 

1.35 

2.02 

1.40 

2.24 

1.39 

1.43 

1.43 

Relaeive nicros.n ••• t.l1.tlo~ 
(lOoN/I00 lOS " . day) 8. Plant nltC'Osen percent of dry v.Ishe. 



I. Nitrogen fixation is more sensitive than plant growth to 

adverse environmental conditions. 

2. Nodule growth is a function of plant growth rather than 

Current fixation rate. 

3. When nitrogen fixation rate is lowered the plant may draw 

on reserves stored in other parts - mainly the shoot. 

Efficiency figures for soybean given by Bond (1936) show a 

continual reduction from 2.76 % to 0.02 % over the growing 

periodo Bond suggested that this was due to a fundamental 

reduction in average activity of the bacteria with time. 

It is possible, however, that the general deterioration of 

weather conditions was responsible for the decrease in nodule 

efficiency. This s further supported in that at no stage did 

the plants in Bond!s experiment reach an exponential growth 

phase. Stewart (1962) in a study of nitrogen fixation by alder 

compares efficiency data with those of Bond (loco cit.) for 

soybean and points to their similarity. In fact, no similarity 

whatsoever exists. When Stewart's data are analysed it can be 

shown that exponential growth occurred for over two months 0 

Efficiency figures for the six harvests of this phase are 

remarkably constant being 1 018, 1.19, 1023, 1.20, 1003, and 0 0 79 %. 
Very similar data were obtained by ilaly (1966) for Alnus rugosa. 

Thus any discussion or comparison of efficiency data must make 

recourse to environmental conditions and plan"t growth. Soybeans 

grown in Glasgow obviously do not grow at normal rates while alder, 

a plant native to Scotland, achieves exponential growth and may 

be described as normal. In fact for a variety of legumes 

studied, including soybean, efficiency increases throughout 

the exponential growth phase, (Pate, 1958a, b; Oke, 1966; 

Dobereiner, 1965)0 

The linear relationship between nodule weight and total 

nitrogen obtained for Coriaria (fig. 401) and the constant 

fixation ef~iciency obtained for Alnus sppo by Jtewart and Daly 



indicates that a constant proportion of the nodule tissue of these 

is concerned with nitrogen fixation. Chen and Thornton (1940) 

found that in legumes, the volume of nitrogen fixing tissue shows 

a close correlation with nitrogen fixed. The failure of 

ineff~ctive nodules was not due to lower activity or efficiency 

of the bacteria but was due to reduced volume of active tissue 

and to an early disintegration of this tissue. This relationship 

has been shown to hold over a wide range of conditions. Assuming 

that this also holds for non-legume nodules during the first year 

of growth, the constant efficiency shown by non~legume root 

nodules .indicates that a constant volume proportton of nodule 

tissue is concerned in nitrogen fixation over the growth periodo 

This is unlikely to be true in the second year of growth as the 

perennial non-Legume nodule consists of an increasing proportion 

of woody inactive tissue. Thps efficiency figures for old plants 

would appear to be very low on a dry weight basis. The ideal 

basis of nitrogen fixing efficiency must therefore be active 

tissue volume. 

When comparing legume and non-legume nitrogen fixation a 

paradox presents itself which sliggests a fundamental difference 

between the symbioses. On the one hand Dobereiner (1965) has 

demonstrated for legumes such as soybean and centro (fentrosema 

pubescens) that nitrogen fixed rises exponentially with nodule 

weight. She uses the slope of the regression of log total plant 

nitrogen against nodule weight as a measure of efficiencyo This 

relationship holds for other legumes (Pate, 1958a, b; Oke, 1966) 

for which efficiency rises sharply with noduie size (age)o 

On the other hand efficiency remains constant for non-legume root 

nodules and the relationship between nodule size and total plant 

nitrogen is linear rather than exponential. 

Although not discussed by Dobereiner, the relationship 

observed by her can be explained in either of the following 

ways: 

10 The average nitrogen fixing activity of the bacteria increases 

with increasing size (age) of nodule. 



20 The volume of bacterial tissue represents an increasing 

proportion of the nodule weighto 

In the Light of Chen and Thornton's work (1940) the former 

alte~native is unlikely. A consideration of the latter 

alternative provides a likely solution o Most legumes produce 

many small spherical nodules, the individual weight of which 

seldom exceeds 30 mg in one year (Pate, 1958a, b), while the few 

nodules of non-legumes easily reach 200 mg in their first season 

and are cylindrical rather than sphericaL Many small spherical 

nodules of the soybean type will individually grow slowly and 

retain an increasing prQPortion of their volume, and thus their 

weight, active in nitrogen fixationo On the other hand the large 

cylindrical nodules of non~legumes grow quickly maintaining at 

first a constant proportion of their volume (weight) active in 

nitrogen fixation, Towards the end of the first growing season 

the proximal ends of Coriaria nodules contain areas in which the 

endophyte has disintegrated, thus efficiency in terms of nodule 

weight will decrease from this stage. The relationship found 

for legume nodules is therefore· a normal phenomonen associated 

with the relative increase of active volume per unit weight of 

nodule as nodules increase in sizeo 

From the foregoing discussion of nodule efficiency the 

following conclusions are drawn: 

10 Nodule efficiency can only be validly compared during 

exponential growth 0 The onset of seasonal climatic changes 

and phenological phenomena such as flowering and senescence 

introduce vast problems in understanding efficiency datao 

This argument may be taken further to any consideration of 

plant growth phenomenao 

20 Efficiency in terms of nodule weight is complicated by the 

fact that the active tissue volume to nodule weight ratio 

is vastly different for different shaped and sized nodules 

and furthermore may change during the growth of the nodule, 



67, 

30 More useful measures of nodule efficiency could be derived 

by consideration of active tissue volume along the lines of 

the work of Chen and Thornton (1940) 0 The expressions of 

Gibson (1965) and Dobereiner (1965) are real advances in 

~xpressing fixation and efficiencyo 

40 Notwithstanding the above, for the plants which have so far 

been tested and during the first season of growth, non-legume 

nodules develop a constant proportion of their weight active 

in nitrogen gixation and thus display relatively constant 

ef ficiency 0 Legumes, how.ever, possess an increasing prop::>r:tim 

of their nodule weight active in fixation and consequently 

an increasing efficiency as nodules increase in sizeo . 

It has been shown elsewhere in this account that the 

depression of nitrogen fixation is due to environmental conditions 

which disproportionately reduce fixationo 

The effect may be direct on the fixation process eog. the low 

temperatures associated with the cloudy conditions during period 

ii may have been sub~optimal for nodule activity. Alternatively} 

and more likely, the effect may be indirect in that during a 

period when photosynthesis ,is mildly affected by lower light 

intensity or water stress conditions supply of carbohydrate to 

nodules may be reduced 0 The plant nitrogen per cent figures 

presented in table 402 indicate that Coriaria plants are able to 

store nitrogen up to 0 0 9% of their weight which may then be 

subsequently drawn on for growtho 

Short term fluctuations in growth and nitrogen fixation 

must occur within the harvest periodso However the long term 

fluctuations in growth rate, nitrogen fixation rate and per 

,cent nitrogen suggest the possibility of a control mechanism 

in nitrogen fixation perhaps JIlediated by carbohydrate supply to 

the noduleo 

The above suggestion, those concerning the sensitivity of 

nitrogen fixation to environment and the general usefulness of 

efficiency-data have only been partially resolved in the above 



e*perimento EXcperiments under prectsely·controlleci conditions 

could do much to resolve these questions both in respect of legumes 

and non-legumes o 



CHAFfER -5 

DEVELOPMENT OF ROOT NODULES 

Ao INTRODUCTION 

The fact that both NoZo species of Coriaria and those of Asia 

and Europe produce nod~les only in soil contrasts strongly with 

other non~legumeso The usual method of artificially nodulating 

most non-legume species is to apply crushed nodule su~pensions 

to unnodulated seedlings.in sand or water cultureso Many attempts 

have been made to obtain homoge~eous populations of Co arborea 

plants suitable for .experimentso These are described in this 

chapter 0 In addition, the morphological and anatomical develop~ 

ment of nodules and their effect on plant morphology are describedo 

Bo NODULE MORPHOLOGY 

Nodule development was followed in Co arborea plants growing 

both in the field and in the glasshouseo The following are a 

series of observations on nDdule initiation and development and 

it. effect on plant growtho 

The normal habitat of Coriaria plants ~ shingles, sands, 

volcanic debris~ and other recently exposed surfaces ~ ensures 

that competition from other species is seldom a factor limiting 

seedling growtho Seedling growth is in fact slow and strongly 

dependent upon moisture availability (chapter 3)0 This slow 

seedling 'growth explains the virtual absence of Coriaria 

invasions into fertile soils although in some pastures the 

rhizomatous species survive for many years and may actually 

encroach on grassland when the latter is heavily grazedo 

Early seedling growth of Co arborea produces ,al single stem 

with opposite, decussate, almost sessile, leaves arranged 'on 

square stemso The decussate arrangement of leaves is only 



obvious at the tip of each branch as successive internodes tWLSt 

through 900 to bring the leaves~ on the essentially horizontal 

stem~, parall~l to the ground surface (plate Sol). Growth in 

successive seasons becomes more erect in which case the leaves 

maintain their decussate dispositiono 

Virtually all seedlings of Co arborea collected in the 

field possessed nodules before the production of the second 

stem which arises before the first reaches 12 cm in lengtho 

Nodulation occurs in spite of the relatively sterile soil 

conditions in which some seedlings germinateo Survival under 

these conditions is in fact dependent on nodulationo Many more 

seedlings nodulate and survive in close proximity to adult plants 

than 'further away due to the presence of nodule endophyte and 

probably to the increased organic matter which besides providing 

water retention also ensures survival of endophyte 0 

Nodule formation and release from nitrogen starvation 

produces dramatic changes in plant morphologyo Unnodulated 

seedlings growing in nitrogen deficient soils possess leaves less 

than 105 cm long which are often deep red while stems may be 

scarlet~red. After nodulatioQdistal leaves and internodes 

become green and healthy~ new stems are quickly formed, the 

leaves of which are at least twice the size of those on former 

branches (pla t-e 501 L 
Nodulation occurs early in the field~ often at the stage of 

six fully expanded leaveso Plants failing to nodulate then 

quickly die. In the glasshouse however~ seedlings often fail 

to nodulate for up to five months after sowi"ng at which time they 

may possess two or three stunted stems o Nodulation could be 

reliably expected in the glasshouse only in late spring or early 

summer. Glasshouse seedlings have never produced nodules in the 

height of summer, autumn or wintero 

My own findings and the published report by Burke (1963) 

confirm that nodules are present on all New Zealand species of 

Goriaria in the field. On the rhizomatous species they are 

usually found on fine adventitious roots near rhizomes although 

with careGHl excavation nodules can be found on secondary roots, 



PLATE 5.1 

Onset of nodulation in C. arborea seedlings grown 

in a plant growth. ch~mber. 

(a) S~ecllj.ngs_gro¥in~? in nodulating so,i1. 'Th.e 

fLne st.ems with small leaves belong to un

nodulat.ed_pla:nt~ or weI;'e produced before 

nodulation oc,~urred.NQte particularly top 

l~ft corn,er ~nd middle right for contrast in 

leaf and starn morph,ology before ~nd after 

nodulation. 
I 

(b) Close up of separate stems showing th,e deep 

&reen large leaved stem of nodulated plant 

above. In the lower stem from an unnodulated 

plant leaves are small and both stem and leaves 

sho'9' strong anthocyanin colouration. Note 

the twis*ing of the stem bringing successiv~ 

pairs of'leaves horizontal. 
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Progressive rhizome growth and death of rhizomes due to 

submergance under a mobile substratum means that nodules on 

r~zQmatous species never attain the size of those on Co arboreao 

In Co arborea, root nodules are white or grey in colour 

turning to brown on development of periderm 0 Lenticels are 

prominent as white lines along the sides of nodules of plants 

growing in poorly aerated soils or in water culture regardless 

of the extent of aeration of the water cultureo 

Development of nodules has been followed on Co arborea plantso 

Plate 502 shows a series of nodules taken from plants 4uring their 

first year of growth, nodule age ranging from about one week to 

26 weekso 

Co INVESTIGATION OF RED PIGMENTATION 

Production of red pigmentation was very marked in young 

unnodulated seedlings growing in exposed environments, and a 

reliable indication of nodulation in the glasshouse and the field 

was given by loss of pigmentation (plate 501)0 The colour 

reappeared in some seedlings transplanted from the field; in which 

case nodules were invariably found to be black and atrophiedo 

Similarly, when nodulated plants were transferred in winter from 

glasshouse to growth room kept at 2,000 ft candles light, 25C, a 

flush of red pigmentation ~as produced which lasted for a week 

and then quickly disappearedo As the pigmen~ Obviously provided 

such a good measure of CIN status of Coriaria plants further 

investigation of its identity and role were considered necessaryo 

In addition Stevenson (1958) speculated that red pigmentation 

in a variety of plants was associated with their ability to 

fix nitrogeno 

The pigment, suspected to be an anthocyanin, was extracted 

from the outer tissues of Co arborea stems in 001% methanolic 

HCl o A distinct red colouration in acid solution turning to 

faint blue on addition of excess alkali confirmed the pigment as 

a flavone anthocyanino Although the absorption spectrum of the 



(a) A range of nodules occurring on C. arborea 

seedlings during their first year of growth. 

NoclulE7 .age ranging from one week to ca. 26 

weeks. The largest nodule approximately 

1 cm. (Scale mm.) 

(b) Nodulation patterns in differing soil types. 

ControL seedlings 25 weeks old harvested 

from Dunedin "Town Belt" (D) soil on the 

left, and a Rotorua so~l (R1 ) on the right. 

Plants fromD soil possessed a few large 

spherical nodules (average 3.50 per plant) 

while those fromR 1 soil had many, small, class 

A nodules (average 13.70 per plant). 

Much of the root mass of these plants has 
3 

bJ~en removed to reveal nodules. X /4. 
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crude extract was complex, the long wavelength maximum absorbance 

at 530 mr corresponded well with several anthocyanidins (eog. 

peonidin 532 mr) (Swain, 1965). 

Anthocyanin pigments are formed by substitution of the 

anthocyanidin nucleus with sugar residues. Small changes in 

absorption spectra are brought about by formation of the glycoside 

from the aglycone but these are of little use in determining the 

type of substitution, (Geissman, 1965). However the absence of 

a shoulder in the spectrum at 440-460 mp indicated that the pigment 

in Coriaria was a 3, 5-di-glycoside rather than the more common 

3-mono-glycoside. Colour reactions with sodium acetate and sodium 

carbonate indicated that the pigment ~as cyanin, (cyanidin 3, 

5-diglycoside). 

Further purification by thin layer chromatography using two 

solvents; n butanol/acetic acid/water (60/15/25, v/v) and water 

saturated phenol showed that the red pigment was homogeneous 

although small amounts of chlorophyll and a minor blue pigment 

were presento The purified material was eluted from chromatograms 

in 0.1% methanolic HCl and UV-visible absorption spectra 250-800 

TIl)-l run, using a Schimadzu double-'beam recording spectrophotometer 0 

The material showed a long wavelength maximum absorbance at 

520 mp to 526 m~ and short wavelength maximum at 273 mr. 

The above information positively identifies the pigment as 

an anthocyanin and tentatively as cyanin. Identity of the 

sugar residues was not attempted 0 

Anthocyanin production is known to be mediated by a red, 

far-red reversible reaction and this has proved to be a useful 

assay for phytochrome activity eogo the production of cyanadin by 

red cabbage seedlings (Siegelman and Hendricks, 1957). Although 

this latter study has not led to an extension of our knowledge of 

anthocyanin function it has focussed attention on the role of 

light in the production of this non-photosynthetic seemingly 

unimportant pigment 0 

The production of anthocyanin under conditions of growth 

stress, and high light conditions is well documented e.go Hussey 

In-this work the production of anthocyanin in tomatoes 



occurred when growth was suppressed by nitrogen starvation or 

low temperatures in the presence of high intensity lighto Under 

these conditions the normal IIsinks" for carbohydrate, the growing 

apices, are suppressed and excess carbohydrate is diverted to 

anthocyanin productiono Although dis'tribution and synthesis of 

anthocyanins in flowers has been studied intensively their role 

in other organs is unknown 0 In mast cases they form transient 

colours in leaves and stems and on "recovery" the plant quickly 

loses the colourationo Whether this is diluted out as the plant 

grows or is destroyed by an enzyme is not known (Harborne, 1965)0 

In Coriaria the rapidity with which anthocyanin appea~s and' 

disappears when light,temperature and available nitrogen levels are 

altered argues that formation and degr~dation of anthocyanins and 

pos~ibly other glycosides are under enzymatic control and 

possibly playa real role in storing and liberating carbohydrates 0 

Do FACTORS AFFECTING NODULATION 

) 

The size that individual nodules attain during the first 

growing season and in subseq~ent seasons is dependent on the 

growth rate of the plant and the number of nodules formed per 

planto Nodule growth rate keeps pace with plant growth rate 

(chapter 4) although under some circumstances seedlings may form 

many nodules while under others one or relatively few are formedo 

As this variety in nodule number occurred both in the field and 

in the glasshouse the controlling factors were considered to be 

soil factorso Of all the soil factors known to affect 

nodulation, two are discussed here~ the presence of effective 

endophyte and adequate nutrient supplyo 

10 Presence of nodule endophyte 0 

The endophyte of Co arborea appears to be of widespread 

occurrence since nodulation was produced in soils from local 

gardens currently devoid of Coriaria and, at least on present 

distribution--of Coriaria, unlikely to have ever supported ita t 



anytime. Soils from beneath Coriaria plants in the field 

brought about great variation in the numbE?r of nodules formed 

per plant. Thus in soil from Town Belt, Dunedin only one or 

two nodules were formed on each plant in contrast to a pumice 

soil from Rotorua in which rapid and extensive nodulation 

occurred. River bed shingle and sand from Kaikoura were notably 

poor in their ability to nodulate C. arborea plants although they 

support vigorous Co arborea populationso All these soils contain 

nodule endophyte but their effect on endophyte or host physiology 

brings about vastly different' nodulation patternso 

Dilution of these soils with sand in ratios of 1 : 1 or 1 : 2 

soil I sand did not alter the time at which nodules fOI,"med or the 

number of nodules formed per planto 

20 Micronutrient deficiency 

Another factor controlling nodulation is micronutrient 

deficiencyo Becking (1961) recoroed that in soils of low 

molybdenum status Alnus glutinosa plants produced many small 

noduleso The necessity of Mo for nitrogen fixation in a variety 

of symbiotic and non-symbiotic systems is well known 0 Recently 

a specific protein fraction, termed D1 by Mortensen (1966), of 

the nitrogenase system of Clostridium pasteurianum and other 

nitrogen=fixing bacteria has been shown to require both 

molybdenum and iron for_normal. activit Yo 

Due to the work of Holm~Hansen et alo (1954) and Ahmed and 

Evans (1960) it is now.establi~hed that cobalt is an essential 

micronutrient for nitrogen~fixing organisms but not for plants 

utilising combined nitrogeno The specific role of cobalt in 

this respect has not yet been establishedo 

The Rotorua soil which produced such efficient nodulation 

is noted for cobalt deficiencyo Most Of the volcantc soils of 

the central North Island plateau a;re derived from the late 

Quarternary Kaharoa and Taupo pumice ash showers 0 Cobalt 

deficiency is constant throughout this areao 

It was considered that nodulation patterns obtained in 

different soils may be explicable in terms of micronutrient 



deficiency and the following experiment was carried out in an 

endeavour to disprove this. 

75. 

Four different soils and four treatments to these soils were 

tested for their effect on nodulation patterns. Soils were from 

Dunedin "Town Belt", designated D, and three from Rotorua, 

designated R1 ~ R3 • R1 had been used previously and shown to 

produce many nodules per plant. R2 came from flat ground 

beside a Ringinui Forest road amongst indigenous shrubland. 

R3 , also from flat ground was in developing secondary Knightia 

forest. In all cases the soil was taken from beneat~ adult 

C. arborea trees sufficiently far from farmland to preclude 

addition of cobaltised superphosphate. 

Soils were placed in 4 inch plastic pots laid out in a block 

pattern in the glasshouse with four pots per treatment. 

C. arborea seed was sown directly onto the soils. rreatm~nts 

added to each 

i 

ii 

iii 

iv 

pot consisted of~ 

Control ,. - nQ treatment. 

+Co ~ 100 pg Co as cobalt chloride in neutral 

solution. 

+Mo - 150 }.lg Mo as sodium molybdate in neutral 

solution. 

full nutrients ~ 50 ml of full nutrient solution, 

including N03-N and normal micronutrients 

ioe. excluding cobalto 

Additions were made at sowing and again after all seeds had 

germinated. 

As the presence or absence of the endophyte in these soils 

had been tested, and nodulation patterns obtained, plants were 

watered from the usual artesian water supply without sterilizationo 

Nodulation first became obvious 9 weeks after sowing in 

plants in R3 , soil quickly followed by plants in D soilo No 

effect of nutrient addition was obvious when the 20 largest 

plants were .harvested 25 weeks after,sowing. At harvest 'the 

nodules on each plant were counted in three size classes: 

A - small nodules of two lobes or less 

B - three to six'; lobed nodules 



TREATMENT 

Control 

+Co 

+Mo 

Full 
Nutrient 

TARLE 5.1 

Eff.ct of 80il type and nutr~ent addition on nodule nu~.r and .ize. 
c. ,rbeEM .eedllns. Brown for 25 wnlr.. fro. .ow1na and n04ul •• 
counted in t:hr.e .iz. el ••••• Af Bf .nd C (._ t:ext:) for 20 ••• nina'·, 

SOIL TYPE 

D RI RZ R3 

Nodule. Nodule Nodul •• Nodule Nodul.' I Nodul •• NODULE Nodule per ~ ~ ~ NoduLe pe< 
TYPE No. No. per No. per No. plant plant plant plant 

A 17 0.85 24 254 12.70 93 17 0.85 25 96 4.58 
8 16 0.80 22 20 1.00 7 IS 0.75 22 54 2.60 
c 37 1.85 54 0 0 0 35 1.75 53 23 1.08 

Tot.l 70 3.50 274 13.70 67 3.35 173 8.26 

A 8 0.40 14 203 10.15 93 21 1.15 21 103 5.1S 
8 17 0.85 2. 16 0.80 7 39 1.95 38 45 2.25 
c 33 1.65 57 0 0 0 42 2.10 41 11 0.55 

Tot.l 58 2.90 21. 10.'5 102 5.20 159 7.9' 

A 8 0.40 17 264 13.20 93 15 0.75 22 37 1.85 
B 8 0.40 17 18 0.90 7 8 0.40 12 36 1.80 
C 32 1.60 66 0 0 a 46 2.30 65 22 1.10 

Total 48 2.40 282 14.10 69 3.45 95 4.75 

A 6 0.30 13 158 7.90 94 7 0.35 13 83 4.15 
8 6 0.30 13 11 0.5.5 6 20 1.00 37 48 2.40 
C 33 1.65 74 a a a 27 1.35 50 18 0.90 

Total 45 2.25 169 8.45 54 2.70 149 7.45 

An. Lysis of vari.nce for .ffect of soil type on tot.l nodule 
number indicated very hiShly sisnificant differenc... For nutrient 
tre.ements differences for R3 soil were hiShly 8isnlflcant f tor D .nd 

R2 signific.nt .nd for Rt not aisnifLGant. 

LSD 

p • 0.05 P .. 0.01 

SoU type 3.32 4.41 

Nutrient D 0.93 1.24 

Rl as as 
R2 1.57 2.08 

R3 2.11 2.80 

11 

55 
31 
14 

65 
28 

7 

39 
38 
23 

56 
3Z 

12 



C - large spherical nodules with more than six apices 

(plate. 5 02). 

Results are presented in table 501 as totals, means and 

percentage distribution in the various size classeso 

This experiment supports many other observations that if 

healthy plants possess few nodules, the nodules tend to be largeo 

In soil D, control plants possessed 3.50 nodules per plant with 

the majority being large C type.nodules while in R1 soil, plants 

possessed 13070 nodules, 93% of which were class A nod.ules. 

Despite the early nodulation of plants in R3 soil, plants in 

&2 possessed a higher proportion, of large nodules than those in 

R3 , thus nodule numbers on each.plant appear· to be affected by 

soil factorso 

Differences in nodule number in the control treatment showed 

very high significance and the pattern was continued for the 

various treatments with the exception that with full nutrient 

addition, Rl and R3 soils showed little difference in nodulating. 

patterns, 

The effects of micronutrients on nodule number present some 

paradoxes 0 Analys~s of variance were conducted separately for 

nodules produced in all soil types and significant differences 

were recorded in three soils D, R2 andR3 0 In one soil only, 

R3 , nodule number differences between treatments were highly 

significanto 

The only significant effect of cobalt was shown by plants 

in R2 soi·l where mean nodule number increased from 3035 to 5 0 2 in 

its presenceo 

Addition of molybdenum brought about a significant reduction 

in nodule number on plants in soils D and R3 while addition of 

full nutrients also produced a highly significant reduction in 

nodule number in D .soilo Although the largest change in nodule 

number in this experiment occurred in R1 soil on addition ·of full 

nutrient, differences in.nodule number in this soil did not show 

significance in an F test o 

In spite of some significant changes in nodule number on 
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addition of nutrients the difference in nodule number between 

soils e.g. D and R1 , was 

by micronutrient supply. 

found and the only trend 

controlled only to a very limited exterit 

No effects of great magnitude were 

found to hold for all soils was a 

reduction in nodule number on addition of full nutrient 

solutiono 

Soil reaction, another factor likely to contribute to 

nodulation pattern was measured on a soil paste of the two 

strongly contrasting soils D and Rl using a glass electrodeo 

In both cases reaction was quite acid, being 5.05 and ~o35 

respectivelyo This small difference is unlikely to have 

contributed to the marked difference on nodulation. 

Eo NODULE STRUCTURE AND ANATOMY 

A study of nodule development was made using both hand-cut 

fresh sections and nodule material fixed in CRAF Ill, mounted in 

w,ax and sectioned and stained in per-iodic acid Schiff reagent. 

Coriaria nodules, unlike legume nodules which are highly 

specialised structures, are similar to abbreviated secondary 

roots lacking r~ot hairs. They possess an apical meristem and a 

central vascular strand which is concentric initially. Infected 

cells occur on one side of the nodule and displace the stele 

laterally, the stele also becoming eccentric in structure. 

Nodules grow apically throughout their functional life which may 

be many years 0 

Swelling does not occur in nodules for some time after 

infection; the smallest nodules found possessed well advanced 

infection. Infection is thought to be via root-hairs in 

non-legumes but it is not yet established whether infection 

initiates secondary root formation or occurs early in development 

of a secondary root thus arresting its normal growth. Most 

nodules lie close to main roots and often tend to partially 

enclose them as they enlarge. They may form on small roots at a 

stage when secondary root formation has not normally commenced .' ~ -.' 



PLATE 5.3 

Co arborea plant 20 months old showing three well 

developed· nodule clusters. This plants had been 

growing in sand culture for 16 menths...X 3. 





thus it is likely that infection of both primary and secondary 

roots occurs 0 

Nodule growth is accompanied by successive dichotomies the 

individual lobes~ldom reaching more than 4 mm long before further 

divisiono Initially growth occu~s in on~ plane g~ving a 
" \ 

disc-like appearance to young nodules but subsequent divi~ions 

take place in all planes producing a spherical nodule mass which 

may be up to 8 cm diameter (plates 502 and 503)0 
Nodules are well protected; the apical meristem produces 

cells which although they do not form a distinct root ~ap develop 

in a similar fashiono This exfoliating layer continues down 

the uninfected side of the nodule as the elongated lenticel so 

characteristic of Coriariao No definite epidermal layer is 

produced on the uninfected side, rather the outer cortical cells 

divide to form the loose periderm 0 In contrast to this - on the 

infected side of the nodule - a distinct phellogen forms 

immediately behind the apex and normal periderm is produced 0 

Adjacent to fully infected tissue this periderm is up to eight 

cells thick with heavy tannin deposition (plates 504 and 5 05). 
A clearly differentiated endodermis surrounds the nodule 

stele'which in young nodules is concentric and centralo As 

infection progresses and infected cells hypertrophy the stele, 

is displaced (plate 505)0 Simultaneously phloem development 

adjacent to infected tissue is accelerated giving the stele in 

mature root nodules the appearance of an eccentric leaf trace 

rather than a concentric bundleo Small amounts of phloem are, 

however, present on the ~ninfect~d side of the steleo 

Development of infectioQ can be traced in longitudinal 

sections of nodules as the ,growth of the nodules is followed by 

progressive infection of cells behind the apexo 0 03 - 004 mm 

behind the nodule apex, cells undergoing differentiation enlarge 

rapidly and vacuolateo Hyphae 007 - 008 P in diameter accumulate 

in peripheral cytoplasm sending out branches which appear to 

traverse the vacuole (plate 506)0 
At this stage normal uninfected cortical cells at a similar 

level in the -nodule are 20 - 30 (35) ? in diameter while infected 



PLATE 5.4 

Loo£i tudinal .sections of C .arbor~a nodules. 

Nodules were Wax .em.bedded and serially sectioned, 

stained in per-iodic acid Schiff reagent. 

(q). ~odule dichotomy is seen. in two apices. 

The stele comes to lie assymetrically to the 

inner side of the· dichotomy while on the outer 

side cortical ce.lls have hypertrophied and 

the dark cells are fully inv~ted with 

endophyte. Nete heavy periderm outside 

infected side and lenticel or root cap type 

cells on the inner side of the dichotomy. 

(b) Close view of infection zone. Note enlargement 

of cortical cells on infected side. Hyphae 

can be seen in cells immediately above the 

dark fuLly infected region. 
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PLATE 5.5 

Development series of nodules of C.arborea, 

transverS,e s~ctions. Preparation as detai led 

for plate 5.4., 

(a) Young nodule in which lateral stele displacement 

is not yet obvious although the assymetric 

distribution of infected c~lls is apparent. 

Note granules ;in uni,nfected cortex. 
'. , ../ ( 

. ,:---""--

(0) Later development in which the sfele is displaced 

and only a small amount of uninfected cortex 

remains._ Note exfoliating cell layers outside 

uninfected cortex. 

(c) Assymetric development of stele is obvious 

with increased phloem production adjacent to 

infected cell layers. 

(d) Infected cells with traces of radial hyphal 

arrangement. Each infected cell possesses 

a central vacuole towards which the hyphae 

radiate. Note phloem at top left and granules 

in inner cortex. 
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cells are 30 - 40 (50) p in diameter. 

As the nodule grows further infection of cells proceeds 

apace about eight cells behind the meristem. In these cells, 

many hyphae proliferate radially rapidly filling the cell with 

such a dense radial array of fine threads that the hyphal nature 

is obscured by normal sectioning techniques. The central 

vacuole is reduced during endophyte growth and the nucleus is 

retained amongst the hyphae (plates 5.6 and 5.7). 

In healthy "active" nodule tissue most infected cells 

contain endophyte as described above although some cel~s may 

contain a number of spherical bodies 5 - 10 p in diameter. 

These bodies are concentrated in, the inner cortical cells of the 

infected tissue or scattered through uninfected tissue but their 

relationship to the endophyte is uncertain; they develop at 

about the same stage as-hyphae in normally-infected cells and 

are not starch grains. No hyphae could be found in any cells 

containing these bodies and it is possible they may be "bacteroid ll 

forms of the endophyte although these are normally formed in 

senescent tissues of other non-legume genera 0 

Successive dichotomies of noaules at their apices are such 

that the infected tissue tends to be at the outside and the 

lenticel is main~ained along the cleavage, (see plate 5.4). 

Towards the centre of the nodule mass, infected tissues coalesce 

and then break down. No distinct changes in endophyte morphology 

can be observed under the light microscope during nodule break

down and no "bacteroid" forms are produced as the normal host

endophyte structure disintegrates. 

The form of the endophyte in fully infected cells can only 

be studied in living material (for methods see chapter 2). 

Methods of fixation used invariably caused at least slight 

plasmolysis and the finest sectioning that could be managed 

without gross tearing of material was 5 ~, this failed to reveal 

details of the packed endophyte. The endophyte occurs in cells 

as filaments with slightly swollen tips, these hyphae being 

attached at the periphery of the cell to other hyphae. The: 

peripheral hyphae measured 0.7 - 0.8 ? in diameter while the 



PLATES 5.6 5.7 

.Early stages of infection in C. arborea nodules. 

Nodules embedded in wax, serially sectioned and 

stained in per-iodicacid Schiff reagent. 

Photomicrograpqstqade using Reichert Zetopan 

microscope QntoKodak verichrome 120 roll film •. 

Plate 5.7 (c) oil immersion. Line indicates 

20 p in. aLL cases.; 

Plate 5.6 (a) ·Hyphae ca. 0.8 M diameter passing 

from cell to cell. Region of complete 

infection at top. 

(b) Hyphae tending to align around the 

cell circumference. 

(c) Hyphae growing out from circumference 

(centre bottom) appear to invade the 

vacuole. Hyphae to centre top pass 

from cell to cell. 

Plate 5.7 (a) Hyphae invading cells and coming to 

lie near cell circumference. Host 

"nucleus can be seen in two cells 

near top centre. 

(b-) High contrastphotgraph showing early· 
• 

and late cell infection stages and 

hyphal branching. 

(c) High magnification of branching hyphae. 
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PLATE 5.8 

Endophyte of Co arborea nodules. Fresh 

nodules were hand sectioned and mounted in 

water. Pressure on cover slip disrupted cells 

and dispersed endophyte. Photomicrographs 

made using Leitz i~rtholux microscope ,all 

under oil immersion with llford Pan F 35 mm 

roll film. Line indicates 10 p. 

Radiating hyphae separate as rods 15 -20 Jl 

long attached at their bases to peripheral 

hyphae. ~pices of hyphae are slightly swollen. .:.. ~ :-- ... -.. ...,-- - -- ~ -- ~ - ~ -" .. 
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~adial hypha~ were 103 }J. at the widest part of the swollen tips 

~plate 508L 
The above evidence and that given by Allen et al. (1965) 

tends to substantiate the view that the nitrogen fixing endophyte 

of Coriaria nodules is a streptomyteteo Isolation of 

Streptomyces spp from Coriaria spp is described in the above 

paper. 

Sections were also made of several others species of £oriaria 

vizo Co kingiana, Co plumosa and Co pteridoides the general 

structure of nodules and disposition of endophyte within 

infected cells was identical to that in Co arborea noduleso 

Fo NODULATION PROBLEMS WITH Co ARBOREA 

The inability of Co arborea plants to form nodules in sand 

or water culture when crushed nodule inocula are applied has 

already been discussedo This_ seems to be a general phenomenon 

associated with the genus Coriaria since Kataoka (193~ and 

Bond (1958) report similar problems with Co japonica and 

Co myrtifolia 3 respectivelyo 

The follow~ng section describes briefly the several 

approaches which have been made to this problem in Coarborea. 

In all, eight separate trials were carried out using either 

crushed nodules or nodule isolates but all with complete lack of 

successo 

L Experiments with crushed noduleso 

Seed was sterilised in 0001% mercuric chloride for 10 

minutes and germinated on sterile perlite in sterilised glass jars .. 

so that chance contamination was reduced. As completely sterile 

conditions were difficult to attain with adequate growth ot' 
seedlings the jars were then brought into the glasshouse and 

opened to the atmosphere. Each jar contained three seedlings 

and for each treatment listed below, two jars supplied once 

weekly with.minus nitrogen and two jars with plus nitrogen 

, .. -- ---- - - --'-- --'- --~ 
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olution, were includedo 

The treatments were~ 

i fresh crushed nodule suspen~ion applied on the 

surface of the perlite weekly for three weeks. 

ii as above except the nodules to be used as inoculum 

were progressively agedo Plants used to supply 

nodules for inoc~lation were a110weq to wilt and 

dieo In this way it was hoped that the nodule 

symbiont might enter a sporing stage that would 

facilitate transmission o 

iii A thin layer of soil from beneath adult Co arborea 

at Kaikoura was spread on perlite surfaceo 

iv As in i but perlite kept as dryas possibleo 

(Assuming that the nodule endophyte is Streptomyces, 

dry soils are known to support greatest growth of 

these organisms)o 

v Dry perlite inoculated with aged nodules as iio 

810 

Ten weeks after the last inoculation, plants were harvested, 

41 of the original 60 survived but no noduLes were formedo 

Seedlings were approximately 20 weeks old at this stageo During 

th.i! same period seedlings grown on sOilgermi.nated at the same 

time but nodulated wello~ 

Several other experiments have been conducted in sand 

culture with and without the_addition of nitrate nitrogen at 

various times of the yearo In some cases crushed nodules were 

poured on the sand surface while in others seedlings were dipped 

in the inoculum and rep1antedo No nodules were formed by plants 

in any of these further experiments in less, than three months o 

'On rare occasions plants did form nodules after three months but 

these chance infections were in no way related to the original 

inocu1ationo 

.. -
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As will be seen in chapter 6, when nodulated and 

unnodulated seedlings w,ere grown in the same water culture 

container, no infection occurred on initially uninfect~d' plants. 

20 Inoculation with isolated Streptomyces 

Streptomyces isolated from C. arborea nodules (Allen et al., 

19p5) were grown on Czapek's agar in preparation for inoculation. 

The agar contai~ing Streptomyces was homogenised in a Wareing 

blender and the ,homogenate applied either to the surface of sand 

in which C . arborea plants were growing or to roots by dipping. 

In some cases the inoculum was prepared in 1% methyl cellulose 

to "stick" the inoc1,llumto roots. 

Experiments were conducted in sand or a 1 : 1 mixture of 

sand and perlite. Plants were supplied minus nitrogen, N/10 

or N/2 nutrient solutions. A further experiment was conducted 

in which indole - 3 acetic acid (IAA) was supplied to the plants 

at two concentrations, 1 ppm and 100 ppm, to induce root'hair 

curling and possibly enable infection to proceed. 'In all cases 

the inoculum provided contained sufficient nutrients to support 

Streptomyces growth for a consiaerable time. 

Similar applicat-ions of Streptomyces inp~ula to steam~ 

sterilised soLl-were conducted with and without addition of 

combined nitrogen. 

In all the above experiments there was complete failure to 

produce infectiQn~ Plants receiving combined nitrogen grew 

well or were mildly nitr::ogen deficient while minus nitrogen 

culture plants remained highly nitrogen deficient. All trials 

were terminated 12 weeks after initial inoculation. 

G. DISCUSSION 

Formation of root nodules by Coriaria plants brings about 

marked changes in growth and form of plants. In Coriaria the 

presence or absence of active nodules determines the degree of 

anthocyanin pigmentation of stems and leaves. Red, pigments are 

",-.. "".', 



reported in nodules of Alnus, Casuarina and Myrica by Bond 

(1951 and 1963) and Coriaria by Stevenson (1958a). Bond 

(1951) stated the pigment produced in young nodules, in sand 

culture was an anthocyanin. The function of anthocyanin in 

nodules is certainly not connected with nitrogen fixation. 

However Stevenson (1958 and 1958a) points to the presence of 

deep red coloured leaves and stems of e.g. Epilobium and 

Hypochoeris; plants which she claimed capable of nitrogen 

fixation. These observations and the presence of similar 

colouring in Coriaria nodules led her to postulate that the 

pigment may be physiologically concerned in nitrogen fixation. 

83, 

My findings with Coriaria and my observations of plants such 

as Epilobiumlead me to the conclusion that far from being associated 

with fixation the pigmentation is a sign of nitrogen starvation. 

Thus when Coriaria plants are effectively nodulated under most 

conditions they show very little red pigmentation. The 

presence of haemoglobin is discussed in chapter 7. 

Of the variety of soils tested for nodulation capacity all 

produced nodules on C, arborea seedlings despite the lack of 

parent plants in these soils. . This feature already discussed by 

Allen et ala (1966) in relation to Coriaria indicates that the 

Coriaria endoRhyte is a normal soil inhabitant. 

Becking! s (1965a) claim that endophyte of Alnus may be an 

obligate symbiont of Alnus nodule cells cannot hold for 9oriarig o 

Rodriguez-Barreuco (1968) presents similar evidence that the 

endophytes of Alnus glutinosa and Myrica gale are widely 

distributed in soils. It is hard to align "Becking's claim 

with such evidence unless he takes the view that the term 

endophyte refers only to the microbial forms occurring within 

nodules. 

In this respect the situation is probably analogous to the 

Legume symbiosis in that the highly speciaLised form of the 

endophyte occurs only in the nodule. In the case of the legume 

this form is the bacteroid while iq the non-legume the forms are 

various but are characterised by swollen hyphal tips. The 

argument at this stage becomes semantic but in the widest sense 



84. 

the endophytes of Coriaria, and of other nodulated non-legume 

species, must exist freely in the soil. Within the nodule these 

endophytes undergo marked changes in morphology and physiology of 

similar magnitude to Rhizobium such that in symbiotic form they 

may be considered obligat~; although even then many of the non~ 

legume nodule endophytes are ~apable of "reverting" to an 

infective stage when nodules are crushed and used to inoculate 

other plants. 

From a variety of observations.'it appears that neither 

nodulation nor distribution of endo,phyte is likely to. limit growth 

and distribution of Coriaria.except.on some extreme sites. The 

ability of plants to form nodules o.n river shingle, pumice ash 

and alpine colluvium all show the wide distribution of the 

endophyte. However on Mt. Tar~wera where the recent (1886) 

basaltic ash shower has covered the surrounding rhyolitic deposits 

nodulation is almost invariably associated with the underlying 

pumice soils rather than the sterile basaltic lapilli. 

The experiment described in this chapter shows the great 

variety of nodulation pattern obtained in various soils. No 

consistent alteration in this pattern could be obtained with 

addition of trace elements cobalt and molybenum, the former 

known to be deficient in three of the soils. Other soil factors 

must therefore control the pattern of nodulation in Coriaria. 

Addition of full nutrient solution brought about a consistent 

reduction in total nodule number in all soils although. this was 

significant only for plants growing in D soil. This addition 

failed to alter the 1 : 4 ratio of total nodule number of plants 

in D and R1 soils, thus soil nutrient status seems to play only 

a small role in the different nodulation properties of these 

soils. 

Unfortunately no data is available on the ef·fectiveness of . 

nodules formed in different soils although this may be a factor 

in controlling nodule size and number. However many 

experiments on excised nodules described in later chapters did 

not reveal striking differences in nodule efficiency in nodules 

formed in different soils. In general if plants possess few 



nodules the nodules tend to be large and total nodule growth keeps 

pace with plant growth. 

The differences in nodulation are therefore controlled by 

the number of infection sites. I feel the most likely cause 

will be found by a study of the physical properties of the soils o 

The pumice soils are well aerated and most importantly the 

sharp pumice sand must damage root hairs thus opening likely sites 

for infection. 

The study of Coriaria nodule anatomy confirms the description: 

given by Shibata and Tahara(1917) and additionally d~scribes 

the early hyphal stages ang the form of the endophyte, from fresh 

material, in syIIibiotically.matu,re cells. 

Shibata and Tahara (1917) studied a variety of non-legume 

root nodules and divided them into four classes with Coriaria 

in a g~oup of its own but showing greatest affinity with the 

Myrica group. This affinity is confirmed when comparison is 

made with recent electron mi~roscope work on Myrica cerifera 

nodules (Silver, 1964). The endophytes of both Coriaria and 

Myrica assume a radial arrangement in host cells and are 

terminated by slight club shaped swellings. In Coriaria these 

terminations radiate towards the centre whereas in Myrica they 

radiate outwards. This morphology is in contrast to the Alnus 

type .in which hyphae are WQven into a tight knot"p~loton" and 

are terminated by vesicles - "blaschen". 

The disposition of endophyte tn cells of Coriaria nodules 

is a highly developed one and there can be no doubt that it is 

this radial form which is ac.tive in fixation. There can also 

be little doubt that this organism is an actinomycete; however 

the problems of obtaining consistent nodulation with Streptomyces 

isolated from Coriaria and. other ~90t nodules presents a paradox. 

The possibility exists that the sytnbiotic form, as suggested by 

Becking 0965a), is truly obligate~ However the ability to 

nodulate seedlings with crushed nop-ule suspensions e.g. Alnus, 

Myrica etc suggest a ready transmission. Alternatively, and most 

likely, the conditions required for nodulation are so critical 

that it wifi be impossible to synthesise the symbiosis in a two 



organism culture. The me4iation of accessory microorganisms may 

be necessary to achieve nodulation. 

Coriaria represents the ultimate problem in difficulty of 

nodulation, in this case even crushed nodules will not affect 

nodulation and certainly ngne of tb.e isolated nodule 

Streptomyces will infect •. ' 

Our present knowledge .. of non-legume endophytes remains 

largely as it was in the e.;:trly part of this century. Two 

innovations have been the use of electron microscopy an~ growth 

of nodule cells in culture~ These techniques have added greatly 

to our knowledge of nodule structure and cytology, but have 

told us nothing fundamental that was not known 60 years ago. 

Until such time as an effective symbiosis can be synthesised in 

culture further anatomical work will be of little value. 



CHAPTER 6 

SYMBIOTIC EFFICIENCY IN THE PRESENCE OF COMBINED NITROGEN 

A. INTRODUCTION 

In all nitrogen-fixing organisms studied there is a marked 

depression of nitrogen fixation in the presence of combined 

nitrogen. In symbiotic systems, whether legume or non-legume, 

this is manifest both in a delay in nodulation and slew growth 

of nodules. Two problems associated with this general response 

by nodulated plants areas yet not well resolved. Firstly, in 

some symbiotic systems at least, addition of small amounts of 

added combined nitrogen enhance both nodule growth and nitrogen 

fixed per plant. Secondly, t~e question arises as to whether 

the added nitrogen specifically affects the nitrogen fixation 

process or whether the inhibitign is an indirect one. 

Two experiments are described here in which the general 

effect of combined nitrogen on symbiotic efficiency was studied 

and information on the above problems obtained. 

B. METHODS 

All plants were nodulated in soil before transference to 

water culture. 

I. Experiment 1 

Four large-volume circulating tanks (described in Chapter 2) 

were used and both nodulated and unnodulated plants were 

established in each tank at N03 -N levels of 0, 1, 5 and 65 ppmNo 

Solutions were changed weekly, the large volumes being used to 

obviate the need for continual checks on nit,rogen levels. Three 

harvests were made - an initial one and others after 87 and 140 

days. Separate root, shoot and nodule weights and nitrogen 

contents were measured on 10 randomly selected plants at each harves 



20 Experiment 2_ 

Two aspects of the first experiment proved unsatisfactoryo 

Firstly the only way in which symbiotic efficiency could be 

judged was on the difference in nitrogen uptake between 

nodulated and unnodulated plants or on nodule sizeo Although 

this method has been used by several workers it does not provide 

useful knowledge of the specific effect of combined nitrogen on 

nitrogen fixation o Secondly, although large volumes were:used, 

as the plants became large, the unnodulated plants at least 

quickly reduced the nominal nitrogen content of the sqlutiono 

Thus, in this second experiment, (15NH4 )2 S04 was }lsed as the 

nitrogen source at the following levels: 0, 5, 10, 25, 50, 75 
, 15 

and 100 ppmN (00890 atoms % excess N)o All plants were 

nodulated,and a wider ra:nge of nitrogen levels was used in an 

attempt to define more closely the levels of nitrogen that 

inhibit fixationo Plants were transplanted, after prior growth 

in minus N nutrient solution, into 307 1 glass battery jars, 10 

plants per jar at each nitrogen level o Forced, high volume, 

aeration was maintained throughout the growth period of 65 dayso 

The following precautions were taken to minimise rapid 

shifts in temperature, pH and nitrogen content of the relatively 

small culture vesselso 

(a) Root temperature was maintained at 18 C ± 2C by 

immersing the jars in tanks of running tap water in 

the glasshouseo 

(b) pH was measured with BDH "universal indicator" in a 

colour "Comparator" and adjusted to 5.5 - 600 with 

OolN NaOH every second dayo 

(c) Nitrogen levels were measured at the same time using 

the modified "Nessler" reaction described in Cha'pter 2 

and levels adjusted accordinglyo 



At harvest, plants were carefully washed to remove nutrient 

solution and separate dry weights obtained for roots, shoots and 

nodules. Replicate Kjeldahl analyses were carried out on the 

combined material at each nitrogen level and the Kjeldahl 

distillate submitted to mass spectrometry. From this figure the 

amount of nitrogen absrebed from solution could be estimated and 

thus by difference the amount from fixation. 

After analysis of total variance within the experiment, 

least significant differences (LSD) were calculated for 1% and 5% 

levels of significance and differences designated highly 

significant and significant respectively. Statistical analyses 

were made of weight .and nitrog~n increases at each level of 

applied nitrogen. 

While these analyses are fully valid for weight increases, 

they are not for nitrogen increases. Nitrogen estimates of 

individual plants or plant parts were not made as this would have 

entailed 300 separate Kjeldahl and mass spectrometer analyses. 

Thus the nitrogen content and mass spectrometer analyses derived 

from replicates from the pooled material of each plant part were 

multiplied by individual plant part weight. This is the usual 
I 

expedient when such an experiment is carried out9 however in the 

statistical an~lysis of such experiments no mention is made of the 

fact that individual plant nitrogen was not determined. If large 

plants possess a higher percentage of nitrogen, and smaller plants 

a lower percentage than the mean, then variance within treatments 

would be higher than derived by using pooled.material, and 

differences betwee~ treatments less significant. If the converse 

were true, within treatment variance would be low for nitrogen 

treatments and differences between treatments more significant. 

For Coriaria, and probably most other species, the former 

condition applies and levels of significance for nitrogen 

accumulation are only an indication of statistical difference 

where p may be one or two percent higher than quoted. In the 

majority of results tested variance between treatments was five to 

ten times that within treatments, thus the variance ratio (F) was 

high and overall differences highly or very highly significanto 



Co RESULTS 

10 Experiment 1 

Nodulated and unnodulated plants were grown in the same 

containers at each N leveL In the minus N solution the final 

weight per plant of unnodulated plants was 0.29 g compared with 

3.9 g for nodulated plants. At 65 ppmN unnodulated plants 

weighed 6.3 g at final harvest. There was thus little evidence 

to suppose that there may ,have b~en transfer of fixed nitrogen in 

the solutions. 

Increase in dry weight is shown for three harvests, at the 

four nitrogen levels inf1gs 6.1, 6.2, 6.3. Seedlings were 

placed in water culture directly from soil I sand mixture and 

much of the initial lag period is due to adjustment to the 

different conditions. For this reason the best measure of 

response can be gained from the increment between harvests two 

and three. In experiment 2 a period of two weeks for adjustment 

to water cu,lture was given before. transfer to different nitrogen 

levels. For unnodulated plants (fig. 6.1) there was a stimulation 

of growth with greatest growth made by plants in 65 ppm N0
3

-N (N
65

)o 

All differences between treatments were significant for the 

final harvesto 
-~ 

For nodulated plants (figs 602 and 603) there was considerably 

greater variance within treatments than in the case of unnodulated 

plantso No differences between treatments were significant for 

root materialo Total dry weight and sh00t dry weight were 

significantly higher at N65 than in all oth~r treatments 0 

The most marked difference was in growth of nodules (figg 6 03 

and table 601) since this was successively restricted with higher 

levels of added combined nitrogeno 

Nodule weight of plants at N5 and N65 are significantly lower 

than ,those at NO' the p.ifference at N65 being highly significant 0 

The depression in nodule weight when expressed as a percentage of 

total plant weight shows an even greater depression, this being 

the result of both increasing plant weight and decreasing nodule 

weight. 





FIGURES 6.1, 6.2, 6.3 

Dry weight increase in nodulated and unnodulated 

C. arborea plants grown at various N03-N levels 

in water culture. (Experiment 1). 

1. Figure 6.1: 

Increase in shoot (~) and total (b) dry weight 

of unno.dulated plants. HarVests were taken 

at 0, 87 ~nd 140 days 'after placing plants 

at the var~ous N03 levels. 

2. Figure 6.2: 

Increase in shoot (a) and root (b) dry weight 

of nodulated plants. 

3. Figure 6.3: 

Increase in nodule (a) and total (b) dry weight 

of nodulated plants. 



5 • 
0-0 o ppm 

~4 e_ I ppm 

t-= x-X 5 ppm 
~ 

~3 
._. 65 ppm 

~ 2 )( 

'" 

.-
~~==~~ __________ --o------~----~O o •.. 

0~'----------~50~----------ffilb~0~--------~1~0 

6 

5 
~ 
C!) 

~ 4 
~ 

lx 
0 3 

~ 
02 
~ 

---------------0 ~~~~~ __________ ---o 
o .-

OLI ------------~5b~----------~16vo~----------nI~O 
DAYS 

DRY WEIGHT INCREASE OF UNNOOULATEO PlANTS 

GROWN A.T VARIOUS LEVELS 

.' -- _ ..... ,-

.'.-_ .. ,--,',.: .. 



• 

6 

0-00 ''Im N03-N 

.--., ppm N03°N 

x-x 5 ppm N03-N 

.-.a5 ppm NOJ-N 

2 

2 
C) 

~ 
, ,_ ... ~.-- .:.. - : -' .. ~-- -(~ -: _ ... 

• 
~ 
0 

8 
a: 

0 • 
I I 

0 50 ~--------------------~-----------------~~~'on----------------~I~ 
DAYS r--" . 

DRY WEIGHT INCREASE OF NODULATED PLANTS 

GROWN AT VARIOUS LEVELS 



.' _." •...•.. ; ...... ::.'. ~" ~ .;:' ........ o.,':- .. -: .. ~:.'_.:. ":<-:':'0-:'-;_" • ~'~_~'~"" ' .. , ~ ~ ~ '. _ . ~ .. : • _ • ~ _.\_., ; ~ _ " • ' , _' _ • _:-- •• r.' • • _,. ." '- , •• ". _ • ,,::' .: ~ S-~~~;:~:" ~ _ 0" : ~ _ ••• ', _ • "_ , • : .' ••. ~ : , • ~ • ',-. ~, , • ~ :. •.• : • _":"_" • , _ .• : , ;.: .' •••. " • _ •• '. ; •• ' 0 _ .:.~ ~ ',"' • 
'-- , .• ",' .•• -.' •• '.-• •.•.• ' •• .r ••• ' ••. ', •• -.- ......... -.-,','.' ••.• ,-. '.' •.•.•.• _ •• _. _ . , '-" _ · ... r ._ ..•.•• ~ ,.~' . ,' ...... .; •• ,..;'.~,. ._-'.-,-. ,' ••• :.. .• _'-' __ .'~_.' __ ' .• _"-0"'-'''''' ., •• _~,_"",_,,,,-._." •• -" ..... " •. _ ,.' - '_',',', .·,',·,·o·,'r. • ,~ •. _.:, •• _ .. ~ .-. ,'." .'. _' ••••• _ 

.. ~ ;:. ~;';:Of ~: .~;:: ~ \:~~:" i.: .~:~ .~: ~ :~:~ ~ . .:~.~.~ :: .~. ~.~ .~t:. :;~~~ ~:~:~:-:: ~ :~:~ -. ~:~':~:'''::7' ~ ~:.:-~ ~~:::~:,~ .: .. ~~~: ~ ~:~ :~~ -~~ ~. ~;~ "::~: ~'~~~'.~ ~:~A~~~~'~~:~ .~}~~-~: ':~~ ~ ~ :~~ ~ ~::~~ ~ L: ~~~~ ~:~ ::: .>~~~~:;: ~ :~~~:~:~:;:..:: ~:~~ ::~ :~::: ~:~ = ~: ~:~::.::: ~ ~ ~:;:: . ~. ~ '::' ~ ~: ~~:~:' :~~ ~:': ~ ~.~~~:I. :~~7':: -~ ':';~: ~ ~ ~~~~w':~::_:~~ ~:-:-:~ :~-~ :~~ -:' 

. 
~ 
~ 

.,: 
~IOO 

rt 
0 

~ 
8 z 0 

8 

~ 
(!) 

~ 6 

>-
~ c 4 
.J 

~ 
0 

2 ... 

0-0 0 ppm N03 -N 

.-. ppm N03 -N 

X-X 5 ppm NO:.-N 

.-.65 ppm N03 -N 

• 

o 50 
DAYS 

DRY WEIGHT INCREASE OF 

GROWN AT VARIOUS 

_. ------.-

• 

100 

NODULATED PLANTS 

LEVELS 

i j 

i 
! .. -... - ,-. -:- ~ .-:-

150 



91 

!.,able 6 0 1 

Nodule weight (mean of eight plants) and nodule weight as 

percent total plant dry weight at four N03~N levels o Final harvesto 

- Added N03 -N ppm 

0 1 5 65 

Nodule weight mg 213 209 91 36 

Nodule weight as 5035 3.61 2 064 0039 % total weight 

LSD 

p = 0005 p = 0001 

Nodule weight 121 163 

The results for nitrogen content of plants in this 

experiment (fig. 6 04) follow the dry weight data very closelyo 

In unnodulated plants there was an increase in nitrogen content 

with increasing added nitrogen, ,each nitrogen level giving a 

significant increase above the minus nitrogen solution and 

differences between all treatments being significant. Nitrogen 

accumulation bTnodulated plants was not significantly enhanced 

at N1 or N5 (fig. 6.4a), in fact the differences in nitrogen 

content were far less than those in dry weight (cf Fig" 603b). 

Nitrogen content of plants at N65 was significantly greater than 

at all other levels. 

At this point it is tempting to simply subtract the amount 

of nitrogen taken up by control unnodulated plants from the 

nitrogen absorbed by nodulated plants at each level as added 

nitrogen and designate the difference as fixed nitrogeno That 

such an approach is totally unwarranted may be illustrated from 

the following example~ Subtractions as described above give 

63mg and 66 mg of fixed nitrogen respectively for plants at 

NO and N65 at final harvest. If nodule size has any relation

ship to nit~9gen fixing capacity, (and this has been established 

in Chapter 3), then it is obvious that 36mg of nodule material 

- -- ~ - -- .:. - - -; - - - - . " -'. -.~ . - . 



.fIGURE 6.4 

Nit'rogen accumulation of C. arborea plants grown 

at var~o\ls N03 -N levels in water culture. 

(Experiment 1). Harvests taken at 0, 87, and 

140 days after placing plants at the various 

N03 -N levels. 

(a) Nodulated plants. 

(b) Unnodulated plants. 
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per plant is not capable of fixing as much nitrogen as 213 mg 

(cf table SolL 

20 Experiment 2 

92, 

To obviate problems due to transfer of plants into the 

various nitrogen levels, the seedlings were established in minus 

N solutions, prior to selection for this experiment 0 

period they formed new rootso 

During this 

After transfer to NH
4

-N containing solutions, plants at low 

nitrogen concentrations grew well while those in high levels of 

NH
4

-N showed extreme variation in response and survivalo Some 

plants grew well, others were obviously inhibited while others 

died before the end of the~perimento Despite good control of 

pH, temperature and nitrogen level of the solutions, many plants 

at N7S and N
100 

produced dark, unhealthy roots with signs of 

bacterial contamination o The final harvest for N7S and N100 
consisted of eight and seven plants respectively that remained 

of the original teno The validity of these results is doubtful 

and thus statistical analysis was made only for plants at NO - NSO 

and on the graphs, the doubtfulness, at least for N100 results, 

is indicated by a broken axiso 

Final dry weight figures are presented in table 002 for NO 

to NSO along with statistical analysis while cumulative dry 

weight figures for NO to N100 are presented graphically in figure 

6 0 Sbo The most striking feature of these results is the increase 

in weight of plants at Nso 

Plants growing at NS were much larger than those at any 

other nitrogen level, differences being highly significanto 

These differences, as well as being statistically different, 

were large in magnitude ioeo plants at NS were 83% and 42% 

larger than plants at NO and N10 respectivelyo This 

experiment therefore establishes a significant optimum level 

of added combined nitrogen for maximum growth, as well as· the 

fact that optimum growth·is not supported by nitrogen supply 

from noduleso 



PLATE 601 

Specimen plant,s of Co, arborea seedlings 

grown at various NH
4

-N levels a - 100 ppm for 

65 dayso Optimum level of added NH4 -N was 

at 5 PI>IR while p.lants at 25 ppm were still 

larger than those atO ppm. Marked inhibition 

of growth is seen ,above 25 ppm. Root growth 

is particularly affected at higher levels of 

NH
4

-No 



Op.p.m. 5p.p.m 
IOp.p.m. 

50p. p.m. 
IOOp.p.m. 



Table 602 

Final dry weights and significance test (mean of 10 plants) 

for Co arborea plants grown at various levels of NH
4

-N 

- NH
4

-N ppm 

0 5 10 25 50 

Shoot mg 253 462 301 290 168 

Root mg 48 83 71 55 57 

Nodule mg 8.0 21.6 24.0 14.0 7.4 

Total mg 309.6 566.6 39600 35900 23204 

LSD 

p == 00001 p == 0.01 p == 0.05 

Shoot 173.4 130.8 98 00 

Root 38.9 29.7 22.3 

Nodule 908 7.5 506 

Total 209.9 159.5 119.3 

Nodule growth was stimulated (above NO) in plants growing at 

N5 and N10 but increase in nodule growth at NI0 was not reflected 

in plant growth;- final total dry weights of plant_s at NI0 were 

not significantly different from plants at NO but were significant

ly lower than plants at N50 

Nodule weights did not follow the same trend as in experiment 

1 (cf table 6.1). The stimulation of nodule ~rowth at N5 - N
25 

was both absolute (table 6.2) and relative to total plant weight 

(table 6.3) whereas in the N03 -N series both absolute and 

relative nodule growth declined with increasing N levelso 

Table 603 
Nodule weight as % total plant weight, (mean of 10 plants) 

for Co arborea plants grown at various levels of NH
4

-N. 

NH4 -N ppm 

0 5 10 25 50 

Nodule weight- % 2046 3.74 6.07 3.90 3.49 of total weight 



- - . 
••••• _. 4~ _ •• '.' •.•••• _ ••.•• , .• __ ••••• ' •• _._ •• _ •••••• ;" •• _ ••••••••••• ", • __ .~ 1_,' _ •.•••• '."_, ••• , ••••••••••••• ,'.",".", •• ~ ••• .' •• ',:: •• - •••• _ •• _., T_ ~ _._ ........... _. __ ,._.~ •••• __ ••• '-.._ .• _:._:._:~ _~-. __ :~'_-::::~', .~.,."_ •• -. _'._-~. _ •• ,_ ••• ....,. :",: ___ ••• .'_~ __ :. __ . 

_ '. "-", ,", ....... - .... ,-. .. ~-'-'. . -----, _ ....... -........ , - '-' -." . ~. "," .. , .... , .. , .. -... -,'.' -.- .'.'-' ". ,",- .. 

Analysis of total nitrogen (table 604 and fig 60Sa) showed 

that plants at NS ' as well as being larger, possessed significant

ly more nitrogen than plants at all other levels of N.· Total 

nitrogen accumulation was suppressed at levels above NS and was 

not significantly different from NO levels. 

Table 6.4 

Nitroge~ content and significance test (mean of 10 plants) 

for C. arborea plants grown at various levels of NH
4

-N. 

NH4 -N ppm 
. 

0 S 10 2S SO 

Shoot mg S094 10.14 6.41 6.S4 4003 

Root mg 1.04 2021 1.83 1.69 1.09 

Nodule mg 0.2S 00S7 0.51 0039 0031 

Total mg 7.23 12.92 8.7S 8062 S.43 

LSD 

p =0001 p = OoOS 

Shoot 3.09 2031 

Root 0080 0060 

Nodule 0 021 0016 

Total 3087 2089 

Mass spectrometry results for total nitrogen of the various 

plant parts (table 60S) made it possible to establish the 

proportion of nitrogen absorbed from the medium and thus by 

difference, the amount absorbed from the atmosphere. No 

account was taken of the initial nitrogen content of the seedlings 

as this accounted for less than_S% of the final nitrogen content 

in all cases. 
As might be expected the nodules contained the least ISN 

and the roots most at low levels of applied NH
4

-N. With one 



FIGURE 6.5 

Nitrogcrn accumulation anp. dry weight increase 

of nodulatedQ.arborea plants grown in culture 

solution for 65 days. Culture splution 

containing a - 100 ppm NH
4

-N, 0~890 atoms % 
15 . 

N excess. Means of 10 plants except for 

75 and 100 ppm NH4 -N which consisted of eight 

and seven plants respec,tively. (Experiment 2). 

(a) Cumulative nitrogen contents for absorbed and 

fixed nitrogen. 

(b) Cumulative dry weight increments of nodules, 

roots and shoots. 
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exception, the levels of 15N increased in all organs with 

increasing NH,-N concentration. 
"+ 

Table 6.5 

95. 

Atom % excess 15N in the total nitrogen of ~£~~ 
plants grown at various levels of 15NH4 _N (0.890 atoms % excess 

15N) (mean of two determinations). 

NH4 -N ppm 

5 10 25 50 75 100 
-- -' 

Shoot 0.225 0.391 0.494 0.645 0.739 0.842 

Root 0.418 0.554 0.602 0.655 0.730 0.706 

Nodule 00125 0.238 0.279 00444 0.465 00584 

The amount of nitrogen fixed (table 6.5, figo 6.5a, figo 6 06a 

and 606b) shows that increase in plant nitrogen in N5 plants was 

due, at ,least in part, to an increase in nitrogen fixation by 

those plants and that the depression in total nitrogen content 

of N10 plants below N5 plants was due entirely to a suppression 

of fixation. There was remarkably little difference in the 

amount of nitrogen absorbed from the medium by plants over the 

range 5 to 50 ppm NH
4

-N (fig. 6.5a)0 Statistical analysis 

(table 6.6) showed there was no significant difference in the 

uptake of nitrogen from solution at the four levels. 

Nitrogen fixed per plant was significantLy enhanced by 

addition of 5 ppm NH
4

-N but fixation at all other levels 

showed highly significant reduction over plants at both 

NO and N5° 
Figure 6.6a shows the 'distribution of fixed nitrogen in 

plants. The same trend is evident for all plant parts, with 

nodules, roots and shoots of plants at N5 possessing greater 

amounts of fixed nitrogen than plants at all other levels" 

'. ,.' 
'r'-"'-"_":"'_-_ 
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Nitrogen accumulation and distribution of fixed 

nitrogen in C. arborea plantsa Protocol as 

for figure 6.5. 

(a) Cumulative data for fixed nitrogen in nodules 

roots and shoots. 

(b) Fixed nitrogen as percentage of tortaJ nitrogen 

fornbdules, roots and sh.b;ots; cumulative data. 
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Table 606 

Nitrogen fixed and nitrogen absorbed from solution (mean of 

10 plants) by Co arborea plants grown at various levels of NH
4

-No 

- NH4 -N ppm 

0 5 10 25 50 

N fixed mg 7023 9 001 4075 3 086 1. 50 

N absorbed mg ,'c 0.00 3.91 4000 4.86 3.93 

LSD 

p= 0.01 p = 0005 

N fixed 2.06 1. 54 

* (F test showed no significant differences in nitrogen absorbed 

between 5 and 50 ppm NH4 -N . ) 

Fixed ni'trogen as a percentage of total plant nitrogen 

(fig. 6.6b) falls abruptly to 55% at N10 • _ The increase of 

nodule fixed nitrogen as percentage of total nitrogen is probably 

a real increase and reflects the three-fold increase in nodule 

weight of these plants, (table 6.2) and the fact that nodules 

contain a higher proportion of fixed nitrogen. than do other 

parts of plants (table 6.7). Nodules of plants growing at 

50 ppm NH
4

-N fixed less than 30% of the ni~ogen required for 

plant growth while at N100 fixed nitrogen accounted for only 

10% of the total plant nitrogen. 

It was possible to follow the fate of fixed nitrogen in the 

plants as harvests, nitrogen and mass spectrometer determinations 

were all carried out separately. Fixed nitrogen as a percentage 

of total nitrogen for each plant part and the total plant are 

presented in table 6.7. Results from the full experiment are 

presented in this table as those at N75 and N100 show a very 1 

. - "".- \-: -, _. -;., .'.". ~-. 
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i 

i - - -



similar trend to the results at lower levels of added nitrogen. 

In all cases the nodules contain a far higher percentage of 

fixed nitrogen than do the other tissues. 

Table 6 0 7 

Distribution of fixed nitrogen in Co arborea plants grown at 

various levels of NH4~No Fixed nitrogen as percentage of total 

nitrogen for each plant part 0 

NH
4

-N ppm 

0 5 10 25 50 75 100 

Total 100* 70 55 43 28 17 10 

Shoot 100';\- 72 56 45 27 17 6 

Root 100* 53 43 33 25 18 21 

Nodule 100'" 87 73 69 52 46 26 

* assumed that all nitrogen was fixed although a small proportion 

may have originated from contamination of the mediumo 

The relatively high proportion of fixed nitrogen in the shoot 

indicates a preferential transport to this region rather than to 

the root systemo Fixed nitrogen in the root may be transported 

directly from the nodules or derived from redist~ibution from 

the shoot 0 As will be described in a later section, the recently 

fixed nitrogen is very rapidly liberated into the xylem stream 

and carried to the shoot, and as nodules are .usually formed 

early and occur on the primary root or early secondaries (this 

experiment was no exception) it could be concluded that much of 

the fixed nitrogen in the root is of secondary origino 

Of all plant parts, nodules showed the highest concentration 

of fixed nitrogen as might be expected, absorption of combined 

nitrogen into nodules not taking place to any great extent at 

low levels of NH
4

-N. 

The regression of plant nitrogen (total and fixed) with 

nodule weight was determined for each level of NH
4

-N to test the 

efficiency of nodules in nitrogen fixation. It was established 

-- -, - -,",'. -~ ~. 
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(Chapter 3) that in the absence of combined nitrogen a linear 

relationship existed between nodule weight and total plant 

nitrogen over a long period of growth in the first year. Nitrogen 

fixing efficiency (Chapter 3) was also determined for nodules 

on plants at each level of combined nitrogen. 

For the regression Y = mX + c, Dobereiner (1966) showed 

thatm, the slope of the regression, was a measure of nitrogen 

fixing efficiency of nodules and that c, the intercept on the 

Y axis, was the amount of nitrogen absorbed from soil or seed. 

Table 6.~ presents data form and c in the regression. for both 

total nitrogen and fixed nitrogen in plants of experiment 2. 

Table 6.8 

Values for m and c in the regression Y = mX + c (for Y = total 

plant nitrogen or the total fixed nitrogen, against X = nodule 

weight) and nitrogen fixi:q.g efficiency forC. arborea plants 

grown at various levels of NH4 -N. 

NH
4

-N ppm 

0 5 10 25 50 

Total N m 0.399 0.336 0.268 0.520 0.569 
~. 

c 3.80 5.58 3.16 1.49 1.21 

Fixed N m 0.399 0.225 0.144 0.232 0.172 

c 3.80 4.11 L 75 0.53 0.24 

* Fixation efficiency 2.58 1.27 0.62 0.85 0.62 

* mg nitrogen fixed / g nodule. day 

A consideration of values for m and c in Table 6.8 for total 

nitrogen indicates an increasing efficiency i.e. small nodules 

fixed more nitrogen than large ones and absorption of nitrogen 

from solution decreased with successively higher levels of 

solution nitrogen. For fixed nitrogen, efficiency (m) decreases 

with increasing supply of combined nitrogen while the trend in ... 

c is similar but more marked than for total nitrogen. Fixation 

efficiency measured in the traditional way gives results similar 

" :' 



to those of m for fixed nitrogen v,izo a marked reduction in 

fixation efficiency with addition of combined nitrogeno It is 

apparent that the use of the regression constant to measure 

nodule efficiency does not hold under the conditions of this 

experiment 0 

Do DISCUSSION 

Coriaria is shown by the above experiments to be :no exception 

to the generalisation that nitrogen fixation by root nodules is 

diminished in the presence of added inorganic combined nitrogen. 

Thus Thornton (1947) using 15N established that the amount of 

fixation was inversely proportional to the amount of inorganic 

nitrogen supplied to soybean and lespedeza plants. Allos and 

Bartholomew (1955) showed that the response varies with different 

leguminous plants, nitrogen fixation by the slower growing species 

being more adversely affected by added combined nitrogen. Althougl 

fixation may be reduced by added combined nitrogen, for the 

majority of legumes and non~legume nodulated plants, growth is 

stimulated piogressively by increased additions of combined 

nitrogen, For .Coriaria the experiment using N03 -N confirms 

this, eog o maximum growth was achieved at N650 However in the 

NH4~N series where constant nitrogen levels were maintained, the 

optimum level for growth of 5 ppm NH4 -N,is much lower than that 

recorded for any other nodulated specieso 

For most nodulated plants it can be concluded that symbiosis 

is unable to supply all the plant's requirement of nitrogen, or 

alternatively that energy in the form of carbohydrate must be 

diverted to maintain the endophyte and the nodule. Although 

the fixation of nitrogen is considered to be an exothermic 

reaction (Bayliss, 1956) it is debatable whether energy produced 

would be available for endophyte and nodule growth. An 

approach to this problem has been made by Gibson (1966) in which 

growth rates of nodulated and unnodulated sub~anean clover 

plants were a-ll compared under closely controlled conditionso 



100, 

Using the equation of Bayliss (loc. cit) Gibson estimated that 

the minimum carbohydrate requirement for nitrogen fixation was 

106 mg carbohydrate per mg nitrogen fixed (1.6 : 1) assuming 

that none of the released energy was available for other 

biol~gical reactionso 

From his experimental work Gibson found that the carbohydrate 

requirement for nitrogen fixation and for assimilation of NH
4

N0
3 

did not differ significantly, although during early stages of 

establishment there was a small carbohydrate requirement by 

nodulated plants above that of control plants. As b?th NH4~N and 

N0
3

-N were being absorbed by control plants, it was not easy to 

measure an absolute value for carbohydrate requirement although 

an estimate of 2 : 1 is given. As stated, this did not differ 

significantly when plants were relying on nitrogen fixation, nor 

does it differ significantly from the estimated value of 1.6 1. 

It may be concluded, although not alluded to by Gibson, that, 

energy released from nitrogen fixation is not available for 

other processes. 

Addition of N03 -N to nodulated plants of C, arborea 

stimulated growth in all cases with a maximum at the highest 

level of N0
3

-N. A similar growth stimulation was shown by 

unnodu1ated plants. The reduction of absolute nodule weight 
-~ 

and nodule weight relative to plant weight was most marked and 

significant between high and low levels of combined nitrogen, 

Evidence from this experiment indicates that nodule growth and 

nitrogen fixation are very sensitive to addition of combined 

nitrate nitrogen and that growth by nodulated plants in the 

absence of combined nitrogen is limited by nitrogen supply. 

This, however, may be the case only during the first year of 

growth. The result may also be a function of water culture 

conditions and may not obtain in natural soils and gravels in 

which nodules are continually being formed 0 

At first sight results from the second experiment using 

ammonia nitrogen appear to be contradictory to those with N03 9 

It is probable that at least some of the apparent anomalies are 

due to the different sources of combined nitrogen. Most workers 



have found that N03-N and NH4-N inhibit nitrogen fixation at 

about the same concentration although Virtanen and Miettinen 

(1963) state that N0
3

-N suppresses nitrogen fixation at 

consi~erably lower concentrations than NH
4

-No 

10L 

Suppression of nodule growth at low levels of N0
3

-N compared 

with stimulation at similar levels of NH4 -N represents the major 

difference in the results with Co arborea and corroborates the 

findings reported above for legumes. On the other hand Gibson 

and Nutman (1960) found that in legumes, low cQncentrations of 

N0
3

-N delay nodulation by several days but both N0
3

-N.and NH4-N 

stimulate nodule growth. As the Coriaria experiments were 

carried out at different times of the year, for differing lengths 

of time, and using dissimilar apparatus it is not possible to 

say more than that the significant decrease in nodule weight 

per plant at 5 ppm N03 -N compared with a significant increase at 

5 ppm NH
4

-N suggests a real difference in the effect of the two 

sources of nitrogen on nodule growth and thus indirectly on 

nitrogen fixation. 

Another major difference in experimental technique between 

the two experiments was the maintenance of nitrogen levels -

constant for NH4 -N but allowed to drift for N03-N o This criticistl 

is common to mu~h work on this subject; thus Raggio and Raggio 

(1962) p 116 state lilt is difficult to assess most experiments 

in which the levels of nitrogen (or any other nutrient) are 

studied in relation to nodulation or fixation, because provision 

is not made for maintaining a constant composition of the mediao!! 

The apparent extreme sensitivity of Coriaria to low levels of 

NH
4

-N is probably real, and reflects the maintenance of controlled 

conditions. The increase in nodule weight per plant at low 

levels of combined nitrogen over plants at NO is a well-documented 

phenomenon for non-legumes (MacConnell and Bond, 1957; Stewart 

and Bond, 1961; Stewart, 1963). In all of these. experiments 

the lowest level used was 10 ppm NH
4

-N o In many cases a marked 

stimulation in growth of the whole plant and of nodules was 

found to occur with addition of NH
4

-N. In some cases this latter 

effect was evident at 50 ppm NH4 -N, although for Myrica, 
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(Stewart and Bond, 1961) and for early growth of the legume Ulex 

(MacConnell and Bond, 19S7) no nodule stimulation was found. In 

no case, however did nodule growth keep pace with plant growth 

i.e. nodule weight relative to plant weight in all the above 
-

experiments was lower when nitrogen was added than in the absence 

of nitrogen. The addition of NH
4

-N to Coriaria plants on the 

other hand stimulated nodule growth more than total plant growth 

and thus relative nodule weight was increased from 2.46% at NO 

to 6.07% at N
10

, However nitrogen fixation did not correlate 

well with nodule size. At NS ' fixation per plant was significantl 

higher than at NO' while efficiency in terms of nodule weight 

was reduced to half. A further increase in added nitrogen to 

N10 significantly reduced nitrogen fixation per plant over NO 

and NS with a further reduction in efficiency to a quarter that 

of nodules at NO' 

It is unfortunate that nodule anatomy was not studied to 

determine whether the increase in nodule size was accompanied 

by increase in volume of active tissue. Efficiency figures 

suggest that active volume may not have increased or alternatively 

that symbiotic fixation was suppressed while growth of endophyte 

was maintained. 

With the limited data it is possible to differentiate the 

effects of N03 -N and NH4 -N on nodulated Coriaria plants. 

Applications of N03~N successively reduced the proportion of nodule 

tissue per plant. Although no information is available on the 

latter we can assume that efficiency of nodule tissue remained 

constant. This case is probably relatively simple to understand. 

The addition of NH4~N to many nodulated species, has two 

effects which at low levels of added nitrogen produces conflicting 

results. Firstly, growth is stimulated by the small nitrogen 

additions as symbiosis is unable to supply all the nitrogen 

requirement for normal growth, at least under t~e culture 

conditions. This results in enhanced nodule growth. In most 

symbiotic systems studied nodule growth does not keep pace with 

the general plant growth and thus relative nodule weight is 

depressed. --In Coriaria, nodule growth is stimulated even more 



· ~~ \_.' ; o. 0 0 ~ ~ ~_.~'.-_~ .':. _-~ ._~._ ••• _._. ___ ",-,-~.~.~~:r:_~._ .. _ ... " _ '_'_'. __ ... ' .. ' ...... '.'0 _ ••• ':".'_ •• ___ :- _" ••••• __ •••••••• _ • _.0'. _. __ ,. '_~.' _ ..... _-_-__ > ... _.-= ........ "_._._-_ ...... ' .... '_. ~ _. : .. __ ... _ .. _. _. __ .... ,."'._._.'._._.'_'_-_'_"-. 

.~ .. ':':;:":~::~-::::':~:~~~';~-':'~:':';~':_C":-~"':-:'·;:S;:~;::'~g:~.",>:;:~::::~::::::::c:::c;:;:(.p;.::q::::.::~:::::::.~::::::.:;'::::';::::~::;:;:'::;:::::::~:::::~~:::::::,:::,:::_:,~:_:.;L:_:,~::::;.~:_:-::<:.\:._~::::?:-~?;,~"::;,;,:,:,,,:,~:,c~:::::-::~~~'-~;;~;':~i-:;~:;~~:,::::: 

than gener~l plant growth and relative nodule weight increases. 

In all systems the enhanced nodule growth is accompanied by 

increased. fixation per planto Secondly, addition of NH4 -N 

suppressesi nitrogen fixation. This happens even at low levels 

of added n~trogen and is manifest in the reduced efficiency of 

these noduies. AsNH3 is an early product of nitrogen fixation 

in Coriaria (see Chapter 8) the action of added NH
4

-N i~ 

suppressing fixation is possibly one of end-product inhibition 

at the fixing site.* An alternative view to this, suggested 

by Stewart and Bortd (1961) is " .• o.curtailment of metabolic 

supplies to the nodules". 'while the results of their experiments 

can be explained' in this way, .the continued and even stimulated 

growth of Coriaria nodules does not support this theory. If 

metabolic supplies were curtailed this would be accompanied by 

curtailment of nodule growth. 

Although nodules are adapted for, and function as, organs 

of gaseous uptake, and indeed thrive only in sandy, well aerated 

soils, this experiment gave evidence that nutrient solution 

penetrated the nodules. At NS 87% of nodule nitrogen originated 

from gaseous nitrogen and 13% from NH4 -N while at NSO S2% 

originated from fixation. The majority, if not all of this 

NH4~N would re~ch the growing nodule directly rather than by 

redistribution in the plant. This may be incorporated into 

endophyte protein but as the host tissues, especi~lly the apical 

meristem, are the sites of entry of NH4~N it is probable that most 

of the absorbed NH
4

-N would be incorporated into host rather than 

endophyte tissue. Some of this absorbed NH4 -N would find its 

way to the fixing site and there compete with fixed NH
4

-N for 

incorporation into amino acids. 

* In this respect I took the opportunity to test the hypothesis 

of end product inhibition on nitrogen fixation by breis of soybean 

nodules while working for a short period with Dr. F.J. Bergersen, 

C.S.l.R.O., Canberra. The effect was not simple; small additions 

(l-SmM) of NH4 -N reduced fixation by half while further additions 

caused no further reduction in fixation. 

-'-."' -- ---.- ... .--:-.-.' --:.-. ..,-,-. 



From the data presented by Stewart and Bond (1961) both 

Alnus and Myri£2:. are less sensitive to added NH
4

-N than is 

Coriaria in the present experiment 0 At SO ppm NH
4

-N, fixed 

nitrogen represented 39% and 4S% of the total nitrogen in Alnus 

and Mv.rica respectively while for Coriaria it was 28%0 At 

100 ppm NH4~N the amount of nitrogen fixed by Coriaria was very 

small indeed 00%) 0 This apparent sensitivity in Coriaria is 

probably nearer to the true effect on nitrogen fixation than 

are the results·of Stewart and Bondo In their experiment NH4 
levels were not maintained and the mean level for 10 ppm NH

4
-N 

would probably be nearer S ppm 0 

The other interesting fact which emerges is that S ppm 

NH4 -N is apparently the optimum concentration of added nitrogen 

since no significant increase in nitrogen uptake occurred be¥ond 

thiso The reduction in both growth and total nitrogen content 

in plants at 10 ppm NH4 -N and above compared with that at NS is 

attributable to reduction in nitrogen fixationo On the other hand 

the higher levels of NH4 -N may have had some direct inhibition on 

growth and this along with the suppression of nitrogen fixation 

wouad also give the correlation between nitrogen fixed and growth o 

An attempt has been ma~e to use the method of Dobereiner (1966 

to express efficiency in terms of the regression between plant 

nitrogen and nodule weighto Using tpe regression for total plant 

nitrogen that Dobereiner had used for Phaseolus and Centrosema a 

completely different result was obtainedo This efficiency was 

then greatest at NSO and the amount of nitrogen absorbed from 

~he medium greatest at NS and NO (table 608)0 As such results 

-for Coriaria are obviously incorrect either the assumptions made 
j 

by Dobereiner are not valid or they do not ho~d for non-legume 

plantso 

Implicit to Dobereiner's derivations for the legumes she 

studied is the assumption that nodule growth is a true measure of 

nitrogen fixation and any external or internal factor which 

increases or decreases nodule growth affects nitrogen fixation in 

a similar wayo For most of the conditions imposed by Dobereiner 

the effect on nitrogen fixation was in fact due to, or could be 



correlated with, the suppression or stimulation of nodule growth 

and thus efficiency (sensu Dobereiner) was largely independent 

of the environment 0 

Two conditions imposed by Dobereiner did however change the 

efficiency of nodules; firstly inoculation with ineffective 

rhizobia produced inefficient nodules, which is known to be 

largely due to a reduction in active nodule volume (Chen and 

Thornton, 1940)0 Secondly, application of mineral nitrogen 

reduced nodule efficiency, i.e. the regression coefficient (m) 

was reduced 0 

The use of the regression coefficient as a measure of 

efficiency will only hold true as long as the added nitrogen does 

not affect the growth rate of nodules and thus their efficiency 

by indirect means o In Coriaria, nodules are stimulated to grow 

by low levels of combined nitrogen but true efficiency in fixation 

does not keep pace. Nodule size, at least at low levels of added 

nitrogen, is a function of plant size n~t of nitrogen fixing 

abilityo 

The regression against total nitrogen does not show this 

marked drop in efficiency. Actual efficiency of nodules and the 

amount of nitrogen taken from the medium cannot therefore be taken 

reliably from this sort of regression analysis where the 

environment (added nitrogen) affects nodule growth and total plant 

nitrogen in different ways, viz. at low levels of added nitrogen, 

nodule growth is stimulated whereas at higher levels it is noto 

At the levels of nitrogen chosen by Dobereiner it may have 

been coincidental that efficiency was affected per se and not by 

an effect on nodule growth. 

Perhaps the most serious criticism of Dobereiner's work is 

that data for the regression to give variation in nodule size 

are obtained from harvests taken at one timeo However, increase 

in nodule size implies time-dependent growth. The variation 

obtained must therefore be due to genetic, micro-environment, and 

competition variation, from which it is dangerous to extrapolate 

to growth 0 



The use of Dobereiner's regression coefficient to ~easure 

nodule efficiency is not warranted, at least under the conditions 

of this experiment, and is open to criticism in all experiments 

where mineral nitrogen is added and where nodule efficiency is 

being tested, 

As a general conclusion to these experiments with Coriaria 

it may be stated that comparisons with other species and between 

different sources of mineral hitrogen are hardly likely to lead 

to a unified hypothesis for the action of added nitrogen on 

nitrogen fixation, In addition it is feasible that the results 

of any experiment may be a product of the technique rather than 

the applied conditions and extrapolation to field conditions may 

be quite invalid, The use of water cultures in these e~periments 

may have imposed more severe restrictions on plant growth than 

did the variation in nitrogen concentration of the medium in 

other published work, 

Before any general mechanism for the action of added 

mineral nitrogen on nitrogen fixation is postulated, a vqriety 

of species will have to be grown under conditions for op~imal 

growth for each species and addttions of small amounts of 

combined nitrogen.studied, For most nodulated species it will 

. probably be found that water cultures do not support optimum 

growtho 



CHAPTER ,] 

.SQLUBLE NITROGEN AND HAEMOGLOBIN CONSTITUENTS OF 

C.ARBOREA .~ODULES 

A. INTRODUCTION 

107. 

Ammonia, amide,. rJ.. amino 'and total soluble nitrogen components 

from nodules of sand grownC.arborea plants were determined on a 

cold MCW extract. Qualitattveand semi-quantitative determination 

of amino acids was performed 'by thin layer electrophoresis and 

. chroma tography. 

The presence of haemoglQ,bj,n in non-legume nodules remains 

unconfirmed since the report of Davenport (1960) • Attempts were 

made here to identify haemoglobin inC. arborea and Alnus 

glutinosa nodules using microspec~~o~copic and microchemical 

techniques. 

B. SOLUBLE NITROGEN POOL 

Care was taken to minimIse loss:or breakdown of soluble 

nitrogen components during all extraction and handling procedures. 

Glutamine is particularly unstab,le and undergoes either hydrolysis 

,or cyclization at temperatures above 40C depending on pH. 

Extraction was made three times on eq.ch nodule sample, in cold 

MeW; the pH of the extracted material rie~aining between 5.0 and 

6.0 and the extract was then stored at -10C until immediately 

prior to analysis. Three s~parat:e batches of nodule tips were 

excised from 14 month old saI}d grown Coarborea plants and 

separate extractions made on each sample designated samples 1 - 3 

table 7.1. These results are compared with those of the two 

experiments on lsN metabolis~ of excised nodules described in 

Chapter 8. Results are presented in table 7.1 
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Table 7.1 

Components of the MCW soluble nitrogen pool of C. arborea 

nodules. Results expressed per g nodule dry weight. Nodule 

dry weight = 0.10 ± 0.03 of fresh weight. 

NITROGEN FRACTIOrS 

NH3 -N Amide -N 
"OC amino Total 

J.1&I g. - J.lg/ g -N soluble N 
mg/g -mgfg 

Sample 1 ?50 610 1. 80 --
2 270 640 1.84 --
3 282- 850 2.04 --

mean 
"-

267 700 1. 89 --
* Experiment 1 range 179-308 560-1120 -- 5.83-7.93 

mean 245 874 -- 6.68 

* Experiment 2 range 296-440 853-1010 2.00-2.87 5.40-7.50 

mean 325 918 2.29 6.05 

* Results for two experiments presented in section G, chapter 8. 

Ammonia nitrogen proved to be a significant and constant 

fraction of the soluble nitrogen. For experiment 2 a 

consistently higher proportion of NH
3

-N was extracted. Amino 

nitrogen estimated. by ninhydrin accounted for up to 0.2% of the 

nodule dry ¥eight. Although this technique determines ~ amino -N 

and is r~latively le~s sensitive to some amino acids it is clear 

that the majority of Q( amino -N occurs in amides. 

It was found in early experiments on nitrogen extraction 

that 3N HCl extracted 25 - 30% of the total nitrogen from 

nodules (ca. 1% of nodule dry_weight). On the other hand MCW 

extracted approxi~ately 15% of total nitrogen (ca. 0.5% of 

nodule dry weight). It will be shown (chc1ipter 8) that this 

latter method of extraction, by extracting les~ nitrogen, 

.,1.' 

-
, . , ,.~ - ,'"-' 

enhances 15N enrichments as there is less dilution of the I: I' . , - " 

isotope. Half of the total soluble -N was separated in~o 

the three-fractions, the balance of the total soluble -N consisted 
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of soluble peptides and proteins which react very poorly with 

ninhydrin. 

The ratios of nitrogen fractions in each of the two 

experiments were: 

Experiment 1. 

Experiment 2. 

amide 

amide 

2.8 

total; 

amino 

7.0 

1 : 3.6 

total; 

18.6. 

27.30 

The high proportion of NH3-N in experiment 2 is reflected in 

their much greater nitrogen fixing capacity (chapter 8) and 

suggests that NH3-N content of nodules could be I used 'as a 

measure of nodule activity. 

C. AMINO ACID COMPOSITION 

An MCW extract of nodules was freeze dried, taken up in 

30% i80 propanol and separated by methods detailed in chapter 

2. A sample chromatogram (plate 7.1) indicates the predominance 

of glutamine and glutamic acid, in these nodules. All identified 

ninhydrin reacting spots were determined by comparison of Rf 

values of authentic compounds and by co-chromatography. 

D •. _lIAEMOGLOBIN 

The following experimental approaches were made to identify 

haemoglobin in root nodules of C. arborea and Alnus glutinosa. 

Nodules were taken from plants which were actively fixing 

nitrogen and'comparisons, for standardisation of technique, 
, 

were made at every stage .. with roqt nodules and nodule extracts 

of the legumes Trifolium repens and Parochetis communis. I 

I, 
i:: 
I" 

l. 
(a) 

Microspectroscopic examination of nodule slices and macera tes 0:, 

Nodule slices 1 - 2 mm thich were mounted in water under a 

micr9.scope fitted with a Hartridge reversion microspectroscope 



PLATE 7. 1 

Amino acid compoal~lon of C .• rbor,. nodul,s. HeW ex~ract of nodules 
was freeze dried, taken up in 30~ isopropanol and separated by thin 
lay,r chrom.tography. Firat dimenaion - high voltage electrophoresis 

at pH 1.9, llOOv (60 v/cml for 30 minutes. Second dimension -
chromatography in butanol - acetic acid - water, 5/1/4 top phase. 
Amino acids were rev.aled with ninhydrin . 

Abbr'yiations; ASP, a.partic acid; ASN, asparaginoi GLU, glutamic 
acid; GLN, glutamine;SER~ s,rin,; ALA, .lanine; GLY ', glycine; ARG, 
arganine; LYS, lyain,; LEne, leucine; VAL, vallne; TRP, tryptophan; 

TYR, tyroslne; PHE, phenylalanlne; l'AB, ramino butyric acid; ?, 

unidentified positive spot. 

1 

i LEUC 
PIlE 

TRP ~ 
VAL T'lR ~ 't AB i 

ALA 
SEll 0 

!! 
GLY u 

ARG 
LYS ASN ASP 

]~ 
_ ELECTROPlllRESlS ~ 



(Hartree, 1955). Using a well focused 100 W microscope 

lamp, absorption spectra with maxima at 575 mp and 540 m? 

corresponding to those of oxyhaemoglobin were observed in 

the legume nodules only. The legume nodules, were red in 

both cases ,while those of the non-legumes uniformly btowno 
'" 

(b) Nodules were mounted in water with fresh sodium dithionite 

(Na 2 S20 4 ) and infused with pyridine. Pyridine haemochromo~ 

absorption spectra were observed in the legume nodules only, 

(c) Two approaches were made to reduce the phenolase activity 

of sliced nodules 'which, ,it is claimed by Davenport (1960), 
obscures the absorption spectra of haemoglobin in non

legume nodules.' 

(i) Slices were placed in Tris buffer pH 7.4 containing 

0.02 M NaEDTA to inhibit phenolase activity. 

(ii) Slices were placed in 0.01 M P04 buffer containing 

0.5% polyvinylpyrrolidone (PVP, Povidone) to bind 

phenols and thus prevent their oxidation 0 Neither 

method allowed haemoglobin to be observed in the 

non-legume nodules, which, in any case, showed little 

darkening due to phenolase. 

(d) The above methods~q- c were tried on macerated nodules and 

on concentrated extracts clarified by centrifugation with 

similarly negative results for non-legume while in all case: 

legume nodules gave positive results. 

20 Microchemical examination of nodule slices and extracts. 

The benzidine reagent is a very sensitive test for haematin 

in all forms whether free or in combination with proteins or ' 

organic bases (Hartree, 19\55). This test has been modified for 

use with nodule material by Proctor (1962) and in this form is 

at least 100 times more sensitive than estimation of pyridine 

haemochromogen, and further, when the reaction is carried out at 

pH 4.0, only haemoglobin is estimatedoA quantitative test for 
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haemoglobin is made by measuring the absorbance of the reaction 

mixture at 660 mp after a set period of between 30 seconds and 

one minute after mixingo 

Tests were made with aqueous extracts of various nodules 

(TabLe 702) whtle extracts of 100 pg quantities of legume nodules 

gave very strong reactiono Re~ction from non~legume nodules 

was negative in quantities of 2-00 mg a,nd higher 0 

Table 702 

Benzidine test for haemoglobin in root 'noduleso 

fresh weight of nodules ground in 4 ml watero The supernatant 

after cent~ifugation at 10~000 rpm, tested with benzidine reagent 

at pH 400 (Proctor, 1962) 0 Absorbaq.ce at 660 mp was measured 

30 seconds after mixing reagentso 

- Speeies Equivaj.l!Em~ nodule weight * Absorbance at 
mg 660f'mu 

Parochetis communis 1. 00 0066 

0050 0026 

0025 0012 

C~tisus scoQarius 0050 L14 

0025 0052 
--

0010 0020 

Coriaria arborea 2000 00007 

-- LOO 00010 

0 050 00001 

* Volumes of extract equivalent to the nodule ¥eights given were 

tested and established the linear increase of absorbance with 

increasing quantity of haemoglQbino 

Further to this test, ~dule slices and macerates were 

JtIloun!:.ed. in.pH4-A A.but~f,er aM ~z.iA ina r;:ea.g.ent ~d 0 Strong. 

blue colouration in and around the legume noqules was .found, 

while the Coriaria nodules showed no colour reactiono 

I:' 
I 
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t. Soluble nitrogf:m-12Q.Q.b. 

The abundance of readily extracta~le amide and ammonia 

nitrogen in Coriaria nodules provides a simple method of 

measuring nitrogen fixing abi 1 i ty i.n short terro expeL iments \-li th 

15N2 • ~his would preclude the lengthy Kjeldahl di~estion 
d ..:I • h . ." f 1 1 5N t . . proce ure, an~ 1ncroase t e sens1~1v1ty 0 tle 2 -GCnn1~ue. 

however thls technique may only ~e ~sed for exposu~es of 10 
. t 1 ( h ",,-) d . - l' 1 . 15N . m1nu es or ess see c apter 0 urlng W~lCl ttme eptry into 

NH3-N and amide -N is linear. 

Another estimate. of nodule ,effectiveness would appear to 

be use of NH3 -N concentration of nodules which at least for 
15 

the experiments of chapter 8 correlate well with uptake of N2 , 

This has not been verified further however. 

On a nodule fresh weight basis the NH3 -N content of Coriaria 

nodules is in the range 20 - 30 pg ~H3-N / 3. This is similar 

to the NH3-N _ conten'tsof MyricSl, AllliJ.§. and soybean nodules which all 

fall in the range 20 - 50 pg NH3 / g fresh weight (Leaf, 1958; 

Leaf et a1, 1958; Bergersen; 195~). 

2. Amino_acid_composition 

The amino acid composition of nodules of various species 

varies tremendously. For Alnus spp citrulline is found in 

concentrations approaching 2% of nodule weight in winter and 

is high at all stages. Citrulline does not hpwever have any 

special relationship with nitrogen fixation,(Miettinen and 

Virtanen, 1952). Myrica gale nodules contain high concentrations 

of asparagine and glutamic acid with low glutamine levels, (Leaf 

et a1., 1959). For a variety of legumes that have been studied 

asparagine predominates. 'l.'he importance of asparagine in legume 

symbiosis is illustrated by th.e work bf Pate and Wallace (1954) 

on the field pea (Pisum arvense) in which the development of 

effective nodules is accompanied by a dramatic rise in asparagine 

in the xylem sap. , Asparagine rose from 0% prior to nodulation 

to 50 - 80% of sap nitrogen after nodulation with glutamine in 
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particular falling in importance. Turchin (1959) has gone as 

far as postulating that asparagin~ is the first product of 

nitrogen fixation in legume nodules. Considerable doubt 

must surround this work however as he used very long exposure 

times-and low 15N2 concentrations. 

In possessing a predominance of glutamine in both nodules 

and sap (chapter 9) Coriaria appears to be unique amongst the 

nodulated plants. 

3. Haemoglobin 

The role of haemoglobin ip pttrog~n fixation in legumes is 

now known to be indirect 0 Thus the evidence from carbon 

monoxide inhibition of nitrogen,fixation may be interpreted as 

only partly due to its irreversible binding with haemoglobin. 

Carbon monoxide also binds reversibly with nitrogenase (it is 

iso-electric wLth nitrogen) andothus competitively inhibits 
1 

nitrogen fixation. The need to explain carbon monoxide effects 

in terms of haemoglobin is now not compelling. 

Table 7.3 

Haematin levels in nodule and root tissues (from Davenport, 

1960). 

pg haematin / g fresh weight 

nodules roots 

-,Alnus g,lutinosa 31 3.9 

M:irica g,g,le 36 3.2 

Hi1212Q12hae rhamnoides 27 302 

Casuarina cunninghamiana 78 405 

Pi sum sativum 70 -

Egle and Munding (quoted, by Bond, 1960), Smith (1949) and 

Moore (1964) were unable to detect haemoglobin ina variety of 

non-legume root nodules. However both Egle and Munding and 

Davenport (~960) found that the haematin content of nodules was 

much grea'ter than in root tissue.. Table 7.3 is reproduced frqm. 

~ -' .. -:.~.:-.:.~.:-<:~:. :'-';".-:-~".: ,'. -':;:'<. -.:
~.: ~>~,~:~.;; ';,'-:j:',-.:; -;-: .. -:-' ~.:.:.: ",.;.-':'.-



"'~""'-""~"':"::'.-"'. ~'::~-.". '~" •• ':. ,:, ~ •• ~"-" •••••• : .. ~ •••• ~' • ...- •• , •• - •• -., •••• - •••••••• ~'~ ••• -'~ • ¥ - •• ~- ''',' '.','-''''''' ".'.-.'.~.'--.-.--','.-,'.'--'.'.'.--"""'.'."'.'-. -'.'. -'.- - - .. ~. "," ~ .. , ~ -," ~ - ,~._.- .-,-----,--•• -, •• --.~., .-.-.-.'-','-' •• '-_ •••• - •• - ....... -~ 
•.• _ ........... _~ ... ' _·L·.·.c..· __ ... -..•.• ' •......•.•••. _'"_~ __ 'r" >_.· .•. · .. __ ._·,- .. :.-- ... ·.' .... ·_·.' .. __ . ____ U •• _ .,.'~',,~,.,.~ .• _ •... -••. --.•. -••. -•.•.• -.-.-.-.,.<.~ ..... ' .. _! .••••• '-.... , ~'_"'~_"._~ < __ ,~ .. , .... _ .. -.. -,.,',._ .. ,.".,.~ .~'_'-""',~~ 

'··:f~~~"'~~~~:~~. ~ ~~~~~:~ ~ ~: ... : -~:" ~:~~j.' ~:~~: ·:~:::-:"~:~~-~--"-~·~ ... :--~-·-·;.~7~:·~·~·7':'·~~~.:~~::~~·~~'": .'-',..:. ~ '-..1_ •• ~.~ t:4:" ~<-:: .. ~·:·~~7:~ .... :,.~--'-.,.:=-:~~::::~~~-:·:~7:-::: ::~' ... ;~~~.~:-:-:. ~ .~.:~-~~~~.:"~ .. : .. -.:~>: "-':. ~-:·:·7·:'=·:--..:·:"~~~::·~~:~:: .... :::4 ~"~<-""'~~~~~: :~:""~:.:~ ~:t:-: .. ·. :":-, ~~: ,-~. -:.~ ':'=~:-:.:~ ~:.'""': ~~ 

Davenport (1960) with haematin concentrations. converted to pg 

haematin / g fresh weight for purposes of comparison. MW of 

haematin is taken as 650. 
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While nodule contents of haematin <:,-re p.igh they dQ not 

necessarily prove the presenc~ of haemoglobin. TissueEi other 

than nodules are known to have equally Qi&h values (table 7.4). 

Table 7.4 

Range of haematin contents of non-nodule tissues and of 
-

legume nodules (data from Hartree, 1955 and 5ergersen, 1961). 

JUg haemat-ip. / g fresh weight 

. Beet root 6 - 18 
----I 

Onion bulb - 1 - 32 

Germinating Phaseolus 1 - 54 

Sub-clover X Na 30* 265 

Sub-clover X TAL* 585 - 669 

Sub-clover X TAl* 245 - 788 

Red-clover X A* (52) 129 - 188 
F .. 

Red-clover X ClF* 203 - 294 

* Refers to Rhizobium strain. Na 30 is a moderately effective 

and TAl is a very effective strain for subterranean clover. A 
,. 

is moderately effective and ClF very effective for red clover. 

Thus the levels of haematin quoted by Davenport for some 

non-legume nodules fall nearer the range of some tissues 

containing no haemoglobin and do not approach the levels found 

in legume nodules containing only moderately ef'fective Rhizobium 

strains (table 7.4). The indirect evidence for haemoglobin 

from haematin contents therefore is not convincing as a variety 

of other haemin compounds are included in such estimations. 

More direct methods using a micro spectroscope failed to 

demonstrate the presence of haemoglobin in Coriaria and alder 

nodules under a variety of conditions. 

The specificity and sensitivity of the benzidine test for 

haemoglo'bin"proves beyond all reasonable doubt that the pigment is 

i ... 
.-'.;- ,'. -.. '. '." 

!,.".\ 



not present in soluble form in Coriaria nodules. The fact that 

this reaction tests for bound and free haematin (specifically 

tlaemoglobin at pH 4.0) and that no reaction was obtained on 

nodule slices and macerates strongly suggests that haemoglobin 

is also absent in bound form. 

The function of haemoglobin in the legume nodule is as an 

oxygen carrier while at the same time protecting the anaerobic 

nitrogenase site from free oxygen. If the fixation process is 

the same in both legumes and non-legumes, and there is little to 

suggest it is not, the non-legume nodules or the endophyte 

itself must have another system for protecting the anaerobic 

fixing site from excess free oxygen. That this system is less 

efficient in the non-legume is shown by the fact that optimum 

p02 for fixation by non-legume nodules is 0.1 to 0.2 while for 

soybean it is 0.58 (chapter 1). This also provides indirect 

evidence for the absence of haemoglobin in the non-legume nodule. 

Thus the probable absence of haemoglobin from these nodules 

contrasts with the legume nodule but does not constitute a 

fundamental difference in the fixation process. 



CHAPI'ER 8 

ISOTOPE STUDIES ON EXCISED NODULES 

A. INTRODUCTION 

_Experiments on nitrogen fixation by nodulated plants are 

facilitated by using excised nodules which continue, to incorporate 

gaseous nitrogen for some time after exci.sion. Legume nodules 

quickly los~ activity af,'!:er excision whereas non-legume nodules, 

due to their larger size retain.nitrogen fixing ability for ,many 

hours. 15N2 incorporation can be easily measured in both excised 

legume and non-legume nodules, the time co,ux:-se of fixation for 

both is such that bacterial contamination is unlikely toaccount 

for the increases in incorporated 15N. Aprison and Burris (1952) 

1 " d h 15N hn" b "1 h "d grea t y ~mprove t e tec .' ~que y extract~ng on y t e ac~ 

soluble fractien from nodules thus eliminating more than 50% of the 

total nodule nitrogen which serves only to dilute the incorporated 

isotope in short term experiments. 

Before intensive studies can be made on the physiology of 

excised nodules_it is important to establish a time course for 

nitrogen fixation and thus determine the time period for which 

activity is maintained and also to provide indirect evidence ' 
. , 

for fixation by external bacterial contamination. Criticism 

has been made of the excised nodule technique. on the grounds that 

. it does not eliminate the possibtlity of contamination. Such 
I , 

criti'cism!has little validity in most cases and for the 

experiments describ-ed here the rate of fixation is many times 

too great to be explained by contamination and time course 

studies show a fall-off in fixat~on accompanied by a reduction 

in nodule respiration. 

The following experim.ents 't;:herefore, establish fixation in 

excised nodules of' all New Zealand species of Coriaria 0 The 

time cours~ of nitrogen-fixation by excised nodules of 

Co arborea is established and correlated with nodule respiration. 
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Further experiments concern the affect of temperature on fixation, 

and short-term kin~tic studies on 15N incorporation into various 

nitrogen fr~ctions of the soluble pool of nodules. 

Bo NITROGEN FIXATION BY EXCISED NODULES 

OF CORIARIA SPPo 

The seven species of Coriaria have been tested for nitrogen 

fixing ability with 15NZ either in the field or in the· laboratory 

with glasshouse grown plantso Rhizome material for propagation 

of all species (other than Co arborea which was grown from seed) 

was brought from the sources listed (table 801) and established 

in sando Nodules from the following species were excised and 

exposed to 15NZ from glasshouse grown material: Co arborea, 

C: sarmentosa, C. kingiana and Co pteridioideso All other 

species and a hybrid were tested in the field on three separate 

occasions. 

Table 801 

15NZ incorporation into the 3N HC1-~oluble nitrogen fraction 

of excised Coriaria nodules. Duplicates exposed to gas mixture 

containing 70% A, ZO% 02~ 10% N2 (~5 atoms % 15N excess)o 

E:fCPo- Atoms % excess 15N 
Species Source of material sure 

time 
hrs (i) (1..1 ) 

Co arborea Kaikoura 6 00856 10148 

Co sarmento sa "IJ Porter's Pass 1Z L 75 L66 

CO plumosa Porter's ~ass 3 107Z5 ZoOl 

Co kingiana Napier - Taihape Rdo 3 0.804 00810 

Co angustissima Arthurs' Pass 3 00Z69 00Z31 

Co pottiiana Mto Hikurangi 3 00333 00Z65 

Co pteridioides Tongariro Na tl.~ Park 6 LIZ 1.04 

Co angustissimg( 
Co sarmento sa ? Arthurs' Pass 3 00385 00514 
hvbrid 

* Gas mixture containing 90% NZ (4707 atoms % 15N excess)o 

.•• ' .,' ,. - -:i .;. - ,-.." ~ • - - . 
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15N excess values were calculated from the 3N HCI soluble 

fraction and compared with similarly extracted unexposed nodule 

material using the double inlet mass spectrometero In all cases 

the enrichments were very high indicating that nodules of all 

species were very active in nitrogen fixationo 

As the experiments were conducted under a variety of 

conditions at different times of the year no significance can 

be drawn from the differences between species 0 Two samples 

were exposed~in_dUferent vessels and variation within species, 

i 0 eo between. duplicates, ref lects the total variation due to': 

(a) physio~~gical differences in plant material 

(b) variations in techniqu.e during exposure, extraction,· .• 

and subsequent analysis. 

As well~as the obvious limitations to comparisons between 

species mentioned_above another less obvious one exists: when' 

enrichment data~_as.presented above for HCI extracted nitrogen, 

are compared the __ resul t depends on how much isotope was absorbed 

by the plant and how_much diluting nitrogen was extracted with 

the isotopeo This is illustrated by results for Co plumosa, 

and the legume Carmichaelia monroi, nodules of which were exposed 

d h d ' 'A 15N f' un er t e same con LtLonso toms per cent excess 19ures 

(table 8.2) indicate that Coriaria nodules were x80 more 

efficient than Carmichaelia nodules when both were excisedo 

Table 802 

Comparis~n of nitrogen fixation between Coriaria plumosa 

and Carmichaelia monroio 3N HCI extract after 3 hour exposure 

to 20% 02' 70% A, 10% N2 (95 atom % 15N excessL 

Soluble 15 15N 
Species Atom % N pg . N Jl~S/ g 

XS 15N XS 
pg nodule 

Co£iaria Qlumosa (1) 1 0725 199 3042 5205 

(2) 2001 278 5061 10600 
'Carmichaelia (1) 0 0027 1012 0027 20 00 

monroi 
- - (2) 0.025 795 0020 1301 

: .... __ .,--, ...... 
r' '. '. ~ ~.,' c', _.. ' 

::.:.. 
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As the Carmichaelia nodules contained nearly 5% of their 

dry weight as 3N soluble,nitrogep and Coriaria nodules 0.5% of 

soluble nitrogen the dilution of the isotope is much greater in 

the former species. When the. fj..gures were converted to actual 

isotope uptake, differenceS were, far less than ipdicated by 
15 ~ 

,atoms % excess N data and. when this is related to nodule weight 

the activity of Coriaria nodules_were ca X5 that of Carmichaelia 

nodules. 

This again is not a complete picture as on excision legume 

nodules lose activity rapidly while non-legume nodules retain 

activity over an extended period. During the three hour period 

the legume nodules may well have ce'ased functioning, soon after 

initial exposure. 

Extreme care must therefore be taken in interpreting 

isotope data when comparisons are to be drawn. 

C. TIME COURSE. OF NITROGEN FIXATION BY 

EXCISED NODULES 

Several experiments were conducted to determine the rate of 

fixation in nodules at various times after excision. Early 

experiments with whole nodules were carried out using field grown 

materiaL Variation due to plant age and nodule size are 

reflected in these results. Later experiments were carried out 

with more refined techniques for both plant culture and isotope 

handling. 

I. Experiment 1 

A comparison between C. arborea and Co sarmentosa nodules 

was made. Established plants of the two species were collected 

from Kaikoura and Porter's Pass respectively and re-established 

in sand. Nodules were excised 48, 24, 12 and 0 hours before 

exposure to 15N2 and kept damp in vials exposed to air at 20C. 
15 

All nodule~.were then exposed to 90% N2 , 10% O2 for 12 hours 0 

Each treatment was split into two samples, extracted in HC1, and 



assayed in the normal way 0 Results, presented in table 8.3, 
indicate that significant nitrogen fixation occurred 48 hours 

after excision in nodules of both species. There appeared to 

be no_decline in fixation after 12 hours in C. arborea nodules 

whereas in Co sarmentosa nodules there was a marKed reduction in 

-fixat~on over this period 0 

Table 8 0 3 

Time course of nitrogen fixation by nodules of Co arborea 

and Co sarmento sa after excisiono Duplicates exposed to gas 

mixture of 10% 02' 90% N2 (4707 atoms % 15N excess)o Nodules 

exposed for 12 hours 0 ~·48 hours after excisiono 

HCl Atom % ].lg 
15N 

Time Fresh Sample 15N 
Species Soluble N 15N XS 

].lg XS per hrs. weight No. XS 
mg g fwo 

Co arborea 48 1 0440 1 9045 0006 507 
2 8047 0017 1404 2G09 

24 00692 1 3.71 0040 1408 

2 2.70 0.52 1400 41.6 
12 00380 1 1085 1037 2503 

2 1060 0064 1002 93.4 --

0 0.304 1 10 71 0.20 - 3042 
2 2028 0.69 1507 6307 

Co sarmentosa 48 3.550 1 14084 0023 2400 
2 11.06 0.21 2302 16 01 

24 10861 1 5081 0013 7055 
2 5.51 0 061 33.9 2203 

12 1.682 1 4013 0054 2203 
2 4.12 0.42 1703 23.6 

0 2.598 1 3.96 L 75 69.3 
2 4.55 1.66 75.5 5507 

As in the experiment described in table 802, a toms per cent 

15N excess-~ata would indicate a marked difference in activity 

of the nodules from the two species. However when these are 
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transformed to specific activities no significant differences are 

apparent. 

2. Experiment 2 

In order to gain better knowledge of the rate of fixation 

over early stages after excision, to verify experiment 1, and to 

overcome the problem of nodule size variation a second experiment 

was conducted. Fourteen grams fre~h weight of nodule tips were 

excised from two year old plants grown from seed in the glasshouse, 

The tips were excised obtoice, .. thoroughly --IDix~, and distributed 

evenly into six 40 ml flasks. All flasks were given a ,gas 

mixture containing 20% 02,.60% A, 20% N2 (95 atoms per cent 15N 

excess). Nodules were exposed f9~ 2, 6, 12, 24, 36 and 48 hours 

at 25C after which they were extracted with 3N HC1. Two samples 

were taken from each flask to ShoW. variation within the plant 

material. As ~omparison 16 made oply for the one species at one 
. 15 

particular time the atoms percent N eXcess figures given in 
15 fig. 8.1a are a reliable measure of fixation. Uptake of NZ 

into nodules was linear for six ,hours after excision after which 

there was a definite but reduced and erratic fixation maintained 

to 48 hours. 

Reduction'in fixation was brought about under these conditionl 

ei ther by a cessation of fixation .. in some nodule tips or reductio,n 

of fixation rate by all tiRS or a c+ombination ot' botho fIowever 

the possibility does arise .that, depletion of oxygen within the 

flasks or carbon dioxide narcosis may have at least contributed 

to the reduction in fixation rate after six hours. 

experiment was devised to test this possibility" 

30 Experiment 3 

A third 

To overcome the problem o{ oxygen depletion in flasks during 

long exposures, nodules were exposed to gas mixtures for six 

hours only, in each case 0, ~_,. 12,_,18, 24, 30 and 36 hours after 

excision. Nodules were ex~ised and wrapped in muslin bags and 

two bags w~+e exposed to 15N2 on each occasion for six hours. 

Nodules awaiting exposure were kept under the same. conditions as 



FIGURE 8.1 

Time course of nitrogen fixation by C. arborea 

nodules after excision. 

(a) ExperiJIlent 2, nodules exposed for two to 

48 hours with a gas mixture containing 

(b) 

20% 02' 6P% A, 20% N2 (95 atoms % 15N excess). 

3N Hp'l extracted nitrogen only assayed. 

Experiment 3, nodules exposed for six hours; 

0, 6, 12, 18, 24 and 30 hours after excision. 

Gas mixture containing 20% 02' 70% A, 10% N2 

(50 atoms % excess ). 
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those during gas exposure. Nodules were extracted in 3N Bel and 

as a ch~k on the ~fficiency of the extraction technique the solid 

residues ~fter extraction were digested and ~ssayed for 15N contento 

No det-ectable enrichment was found in any of the residue sampleso 

Results are tabulated in table 8 04 and the cumulative 

'fixation data presented graphically in figure 80lbo 

Table 8.4 

Time course of nitrogen fixation by nodules of Co arborea 

exposed to 70% A, 20% 02' 10%N2 (50 atoms per cent 15N excess) 

for 6 hours at various times after excision. 

Atom 10 15N J..tg 15N 
15 . 

Time after Dry RCl }.lg 1 t'f *~'c 
excision' weight No. Soluble J.lg XS g 

15N XS xs xsi g hours mg N mg corrected 

0 180 1 0'.64 0.213 1.36 

2 0091 0 0217 1.97 19.05 38010 
,.. 

157 1 0.98 0 0084 0.82 0 

2 0.67 D.097 0065 9.36 18072 

12 163 1 0.94 0 0' 023 0.22 

2 0.92 0.020 0018 2045 4090 

18 190~ 1 0'.95 0.022 0022 

2 1.15 0.021 0024 2.42 4.84 

24 181 1 1.11 0.0069 0.077 

2 0.85 0.0055 0.046 0068 1036 

30 * 200 1 0 087 NS* - - -
2 1.09 NS - - -

* All nodules from 30 hours incorporated insignificant amounts 

of 15N•· 

** Actual amount of nitrogen fixed is derived by mUltiplying 
15 

pg N XS per g by 1001 a,tom per.,cent enrichment of gas 

mixture used. 

The time course for fi~ation in this experiment closely 

resembled that' for experiment 2,. al though the nodules ceased to 

function 30 hours after excisiono It is unlikely therefore 
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that oxygen depletion or carbon dioxide narcosis were factors in 

reducing fixation in experiment 20 

From these experiments it is evident that strong fixation is 

maintained for six hours or more after excision and thereafter 

the nodules quickly lose their fixing ability. 

40 Experiment 4. 
I 

Further ·information on. the longevity of nodules after 

excision was obtaihed by r~spiromet:ry of excised noduleso Nodules 

were excised in a similar fash.ion to those in experiments 2 and 

3 and suspended in 0005 M phosphate buffer at pH 6.5 in standard 

Warburgflasks. Endogenou.s.respiration was followed for eleven 

hours with 0.2 roL 10% KOH in the centre well of each flasko 

Results are presented graphically in figure 802a. 
Excised nodules in t?ree replicate flasks. had comparable 

!nitial rates of endogenou~respiration and in all cases respiration 

rate fell sharply over the first three hours. For one flask this 

fall was maintained for 6 hours after which it remained relatively 

constant 0 For the other two flasks a small drop in respiration 

rate was shown for the following five hours and then a steep 

decline by one and a slight de~line by the othero The basic 

metabolic rate of root tissue was approximately half that of 

nodule tissue and remained_very cQnstant for eight hours or more 

while root apices had very high :l,nitial respiration rates which 

fell sharply over the first~three hours and then fell more slowlyo 

As the nodule tips use~ also possess an apical meristem it is 

possible that the initial drop in respiration rate of nodules 

was due to meristem metabolism aqd that metabolism of symbiosis 

remained relatively constant. This result agrees with the 

nitrogen fixation studies where nit~ogen fixation starts to fall 

rapidly after six hours. The dif f erences in metabo Lic pattern 

of endogenous respiration between flasks underlines the variability 

of the plant material and c~rresponds with the wide variatlon in 

replicates shown in experiment 2. 

For further comparison nodules of white clover (Trifolium 

repens) wer~- gathered fr~m field plants and respiration rates of 



FIGURE 802 

Epdogenous respiration rate of nodule tissue 

at various times after excisiono 

Tissue suspended in 0005 M P0
4 

buffer pH 605, 
25C, in standard Warburg flasks, 002 ml 

10% KOH in centre welL 

(a) Respiration ,of eo arborea nodule tips, 
I .' . 

root aI;>ices and roots after excisiono 

Each pbint is the mean of two 15 minute 

respir~tion measurements either side of 

the indicated timeo 

(b) Respiration of Trifolium repens excised 

nodules with and without attached root 

tissueo 
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excised nodules only, and nodules with attached root tissue 

compared (fig. 8.2b). Nodule respiration had virtually ceased 

three hours after excision whereas respiration of nodule plus 

root -tissue was maintained for at least nine hours. 

This result for clover nodules explains the common finding 

that 15N2 incorporation into legume nodules is enhanced if root 

tissue is left attached to the nodules. It also further confirms 

that the longevity of nitrogen fixation in excised root nodules 

is a function of substrate availability for endogenous metabolic 

activity. 

D. TEMPERATURE EFFECTS ON NITROGEN FIXATION 

BY EXCISED NODULES 

Nodule tips were exc~sed onto ice, split into six equal 

portions, and exposed to a gas mixture containing 20% 02' 60% A, 

20% N2 (95 atoms per cent 15N excess) for six hours at six 

different temperatures viz. 10, .17,22,26,29 and 35C o On 

harvesting, nodules from each temperature treatment were split 

into two groups, and extracted separately in 3N HC1. KJeldahl 

digests of both the solub~e and insoluble material were submitted 

to mass spectrometry.. Results, presented in table 805, indicate 

no clear cut effect of temperature on nitrogen fixationo The 

variation within treatments was greater, in most cases, than 

that between treatments although the average ·figure at 29C 

was much higher than for any te~p~rature below thato The 

soluble nitrogen for the first sample at 35C was lost during 

Kjeldahl distillation and thus only a partial result can be 

presented. 
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Table 8.5 

Effect of temperature on nitrogen fixation by excised 

Co arborea nodules. Nodules exposed to 20% O2 , 60% A, 20% N2 
, , 15 . 

(95.~toms per cent N excess). for six hours. 

TemI:\o Dry Soluble N L5N Insoluble N 15N Total II-lg 15N XS 

°c No. weight Atom Atom 15N per g dry 
}lg pg JUg mg % XS XS % XS XS XS weight 

10 1 126 0.856 7.6 0.009 0.26 7.9 63 

2 
I. 

108 1.148 10.~ 8 0.005 0.12 10.9" 100 

17 1 138 0.556 6.3 0.0009 0037 6.7 49 
-'" ", 

2 161 1.691 19.4 0.035 1.28 20.7 128 

22 1 116 0.539 5.2 00022 0.56 5.8 49 

2 173 0.829 0.'3 0.027 1. 09 1004 59 
. 

26 1 141 1.017 14.9 0.043 1.19 16.1 114 

2 213 0.764 13.6 0.031 1.43 15.0 70 

29 1 112 1.276 11.8 0.048 1.20 13.0 116 

2 142 0.887 10.0 00040 1.26 11.3 79 

35 1 103 -* 1 -* 0.097 2.27 - * -* 
'. 

2 14.0 1.165 13.9 0.046 1.38 15.3 109 

* Sample lost during Kjeldahl distillation 

Fixation rate showed little,correlation with temperature 
. h' .. h 15N . .,. 1 b 1 1n t 1S exper1ment, owever 1ncorporat10n 1nto 1nso u e 

nitrogen, presumably protein, correlated reasonably well with 

rising temperature. This is in direct contrast to the result 

obtained for experiment 2 - Section Cin which no incorporation 

into insoluble nitrogen occurred for equal exposure times. This 

may be explained by the fact that nodules in the temperature 

experiment were much more active in nitrogen fixation. Over 

the six hour period there would be ad.'equa te time for incorporation 

into protein and this process appears to be more reliably 

temperatur~ sensitive than nitrogen fixation. Variability in 

this experiment was so great that to ignore the 15N incorporated 

-. _ .. _ .. ::-., . -; .. -.----,.-: '-~---:-



into insoluble nitrogen would not have biased the results, however 

under more controlled ~onditions considerable bias could be 

introduced by ignoring insoluble nitrogen 15N• Shorter exposures 

e. g. -two hours, would obviate thenecessi ty to consider insoluble 

nitrogen. 

As it was unlikely t~at more controlled conditions or less 

variable material could be obtained for temperature effects no 

further experiments were conducted to substantiate or disprove 

the above result, 
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The nodules of 1,egjume and non-legume plants show morpho~ 

logical adaptations similar to organs acknowledged to be aerating 

in function. Thus Coriaria plants normally grow i~ well aerated 

stony soils. Nodules in peavy soils tend to be near the surface 

and are h~avily invested with lenticels. On transfer to water 

culture, nodules and plants thrive only if the solution is 

constantly aerated or the nodul~s are above solution level and 

even in these conditions le~ticels quickly b~come obvious. This 

evidence and that presented in chapter 5 all lead to the 

conclusion that nodules are organs specialised for gas exchange 

and that entry of nitrogen is in the gas phase rather than 

dissolved in soil water. _In order to test the above hypothesis 

15N2 and O
2 

were dissolved in water and nodulated root systems 

immersed in the solution for varying Lengths·of time. 

1. Methods 

To check the solubili~y of oxygen in water and the conditions 

under which an experiment could be conducted an oxygen analyser 

(Precision Scientific Co.) was used to monitor oxygen levels in 

solution. The instrument senses oxygen in solution by a 

galvanic cell with Pb anode and Ag cathode, the output of this 

cell being proportional to p02' As the uptake of oxygen by 

nodulated root systems is vastly greater than N2 uptake it was 

desirable to achieve conditions under which oxygen supply would 



not be limiting. Distilled water was evacuated of all air by 

boiling in an autoclave several times. Under these conditions 

less than 0.3 mg °2/1 remained in $olution. Oxygen was then 

let into the autoclave and,the wat~r supersaturated at 15 lb 

/sq. in. with 0z-Water was then drawn off and oxygen allowed 

to come off at atmospheric pressure. When oxygen tension had 

come to saturation at the ambient temperature (36 mg/l at 20C) 

plants were immersed in the solution and paraffin oil poured 

on the surface to reduce e~change with atmosphere, (under these 

conditions loss to atmosphere through paraffin oil was shown to 
·1 

be not greater than 2% in 24 hours~). In 12 hours nodulated ,.' 
plants completely depleted the -02 supply in 500 ml water. 

By this means it was then possible to first saturate 

water with oxygen and then replac~ some of the oxygen with 

nitrogen. By shaking oxygen-saturated water with a small volume 

of nitrogen it was possible to replace ca. 20% of the oxygen with 

nitrogen, the resulting solution containing approximately 32 mg/l 

O2 and 4.3 mg/l N2 • In other words the water was in equilibrium 

with an atmosphere of p02 ~ 0.8 7 pN2 ~ 0.2. 

A solution was made up in the above fashion except that 
15N (25 atoms % 15N excess) was used and the solution dispensed 2 
to four 500 ml-flasks. Heiilthy nodulated C. arborea plants 

from sand culture were placed quickly in each flask and sealed 

with paraffin oil. The plants were placed in a growth chamber 

at 20C, 600 foot candles. Two plants were removed from the 

solution after four hours, the rem~ining two'after 12 hours. 

After -removal one plant from,each time interval was placed in 

aerated water culture solution for a further 12 hours so that 

translocation of isotope cpuld be tested . Shoots and nodules 

were harvested and extracted with 3N HCl for isotope analysis. 

2. Results 

No detectable enrichments were found in the shoots of any 

plants. The nodules of one pl~nt (12 hour exposure and 

harvested tJllmediately) only showed a significant incorporation 

of 15N• These nodules contained 0.0065 atoms % 15N excess and 



had incorporated 00051 ~g pitrogen, representing a 00001 % 
depletion of the nitrogen pontained in solutiono 

The plants used in this experiment came from the popul&tion 

used in experiment 3, section B of this chapter 0 Excised 

nodules of these plant~ nncorporated 002 atoms % 15N excess in 
15 

six hours from 50 atoms % N excess gas o It can be concluded 

from this experiment that nodules normally do not obtain 

nitrogen from solution but in gaseous form, and also that as a 

technique for studying nitrogen fixation, solutions of 15N2 
show no promise. 

As a corrollary to this study - and this has been noted in 

earlierchapter~ - solution cul'ture of Coriaria plants was made 

difficult largely because of this factor and only when nodules 

were bathed in air bubbles, or repeatedly exposed to air did 

plants thrive in solution ~ul~ure. It is possible that after 

a period of time in water 'culture the formation of extensive 

lentibels may allow adaptation to culture conditions although 

this is unlikelyo Certainly in the plants tested here which 

were from sand culture insignificant absorption from solution 

occurred. -

F. NODULE AGE: AND NITROGEN FIXATION 
\ 

The impoci:ance of using even aged nodules for physiological 

experiments is much more important for legumes than for non= 

legumes 0 Legume nodules, for most species, have a finite 

functioning life on the pl~nt which may last for days or weeks , 
only. On the other hand the perennial nodules of non-legume 

species continue to grow for several years. Coriaria nodules 

produce an increasing numb~r 9twhite lobes, of fairly even size, 

which are heavily infected with endophyte at their distal ends 

while in proximal parts the endophyte is disintegrating. In 

order to obtain reasonably homogeneous material, excised tips of 

Coriaria nodules have been used for experiments 0 These tips, 

even on the same plant, vary greatly in age, while between plants 
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in one population variation was even greater. In order to test 

the validity of using iips from differ~nt aged nodules two extreme 

groups were tested. 

!ips were removed from the nodules of plants aged 18 and 

30 months. Both age group$ had been nodulated in Dunedin soil 

and were growing in equivalent glasshouse conditions in sand 

culture. Nodule age was approximately IS and 27 months 

respectively. Two samples of nodUles were exposed to ISN2 for 

one hour. 

At this stage a chang~ was made from using 3N HCl as the 

extracting solution to met1;l.anol / chloroform / water (12/S/3 v/v) 

(MCW) • The fortnerextracts2S· - 30 % of the total nitrogen from 

-nodules i.e. ca. 1% of total dry weight while MCW extracts a . I 

approximately lS% of the1total nitrogen. Unfortunately one 

sample was lost so a complete picture is not obtainable, however 

the results (table 8.6) show clearly that nodule tips of different 

aged nodules retain' very similar rates of fixation ot) a dry 

weight basis. 

Table 8.6 

Nitrogen fix~ng capad~ty of nodule tips of different aged 

nodules of C. arborea. E~posuFe pne hour to 20% 02' 70% A, 
IS . 

10% N2 (9S atoms % N exct:essh MCW soluble nitrogen . 

Nodule Nodule . Soluble, ISN 
. IS 

Atom % pg N 
age dry w~ignt riJ,trogen 

lSN XS 
pg XS XS months mg pg per g 

IS 88 309 l.82 S.6 63.6 

IS 81 398 * - -
27 109 42S 1.93 8.2 7S.2 
27 184 610 1. 93 11. 7 63.S 

* Sample lost during mass sp~ctromet.ry. 

Using MCW as the extracting solution extremely high specific 

enrichments could be obtained as there was a much lower proportion 

of diluting nitrogen. It was considered possible to study very 
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short exposure times and thus define the early products of fixation. 

Assuming linear fixation over one hour it should be possible on 

the results of this experiment to extract at one minute a soluble 

fraction containing 1.8/60 = 0.03 ~toms % excess 15N - an easily 

detectable enrichment with the mass spectrometer used. 

G. IDENTIFICATION OF EARLY PRODUCTS 

OF NITROGEN FIXATION 

Nodules such as those found in legumes and non-legumes 

comprise a complex symbiotic sy..stemo_ Extraction of soluble 

components from such a complex system_ ihvolves extraction from 

at the very least, two poc>ls .,. that of host tissue and that of 

endophyte. Definition of the source of N compounds is further 

complicated by the fact that the endophyte may be in two 

distinct forms although in Coriaria, "active" nodules possess 

predominantly one morphological, and presumably one physiological, 

form. Actively metabolising host tissue will be of three 

distinct types viz. apical merist'em, cortical parenchyma either 

symbiotic or lacking endophyte and stele. 

Results obtained from an ~ttempt to trace metabolic 

p~thways in such a complex system mus~ be treated very carefully 

ahd conclusions drawn guardedly. As ~t is currently not possible 

to simplify the complex symbiotic association and still retain 

nitrogen fixation in non-legumes, work on intact excised nodules 

is fraught with such doubt. 

Notwithstanding the theoF~tical difficulties of interpretation 

of results from the complex nodule system two experiments were 

conducted to establish the role of the various soluble nitrogen 

constituents_in nitr~gen fixation. 

I. Experiment 1 

74.2 g fresh weight of nodule tips were excised from 14 months 

old C.arborea plants grown in sand culture after nodulation in 

Dunedin_soil. Time taken between start of excision and first 

exposure was one hour - nodules being stored on-ice during this 

~.'.", ","-,-, ~ . -- - -- -- - _. ---
~--;'.~'-:~ :~<' • .r:--::-.-<~ .-~.:,:~:->:--:.~~~ .:. 

i 
i 
! 



period. Nodule tips were equally distributed among seven flasks 

and exposed to a gas mixture of 20% O~, 70% A, 10% N2 (95 atoms % 

15N excess) for 1, 2 (2 flasks) 5, 10, 30 and 60 minutes. 

Reactions were terminated by addition of MeW which had been pre

cooled in dry ice so that reactions would be immediately fixed. 

Nodules from each flask were split into two and extracted three 

times in a pestle and mortar. The extracted soluble material 

was made up to 100 ml, 20 ml used for total soluble nitrogen 

determination and SO ml for ammonia and amide extraction. 

Separate mass spectrometer analyses were made on each fraction. 

Results are presented in table S.7. 

Although thenodulesu$ed fpr this experiment were not as 

active as those used for th~ experiment described in section G 

of this chapter significant enrichments were still obtained for 

all ft-actions after exposure of one minute. Enrichment data, 

table S.7 and figure S.3a, show a linear uptake of nitrogen over 

the one hour period with a final enrichment of 0.151 atoms % excess 

15N, a low figure for C. arborea nodules. NH3 -N and amide -N 

enrichments rose steeply over the first five minutes of exposure 

(fig. S.3a) and then tended to saturation. During the first few 

minutes of exposure to 15N2 the enrichments of extracted NH3 -N 

tended to be higher than those for amide -N although their 

similarity throughout the experiment suggests that the active 

pool size of each of ~hese fractions was the same relative to 

the total pool and that the~ were in equilibrium at the active 

site. _ 

Figure S.3b shows the ~otal 15N incorporation into each 
15N fraction expressed on a nodule dry weight basis. 

accumulation~lI'a:te into total soluble nitrogen dropped slightly 

(fig. S.3b) but hardly deviated fro~ linearity over the one hour 

period. Rasults for the first five minutes are expanded in figure 

S.4a and show that uptake of 15N into NH
3

-N and amide N tended to 

s~turate at five minutes. Further increase in 15N in these 

fractions however did proceed slowly (fig. S.3a and b) and was 

probably due to a slow equilibrium with a non-active pool. 
15 15 . One minute after exposure to N2 all of the N ~ncorporated 



Incorporation of 15N2 into the soluble fraction 

of excised ~ Co arborea IlOdt '_nodules. Excised 

nodule tips~xposed to 20% 02' 70% A, 10% N2 

(95 atoms % 15N excess) for periods up to 6d 
minutes. 

amide-N 

assayed 

MCW extract divided into NH3~N, 

and total soluble-N ~nd separately 
15 

for N. (Experiment 1). 

(a) Atoms % excess 15N data: means for two 

replicates in each case except that at two 

minute exposure four replicates were measuredo 

This result indicates the uptake of isotope 

into each fraction in relation to the size of 

each fractiono rhus tp~ lar~er pools of 

nitrogen will te)1d to ~h,o'W lower valueso 
i 

(b) Absolute ampunts of isotope entering each 

fraction irrespective of the pool size of that 

fraction - dry weight basis 0: 



, . ' . _ ." :. __ .. ~..: ...••• ,~ .... :.. , , •. r._·; ~ , __ . .,.-. _ ~~ _ , ~'! ."_,,'., ._~ ..... _:...:~. __ - .,-. ..:..:':~ ..... ~_.",,:. '-'* _ :,_ •• :.. .: •• '.: • _ '~' ••• :" : _~".,: __ •• _ ... _.~ .•. - • ___ ., ~'.:. •• :. • : • _ ' •• ,:._ ~ ... ',~' --.:..._.~ ••• :",_,_",_ ••• ~ •• -:.~:.. __ "~:~," :.~: .'.' .. " • " • a', .-. ': ••. : __ .-.. .", ,,:-,'. -;,." .'.'" :.:.:. ":': 
_ ••• ~_, '. _ ;: ,,', • ,~ .. _ .... , __ '. ,,;._ ~--, .• ,.'.'.~_-.-.' .... _._, ,'.-."",.'.r,- "," .," • "':. :'._ ', __ , .','_ .' .. _ .' -:, ,',-.:",_-,'," ',_._.',_ - , ' ., ..... _, "_ , __ ,', - ':'0 .... ','.0.- ,'. '-,.''.', •. -._,. __ • '.~_' _ •• __ • _ •• , •••• _ ,'" • w·o .... ,",., •• ,', ••••••• ",., •• ,.,-, •• -.',',-

,,' ':",:.. ',- ..-:--:.~:: ~ :~:. :~:'::'~~ ~,~" ~ ... ;::~:-~: -~ ~.:-:~~ -.-.-: ":~ ~ ". ~.:~ ~~:::~~ .~ :.. \. .:..:--~~~." ~ -~=~,'~:.;-~ ~-t=~ ~-~:~ .:.~: ':' ~ ~~:: ~~: -:"::" ~~::~:-:~.~ ~.~:~ ,; ~.:. ~::- ~_~ 'J ..: -;c: 'w ":.",:.~:~~~: ::'-w ~ ::~: .~ ':':::~: -:r:~:-"'" (~::.. ~ :.~ :-~.~ :~~. - ~ ~ ~~:.o:,~:~ ~~; ~ ~~-:-:,:::: :~~:::::': :~:': ~:::~ ~ -:~:::~ :-:~ :~:::~~ :~.::~::~:::~ :~~::::, ~~::: ::~ ~;~ .~=~ ~ ~:' 

o. 
i a 

:z: 
II"t ..... 

II] 
o· 

>< 
t!! 

~ 
H O· 
'< 

A 

I I I I I 
0 5 10 20 30 40 50 60 

MINUTES EXPOSURE TO 15N 2 

-... _. 

6 6 Total soluble N 
A • • Amide N 

~ 8 0 0 Ammonia N .... 
~ 
~ 
Q 6 
00 

....... 
II] 

>< 

:z: 4 II"t ..... • 
00 
~ 

0 
0 

I I I I , 
d> 0 5 10 20 30 40 50 

MINUTES EXPOSURE TO 15N2 



FIGURE 804 

Incorporation of 15N2 into the soluble fraction 

of excised Goarborea nodules. (Protocol as 

f orf igure 8;03) 0 

(a) Expansion of data 0 - 5 minutes from figure 

8.3 b. 

15, 
(b) Percentage of total recovered N occurring 

in each of the two fractions NH3~N ~nd amide

No 
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could be accounted for in NH3 -N and amide -N (table 8.7) the amount 

recovered' in these fraction. togeth~r being 102% and 94% of the 

total 15N in the two duplicates. Even at this early stage much 

of the.. nitrogen is in the amide form. After two minutes a similar 

pattern emerged with 98%, 1~2%, 96~,and 86% recoverable in amide 

and NH3-N together. Other components of the soluble nitrogen 
j, ,-

pool, presumably amino -N, _ccounted for significant amounts of 

the extracted 15N after five minutes when the combined NH3 -N And 

amide -N fractions accounted for 48% and 56% of the extracted 15N• 

Figu~e 8.4b presents the data f~r mean pe~centage'of total 

15N recovered in NH3-N and amide -N. The curve for NH3 -N falls 

continuously with time and extrapolates to a high value, this 

being a typical curve for an early product. The curve for amide 

-N rises initially then falls, obviously a secondary produc~ in 

this reaction. 

This experiment provid~s good evidence for ammonia being the 

primary product of nitrogen fixation in Coriaria nodules. 

Confirmation of this result over the early phase, and the role 

of amino nitrogen was sought in -a further experiment. 

2. Experiment 2 

36.5g of nodule tips were excised from 18 month old C. arborea 

plants from the same population as those used for experiment I. 

Exposure times were 1, 2, 3, 5 and 10 minutes. Extraction 

procedure was similar to that used tor the first experiment 

except that after distillation of ammonia and -amide the sample was 

neutralised and the amino nitrogen distilled after reaction with 

ninhydrin. For each exposure time the nodule material was weighed 

b f d f 15N d' 'd d ' wet e ore exposure an a t~r exposure to 2 1V1 e 1nto two 

and extracted separately aS,two replicates. As a precaution 

against loss of material the soluble material was again divided 

before distillation to provide two equivalent samples for each 

replicate. This was not done for the total soluble nitrogen 

sample. The extracted ammonia sa~ples were too small for 

accurate mass spectrometry so were pooled, thus all samples 

consisted of more than 100 pg nitrogen. Detailed results are 



laco~poI'.clon of 1"'2 UlCO ~eaU of 

TAay A.I 
the HeW .oLubL. nLtt'Olen pooL of C 

f 18 bUI ltd ec1t - _t • put. a .. po' o pa • 1.xt 201 0 uro u,. 701 "', 101 N, (95 atOll. " uc ••• ). Experi.ent 2. 
AlIQIL\ -" GC AHlftO -. 

I"-r:- • 'raah Dry .1 H Ato.. " ~'x:'" ~~ ~~ "', ='"s "to •• ~ rs.!'ii ~.~~ ~~~ ... I"' .. t ~~"t ..' pors IS. leS .. " I'M xs 
Mlo. s .. ~ 

g d~y I~a.h otal dry • dry .a-aab _taht _i.aht ,,,, _t waipt wai.&bt 

1 1. .'00 "S ,. 379 " Jl4 0.084 0.100 0.264 " .590 2.87 NS .. 64 .355 "S 

'" '.95 32. 7. 44. 0.102 0.143 0.447 0.041 " .310 2.08 HS 
2 1. " •• 00 0.0030 0.012 

1. .. , " ,94 0.305 0.409 0.919 .7 .510 2.02 0.0030 0.015 0.061 .. 73 .473 0.0033 0.016 ,. 7.S0 48' .5 ,,8 0.270 0.373 0.807 0.104 '7 .470 2.04 0.0033 0.016 0.069 •• 008 , 1. '0 .775 0.0050 0.043 
1. 58. .. ,96 0.417 0.763 1.30 '7 .837 2.74 0.0056 0.047 0.153 

2. .7 .733 0.0083 0.060 .. 9.50 547 78 ,.2 0.470 0.714 1.41 0.162 50 .533 2.32 0.0055 0.029 0.163 0.019 , 1. '2 .370 0.037 0.140 

1. m ,. "0 1.19 1.41 4.02 ., .460 2.37 0.029 0.133 0.777 .. " .336 0.024 0.080 

2. 6,s,S ,.. 56 , .. 1.17 1.32 3.58 0.417 35 ~ .... 2.00 0.034 0.138 0.590 0.078 

I. 1. 72 p.528 0.093 0.491 

1. ." .7 320 2.14 2.97 6.85 35 ~.'12 2.18 0.083 0.142 1.92 

2. " ~.336 0.095 0.319 

2. 7.00 "~a 02 350 1.67 1.99 5.89 0.708 " .438 2.29 0.092 0.403 2.14 0.222 

AMIDE _N TOTAL SOLUBLE .K 

1 • 22. 0.037 0.082 

• 379 101 .,. 0.048 0.048 0.343 ., 1.98 5.23 0.009 0.180 0.476 

• 130 0.044 0.057 

• 5.95 32. 160 ,00 0.034 0.054 0.346 0.041 58 1.91 5.96 0.010 0.191 0.596 0.062 

2 • ,., 0.155 0.281 

• .. , 240 940 0.135 0.324 1.36 70 2.72 6.12 0.032 0.870 1.96 

• 239 0.110 0.262 .. 7.SO •• 2 188 922 0.Il5 0.216 1.03 0.144 00 2.73 5.91 0.029 0.791 1.71 0.221 , • 2 •• 0.190 0.509 

• 5.8 Z78 .,. 0.214 0.595 1.88 o. 3.30 5.60 0.49 1.62 2.76 

• 2.0 0.217 0.534 .. 9.50 547 22. m 0.204 0.449 1.98 0.230 7. 2.95 5.40 0.047 1.38 2.52 0.216 , • 1S7 0.496 0.779 

• m I.' 872 0.516 0.768 4.40 47 2.20 6.25 0.150 3.30 9.40 

~ 
10' 0.63S 1.0l 

6.5S 36' 16. .90 0.685 1.15 5.91 0.569 ,. 2.43 6.57 0.U6 3.78 10.24 1.08 

I. • 222 0.96S 2.14 

• .33 225 100' 0.930 2.09 9.77 " l.26 7.50 0.254- 8.26 19.08 

~ 
177 0.948 1.68 

7.00 ". 196 1010 0.960 1.88 0.S3 1.11 o. 2.00 5.9S 0.260 S.20 15.38 1.92 

* Duplic.c •• 1 acuI 2 war. obta1nec1 by divi4inl nodu1.a after expo.ura. Further 4iviaion va. Mda aftar 
_tl'actloa (a IIDd b) •• a precautioa alainat 10 .. of Mapl ... 

1'''0 , 
totaL 
I", 

, 
• 
0 

0 

• 
0 

10 

" 



~~.~'", " •••• ~, •. -- .•.••..•• _. :£'-_"--"J""'_-'-.~" .. _.,.,-._.,"'.J_''!..~_.~_~_'~. ___ -'' __ ~'~_-._:'_:_;_ ----_- ... ..., ...•.••. _ .•. '.,.' •.•. ~'~.-:-_.~-::_.~_~.,.-,....~.-~-.-,-.- .. _.~-.•• _.".,,"'_"'~~""";~4'_'-"_'"~_'_.·"·"-_·~"-_·' 

.' ~...: .... '-->~ •.• :.. .:..~. ;':'~~-:'~':'~_-;"_'.':;"~ -_-~_~.~- .... : .. , ... ·~·_cr ...... -.:.·_-_ .... _ :"""'-k-"-;"" .. "' ... 4 ,_. ~ .:.:-i ... , .... ! ............ _-~~_.>_.:..:._-:",...._~: ·_'r~._·~~i..:_ ..... ·.-.. ~_.:.. ...... ..... -'0 ....... -:' .'~ ...... :. a,. ~_:'!-O_~_~._.,:>_~_-_r .-.;,..;; .... _-.. ·_· ... 4·.·_:..:·.·_·_ •. ~-,...."."._ .• ,_ ·-. ... ·4· .. · __ .~ .:". __ ¥,- . .;~ • .r_._~~~.~.4-_:..,. __ ~ __ ~ _~;_4:.o.._o-", .• _",-~,_._. __ ':;~ ~ _ ._-.... _. 
".',< .', ..•• - .... ':'-...... ". ,- ~ .•.•.••• - -.~ .. -.--/.,.,-, .. -~~,.-,.-;.., .~,-... '-.,-- .,-,,_ .. - ... ----_.- '--'-~-.- - .- •• ~ 

132. 

presented in table 8.8. 

One detail of this expe~imeDt $tands out; although the plants 

were from the same population as those for experiment 1 the 
" 

activity of the 'nodules was ten tiJDes greater. After 10 minutes 

expos~re to 15N2 total soluble nitrogen contained 0.260 atoms % 

excess 15N and the ammonia f,rClC1:ion cDnt,ained an extremely high 

enrichment of 2.14 atoms % 15N excess. 

In this experiment there appeared to bea distinct lag in 

incorporation of 15N2for the- first t~re~ minutes, this is more 

apparent in the figures for J.l,g ~5~ qbsorbed perfgnodule than for 

the atoms % 15N excess data, (figure 8.5). An alternative 

explanation is that the figur:.esfor the five minute exposure 

-are abnormally high. This phenomenon is less obvious when the 

results are expressed' on a nodule.fresh weight basis (figure 8.6a). 

All major aspects of experiment 1 were confirmed in this 

second experiment. All, incQrp9rated isotope could be accounted 

for in the extracted fractioQs. Amino nitrogen 15N could not be 

detected at one minute but ro~se steadily thereafter until at 

10 minutes it accounted for more than 10% of the extracted 15N• 

Figure8.Sb indicates that the .ammonia pool tended to saturation 

at 10 minutes although the a~de pool 15N was still increasing. 

In figure 8.6b the percentage o( total 15N is plotted for each 

fraction and again confirms the primary role of ammonia in the 

fixation process of these noqules. 

H. NITROGEN FIXATION BY NODULE HOMOGENATES 

The extreme variability pf nodule material both within an 

experiment and between diff erent: expe,riments makes it highly 

desirable to obtain a nitrogen-fixing homogenate from Coriaria 

nodules. Considerable progress has been o~tained with this 

technique on legumes after the initial success of iBergersen (1966). 

The prime requirement is elimination pf all oxygen during 

preparation of the brei. Limited success has been achieved on 
. - , ~ 

homogenates of non-legumes by Bond (1964) in which study, a 

. '-' ~-~,.--.,-'. ~ ... --.,.~-~,.-



FIGURE 805 

Incorporation of 15N2 into the soluble fraction 

of excised C. arborea noduleso Excised nodule 

tips exposed to 20% D
2

, 70% A, 10% N2 (95 atoms 

% 15N excess) for periods up to 10 minuteso MCW 

extract divided' into NH3 -N, amide-N, 0( amino-N 

and total soluble-N and separately assayed for 

(a) 

15 . , 
No (Experiment 2)0 

15 
Atoms % excess N data: means ~or four replicates 

for amide-N and ~amino-N and for two replicates 

for NH3 -N and total soluble-No 

(b) Absolute amounts of isotope entering each fraction 

irrespective of the pool size of each fraction -

dry weight basiso 
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Incorporation of 15N2 into the soluble 

fraction of excised C. arborea nodules. 

(Protocol as for figure 8.5). 

(a) 

(b) 

As for figure 8.5b - fresh weight basis. 

15 Percentage of total recovered N occurring 

in each of the three fractions NH
3

-N; amide-N 

and total soluble-No 
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:I. maximum enrichment of 0.012 atoms % excess 15N was achieved in 

the 3N HCl soluble fraction of homogenates of Casuarina nodules 

iuring a 4 hour exposure. Sloger and Silver (1965 and 1966) 

:l.chieved reproduceable fixation by nodular homogenates of Myrica 

2erifera ground under He. This could be increased tenfold by 

3.ddition of an ATP generating system. They found that the 

cequirement for dithionite during extraction and oxygen during 

exposure to 15N2 was absolute. 

A preliminary study was ,made using breis of C. arborea 
i 

nodules. 

~ethods 

Nodule tips were removed from 16 month old C. arborea plants 

which had been grown in sand, and placed in a 30 ml glass 

homogenising vessel (Virtis). The vessel was surrounded by ice 
nodules. ' 

andAcovered Wl th 0.1 M KJI2 PO 4 buf f er pH 7 .0, containing O. 3 M 

sucrose, 1 mM Mg2+ and either 0.00, 0.05 or 0.01 mM sodium 

dithionite. Argon was bubbled throu$h the buffer for 15 

minutes and the system then homogenised at high speed (35,000 

rpm) for two minutes under positive argon pressure. Nodule 

homogenate was then transferred tp flasks and exposed for one hour 

to 5% or 10% 02' }O% N2 (50 atoms "/0 15N eXcess) with the balance 

of argon. At the same time other nodules were finely sliced in 

air~l!g ~~!?O~r~tures as above.(lO% °2 ) as were whole nodule tips. 

All solutions were flushed with argon prior to use and,transfers 

made by syringe into vessels fully flushed with argon.' 

Extractions were made with 3N HCl after exposu~e to 15N2 • 

Provision of dithionite in the extracting buffer served to 

completely inhibit subsequent nitrogen fixation (table 8.9). 
While the nodule brei lacking dithionite incorporated 

0.370)lg N
2

, sliced nodules incorporated 0.367 pg and intact 

nodules 3017 )lg in a similar weight of nodules. The possible 

explanation of inhibition of fixation by dithionite in my 

experiment was the fact that the solution was 24 hours old and a 

leak in the stopper would have meant complete oxidation of the 

dithionite. --Sloger and Silver (1965) established that for 
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Vlyrica nodule homogenates dithionite requirement was absolute. 

Slicing or homogenising nodules appears to reduce their 

~itrogen fixing capacity to about l/lD that of intact nodules. 

~urther expet.iments are underway on this topic in which consistent 

~itrogen fixation in nodule breis has been obtained, but these 
, 

ar~ not within the scope of this thesis. 

rable 8., 

Nitrogen fixation by nodular homogenates of C. arborea. 

3 g fresh weight of nodule material exposed after homogenising 

to 15NZ (50 atom percent 15N excess) for 1 hour. 

-- atoms %. excess 
Preparation 

Na
Z

S
Z

0
4 °z 15N in 3N HCl 

mM % extract 

Homogenate 0.01 5 NS 

" 0.01 10 - NS 

" 0.05 5 NS 

" 0.05 10 NS 

" - 10 0.015 

Sliced nodules - 10 0.0175 

Intact nodules - 10 0.151 

I. DISCUSSION 

Isotopic nitrogen tests for nitrogen fixation by nodules of 

Coriaria are reported for two species; C. arborea (Harris and 

Morrison, 1958), and C. myrtifolia (Bond, 1967a)o This has now 

been extended to include all New Zealand species of Coriaria 

and also the indig~nous legume Carmichaelia monroi. 

For. a variety of reasons excised nodules of Co arborea 

prove totbe excellent material for nitrogen fixation studies. 

Although plants are hard to nodulate reliably, and grow slowly 

once nodules are formed, age differences seem to have very little 

effect on the. physiology of excised nodule tips. Because 

Coriaria nodules contain low concentrations of soluble and total 

. - ., .. ' . ~- --'::'~-:',----"'--
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nitrogen compared with legume nodules, isotopic dilution is less 

and enrichments are higher even thou$h nitrogen fixing activity 

of nodulee; from the legum'e and the non-legume may be identicalo 

The time course of fi,xation in nodu1.es after excision indicates 

that there is little reduction in nit~ogen fixation d~ring the 

first hours and that slight fixat:;ion'still occurs 24 hours after 

excision. The selection of nodule tips from the active outer 

portions of nodules means th~t although the whole nodule may be 

of vastly different ages the tiss~e used for experiment is 

relatively homogeneous. 
, ,,'~' 

Bond (1957) established a similar time course for nitrogen 

fixation by excised nodul~sof Alnus and ,tIippQ.Qhae while Sloger 

and Silver (1965) showed that Myrica cerifera nodules incorporat~ 

I5N2 in a linear fashion for theJir~t seven hours after excisiono 

Sloger and Silver also demonstrated that there was l~near uptake 

of 15N into the acid insoluble material between a and 18 hours 

after excision. With Coriaria n9dules uptake into acid insoluble 

material has been tested. On one occasion (section C) it was 

negligible while on another (,section D) when nodules were much 

more active, significant incorporation into the insoluble material 

was found after six hours. .Exposur~ times of less than three 

hours were subsequently used for excised nodules and it was 
- 15 

unlikely that significant N would be incorporated into nodule 

protein in this timeo 

Respiration rate of excised nodules showed good correlation 

with the time course for nitrogen fixation and probably provides 

the answer to the longevity of non-legume nodules after excisiono 

Some success has been obtained by Burris (1956) in enhancang 

riitrogen fixation by adding sucrose to sliced soybean nodules 
" although in many other attempts (eogo Wilson and Burris, 1953 

and Aprison et al., 1954) this technique has failed, Early 

failure of this technique was probably due to inhibitio~ of 

nitrogen fixation ~~. nodules in liquido 

There is little doubt that nodules obtain nitrogen from air 

in gaseous form. A variety of evidence discussed above and in 

previous chapters indicate this., On structural evidence and 
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from the evidence of uptake of dyes Bond (1956) also concluded 

that Alnus nodules are not water absorbing organs 0 The experiment 

described in this chapter pr~vides direct evidence that nitrogen 

in soil solution is not utilised by Coriaria nodules to any extent 0 

These results once again underline the importance of a high 

requirement for root aeration and explain the poor nodule and 

root growth in culture solutiono 

Identification of the "key intermediate" in nitrogen fixation 

remained a vexed question for many years, although much of the 

controversy centred on the use of the term "key intermediate"o 

Wilson and Burris (1953) attempted tq clarify the issue by defining 

"key intermediate" as the inorganic end product of the nitrogen 

fixing reactionso Considerable discussion as to the alternatives 

of a reductive or oxidative pathway of nitrogen fixation occurred 

at this time but has largely been resolved for the free-living 
, 

micro-organisms 0 Early experiments with Azotobacter showed that 

added 15NH3 was utilised without a lag by nitrogen fixing cells, 

whereas there was a lag periQd of one hour in uptake of 15N when 

15NO was utilisedo 
3 15 

More direct evidence came from the kinetic study of N2 

utilisation by Azotobacter (Al1.:ison and Burris, 1957) where f·ree 

ammonia was the first labelled product of nitrogen fixation and 

was rapidly liberated into the mediu~o The use of cell free 

extracts of both Clostridium and Azotobacter have confirmed that 

ammonia is the primary product of fixation (key intermediate)o 

Little progress has been made on elucidating the steps in reduction 

of N2 to NH3 but the general opinion reviewed by Burris (1966) 

is that the nitrogen remains t~ghtly bound to nitrogenase through 

a series of reductive steps. , 

For symbiotic nitrogen fixation the role of ammonia is less 

clear. The early work of Zeli tch et aL (1952) and 'Aprison 

et ala (1954) for soybean nodules showed that ammonia possessed 

a relatively low labelling of 15No The only investigations of , 
nitrogen fractions recorded for non-legumes 'showed a similar low 

concentration of label in ammonia nitrogen in both Alnus and 

Myrica ( Lea~ et al., 1958 and 1959). In these long term 



experiments the highest labelling usually occurred in glutamate 

and the amide fractiono After 60 minute exposure to 15N2 the 

distribution of label in Myrica nodules was highest in glutamine 

amide -N followed by alanine, ammonia, glutamic acid, asparagine 
-

amide -N, glutamine amino -N, aspartic acid, tryptophan, asparagine 

amino -N and arginine (Leaf, 1958)0 For Alnus nodules the 
15 

highest label concentration after a 30 minute exposure to N2 

was found in the carbamyl -N of citrulline, followed by gluta~ic 

acid, aspartic acid, ammonia, 'l5 amino butyric acid, ornithine -N 

of citrulline and arginine. In ~11 cases the highly ~nriched 

compounds are formed directly from a~monia. The lower labelling 

of the ammonia fraction even aft~r 30 minutes may be explained by 

the existence of two or more ammonia pools within the complex 

nodule system, the pool active in fixation representing only a 

small fraction of the total ammonia 0 

The first direct evidenge for the role of ammonia in 

symbiotic fixation was that of Bergersen (1965) who demonstrated' 

with very short exposures of 15N2 to soybean nodules that all 

incorporated 15N could be ~xtracted as ammonia, while amide and 

amino nitrogen quickly became laoelled from the ammonia poolo 

This result has been confirm~d for another legume, serrade~la, 

byKen~edy(1966 and 1966a)o 

Our knowledge of the biochemical reactions of nitrogen . 

fixation in non-legumes is confined to the papers of Leaf et alo 

and occasional reports of the amino acid composition of non

legume nodules eog. Miettinen and Virtanen (1952) and Aseeva et 

ale (1966). 

The above experiments on symbiotic fixation all underline a 

basic difficulty in the application of 15N2 to this study. The 

complex nodule system consists of a ,great variety of tissues which 

are all bulked together when extraction is carried outo For 

each compound a variety of nitrogen pools of different sizes are 

likely to exist in both host, and endophyte tissue. High 

labelling of any compound may merely be an indication that the 

compound is largely confined to the pool which is active in 

nitrogen fixationo 



The experiments descrihed in this chapter are the first to 

investigate the very early products pf fixation by nodules of a 

non-legume. A severe restriction to this type of experitnent is 

the limited sensitivity of th~ mass spectrometer in detecting 

very low levels of enrichme~t in small s~pleso The lowest 

enrichment measured in thes~ experiments was 000047 atoms % 
excess 15N in the total soluble nitrogen after one minuteo 

Burris and Wilson,who pioneered the use of 15N for nitrogen fixatiot 

studies, stated in 1957 that 00015 atoms % 15N excess would 

".00 serve as a conservative level for establishing fixation of 

15N2o " Many workers have used tnisas a goal to be achieved 

ignoring the source of errors inherent in any such estimation. 

While the above level may s~rve its purpose in establishing·· 

fixation;in an otherwise unproven_system, it is well within the 

limits of error both of experimental technique and a good ma.ss 

spectrometer 0 Bergersen (1965) showed that incorporations of 
15 . 

000018 atoms % excess N;was statistically significant and 

repeatable on his instrument, even when small samples were 

measured. 

Using a double inlet system wit,h adjustable pressure 

compensation in the reference side of the apparatus and using 

extracted Coriaria material as the reference standard, I was able 

to achieve a very high degree of accuracy 0 As long as inlet 

pressures were equal and airco_ntamination less than 3%, 

enrichments of 00002 atoms % 15N excess were considered to be 

significant 0 Over a large number of measurements the standard 

deviation of instrument errors at this low level has been shown 

to be 0.001 atoms %. Although the establishment of enrichment 

is not difficult at these levels the small error of 0 0001 atoms 

% can introduce large errors when multiplied by the nitrogen 

present to give total excess 15No 

The most important feature of the experiments on Coriaria 

nodules was the rapid labelling of the ammonia and amide {ractions~ 

Both tended to saturate at five to ten minutes. ,At no stage even 

with exposures of only one minute could all of the 15N absorbed 

be accounted for in ammonia 0 The heavy l~belling of the amide 



fraction was evident in the atoms % excess 15N data and was 

accentuated when absolute amounts of isotope were calculated. 

Frop] the isotopic enrichment of the anunonia fractions in nodules 

in the two experiments the ammonia pool receiving 15N directly 

from fixation represents ca. 0.3% and 2.0% of the total 

e~tracted ammonia respectively. For serradella nodules the 

active pool was about 0.3% (Kennedy, 1966). For Alnus 

(leaf, 1958) the ammonia fraction at 30 minutes contained 0.187 
15 15 ' 

atoms % excess N from 36 atoms % N excess NZ and while no 

kinetic data were presented it may be presumed this pO<?l was 

saturated and thus represented ca. 0.5% of the total ammonia 

pool. 

Isotope in both ammonia and amide fractions continued to 

rise slowly after the initial steep rise - this can be explained 

as a slow equilibrium with the non-active pool in each case. 

In Coriaria nodules the amide -N fraction (shown to be 

predominantly in glutamine, see chapter 7) appears to be in 

equilibrium with the ammonia fraction at all stages. This is 

shown best in experiment 1 where atoms % excess figures of 

NH3 and amide fractions were vir~ually equal throughout the 

time periods This result may be more apparent than real as it 

presupposes tha~ the inactive pool sizes of both these fractions 

are the same relative to the active pools. This result was less 

obvious in experiment 2 but the rapid rise in both components 

was still apparent. When % of total isotope was plotted for 

both fractions the data indicated that amide nitrogen was 

produced directly from ammonia. 

For experiment 2 all fractions showed a two or three minute 

lag phase in uptake of isotope whereas in experiment 1 all fractio1 

rose steeply from zero time. This discrepancy is hard to 

explain but in view of the complex structure of nodules one 

would e~pect a lag phase in uptake during which time 15N2 
diffusion to the fixing site would take place. However this 

small difference does not obscure the main result. 

The high rate of incorporation into amide nitrogen of 

Coriaria nodules is followed after a considerable lag period by 
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incorporation into amino nitrogeno The initial incorporation 

into organic nitrogen appears to be into glutamine amide -N. 

This result contrasts strongly with the results for legumes by 

Bergersen and by Kennedy where,for both soybean and ~erradella? 

incorporation into amino nitrogen proceeds with little or no lag 

phase 0 Thus although amide -N may show a qigh concentration of 

isotope for the legumes ih terms of total isotope absorbed it 

plays a minor role. 

The formation of gl\.ltamine from glutamate is carried out 

by the.enzyme glutamine synthetase of, almost universal occurjrence 

in plants and other 6rganismso The reaction proceeds with the 

energy derived from cleaVage~ of ATP according to bhe following 

~quilibrium (Meister, 1965)0 2+ 

glutamate.+NH
3 

+ ATP ... MQ " glutamine + ADP + Pi 

The results for Coriaria nodules suggest that the above is a 

primary reaction in the pathway of 15NH3 formed from 15N2o 

For legume nodules, however, ammonia is incorporated 

directly into theae amino n~trogen of glutamic acid via glutamic 

acid dehydrogenase and to a.smaller extent into glutamineo 

Sims find Folkes (1964) in a 'kineticstudy of 15NH3 utilisation 

by Candida utilis showed that both glutamate and glutamine 

fulfilled the criteria for primary amino acids, all otl}er amino 

acids being derived from these two 0 They proposed that all 

glutamic acid was synthesised at a single site where the 

synthesis of glutamine was also localised. However -for Coriaria 

while this is probably true .for the incorporation,of DC. amino -N 

it is obvious that the synthesis of amide -N occurs at a site 

more closely associated with nitrogenase. 

diagram summarises the likely reactions. 

The following 

N2~~~ r Z) glutamine 
/ I 

7 7 
( 

I 
~ I glutamic ac~d 

1 I 
I ~ 

Secondary amino acids 

) 
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Assuming that the formation of glutamic acid is the only 

primary amination reaction (.glutamic acid dehydrogenase being 

th~ only amino acid dehydrogenase isolated from higher plants) 

th~kinetic evidence of these experiments is that this is 

isolated from the nitrogen fixing site as shown aboveo 

~roduction of glutamine occurs at or near the fixing site 

from a pre··formed pool of glutamic acid and is then transported 

Further evidence for this latter point is presented in away 0 

chapter 90 

As 
. formation of 

the ammohia poo 1 becomes sa tura ted,A r::J. amino -~, 

pres,umably glutamic acid, takes place at a distant site 0 Figure 

80pb indicates that NH3-N contributes directly to ~amino nitrogen 

-rather than from the amide -N of glutamineo As both glutamic 

acid dehydrogenase and nitrogenase 'mediate in reducing 

reac:;:t~ons there is perhaps good reason why these very important 

processe~ should be separated and not compete for reducing power 0 

Although legume nodules contain a high proportion of amide -N 
15 

thi£ does not becom~ involved with uptake of N2 to any great 

exten~o Glutamine is one of the first compounds to take up 
15 . -

N in serradella nodules .(Kenn~dy, 1966) but accoun~s for only a 

small proportion of the 15No Most of the amide ~N in legume 

nodules occurs ~n asparagine eogo s~rradella (Kennedy, 1965a) 

and soybean (Aprisonet alo, 1954) nodules contain large 

quantities of asparagine'; in serradella this is seven times as 

much as glutamine 0 Also t4e bleeding sap of field pea plants 

shows a dramatic change from containing no asparagine prior to 

nodulation to 50% - 80% of sap nitrogen as asparagine after 

effective nodulation, (Pate and Wallace, 1964)0 Although 

asparagine synthetase 'has been partially purified from bacteria 

there is no confirmed evidence for its presence in higher plants 

(McKee, 1962; Meister, 1965)0 Kretovich (1965) reviews data 

wh~ch shows that 15N incorporation into the amide ~roup of 

glutamine is much faster than into asparagineo Fowden (1967) 

concludes that it is unlikely that a synthetase similar to that 

for glutamine exists in higher plants and thus ammonia is not 

directly incorporated into asparagineo 
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Therefore although glutamine apd asparagine are structurally 

ve~y similar and appear to perform similar functions in storage 

and translocation of nitrogen they are not equally distr,ibuted 

or equally reactiveo The very high labelling in th. amide -N 

fraction of Coriaria nodules results from the high concentration 

of glutamine and its active participation in assimilating recently 
, 15 

fixed NH30 

The above evidence con{irms that ammonia is the first 

stable product of nitrogenase in non-legume nodules and provides 

yet another point of similarity with the legume symbi~siso 

Preliminary experiments on extraction of a nitrogen fixing 

homogenate of Cor~aria nodules, ,shows promise and more recent 

-work shows that this is repeatableo 



CHAPTER 9 

TRANSLOCATION OF FIXED NITROGEN 

A. INTRODUCTION 

The fixation of nitrogen at a site, the nodules, some 

distance from the major source of utilisation of the nitrogen 

requires that it be transported. The xylem is the m~jor site 

of translocation from the root of both organic and inorganic 

nitrogen (Bollaid, 1960}. It ,has been established for both 

legumes and non-legumes that there is rapid removal to the root 

and shoot of nitrogen fixed in root nodules (e.g. Bond, 1936; 

Stewart, 1962) and that this travels in the xylem in both cases 

(e.g. Pate and Wallace, 19h4; Bond, 1956). The following 

investigation was undertaken to determine the composition of 

nitrogen in xylem sap and to trace the entry into the ~ylem sap, 
15 . 15 and thence to the shoot, of N applled as N2 to whole nodulated 

root systems of C. arborea. 

B. COMPOSITION OF XYLEM SAP 

Xylem sap was extracted from plants by the two methods 

described in chapter 2 (p. 42). For both methods care was 

taken to prevent contamination of sap with phloem material. 

In large plants from the field, stems were removed, stripped of 

phloem and vacuum extracted. Small glasshouse-grown plants were 

decapitated and sap collected from root pressure. 

I. Total nitrogen 

Sap collected,by both methods from plants growing either in 

nitrogen free media or in natural soils were tested for the 

presence of inorganic nitrogen. Both diphenylamine reagent and 

the phenoldisulphonic acid test failed to reveal the presence of 
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nitrate - N while for ammonium-N, both Nessler reagent and vacuum 

distillation at pH 10 were negative. 

considered to be in organic form and 

Kjeldahl techniques. 

All nitrogen was therefore 

detectable by unmodified 

Vacuum sap contained; 116, 78, and 70 pg N/ml from separate 

collections in May, June and August respectively. The first 

collection was from sand grown glasshouse plants while the other 

two were from field material. No significance can be attributed 

to the differences in nitrogen contained in these sap extracts 

as, besides a seasonal var.iation in nitrogen content ~f xylem 

sap, a diurnal variation and variation due to current rates of 

transpiration could also be expected. 

Root pressure sap showed even greater variation in total 

nitrogen from concentrations close to those of vacuum sap 

(i.e. 100 ~g N/ml) up to thre~ or four times the concentration 

in vacuum sap (270 pg N/ml). 

2. Nitrogen Fractions 

Fractionation of the nitrogen of xylem sap confirms the 

organic nature of translocated nitrogen. 1 ml aliquots of vacuum 

extracted sap from 18 month old sand grown plants were submitted 

to Kjeldahl analysis for total n~trogen and alkaline hydrolysis - , 
and distillation for amide nitrogen. Reaction \"ith ninhydrin 

by the method of Kennedy (1965) without prior distillation, 

followed by alkaline distillation gave amide plus ~amino 

nitrogen. Results are presented in table 9.1. 

Substantially all nitrogen from xylem sap is recoverable as 

amide and ~ amino nitrogen, 45% of this nitrogen occurs as amide 

nitrogen i.e. 90% of the s~p nitrogen occurs in amides, in this 

case glutamine (see Section_3). Many other tests have confirmed 

that between 40% and 50% of the sap nitrogen can be removed by 

alkaline hydrolysis and distillation. 

Root pressure sap contains comparable amounts of amide 

nitrogen. Three plants allowed to bleed for six hours and 

hourly sap .samples taken gave a mean of 45.2% amide nitrogen 

for the 18 measurements with a range from 36% to 51%. 



Table 901 
Fractionation of vacuum extracted sap nitrogen 1 ml aliquots 

from Co arboreao 

-
Amide N Amid-e +- amino N Total Kjeldahl N 

(pg) (J-lg) (Ug) 

53 118 115 
50 113 118 

Mean 5105 11505 11605 

30 Chromatographic analysis of sapo 

Vacuum extracted sap samples were freeze dried, taken up in ;,. 

30% isopropanol and chromatographed on thin-layers 0 'Visual 

analysis of developed two dimensional chromatograms run in 

phenol~water and butanol-acetic acid-water showed that 90% at 

least of the amino nitrogen was lo~ated in one compound 0 This 

compound was positively identified as, glutamine by 'the 

following techniques: 
1. 

(a) co-chromatography with authentic glutamineo 

(b) acid hydr'blysis followed by chromatographic identification 

of the produced glutamic acido 

(c) boiling at pH 605 for two hours 0 At this pH glutamine 

undergoes complete cyclisation to pyrr,61idone carbo~ylate 

which does not react with ninhydrino 1- ... 

Other compounds identified by co-chromatography were, in order 

of decreasing colour intensity, glutamic acid, aspartic acid, 

~ amino butyric acid, leucine, valine, alanine and arginineo 

Tests for the presence of ureides with Ehrlich's reagent 

gave negative results both befo~~ and after the removal of 

glutamine by acid hydrolysis, (citrulline runs to the same 

position as glutamine in the solvents used)o 



Thus far it has been assumed that both root pressure sap 

and vacuum sap represent the sap normally flowing in the fylemo 

This assumption is partly justified in that although the total ~ 

nitrogen concentration in root pressure sap is several times 

higher than in vacuum sap the same proportions of amide and 

amino nitrogen are present. In order to make further comparison 

of the two methods of extraction q comparison was made of the 

amino acid constituents of vacuum sap extracted from branches 

of ca. 8 year old plants at Kaikoura qnd root pressure sap from 

20 month old glasshouse grown plants. Plants were well nodulated 

in both cases. 

Thin layer chromatographic plates were electrophoresed at 

1100v (60 v/cm) in pH 1.9 buffer for 35 minutes using commercial 

white spirit as a cooling agent. After drying for 1 hour at 

350 C in: a forced draught the second dimension was run in butanol

acetic acid - water (4 hours). 

The developed chromatograms (plate 901) showed that in both 

types of sap, glutamine is. the majqr constituent and that 

qualitatively the differences only occur in the minor constituents 

In both cases the compounds. identified by two dimensional 

chromatography previously were confirmed. The increased 

sensitivity using electrophoresis as the first separation and 

higher plate loadings showed up some further minor constituents. 

Comparison is made of the composition of the two sap types in 

table 902 

The only differences in composition are the· apparent 

absence of ? p&p-tid~from vacuum sap and of tryphtophan from 

root pressure sapo 

Although the method of extraction may alter the total amount 

of nitrogen extracted very mqrkedly, the composition of this 
I 

nitrogen remains remarkably constant considering both the wide 

variety of habitats from which the plants were taken, their 

diffe~ent ages and possibly nutrient status and the different 

techniques used to recover the xylem sap. 



147, 

Table 902 
• I. 

Q\ualitative and semi-quantitative est~).llat~on of amino acids 

in root pressure and vacuum extracted sap of Co arboreao 

Separation by electrophoresis, pH 10'9 60 vi cm first dimension, 

chromatography butanol-acetic aFld-water second dimensiono 

+++ i~.jor constituent 

++ important constituent 

+ minor constituent 

s trace 

Amino acid Vacuum sap 

Glutamine +++ 

Glutamic acid ++ 

Aspartic acid ++ 

Valine ++ 

Leucine + 

o Amino butyric acid + 

Alanine + 

Tyrosine + 

Arginine + 

Lysine -- s 

Tryptophan B 

? Peptid:e -

Root 

Co EXPERIMENTS ON COLLECTION OF 

ROOT PRESSURE XYLEM SAP 

pressure sap 

+++ 

++ 

++ 

++ 

+ 

+ 

+ 

+ 

s 

+ 

-
+ 

Initiation of root pressure flow from detopped plants could 

be obtained under a variety of conditionso Under warm conditions 

flow could be obtained immediately. The amount of sap flowing 

was largely dependent on the size of the planto 

Two experiments were conducted to ascertain the condition 
15 under which N2 exposure of roots and collection of exudate could 

be conducted. 
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PLATE·9.!-

Chroma~Qgraphic ana ly-sisof xy·lerpsap- f--or -amin-e 

acids. Sap. ~_amples wer-~ freeze dried, taken up 

in 3Q%-isopropanet and EFlectro:phoresed in the 

first dimension at 1100 v (60 v/cm) in pH 109 

buffer for 35 mInutes and after drying at 35C 

the ..s-econd~ -separation was made by ascending chr011l

atography in butanol-ac~tic acid-water, 5/1/4 

-top' phase. 

(a.) 

(b) 

Root pressure sap collected from 20 month old 

/3and culture plants. 

, 
Vacuum extracted sap collected from ca. 8 

year old plants at Kaikoura. 

In qoth cases the major amino acid was shown to 

be glutamine aad accounted for ca. 9010 of the 

sap nitf"Ogen. 

L glutamine 

2. glut4-llIic 

3. aspartic 

4. valine 

5. leucine 

acid 

acid 

50 011 
6. rO amino_ butyric 

.46 0 'i3 

~ 

C[Jo 
12. 11 

o I~.: 
< ~tectrophoresis • 
~~----~~~~~~~~------. ~ 

acid 

7. alanine 

8. tyrosine 

9. arginine 

10. lysine 

11~tryptophan 

12.7 peptide 

: .. ' 
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I. Experiment 1 

One 20.month old .C. arboreaplant in sand culture in a 

gr'owth room e25C, 80% + 5% relative h~idity and 2000 ft candles 

it'lumination) was detopped and periodic sap collections taken. 

The rate of nitrogen exudation was initially 350~g N/hr but 

dropped to 28~g N/hr after 17 hours and 10~g N/hr after 24 hours 

After 36 hours, although there w~s coplo~s sap exudation it 

contained no detectable nitrogen. 

It was considered that the lack of continued nitrogen 

exudation was due to loss of transported carbon skeletons for 

nitrogen fixation. Although sufficient energy was still being 

provided to maintain root pressure the nodules were apparently 

being starved. In an attempt to prolong nitrogen exudation in 

another plant, one stem only was cut, the remaining four stems 

were left intact. With this system no exudation-could be 

obtained either in the ~ight orin the dark. It appeared that 

although stomata may be closed, cuticular transpiration was 

more than equal to the root pressure movement. Root pressure 

could be initiate<;l in this system in the dark, simply by 

enclosing the leafy shoots in a'plastic bag containing a few -

drops of water to produce a saturated atmosphere preventing 

cuticular tr~nspiration. This plant, comparable in size and age 

to the first one described produced initially 360~g N/hr, 

falling to 20 ~g N/hr, at 24 hours. Forty eight hours after 

decapitation the flow of nitrogen was reduced to' 5)1g N/hr and 

this was maintained until 96 hours when the ~xperi~ent was 

terminated. Although the effect of leaving intact stems on the 

plant gave no dramatic increase in nitrogen output a continued 

low Olltput was maintained for-a longer peri~uo 

2. Experiment 2 

An attempt was made to ~efine more closely the .rate of flow 

of nitrogen from cut xylem. . Tht~e plants, similar to those used 

in experiment, 1 each had one branch removed. Exudate from the 

cut .stump was tapped by means Df . pol,Y:thene tubing forc.edover 

the cut ~l·em and sealed at the other end. Sap f lowing into 
. ,"l 
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the sealed tube was forced out an hypodermic needle inserted 

throu~h the tubing at the lower level of the cut stem. 

Hourly sap samples were simultaneously and automatically 

collected for six hours from the three plants into tubes on a 
. 

fraction collector. Two of the plants were thep exposed to 

light for 18 hours (conditions as for experiment 1) with the 

plastic bags removed from leafy shoots. Sap was collected from 
'I 

these plants for thr~e further five hour periods, each 

separated by 18 hours light (fi8;. 9~1). Duri.ng each light 

period sap exudation ceased and prior to each dark period the 

cut stump was cut back a further,l mm to reduce bacterial 

contamination. ' 

The volume of each fraction was mea~mred and analysed for 

to1;:al nitrogen and amide nitrogen for the first six hour period 

and for amide nitrogen only thereafter. 

in fig. 9.1. 

Results are pres~nted 

During the first collection period the nitrogen content of 

the sap rose quickly from the level normally found in trans

piring stems to about two to three times this level three or 

four hours after excision. In'all cases this is followed by a 

drop in 'the amount of nitrogen exuded 0 

The volume of liquid exuded also rose during the first three 

hours but this does not account for the total ri~e in nitrogen. 
\ 

Thus there was an increase in the amount of exudate and in the 

concentration of nitrogen in the exudate ,during this period. 

Exudation rate was constant from 3to 6 hours, but the 

concentration of nitrogen dropp~o. during thi's period. 

This pattern was maintained for the subsequent three periods 

of exudation although the amounts of nitrogen exuded became 

- .. ,--"--------_._,----_. 

,-'. ~; , 

progressively less until for one plant, amide nitrogen could not \., 

be detected. It is possible (though unlikely) that exuded 

ni trogen was in the form of amino acids rather than amides ' 

during this. period; .. no· to.tal nitrogen analyses were made so no 

~heck co~ld be made of this. In successive periods the ~eduction 

in volume of exudate was relatively less than the red,uction in 

nitrogen co'ntent and for one plant it ~e)l1ained almost constant. 



FIGURE -901 

Sap exudation from cut stems of nodulated 

Co arborea plants. 

Three plants were allowed to bleed xylem 

sap from one cut stem into a fraction collectoro 

The six hour bleed period was preceeded by high 

light and high humidity conditions and followed 

by 18 hours in the light 0 Successive bleed 

and light periods were maintained for two of 

the three_ plantso Volume, amide nitrogen and 

total nitrogen were measured for the individual 

hourly fractions. 



._
,.
.~
; .. _

-i~
-.

 
..•

. _C
 .. "

 ..
.. ,

;."
 .•.•

. _._
 ..

..
..

..
..

 · .
..

..
..

..
..

 , _
_ .

..
..

..
..

..
..

..
..

..
..

..
. 

,.
 ..

. 
d 

..
. ,

 •
..

. , 
..

..
..

 ;.
,.

~ .
•..

...
...

 V
:,·.

_ .
. '<

,.
" :

. __
 .~

 : .
...

 : .
..

..
 :: .

.. _
 ....
 : ...

.. ' 
... _

_ .
..

 : .. 
;, 

.. :
 ..

.. 
'." .

. .-
., .

...
...

...
...

 :'; .
....

....
. : ..

... _
 .. ::
.,.

: ..
 :::

 

m
l/

H
O

U
R

 

o 
.....

 
N

 
o 

A
M

ID
E

 
N

 }
lg

/H
O

U
R

 
.....

 
o o 

N
 o o 

o 

T
a

rA
L

 
N

 )
lg

/H
O

U
R

 
.....

 
o o 

N
 o o 

w
 

o o 
4-..

.. o o 
O
r
-
-
-
-
-
-
,
~
-
-
-
-
~
-
-
-
r
-
-
-
-
-
-
~
-
-
-
-
-
-
,
-
-
-
,
-
-
-
-
-
-
-
~
-
-
~
-
-
r
-
-
-
-
-
-
,
r
-
-
-
-
-
-
"
 0

- 6 Ii fI
) 

~
 

t""
 

t<1
 

t<1
 

C
 

c;
i\ 

.... 
t""

 
0

0
 

.....
. C
l
~
 

gj
li

 
fI

) 

... N
 

w
 

~
 

V
I 

N
 



1500 

Interpretation of an experiment such as this is complicated 

by the fact that root exudation may display a diurnal periodicity 

both in volume and concentration of compounds (Pate, 1962)0 If 

the imposed periodicity was out of phase with natural periodicity 

unnaturally low values may have been obtained 0 

The ease with which xylem sap can be obtained from Co arborea 

'plants, its relatively h)i.gh concentration, and constancy of flow 

d . . 15N f . bl S b . ma e exper~ments USl.ng 2 easl. eo u sequent experl.ments 

were designed to identify the role of xylem in transporting 

recently fixed nitrogeno 

Do TRANSLOCATION OF'RECENTLY FIXED NITROGEN 

Three experiments were undertaken using equipment and methods 

detailed in chapter 20 

In experiments 1 and 2, six, 8 month-old nodulated plants 

which had been grown in well aerated water-culture in a growth 

room were sealed into the perspex chamber and the nodulated root 

systems exposed to a gas mixtur.e containing 20% ° 2 , 70% A, 10% N2 

(1209 atoms percent 15N excessL All liquids - 1/4 strength 

minus N nutrient solution - were evacuated to remove dissolved 

gases, equilib~rated with a ",gas pha~e of 70% A and 30% 02 and 

subsequently stor-edunder liquid paraffin to reduce atmospheric 

exchange 0 Approximately five litl;es of gas mixture was 

prepared and displaced into the perspex chamber using a 100 cm 

water heado The pressure within the chambe'r was carefully 

maintained at 10 cm'water by ~n accessory manometero 

All experiments were conducted in a growth room at 20C, 

75% ± 5% relative hUmidity and 2000 ft candles illuminationo 

Between each experiment oxygen was added to make up for lost 

volume 0 After the completion of experiment 3 in this series a 

gas sample was taken before oxygen replenishment and shown by 

mass ~pectrometer ~nalysis to contain 76% A, 20% N2 and 309 % °20 

For experiment 1 - plants were exposed to the gas mixture 

for three hours. They were removed from the box, sp,oots excised 
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and allowed to bleed for four hours when 408 ml of sap had been 

collect~d from the six plantso A furlXher 502 ml of sap was 

collected in the ensuing 12 hourso In experiment 2 plants we+e 

exposed to 15N for six hours and sap collected as in 
. 2 

experimen t 1 0 

For both experiments the sap samples were halved and 

respectively analysed for amide nitrogen and total nitrogeno 

In most cases the amount of nitrogen recovered was too small 

for accurate mass spectrometry and carrier nitrogen was addedo 
. , 15· 

However results are expressed as atoms % excess N in the 

original sample but multiplied by 100/1209 so that final figures 

represent the total nitrogen actually incorporated during the 

exposure timeo 

table 903. 

Results for experiments· 1 and 2 are presented in 

Table 9.3 

Distribution of 15N2 in root pressure sap of Co arborea 

plants o Nodulated root systems exposed to 70% A, 20% 02' 
15 10% N2 (1209 atom % excess N)o Experiments 1 and 20 

15N Exposure ~xudation N 15N 2 Time p.eriod af ter Fraction reicovered Atom % pg 

Hours completion 15N XS XS 
of exposure ,ug 

. 

3 0 - 4 hrs amide 22 11.3 2049 

total 48' 503 2054 

4 - 16 hrs amide 42 602 2060 

total 79. 505 4034 

6 0 - 4 hrs amide 15 14.8 2.22 

total * - - -
4 - 16 hrs amide 38 60,4 2043 

total 82 11.1 9010 
•... 

* lost during extraction. 

As samples were halved for analysis the above figures for 

.Jlg 15N excess are only half of the actual fixed nitrogen, 

however th~ relative differences are the same o 

.. :"," 
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After a three hour exposure to 15N2 virtually all the 15N 

occurred as amide nitrogen in the xylem sap collected during the 

first four hours of bleedi~goThe exudate collected between 

4 - 16 hours after bleeding commenced gave only 60% of the 15N in 

the amide nitrogen of glutamineo 

Unfortunately one sample was lost during analysis of 

experiment 2. However the figures show a similar drop in 

concentration of 15N in amide nitrogen between the two periods 
15 of collection from 14.8 atom percent excess N to 6040 In both 

cases these are higher than for the three hour exposure. 

These experiments confirm the role of xylem in t'ransport of 

recently fixed nitrogen~ The fact-that 1103% of the amide 

nitrogen moving in the xylem was fixed in the preceding three 

hour period e~tablishes the speed of removal of fixed nitrogen 

from the noduleo This experiment also confirms that amide 

nitrogen is an early product of fixation and that ~ amino 

nitrogen (the remainder of the total nitroge~ is synthesised 

more slowly from this csourceo 

The fact that almost all of the 15N occurred in amide nitroge 

during early exudation, the sub~equent fall of 15N in amide 

nitrogen and increase in ~ amino nitrogen suggest that amide 

nitrogen is -an --early 'prod-uctof f'i-x-ation andt--ha t oc -aoffiino 

nitrogen is derived from it at a site remote from the fixing 

siteo 

A further experiment was conducted on two, two year old 

plantso Each plant was potted in sand and was pruned three 

weeks in advance of the experiment to give three healthy stemso 

The plants were placed in a vessel constructed from PVC tubing 

of sufficient size to accommodate the poto The branches were 

sealed through a perspex lid and the mixture containing 15N2 
introduced 0 Plant 1 was exposed f-or 6 hours, and plant 2 for 

16 hours. All stems were removed and sap collected for four 

hours in each case (table 904). 
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Table 9.4 

D· . b· f 15N . d d f ld C ~str~ ut~on 0 ~n exu e sap 0 two year 0 • arborea 

plants. Conditions as for experiments 1 and 2. 

15 - N Atom % 15N N2 Exposure Exudation }lg 
\ Tim~ period Fraction recovered 15N XS XS Hours pg 

6 o - 4 hrs amide 60 20.8 1205 

total 119 20.3 2402 

16 o - 4 hrs amide 42 15.8 6.6 

total 79 27".6 21.8 

The two plants used showed oonsiderable variation in their 

output of nitrogen, however, 

experiments was confirmed. 

the pattern recorded in the first 

After 6 hours exposure 15N is 

evenly distributed in the amide and oc amino nitrogen while at 

longer periods of exposure the labelling appears to be reduc~d 

in amide nitrogen and increased in ~ amino nitrogen. It is 

difficult to compare the two experiments any further as the first 

was essentially a pulse label experiment and the latter a 

continuous label application for each plant. 

E. DISCUSSION 

While it is outside the scope of the thesis to present 

a detailed discussion of root pressure and xylem transport 

generally, the experiments conducted do illustrate some important 

features. 

The difference in nitrogen concentration between root 

pressure sap and vacuum extracted sap represents the build up 

in nitrogen in the sap during a period of low transpiration. 

This is illustrated in figure 9.1 where plants were decapitated 

and serial collections made. During the low volume root 

pressure phase nitrogen concentration increased by 200% or more 

while the volume of exudate increased by less than 100% over the 

- - _. - ,4- _,_." ...... _.~: ._. ;."_. 
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first three hours of bleedingo 

Morrison (1965) showed that for willow the phosphorus 

content of xylem Sqp collected from root pressure or evacuation 

of stems differed both quanJ:itatively and quaLitatively. .For 

both normal and low phospho.t'1-ls status plants the32 Pconcentration 

of root pressure sap was two to 

Qualitatively the 32~ in. exuded 

the stem sap 32p in one only. 

five times that of stem sap. 

sap was in two compounds whiLe 

Morrison considered that these 

results cast doubts on the use of root pressure ~yl~m sap to 

measuJ5e ~ylem transport activity 0 On the other hand Jones and 

Rowe (1968) report that in apple and pear trees the concentration 

of nitrogen, potassium, c:aLcium, phosphorus and gibberellin 

activity was the same in root pressure and vacuum extracted sapo 

The Coriaria results fall between these two extreme examples 

and I believe are explained more easily. Concentrat~on of 

nitrogen in root pressure sap was initially equal to that of 

vacuum sap, but rose to a much higher level with timeo As 

root pressure accounts for a much lower volume of xylem flow, 

concentration of sap nitrogen could be expected to rise, to 

maintain the overall nitrogen transport rate. Qualitatively 

the amino acid composition of both types of sap show very minor 

differences even although plants from different ha~~tats were 
-. 

used for some analyses. Therefore for Coriaria it appears that 

collection of exuded sap is a valid method of sampling the 

~ylem stream. 

Sampling of xylem sap has proven to be a very useful 

method of studying physiological responses and rhythms in the 

nodulated legume. Pate (1962) has shown that root pressure sap 

follows a di.Ulttlal rhythm and that the output both in volume and 

content of dissolved material can be altered by prior light and 

temperature treatment. Gr.j.eg, Pate and Wallace (1962) further 

demonstrated that sampling of root pressure sap of Pisum arvense 

for one hour periods immediately after decapitation gave reliable 

results for current rate of nitrogen transfer when compared with 

whole plant nitrogen increases 0 

ForCor-iaria if the maximum concentration and rate of exuded 
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sap (fig. 9.1) was maintained in the intact plant the daily 

nitrogen increase in the shoots would equal ca. 7 mg N/plant. 

From the growth data preseQted jn' chapter 4 this figpre is 
" 

excessive even considering the greater age of the plants. 

However, as sap samples were collected near midday the maximum 

nitrogen concentration recorded for Coriaria was probably the 

peak of a diurnal rhythm of root .,pre-ssure acti vi ty. If this 

was so the daily rate of transport would be ca. 3 mg N/plant a 

much more reasonable figure. (cf. chapter 4). 

In chapter 4 it was established that fixed nitrogen is 

quickly transported from the nodule and used for plant growtho 

The rapidity of this nitrpgen export and the role of glutamine 

were further demonstrated in the present chapter by the collection 
15 

of sap after NZ exposu~es of nodulated root systemso The first 

experiment, essentially a pulse label experiment showed that more 

than 5% of the sap nitrogen had been fixed in the previous three 

hours and that virtually all of the 15N at this stage was in 

amide nitrogen. Subsequent collections of sap from the same 

plants showed that the label soon became equally distributed 

between amide and amino nitrogen~ After six hours exposure to 

15NZ (table 9.4) the fixed nitrogen was equally distributed in 

amide and amino nitrogen while 16 hours after initial exposure 

(either a six h~urpulse (table 9.3) or a continuous exposure 
! 

(table 904)) considerably more label was found in amino nitrogen. 

The extremely high specific activity of the sap nitrogen after 

short periods of exposure to 15NZ confirms th~ rapid removal of 

fixed nitrogen, while the distribution of the label confirms the 

results for short term labelling discussed in chapter 8. The 

results of chapter 8 gave strong. evidence for an initial incor:.. 

poration of fixed nitrogen into a~ide and direct export of this 

in glutamine. The exclusive labelling of sap amide -N during 

early collection confirms ~hat .this is a primary reaction and 

that incorporation into amino nitrogen occurs at a different 

site. 

The extremely active amide metabolism of Coriaria root nodules 

is not unique. Pate and Wallace (1964) found in field ~ea that· 

- - "-, ,-
.' ~. ';' .. -' 
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amide -N predominates in the sap of effectively nodulated plants 

although in this case as asparagine. The studies of Barnes 

(1962) and van Die (1961), pmong others, with pine and tomato 

respectively support the vi~w that ftctive amide metabolism, in 

both cases of glutamine, i~ specially effective in maintaining 

low levels of free ammonia in root cells and xylem sap. The 

results presented forCoriaria are the first, of which I am aware, 

that show this phenomenon with the specific labelling of 15N• 
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Although anextensive body of knowledge regarding nodulated 
, 

non-leg\.lmes has been accumulating over ,the past hundred years 

relatively little is known about this symbiosis compared with 

legumes. However in the past two decades Bond and co-wor~s 

at Glasgow have provided added impetus to the study of this 

important group of plants. Inview of our scant knowledge of 

thes¢ plants, and particularlyCoriar.ia, this thesis is 

concerned with a wide range of topics relating to the bioLogy 

of nitrogen fixation by nodul~s of this plant. 

.-.~ -. ~~ ••• - - - - .r> __ • ____ ' '. ___ ~ 

" .'.", .. ' .-- .. 

.... '", .: 

In general it may be c9ncluqed that the Coriaria symb~_Qpis 
~--~ .. ~--.--- "-' ',-' .. ' 

does not differ significantly.from that found in other non-
.--~---

1 egume plants. In fact, I would agree with Bond (1967), in 

contra~t to-Moore (1964), that the nodule symbiosQs of non-

legumes show more basic physiQlogical similarities to legumes 

than th~y do dissimilarities. 

The following similarities between Coriaria andbther ' 

non-legumes stand outo Ecologically Coriaria like Alnus and 

other non-legumes is impo~ta!l_t i3:nd plays _ a major role in 

revegetation in natural communities. The m~jority of nitrogen 
'" -fixed in nodule.s is rapidly transferred to' the host. Tqere is 

little doubt that the nodule endophyte of Coriaria is a 

streptomycete although like other non-legumes 4inrisolated 

organism fails to cause nodulation. The nodule endophyte 

is a common soil organism and plants are norm.ally found 

nodulated in the field. Excised nodules of Coriaria are 

capabl€ of retaining fixation ability for at least 24 hours 

after excision and uptake of 15N2 is lin~ar for six hours: 

Coriaria nodules are structurally and functionally adapted 

for gas uptake as they are in other non-legumes. 

On the other hand the Coriaria symbosis diff~~s in a 

number of respects from t~ other non-legumes. studied. 

Endophyte distribution in infected cells differs in 

displaying a radial arrangement and lack of "Blaschen", 

• 
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this being paralleled only by .the endophyte of Myrica. 

~odulation in Coriaria cannot be accomplislied by crushed nodule 

suspensions and is generally very difficult to achieve even 

in soil, whereas all other non-legumes nodulate well in sand 

culture when sUPIllied wLth crushed nodules. In Coriaria the 

sensitivity of nitrogen fixation to combined NH4-N is more 

marked than other plants although in general the effect is the 

same. Coriaria nodules possess no haemoglobin although its 

presence has been reported in Casuarina and other non-legume 

nodules. In having glutamine as the predominant amino acid, 

Coriaria nodules differ from both other non-legumes and 

legumes. 

The above differences are minor details in the nodule 

structure and physiology and do not constitute any fundamental 

difference in symbiosis. 

Other aspects of the Coriaria symbiosis that have no 

parallel in non-legume literature have been studied; notably 

the metabolic pathway of recently fixed nitrogen and its 

translocation in the xyLem. These studies lend further weight 

to the conclusion that the process of nitrogen fixation whether 

in Azotobacter or in the nodules of Coriara proceeds via'the 

same series of reactions. 

Nitrogen fixing nodule symbioses thus occur in a variety 

of higher plants and although superficially different, in all 

essential respects the process is the same. By a comparison 

of these wide groups of higher·plants some of the fundamental 

questions of symbiotic nitrogen fixation may be answered in 

the future. Paramount amongst these questions is: how does 

the host plant bring about the vast changes in morphology and 

physiology of the Rhizobium or ?Streptomyces converting them 

to nitrogen fixing organisms? With the rapid advances in our 

knowledge of the biochemistry of nitrogen fixation such 

problems, which seemed insoluble a decade ago, now appear to 

be nearer solution. 
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SUMMARY 

A review of nitrogen fixation in native communities of 

New Zealand is given in which the importance of non-legume 

plants is emphasised and distribution of Coriaria described. 

Observations on the significance of Coriaria in New 

Zealand are supported with data on productivity and nitrogen' 

accumulation in a primary succession. 

These results are confirmed in studies of C. arborea 

growing in sand culture, the fixed nitrogen being rapidly 

translocated from nodule to host o 

Nodule frequency is shown to be a function of soil 

properties but infected plants produce a ,relatively constant 

nodule mass which is largely controlled by host plant grow~ho 

Nodules are modified lateral roots in which apices 

dichotomise frequently to produce a coralloid masso Internally 

the stele_is ilispiaced by hypertrophy-~ __ .i.nfect:.ed~ cells in 

which the endophyte is radially arranged 0 

Ammonia and glutam~me constitute high pro:pertionsof 

nodule soluble nitrogen. Haemo~lobin does not occur in the 

nodules 0 

Isotope studies with excised nodules established fixation 

in all New Zealand species of Coriaria and showed that the 

time course 6f fixation for Co arborea nodules after excision 

follows their respiration rate. Root nodules combine 
. . . f . . f d· 1 d 15N c 1ns1gn1 1cant amounts 0 1SS0 ve, 20 

The earliest product of fixation is ammonia and this is 

inco;,porated into glutamine amide-N with little or no time 

lago The considerable lag in uptake of 15N into.:::j amino-N 

is explained by this reaction being isolated from nitrogenaseo 

Incorporation of 15N2 into nodule homogen~tes is demonstrated~ 
Fixed nitrogen is translocated in?the xylem as glutamineo 

A . f f 15N . d h t1me course or entry 0 1nto sap. emonstrates t e 

relative importance of amide-No 
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As a general conclusion it is stressed that fundamentally 

the fixation process in Coriaria does not differ from other 

non~legume or legume noduleso 

, 

I 
I 

.,,-. 
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