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In a gla.ashoue experiment, aing1e plants of ten-weev..s-old white 

cloYer (IrifolLwn repen• L.) were aubjeeted to two levels of ehading 

and two levels of detoU.ation. Plant growth, nodulation aud nitrogen 

fixation parameters were collected on eix eequen~ial harvests over 

four weeks. 

Losses of roots and nodul.ee reaul. ti.ng from the treatments were 

probab1y due to a reduction in photoaynthate supply. Decreases in 

nodul.e number and hence nodule dry weight per plant were due to nodule 

decay, sloughing off and non-production, and were related to the losses 

in root dry weight. Total nodule numbers on both •control' and 

' treated• plan ta increased with time, du mainly to increases in 

numbers of medium aised (1-31UD) nodul.ea. Reduction in nodule weight 

per plant in the •treated ' planta wae later reflected in a lower mean 

nodule weight. 

Severe defoliation caused degradation of the pink pigment, leghaemoglob 

in, an effect whieh was aeen in leas than three daya from treatment. 

It also led to a temporary marked d•crease in the nitrogen fixing 

capability of the nodule• a• measured by the acetylene reduction 

assay. Recovery of normal act1Tity by the m.trogen fixing system in 

the defoliated planta took about ten daya. 

The auitability of acetylene reduction aasay for a short term 

experiment, and the relat1onanip oetwee11 

and nodule coiour are brie n1 diacuased. 
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GE ERAL INTRODUC!IOJI 

1!he ability of the legwne- Rhisobium ayabioaie to fix at oapherio 

nitrogen, hence contributing towarcla the maintenance of soil fertility 

1s well recogniaed. Although increasing usage of mineral nitrogen is 

eYident in agricultural practices overaeae ( Watkin, Williama 1970) , in 

New Zealand legume ni uogen ia still by far the moat iaportant source of 

Di trogen in grassland farming. 

itrogen fixation in a ferti.le ryegraes- white clover association 

has been estimated to yield aa auch aa 550 lb N per acre per annum 

(Seara 1953) , and it has been emphasised that for maxiaum benefit to the 

grass compoaent in a mixed awar4 the white clover should be periodically 

defoliated and ha•• ample light for regrowth (Butler , Greenwood & Soper 

1959) . 
The present study examines the effects of defoliation and ahadi.ng 

on nod ulation and nitrogen fixation in white clover. 
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CHAPTD l 

REVIEW OJ' LITERATURE 

!he legua..ah1sob1ua ayabioais ha• two definite parts, i . e . 

nodule formation ancl nodule function , each inTolTing a nuaber of 

cliatinct and 7et interrelated processes. The first aection 1n thi.Js 

chapter rniewa the proceaa of nodulation and the f\lnctiona of the 

nodule•, while the second section discusses the main factors affecting 

these processes and function.a. In a study of thia nature it 1a only 

poaaible to COTer a fraction of the enoraoua Toluae of literature 

aaaociated ri.th the aubject. Attention is ther efore centred upon more 

recent reTi ew articles from which moat of the references are drawn. 

1 NODULATIOK 

The deecriptiTe aspects of nodulation haye been reviewed 

thoroughly by a number of workers (Fred, Baldwin & McCoy 19321 Wilson 

19401 Rutman 1956, 1958, 19651 Allen & Allen 19581 Baggio & Raggio 

19621 Stewart 1966; Masterton & Sherwood 1970), hence only selected 

aspects are presented here. 

1.1 flgaioloq of nodule formation 

Kuch of the work in this field haa been carried out on Tarious 

epeciee of the genua Trifoliua , and present understanding is based on 

these obaenationa. It i• a composite picture and exceptions to the 

general pattern can be expected (Nutaan 1965) . 

Boot hair infection 

The early pre- infection interaction between the hoet and the 

nodule bacteria (i. e . atiaulua to bacterial aultiplication) occur• 

in the l•gua• rhlsosphere. It 1• a non- apeoific atillulation of the 

aicrobial population b7 ••cretione fro• the hoat roota. The aecretiou 

probably conaiat of nutrient• and growth factor• e . g. tbiaai.n an4 

'biotin ( Weat 19391 l eat I Loohhea4 194()) . Sti.aulation b7 non-1.•gua•• 

1a genera~ leae pronoUDDecl th&A with legume• (llori.ra 1961 ) . 
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Infection can occur Yia the host root hair• or elsewhere on the 

root, but in TrifoU.ua specie• it is generally through the curled root 

hairs ( utman 1958). It ie generall1 accepted that during the 

infection phaae, tryptophane i secreted b7 the legume root (Ro't'ira 

1956) and con• rted into indolylacetic acid (IA.A) by the particular 

rhisobium species present (lei'ford, Brockwell t.Zwar 1960), and that 

the IAA ia associated with root hair curling (Nutman 1965). However more 

recent1y Masterton et a1 (1970) cited aeYeral workers (vis. Sachlaman & --
J'ahraew, 19621 Raaek 1964; Yao & Vincent 1969) whose e-.idence 

suggested that root hair curling might be more apecific than waa 

suspected and that a non-diali7aable molecule might be involved. 

The first peoific interaction between the host and the nodu1e 

bacteria occurs when the hoist plant , in response to extracellular bact­

erial polys ccharide, aecrete• polygalacturonaae, a pectic enayme 

(Butman 1965). T'he role of this ensyme ae a primary cell wall aott ner 

which is easential for infection has now been widely accepted 

(Maaterton .!! .!! 1970). 'fhe specificity of the interaction between the 

bacterial pol.Jaaccharide and the hoet ensyme induction is closely 

linked to the host 's susceptibility to infection. Several workers 

(Balassa 19&0; Lange & Alexander 1960; Ljunggran 1961 quoted b7 

Nutman 1965), while studying the genetic transformation of rhizobial 

virulence haye obtained evidence to support this point . 

', '?he details of the origin of the infection thread and the mechanism 

of infection haTe not been resolved. HoweYer , the invagination 

hypothesis first proposed by Nutman (1956) is widely quoted and so far 

there is no report to the contrary. This hypothesis states that 

micro-invagination of the host cell wall forma the infection thread 

without actual p netration and infection of the qtoplaat of the root 

hair (!Cu an 1959). !he fact that aaceratecl nodular cella could 

separate freely and are not h ld by the infection thre d was quoted 

b1 .utman 1n support of hia hypoth au. Further upporting tld nee 

obtained by aeyeral worker• haa been aumaariaed by Masterton .!!al 
(1970). 

Preceding the growth of the infection t.hread within the cl r 

root cell th 1a an orderl1 migration of the h 

host root cortex (Fahraeu 19571 taan 19.59). 
aigm.f:icance of host r gulation in nodulation. 

t nucle • warda the 
1'h1a points to the 

In l cerne seedling cC01 (1932) reportecl that on.l.1' '-~ of the 

root hai.ra were intecte with a further efl raed b t not infected, 

and that t aean ratio of infectetl hai.ra to nodule• waa 68 1 1. 

Bowner, in white ClOYer J'ahraeua (1957). foun4 that the percentage· of 
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infected hair• wu auch lower. Furthermore, over 1~ of the i.nfeot1on 

thread.a Id.thin the infected root haira failed to grow. In red clover 

(frifoliua pratenae), Purchase (1953) noted an almost 1 a 1 ratio in 

the number of infected hairs to nodules formed which indicated a low 

leYel of aborti•• infection. Thua, at least aome aapecta of the pattern 

of root hair infection seem to Yary from •pecies to species. 

Using the Fahraeue method of elide preparation, Nutman (1958) 
studied the pattern of root hair infection on twelve small-seeded Trifolium 

apeciea, and concluded that there was a host resistant period of about 

3 - 10 days depending on host species, during which infection was im­

possible nen though there were ample root hairs and Yiable rhi&obia. 

Also the first infections occurred at a few well spaced points or &ones 

on the root1 these were not at random but were sites of potential 

initiation of secondary roots. Subsequent infections arose within or 

near to tbeae sonea, an~ later at other points along the root. 

During this phase , the rate of hair infection increased exponentially 

until the appearance of the first nodule after which a lower rate 

continued giving a Mitecherlich curTe. This general pattern applied 

to all the species etudied, differing only in the duration of the 

resistance period and the time to first nodule appearance. 

observationa were later confirmed by Lim (1963). 
These 

The non-random nature of infection and the intense cytoplasmic 

actiTity at the site of root hair curling (Fahraeue 1957) have led to 

the suggestion by Raggio & Raggio (1962) that curling is host-controlled 

and that the colonies of nodule bacteria occurring around the deformed 

root hair are the consequence and not the cause of curling. 

Rhisobia1 density and nodulation 

Under field conditions low rhisobial density due either to 

microbial antagonia (Bely, Bergersen & Brockwell 1957), adverse 

t mperaturea ( owen & Kennedy 1959), or low p (White 1966) can cause 

noclulation fail. ., 
The early report b1 haduri (1951) that comparable nodulation 

could occur oYer a ride ran e of inoculua aisea might be a result of 

not taking rhisobial multiplication into account. Under laborato17 

oondiliona, due to multi licatio a bacterial density of 106 - 109 

or ani-• per Ill. of ediUII could be rea~h d frequently by the time 

the seedlings were susceptible to infection (Purchaae & Nut .. n 1957). 
Since infection can occur only at discrete foci on the root, 
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the relat1oubip between virul&nt bacterial 4enait1 and nodule nuaber 

waa llhown b7 Rutman and his colleague• to fit Mitacherlich or a 

compound Mitacherlich cune (Rutman 1958). 

1.1.} Pattern of nodulation 
In g•netically homos7goua s pecie• e.g. subterranean c1cwer 

(Trifoliua aubterraneum L) the relationship between aYerage noal• 

aise (length) and nodule number 1a hyperbolic (Nu-taan 1958), which 

indicate3 a constant nodular volume for a particular hoet-rhisobiUll 

combination. Th.is inverse rels.tiouhip between aTerage nodule ai&• 

and abundanc:e has also been reported in white clO'fer b7 Jones (1962), 

and in red clOYer by Rutman (1958), but becauae of their heterosygoaity 

the relationship ia more diffuse. 

Even when inoculated with an 'effective• strain of rhisobiua, 

illdivi.dual white elOYer plants form a heteros7goua population 

ezhibi.ting wide variations 1n etfeetiveneee. In general, earliness ot 

primary nodule forma tion iJs positively correlated with effectiveness. 

Effectiveness is also correlated with nodule weight but not with 

nodu1e number or average nodule size (Masterton fr Sherwood 1970). 
Differences between primacy and secondary nodulation associated 

with root temperature were reported by Dart & Mercer (1965, ••• 

section 3.4.1.a of t his chapter). 

1.1.4 Relationship between lateral roots and nodules 
Fred, Baldwin & McCoy (1932), summar:1.aed the early eTidenoe 

a.e to whether the nodule is a modified lateral root by etatillga "It 

is di.stinctly not a modified lateral root, for it baa no central 

qlinder, root cap or epidermis. Furthermore, it doe• not digeet 

ita way out from tl!e cortex of the ma.in root but remain• cOTered 

with a layer of cortical parenobyma • .Anatoaically then, it differ• 

from aoa-legwainous nb~ul••• m.any of which are clearl7 aodified 

roote0 • mrl..e •i•• na supported b7 Wilaon (1~0), Bond L. (1~8) 
and Allen le illen (1958), who atreesed that the nodul.e 1a a unique 

t7pe of root h7Pertroph7 with a cortical origin and an anatoay which 

cliffera from that of secondary root in both structure and function. 

Th• original concept that the nodule 1s a lateral root aoclifiecl b7 

au:x:t na produced b1 the nodule bacteria (!hiaann 19'6, 19,9, quoted 

froa Wilson 1940) ha.a reed. ••d little subsequent support. 

htaan (1958) quotecl a number of workers who hacl obaene4 that 
the tetraploid centres which are the priaa.r7 aites of nodal.e 

( 

{ . 
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initiatj,,on are often located near to the lateral root primordia. 

In eXperimenta with reel cl09'er, Butman (1948) d•aonat~,tecl the close 

relationship between the plant's rooting habit and its nodulating 

habit, 1n that the number of lateral roots in an uninoculated host 

plant variety was poaitivel.)- correlated with the number of nodules 

it wou1d produce when inoculated. In further experiments Butman (1949) 

found that the lag pe r iod (tilla to infection) a.esociated ~ith virulent 

bacterial strains could be reduced by delayiDg inoculation from about 

12. }O days aft er sowing , whereaa the rate of formation of later 

nodules was goTerned by the aize and morphology of the early nodules, 

a feature related to bacterial Yirulence. Thus by remoTing th~ tip 

of the first formed nodule• he stimulated the rate of subsequent 

nodule formation. The •am• result wa.a obtained from the excision of 

root tips. From thttae atudi.es he deYeloped the concept that the 

nodule (and root) meristem is the centre ot an inhibito17 actiTity 

which modifies further nodul.ation, and that the degree of inhibition 

Yariee according to t he size of the meristema . These findings were 

uaed by Nutman to support hie view that the discrete foci where the 

nodules init iate could not be distinguished physiologically from 

those centres which gave rise to lateral roots. 
More recently Wittmann (1968) , working with field beane (Vicia 

faba) 9 vetch (Vicif spp) and peae (Pisum aatiYUll) found that the 

nodules were of endogenous origin, being transformed lateral root 

primordia. However no proliferation of root cortex has been obaerved. 

1.1 . 5 Hod.ule deyelopment 
In the inner cortex of the clover root there are groups of mixed 

diploid and t etraploid cells which appear to be sites of nodule 

initiation. The tetraploid cells are probably 1n excess of the numbor 

of nodu.les forme4 (Butman 1958) . Nodule 4:1.ffenntiation commences 

o~ after t heae centre• atart cell diYiaion, which a~pea re to be 

atimulated b7 the approach ot the infection threa4. 

!!owner Kodama (196?) • reported that although tetraploid nodules 

are common-. Vicia ~ and aoae tropical l•guae• e . I• l>eaaodiWR fallax, 

Archis hJpogaea, Glzoine !!!t Phaaeolua angularie and Vip ainenaia 

ha-r• cliploicl nodulu. It 1a not known wh•th•r the proc••• of 

inf•ction in the•• epeci•• diff•ra froa that in apeo1•• ha-ring 

tetraplo14 centres or how a1grdfioant an7 differences ma.y be. 

Returning to the clcwer root• cell 41-riaion and tifferent1ation 

in the nodule 1.nit~ation aite leacla to the formation of a aoriatea 
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producug aainl.7 tetraploid cells buall7 and diploi4 cells toward.a the 

outer sone. An enclod.ermia forae around the tetraploid cells which will 

form the infected region. The bacteria are released into the host cell 

Tia yeaiclea formed on the infection thread (Nutman 1965). a feature 

later confirmed by Goodchild, Bergersen (1966). Once inaide the host 

cell t h e bacteria multiply rapidt, and change into bacteroida. Intra­

cellular infection is aided by host cell cliTiaion during differentiation 

and initial nodule growth. The bacteroide do not exist freely in the 

host cell but are enclosed in groups within a membrane which 1a genera1ly 

belieYed to be of host origin (Nut.an 1965). HoweYer controYersy exist• 

as t o its exact origin, e.g. fro• the host plaemalemma in Gl;[cine !!a 
nodule• (Bergereen & Briggs 1958)1 from endopl8.8Jllic reticulum in 

Medicago aatiTa nodules (Jordan, Grinyer & Coulter 1963) or from in situ 

synthesis in Lupinua luteua nodules (Dart , Mercer 1963). For further 

references see Masterton & Sherwood (1970). 

The commencement of nitrogen fixation in the nodul.e is associated 

with the a ppearance of leghaemoglobin• either in aolution or attached to 

the lipo-protein membrane of the endopl.aeaic reticulum (Bergersen & 

Wilson 1959). Leghaemoglobin will be further discussed under section 

1.2.1.1. Nodules actiYely fixing nitrogen haTe little carbohydrate 

r eserYee but when fixation ia impaired glycogen will accumulate in large 

quantities (Rutman 1965). 

'l'he structure of the nodule ha s been described in detail by Allen & 

Allen (1958), and more recently Pate, Gwming & Briarty (1969), using 

electron microscope haYe studied 1te ultrastructun. 

2 BODtJLE FUNCTIONS 
The function• of the nodule include nitrogen fixation, tranalocation 

of carbohydrate into and nt.trogenoua compound.a out of the nodule• 

and the general maintenance of the nodular structure. Of thee•, by far 

the most docuaented is the proceaa of fixation. 

2.1 Nitrogen fixation 

2.1.1 Site ot Ditrogen fisation I l•gha••oglobh 

Although !urchin, Beraene•a I lhJ.dldJcb (1963, quotecl by Masterton le 

Sherwood 1970) were the fint to obtaia fi.satioa in extract• of leguae 

root noclu1••, Bergeraen lr Tlarner (1967) using oell free extracts of 
aoya-bean root nodule• firat c1 .. outratecl beyon4 tloubt that the 
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baeteroida were the agenta of fixation. 

Leghaemoglob1n, the pink pigmented chro11oprotein, has been uaed 

as an index of nitrogen fizi.ng potential (Virtanen 195.5), but Bergeraen 

(1961) auggested that it would be more appropriate as an indas of 

bacteroid concentration. More recently Schwinghamer, Evans & Dawaon 

(1970) have ahown that the beme content of pea root nodules ia 

correlated (r • 0.72) with ethylene production in the acetylene re4uct1on 

aasq, i.e. with nitrogen fixation. 

Since nodule bacteroicla waahed free of leghaeaoglobin can atill 

fix nitrogen ( ergeraen & l'urner 1967) this suggests that leghaemoglobin 

4oes not play a direct role ill the fixation proceaa. A solution ot 

leghaemoglobin can transfer oxygen eight time• faster than can pure 

water, suggesting taat leghae oglobin acts as the oxygen remover 

(Bergersen 1969), thus m intaining low oxyg n tension at the site of 

fixation. 

2.1.2 Biochemistry of nitrogen fixation 

Advances in th biochemistry of nitrogen fixation have been very 

rapida Wilson (1969) gave the general historical background to this 

field while Stewart (1966) and Burris (1966) reviewed the knowledge as 

it existed before 1966. In thi.s review o~ the main features and the 

ore recent development• are presented, and where possible emphasis will 

be g~ven to results obtained from symbiotic nitrog n fixation. More 

recent reviews have been presented by Burris (1969) and Poatgate (1970). 

The extenaive literature on the biochemistr.y of fixation is base4 

mo t1y upon studiea using free living nitrogen fi.Xing icro-organisma 

(e.g. Cloatridium puteurianwa and blue gre n a1gae1 see Burris 1969). 

B fore 1960 whole cell techniques had aainl7 be n uaed and although 

aoae progreaa was m de, the major breakthrough cue with the development 

of the technique of obtaining high-quality oell tree extract• by 

Canaahan and hie co-orkera 

recentl.J' (Der re n 19661 
1967) baa aymbiotic nitro 

(Carnahan, Mortenaon & Outle 1960). Onl.7 
erpraen I Turner 19671 Kluou & Burria 

fixatio been aucc••• 117 reporle4 1a 

disrupted nodule preparationa. oet worker• agree hat m&IQ' biochemical 

aapecta of tiza.tion in free livug micro-organ:t•• 1a aimilar to thoa• 

of ayabiotic tisation (Burri• 19691 aergeraen 1969). 

a. Metabolic path•~ 1A ni.tNgen fixation 

Activated nitrogen may uaclergo aneral. alternati•• reactiou, n.s. 
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reduction, oxidation, hyd.rolyaia or direct combination with organic 

ompounda (Stewart 1966) . From erldence accumulate4 , most workers now 
agree that reduction to ammonia ia the most probable pathway in symbiotic 

nitrogen fixation e . g. 1 

Nitrogen diimide hydrazine ammonia 

b. Key intermediate 

The "key intermediatett wa definecl by Wilson & Burris (1953) as 

"the compound which represents the end of fixation reaction and the 

start of assimilation of fixed nitrogen into the carbon skeleto " • 

Under a reduction pathway the key intermediate theoretically could 

either be diimide , h1drazine or ammonia. As diimide is extremely labile, 

the key intermediate can only be hydrazine or ammonia , although 

hydroxylamine can be a possibility for the oxidative pathway (Stewart 

1966). 
Using radioactiTe isotopes and cell- free extracts from Clostridium 

pasteurianwa, Carnahan.!!,!! (1960) failed to detect any possible key 

intermediate such aa hydrazine (or hydroxylamine) other than ammoniaa 

this led to the postulation of an enzyme- bound intermediate (Burris 1966). 
Unless there is a six- electron transfer, nitrogenous compounds in t h 

partially reduced form must exist , although they ay remain bound to the 

ensyae and be re4uced stepwise until finally reaching the ammonia phase. 

This hypothesis has been wi4ely accepted (Burris 19661 Jackson lr Hardy 

1967; Bergeraen 1969) . 
Experimental nidence cited by Stewart (1966) , including work done 

using cell free extracts of Clostridiua, eoyabean root nodule preparations, 

and blue- green algae all faYoured ... onia aa the key intermediate. 

o. Requirements for fintion 

For fixatioa to continue un er an adequate atmosphere of nitrogen, 

four aajor req ir•m•ata are neceaaarya a source of reducing power , 

·· a source of en•ra, an euya• complex and a nppl.J of cubon skeleton• 

for organic com ination with aaonia. Th••• will now be 4S..cuaae4. 

i . Re4ucing power 

Stewart (1966) pointed out three poeaible eourcea of eleotrone. 

•1 were pyruYate, mol.eoular bydrogen and photoredllction. The high 

concentration of pyru•ate t t wu neceeaary to aupport the cell• IN• 

extract ot Cloatricliua pr pared b7 Carnahan n U (1960) had been quoted 

llBRARY 
r'"' MPSS:Y L' 1 ''":'.'S ITY 
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ae ••1clence in npport of this coapouncl as the ad.n aource of reclucing 

power. Ae p7rUTate functione in the phoaphoroclastic reacti-on, 

--~ 
producing acet7l phosphate, carbon dioxide and. hydrogen, the electron 

ight come fro• the hydrogen generated during this reaction (Stewart 

1966) • .llternatiYely, free hydrogen already in the system could haTe 

been the source of electrons. The stimulation of nitrogen fixation 

actirity in the dark by the addition of molecular hydrogen to cell-free 

extract of ChromatiWI was demonstrated by Arnon, Losada, Noaak1 & Tagawa 

(1961). Later, thia was confirmed by Mortenson (196't) wsing cell~tree 

extracts of Cloatridiua. 

In the photosynthetic nitrogen fixing bacteriua Chromatiua, the 

electron might haTe came from the photolysis of water molecules as was 

first suggested by Gest, Judie & Peck (19.56 quoted by Stewart 1966). 
Further eYidence in support of this has been reported by later workers 

(blue-green algae (Anabaena o,zlindrinca) by Fogg & Than Tun (1960)1 
Rhodoap1rillwa rubz:u, by Pratt & Frenled. (1959)1 for other references see 

Stewart 1966). 
In a eymbiotic nitrogen fixation system, oxid.atiYe phoaphorylation 

haa been suggested aa providing a source of reducimg power (Bergereen 

1969), hence for this ayatem pyruYate is the most likely source. 

Ferred.oxin, an electron carrier first named by Mortenaon, Mower & 

Carnahan (1962), who extracted it from a cell-tree extract ot Clostridium, 

was later found to be analogoua to the plant methaemoglobin reducing 

factor and also to photosynthetic pyridine nucleotide reductaae (Burri• 

1969) • Ferre4oxin ia a low potential electron carrier (Morteneon 1964) , 
and hae been found in all Cloatricli extract• ao far exuinecl. It hae 
been cr,-atalliaed. and it has a molecular weight of about 5600. 

Proa ao7abean root no4ule baoteroida, a browa non-hua iron protein 

waa 1eolate41 it u;y poaaibl.J be a Yer, labile ferrecloxin aDl if ao it 

aay ae"• u the natural ele tron carrier in the 8)'11biotio nitrogen 

fixation a,atea (ltooh, EYana I: uNell 1967, quotecl 1»7 Bergenen 1969). 

11. &nergy eouroe 
Although in an earlier experiment (lflcholaa 196,a) ad.enoaine 

5-tri-p oaphate (AD)•• ehowa not to be ••••nt1al tor Ditl'Oge tixatio, 

and that it might •••n be inhibito17 (Carnahan .!! .!l 1960), later work 

(!lorteuon 19~) ngge tecl that .A.!'P in fact can be uae4 u a aouroe of 
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enera fo~ fiXation. Stewart (1966), Burri• (1966, 1969) 1 an4 
Berpraen (1969) all auggeat.ecl that during the phoaphoroolaat1o reaction 
both the reducing power and the energy aa aoetyl pho•phate were furnished 

by the p7ruvate. 
That the addition of A!P i8 an abaolute requirement tor nitrogen 

fisation by cell free extraot of aoyabean baoteroida and that fiza.tion 
can be prolonged with the incorporation of an ATP generating system 
(oreatine phoaphate • creatine Jd.naae) haa been wlclely quoted aa evidence 

of A!P aa an energy source, at least in a;rmbiotic nitrogen fixatJ.oa 

(Koch, &van.a & Buaell 19671 Bergeraen & Turner 1968). However high 

leYela of .lff (o•er 2 ))- molee/al) will be inhibitol'J (Bergeraen 1969). 

ill. EmQlle complex 

The two ma.1J1 eD.1SJ11e ayatema, i.e. nitrogenaae whJ.ch catal7aea the 

reduction of molecular nitrogen t-o ammonia, and hydrogenase which 

catalyaea reYeraibly the fonation of molecular hydroge from h7drogen 

ion&S, have long been postulated (Stewart 1966). Although earlier 

workers (vis. Gest & Kamen 1949 quoted from Stewart) indicated that the 

two enayme systems were synonymous, Mortenson!!!! (1962) using cell 

free extract• from Cloetridium separated two fractions, one of which waa 
the hydrogen donating system (hydrogenase) and the other a nitrogen 

activating system (zdtrogenase). Nitrogen fixation was only possible 

when both fractions were preeent. 
Bydrogena e has been detected in all nitrogen fixing systems so far 

studied, and it ia aasociated with the recluction of terredoxin. It a., 

'be a molybcto-navoprotein and uy ale contain iron (Stewart 19661 
Burri• 1969). 

Burri.a (1969) cite aeYeral worker• (Morten&Son 19661 Bulen I Le 

Coat• 19661 Vandecaateele 1968) llho haYe aucceaafully iaol.ated the 

nitrogenu• oomplex fro• oell tr.e extract• of Cloatricliup u4 
Asotobacter. !he two fracliou in the nitrogenue oomplez have 1et to 

be pu1.tie4. !he euyae ooapla ia oold labile (l>ua • Burri• 1963) 
an4 it ha.a been cl•oJl8trate4 that the oold la ilit7 ia a characte.riatio 

of the iron protein tract1oa (Mouatata I Morten•oa 1968). However 
ri• and hie coUeaguu (lell.71 &lucaa I B'11Tla 1967) have ahowa 

that the tractiona ou be kept tor long perJ.ota in liquid aitrogea. 
urria (1969) p-reaent• a •Ullllar1 of the pzopertiee of the two tractiou. 

Froa c•ll f-ree extracts of ao7abean nodule baoteroiu, lluou, 

I. , Bua .. 11 & hana (1969) aeparate4 two •JlS111• component•, one 
oontldn1ng iron ancl aolyb4enaat the othei- iro. !he•e fraction Nre 

91.ailu in their rea.ctiona to thoee isolate froa the tree liYinc 
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nitrogen fixing systems . 

The ability of nitrogenase to reduce a nub r of triple-bonded 

ubstrat s, among them ac . tylene , was fir5t re}ort d by 8cholhorn & 

Burris (1966) and Dilworth (1966) i nde r endently• Lat r, several workers 

( viz . Koch K i-.;vane 1966; Koch , ,.vans ~ Russell 1967; Hardy , holsten , 

Jackson burns 1966) demonst rated that the r eduction of a cetylene to 

ethylene by the nitrogenase enzyme conplex could be used as an index 

for evaluating th pot ntial nitrogen fixin~ activities in the s Jmbiotic 

asoociation. .iowever, more r .cent ly hergersen { 1970) cautioned against 

direct extra olation of the a c etylene r duction a· ay as a quantita tive 

estimation of nitrogen fixation . 

iv . Carbon skeletons 

In order for the fixation ·· rocess to continue , c -1rbon skeletons 

:;. re needed to remove the amn;onia so produced . 'l'he mos t likely orp;anlc 

coT.round has been suggested to he "( -keto-gluta rate , as o< keto-glutamic 

acid is the most strongly labelled amino acid in s hort t r m fixation 

ex~eriments using ~15 with cell free extracts( · ilson 195 S quoted by 

: t ewart 1')66 ) . S t wart (1 ?66) has cited vide nce to s upport t r, is vie .. 1 . 

2 . ~ 1ra nsloc ~t i on in nodules 

l'he da i ly r a te cf nitro gen fixat on in field c.,eas C isum c} rvense ) 

na~ b .: e n estirnti ted by ' ate ( 1958a) to be wi t Lin the r h n ge of 30 - 100 rr.g 

nitro,7 en P'" r gr · l:i fr sh wei t~t. t of nod ule , arid the ca rbohydrate req .. ire l.':l e nt 

for fixa tion has been estimated to be about 3 - 19 mg c nrbohydrate er 

mg of nitrogen fixed (Gibson 1966b; hond 1968) . :. ence t J. e 1e mu t exis t 

a very efficient transloc ntion y tern to remove co •;ounos to an ! from 

the nodules . Cnly rec n ly has the mechanis~ of nitrogen transloc a tion 

in the 1 gu e root nodu l be n studied in mo . detail ( , at 1962 ; , ate , 

Gun, ing Briarty 1969) . 

te and his coll ue us d ' bl oding ' technique whereby exudate 

wer collected from th vascul r tie ue of int et but d t ched rea and 

white clover nodules . ln a ddi tion they also x.a ined th nodules 

under elec ron icroscop . From th tudi s t hy poatulat d th t 

th tr n loc tion of photosynth t to th n dule nd the bacteri l 

ti is prob bly by th sourc - ink flows te s , ~ia th nodul 

pblo and the sy plastic route . or th 

product of fi.X tion from the b c eroid 

authors propos d two ltern tive ech ni 

that d scribed forth root in th t th 

tr nsloca ion of th nitrog nous 

to the nodul r bundl , th 

• e fir t is si ilar to 

ar iev d to ass 
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paas1Yely througb special ooapartaente in the perioycle oell• into the 

apoplast of the Yaacular ltuncll••• Certain cytoplaaaic atruoturea 1n 

the peric7cle would retain most of the augare and certain uiao acida, 

but allow -the rest of the solute to moTe into the x1l••• thua maintain­

ing a minimWI loss of carbohy4rate baok to the topa. 

The alternatiTe mechanism postulates an actiTe and eelectiTe 

secretion of nitrogenous compounds by the apecia1iaed cells of the 

nodule pericycle into the bundle apoplaat. Thie "chaniea is similar 

to that occurring in some plant and anima1 gland eella. 

Whatner the mechaniem of tranelocation, it is known that the fixed 

nitrogen does not accumulate in any quantity in the nodule (Bond 1936), 
and the main products tranalecated are aapartic acid, asparagine, 

glutamine and homoaerine1 smaller quantitiee of glutamic acid, va1ine 

and leucine/iaoleucine are also detected (Pate 1962). 

2.3 Undt[E£Ulld transference of nitrogen 
There are at least two mechanisms for the underground transference 

of nitrogen from legumes. HoweTer , controverey exists as to which is 

the major mechanism. 

Virtanen and his colleagues at Helsinki reported that direct 

excretion of nitrogenous compounds, mainl7 as aspartic and glutamio 

acid• from the legume root systems, could account for up to 50% of the 

fixed nitrogen (Virtanen, Ton Hansen 8r Laine 1937t 11rtanen & Torniainen 

194()). The historical background to the controTersy in this field wa• 

given b7 Wilson (1940), Walker, Orchieton & Adams (1954) and Stewart 

(1966)1 most workers agreed that excretion occurred probably un.de~ 

cer~ain specific climatie conditions ( Wilson loc. cit.), and the nature 

of the rooting medium may be implicated also (Butler per.co-.). 

Butler and hi.a colleague• (:Butler & Bathurst 19561 Butler, Greenwood 

and Soper 1959) concluded that the oondition requind tor excretion 

was too apeci.fic to OOCIU' under a normal fieltl enYironaent, hence 

eloughing off and dec&7 of root• ancl nodule• would be the ••jor •••huiaa 
of UDd•rpoun4 tranatereue. BoweYer a a11aber of otur workere (Strong 

I Truable 19)91 Dlh lr M 14er 19521 Siapaoa 1965) have r•ported 

excretion b7 l•gua• root ayet••• 
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3. 1 . Introduction 

The auccesa of a ay biotic association de~enda on effective 

nodulation as w 11 son efficient fixation. The dif! renc in the 

quantity of nitrogen fixed by effective and ineffective 7 biotic 

a ociations can be mainly accounted for by the differences in bacterial 

Yolwne and active duration {Ch n & Thornton 1940). Nodulation can be 

recorded inter a of nodule nu bers which reflect the host 's susce ~tibility 

to infection (infectiven as), and alao in terms of nodule weight 

(or velum) which with its active duration reflects effectiveness . 

Absence of nodulation i found in the more primitive genera of 

the Legu inosae {Mimosoideae and C eaalpinioideae), and has al o be n 

reported in mutants of soyabean and red clover ( r utman 1956) . Symbiosis 

between the legume and the rhizobium can fail at many stages. The 

earlier tagea of intracel lular inco pat bility •ill block nodule 

formation and the lat r stage (aft r nodulation) will cause ineffectiv -

ness resulting in the various ty ~ee of incompatability known to occur 

in the legume-Rhizobium sy biosie. 

l ctors both int rnal and external to the hoet plant can influence 

the symbiosis. Some of the main f actors will be discussed in the 

following sections. 

Presence of an ff'ectiYe rhizobial strain and a suscertible 

legu host 

A the two eymbionts can exist ind,.,endently, for s ymbio is to 

occur an effective rhizobi l etr in ~st be brought into di rect contact 

with a susceptible legu e hoet . Frequently, nodulation failure in t he 

field haa b en attributed t o the absence of th b cterial ayabiont 

(Vincent 1958; Cloon &Vinc•nt 1967), hence the eed for inoculation 

(e. g., Cull•n L deck• 1966). Antagoaie bet• n aoil micro-or 

c uain a r duction in eff ct1Ye b cterial denait7 and henc poor 

odul tion in• bterranean clover• ted y Rely , B r n & 

rock .. 11 (1957) . A a1ail.ar eff et• alao noted by lhan , oon 

ebater (1968) in lu.c•r •• 

d its eftecti•• 

ia a, 

e nee• aity ot i tro ucin both t • le 

rhiao ia 1 an•• ennro ent when eatabli 1 • le • for the 
firat tiu, b a bee well natr. ted by the caae of Lotononia baineaii 

duri 1 t in troductio i to A ralia ( r, a 1961 ) • 
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Plant factors 

3.3.1 Genetic aspects 

As early as 1933, BjalfY (1933, 1935 quoted by Wilson 1940) 
suggested that the host was more than just passively supplying carbohydrates 

to the bacteria; it exerted some definite control over nodulation. 

Nutman (1946), working with red clover selected a line which was resistant 

to infection, a resistance he attributed to a recessiye gene acting in 

conjunction with a maternally transmitted cytoplasmic component without 

which the homozygous recessive condition was lethal. Further work by 

Nutman (1948, 1949) related the rooting habit of the clover to its 

nodul.ating habit (both abundance and earliness) and he considered these 

characters to be inherent host characters . 

Resistance to rhizobial infection was also reported by Lynch & 

Sears (1952) and William & Lynch (1 954) in soyabean. HoweYer under 

prolonged association, complete reversal of the symbiotic situation 

could result from mutations in both symbionts (Nutman 1956) . 

Wilson (1939, quoted by Allen & Baldwin 1954) postulated that there 

was a relation b~ ~ between the pollinating habits of a legume and its 

promiscuity with rhizobial strains, thus: 

i. self-pollinating legumes tended to be pure lines in which 

the inherent character permitting symbiosis was absent or was 

recessive, and 

ii. cross-pollinating legumee either had maintained or developed 

these characters so achieving symbiosis with a large number of 

rhizobial strains. 

However controversy over this relationship has risen since the 

publication by Norris (1956) on the evolution of the legume-Rhizobium 

symbiosis. Norris advanced the hypothesis that the tropical legume 

is the typical one and it represents the ancestral form. Tropical pasture 

legumes are usually self-pollinated and also exhibit high promi•cuity, 

thue suggesting that this relationship ie more of a casual than causal 

nature. The misconception was a result of earlier studies being centred 

entirely on temperate and cold-temperate legumes rather than on a wider 

croas-sectioa of the Leguminoaae. 

,.,.2 Hormonal aspects 

HoJ"llonal effects such as the association of IAA with root hair 

infection and the inhibitory activities of the nodule aeriatem have 

received wide acceptance (eee seotion I. 1.1.1). Other host hormonal 

effects on nodulation and nitrogen fixation, although suspected ( Wilson 
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194(); Rutman 19%1 Raggio & Raggio 19,2, Stewart 19"66), are l••• 

well clocumeiited. 

Nodule shedding ancl. ctegeMration is stimulated by tlo-..ring and 

fruiting and this can be delayed by removi.Dg the reproductiT• atruoturea 
(Pate 1958 ) . Although competition for mitrienta c n not be ruled out, 

the eftecta noted ha•• b••• attributed to hol"llOnal actions. Further­
work by Pate (1958c) confined th pr sence of growth promoten ancl 
inhibitors in the nodular tissue . A4ver .. effecte of flowering and 

frost on nodulation of tropical legumes (If!! ium epeciea) were 
reported b7 White & Lulbam (1970) in Australiaa however the author 

streasecl the difference between annual and peennial legumes, and that 
nowering oould not account for a11 the reduction in nodulatioa 1.D the 

perennial tropical legumes thq stuclie4. 

Raggio & Raggio ( 1962) pGatulated a "nodulaU.on factor" which wae 

necessary for aucc•astul aymbiold.a with specific rhi.zobiaJ. atrai and 

th~ factor waa transmissible by grafting. Experimental end nee was 
cited to support th.eir hn,othe is (Bel,i , Bonnier & Manil. 19531 Bonni r 

19.581 Raggio, Raggi.o &:Torre7 19.571 for other referencea •• Raggio & 

Raggio 1962). DiacoY•ri•• by Valera, Cone pcion & Alexander (1965) 

and Schaffer & ileX&Dder (1966) at Corn l.l provided furtiler nidenee 
for the presence of a nodulation factor which could be transad.tted ftoom 
the cotylecloa or Nplaced by a conconut-water preparation. 

On the nitrogen fixation aide , Bach• Ma.pe & Burris (19.58) found 
that in detached ao7abean nodul.ea , fixation coul.d b-e aintained b7 

suppl.Jing earbohyclrate , but such carbohydrate oould not oomple-tely 
replace that supplied by photoaynthesia. The aathora concl.uded that 

ome other produeta of photoS7ntheaie could l.te inYolye , • 

Bn•ln MLbl. fa -ton affecting 9J1&bioaia perate ~ through 

the host•• plqaol u (WUaoa 19' a, Rutmaa 19'6t t.nri 19'6) , 

altho the7 btl e the 8U'Yi.Tal. of the a,pbiOlt.W a• well. 
ffiff8 ha peaent JI t (19.56)., llla • m (19.58) , 

Ragg14t & st (1962) • v • i (1965) an4 tenn . (1966) • 

•• 
._. peratv•• • all at ~tu 

b7 dt.cUag he ut:a: lie t1•1U•• f lh• loa 
affect t .e:tr •uffiyal. P1*1cl repOJ'ta y u • hm-a.eGt:r 

lt caa ah 
(1959) that 
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atra:lna of rhisol:ia from Pia • !!1,folip1 J!!dieytt Cen'tJSUJ!! 

and Pultenaea "" Jd.lle4 at •il temperatUN ab••• 40° C ba.4 real 
implications fer the •owing of inoculated legume ••u in dz7 e'llhtropical 
and tnpioal ondi.Uon.a. 

hrl7 atudi.•• bJ' Jones & ti.sdal.• (1921) on the etteck of •oil 
temperature (12° - }6°c) o growth and nodulatioa of luoerne, Nd clcwer, 
fi 14 poas and eoyaba4Jl 1n41eated that titterent heat pla.nta coul.4 

tolerat• diffe.rent root t.mperaturea , and that root temperatures ab~ 

the optimum would re•ult in rectucti.on 1n nod.ulation aa ezpreeaecl tq 

nodu1e weight. 

Dart & Mero•• (1965) uing C'Owpea (Yip •i•HY Endl.. Ba lldsk. ) 
found that Ya.riationa ln temp rature ould caus 41tfer ncea in the 

p ttern of nodulation of pr1mar, and ae on4U7 roota. Optim temperature 

for nodulatio of the primary root was ~ 0c, whenaa that tor the 

secondary roote was 33 c, and the pattern of the aehncla17 root 

noclulati.on wae almost the illt'erae of the pl'imaJT root patlem. 

Temperature intluenc.e4 the total. treu Night of noclul .. per plant, 

the aYerage nod.ul.e eh and the distribution of starch within the 

nodules. The uthors suggested poor rhiaobial and host plant growth 

and low root exudation aa some of the cauaea of these temperature 

effKta. 

The inverse rela tionehip betften high temperature and nodula tion 

waa further supported by the experiment of Philpott• (1967) , who 

reportecl . that the percentage of cowpea plant• bearing nodule• and the 

numb r of nodules per plant Nre both reduced under a hight peratUff 

regime (37°0) . 
CU.bsoa (1967a, 1967b) namini.ag the effect• of root t perature 

on aodulatioa in eub"4naneen cl ••r ae l.inga reported that the 
UJd.aua -..perature for noclul.e fora tioa na ,, C the lliD1a1III 

waa 7 c. ~ moat rapid oclu1e im.Uatioa (2 • , ~· after iaooulati ). 

- at ,0 C a.114 atl \he • ~nt • the n.t.e of no4ule appear...-• 
wu higheat. Below 22 c. I •••h au NN1•• tall · of s° ' • than ... a 
clS.api-o.portioaat• clel.q ~ in1UaU u4 a maJ~cl ,.•d.ue.tioa b 

the rt• ot ul• a p•armut•• 
!hat ~..,.hi' ... u.14 haYe 41ftveaila1 effNk o nodulatioa an4 

nitrogen ftaatt.on-·wu npi, rte4 '7 K•1•r • An4• (1959) a npene4 

that, 1n nbu ... eln•r• fisatl t aoclulatioa wu a4Y•nel.7 
atfe tet 7 tee rahft a. · • 25 c • . t'td• wu lat•r oonU.-4 1'J 
P sin.pm. HoJ• I Aahno.a (196'). wh toUDI that at )O• c nuogea 
t:lsat.ioa u. nb ZTauaa olner ... • ilioall.J i.aJdbtte«, irhenu at 

thia t .. peratv•, e011trol plu\a gnw well oa •o l»iu4 at.•r•pa (.._llO.,) . 

I 
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ln addition. the authors ~eporte4 the prea•nce of a 'dark pi.gm nt• and 

a re4uctio in pink colour 1n the nodule 48 hcu::ve after treatment. 
Low root temperature affects the fixation pro.c:ess less markedly 

than high temperature (GakoYa 1945• quotec.l by Stewart 1966), in t.h t 
an increaae of 't0c above the optill inhibited tixatio b7 ~ whereaa 

a cli orease et .5°e reduced fixation b7 leas than 5~. 
Jluch other work on the etfecta of root temperature on ,qmbiotio 

nitrogen fi&ation wae clone by Gibson (19631 1965, 1966a, 1967a and 

196?b) t who foulld that fixation per wdt time in subterranean clOTer 

at 5°e was onq 10 - 1?,tt of that achieYed at 18°c, and that when the 

temperature was OYer J0°C fi.Zation was also markeclly reduced. Both 
the ommeno ent of fization and the filCation rate were retarded by 

a tempera\ur 4n1.atin from the optillal r • of 22° - 25°c. Ke 
eoncluded that the total amount of nitrogen fi.Xed in any given period 

was determiaed in part 'by the root te perature, the ount of ldtropn 

preYiously tised, the nitrogen p reeatage at the tart of the period ancl 

the bacterial train. Strong interactions between Yariety and bacterial 

strain w re also noted in his experiments. In a mor recent study, 

Gibson (1969) obtained eridence to suggest that the effects of high root 

tamperature o nitrogen fization were tranaient and possibly directed 

towaru aome step or step in th f'ixatioa reaction. 

1.'he depreaaing effe ta of sub-optimum root t peraturea on nitrogen 

fization haYe \Men noted by a nwaber of other workera (yiz. Mee 19591 
Pate & !>art 19611 P te 19621 Dart & Mercer 196.5t and more recentl.J" 

iough].e7 1970) . fhat the legha.emoglobin concentration in oowpea nodules 

i aarkecll.y reduced t root temperatures be1ow 21°c and abwe 36°c 
(Dart & Mercer quoted by Haat rten t al 1970) ight h ve some beari.ng --oa thN I" 8Ult • 

• 
X • , ••uuea 7 Kueftelcl (19.S2, 195S, 1957t 19;8 an 

1961) auv, .. .v. that • iatu" iaportaat fact r 

1nf1 ting o4ulat1 -~•U6 t • t:t" pical l• ••• I ia thu poaalb1• , 

nggfftacl 117 n1.a (195 ) t li n latioa ft.gure• re•or • ill 

th liter tu"" ;t.r pi.cal l•gua .... r• u• to a id the till• of 
-P • u •~ • 1n th• clr7 nu • • putu• ldgbt. 
nll 41._ffere t U the... rk oulcl e npeate ia e wet ••u • 
1!&Sa •tew waa co tt.rae M ... th14, who f heaTier ao4ulatt.oa 
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ee (1961) l'eporte4 a decreu• in nodulat1o 1n ••·edlhga et 
buc18foot tr toil (Lolu cornieulatua) unde:ro a low eoll moiatve regiJN, 

1'ut the growth of the tops and the root was much less affected.. 

S1m1.larly Ea take• Ishida• Nishimura and Shimura (1962) not~ui poor 

nodulation in temperate legwnea when the oil moisture ecntent f U 

below ~ in pot oul tu.re. Re triction of root growth under a rogime 

of moisture tresa will re-duce the n\U!'.!beJ' of infectable foci on the 

root ayat• for 11odula.tion and in ztreme cases surviYal of both sym'bionta 
can be affected. 

In the t1 ld, mechanical",shrinkage of the clay under a dryi.n.g 

condition oul.d eauea loeaea of nodulee f-,o eetabliahed 14gumea 

(Matloff 1967). 
There is littl inton tion on the effects of moistur lrt•l• n 

mtrc.,gen fixation per.!..• GenerallJ speaking, maximwn Ditrogea 

fixation would probably be at the moieture potential best suited for 

plant growth, and thi affecta nodulation more than fixation. Morle, 
(1961) in hi review on aubterranean clover stated that ~he major 
limiting factor to nitrogen fixation in Australia was inadequate water. 

Thtt effects of excess w ter would be in terme of lack of soil aeration 

( Yan Sohre-Yen 1958) . 

c. Aeration 

Virtanen & Rauen (1936). uing water culturea of peas , showed 

that without a•ratio: the nodule number was high , but that nodu1ee 

nre mall and ineffecUYe. UpOll. aeration ther was no change in 

11umber, indicating that oxygen clid not affect nodule initiation whereaa 

th aise f th nodul. incr ased, refleot:l.ng an influ nee of aeration 

on effectiv•n-. When pure n1 tro n g was uaed nodula tion we.a 

completel.¥ lnhibited, a re.ault which wu confiffled by Bond (19,1) 

d rersw,o & o d (195't) uai.ug •oyab n and reel l.orer. 

A c r4ln to ffide • pnaente by •an hNYan (1958) , aerat~a 
ul ha•• a apeciU. eff e t ffxat · ulat!.o • 

Leglt,a.UK1ia1.C,1>t.a waa t to:rae« whe --ft low or la kb.g 

( !rtan• & Lat • 19'S q 4 7 • CJhrff ow• • , tewa.rl 

(1966) BUgge 4 that 1d.thb t.be noGIU.e v• fiSatt . C the 

-te11ies.c.a (p02) n.t uuall1 • ••rr low and there ~ little 
••i4ellG8 0 •• , that Athr-· W 4 be U • 1a1 f the f:I.SfltloA 

proc•• • I t he c trarr as de o trat• r e-rsen 

ft fluoaer (196?)t who ah • that ad.t gn fJ.xaUoa only pni.bl.4' 
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by oell.-f~ extracts ot a-oyabean nodule bact roida extract•d ua4•r 

an at oephere of argon. 

~gen will thus inhJ.b1t fisation by competing with nitrogen for 

h7droge ton acceptor (Stewart 1966) . Bo e•er normal reaph .. ation 

in the plant and rhisobi will have to continue in order to maintun 

the fiu.tion !a ai tu, anct since OJ1:1aen is required for thia proceN 

hence indirectly for symbiotic aitrogon fixation. 1'he function of 

1 gba oglobin aa an oi:_,gen re,u>Yer haa been discwssocl in section 1 . 2 . 1 .1. 

d. Light 
light 1e 41.acusaed under two eectiona, that of light intensity and 

that of light duration or day length. The effect is mainly an alteration 

in the supply of ca:~bohydrate to the hoat ( Wilacm 19401 St•wart 1966) 
although a phct periodic etf ect C&llllot be ruled out. 

1 . Light intenaitJ 
There ia no report of cluect effects of high light intensity per.!!. 

on the aunival of rhi~obia but high light intensit1 is !.requ ntly 

associated with high t perature which is detrim ntal to the rhizobia. 

KcJte (1959) found that at 25 • ~of full dq light , nodulation 

and aeecll1ng growth nre more adyersely affect din birdsfoot trefoi1 

than 1n lucern• or red clover. Nodulation of alllapeciea was auppr seed 

when the light 1ntenaity fell below 2!l' of full day light. The 

reduced nodulation of birdsfoot trefoi.l at 50,6 light inteneit7 a.a 
equiYalent to that of lucerne and red elo r at ~ day light. 1'hua 

host ,speciee o~uld diff r iD their ability tc wi.thstand shading. 

Siailarls Butler and hi colleague ( utler & Bathura-t 19.561 Butler, 

nen le per 19S9) , demo trate that rec1ua ..a&L ............... day l.igh-t 

b7 ?r;f. inside a gluahoue• coul4 c.auae m.gnifi.cant reciuotioa in both 

roo growth and nodul.at.i.on ln white l. er~ lucem• and Lotua ul1d.g;oaua. 

1'.bat ahao4 and cl.ark•gl'On leguu •••ell • wouli not nodulate ha.a 

been .. 11 4ocmae,nted iA the Uteratllft ( h":L n 19321 Ue 1931 1 

fh rn 1.9,0, ••• t-.. 1958) . oat worker agree that • 

ctepna&ing •ffecta of 1 light iatenait7 coul.cl be ••n • b7 ino..-aaJ.ng 

t • o on 41-od. e cont n.t ot the air u b7 f liar appl1ca.tloa ot ail 

enero aov.N'e • • l• t auga.r ( t•wart 1966). 
Bitrogen fixation eoul4 • dt cte4 b7 11 bt illt•nait7 •J.a • 

photoayn\h~tio pr,o•••• an the oai-

plant (Ne ... 1011 t.}.,.2 for further diacuarioa),. •••r• .-aa 

lchrehll (1958) te ffi4ence (Onutt • FN4 1935) that uceaaiYe 
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carbohydrate due to high light intensity could be inhibitory to nitrogen 

fixation. 

11. Day length 

Cartwright (1959) ahowed that in aand culture, day length alone 

would not infiuence the growth habit or the nodulation of red clner 

or lucerne. Bowner long days could interact with low nitrogen leYel 

to cause a decrease in nodulation in lucerne. The reduction in nodulation 

was thought to be the result of competition for available carbohydrate 

between the tops and the nodules; the carbohydrate was used by the 

plant for internode elongation under the longer dq length. 

There are few experiaents on the effects of day length on the 

pattern of nodulation in legumes. Eaton (1931) and Orcutt & Fred (19,5) 
found no effect of day length on nodulation on aoyabean, whereas in 

Phaaeolua, Boro4ulina (1950 4uoted by Nutman 1956) found that Yarieties 

responded beat when grown under their respective nativ• day lengih 

condi tiona. 

Bonnier & Sironval (1956) using controlled environmental conditions 

reported better nodulation in aoyabean gro1fl1 under a sixteen houra day 

than under an eight hours day1 nodules deTeloping under short daya 

were smaller and ineffective. 

Aa red and far red light is known to regulate photomorphogenic 

processes they may well be important in affecting nodulation. A 

specific effect of light on nodulation in peaa and beans was r ported 

by Lie (1964), who showed that far red light caused a reduction in 

nodulation and that this effect was counteracted by red light. 

Apart from the early work of Eaton (1931), Orcutt & Freel (1935) 
and ae•eral other workera cited by Nutmu (1956), there are few reports 

on the effects of day length on nitrogen fixation per !!• Aa day 

length 1a knoWD to infl ence plant morphogeneaia via photoperiodiam, 

the etfeota of day length o.n nitrogen fixation and nodulation can be 

more complex than a purely oarboh7drate- ediated respoue. 

•• Defoliation 
Detoliatioa by cutting or grasing will afteot not 0Dl7 the hoat•e 

ph7eiology but alao alter the aicro-enTironaent of the plant, thua 

infiuencing the 91abioaia Yla both a7abionta. 

Wilaon (19't2) found that, with periodic 4efoliat1on to halt inch 

in height, approximately 15~ of the preYioualy exiating nodule• in a 

white olOYer atand were Tiaibl7 affecte41 the•• noclulea "re found to 
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h~ve. disi.ntegrated. This was confirmed by Butler & Bathurst (1956) ·~;.,,...,, 

and Butler, Greenwood & Soper (1959)1 they found that initial effeota 

of defoliation were similar to those of shading but differed in the 

rate at which these nodules were replaced. The turnover was much 

faster in the defoliated than the shaded plants. They further suggested 

that for maximum benefit from the symbiosis white clover re4uirea 

frequent defoliation and ample light for regrowth; the poatrate 

growth habit of white clover and the production of stolons partly 

explained the increase in number of new nodules on white clever after 

defoliation. 

Reduction in nodule weight a.nd number due to cutting and grazing 

waa reported by Whiteman & Lulhar, (1970) and hiteman (1970a, 1970b). 

The effect of grazing was more severe due to the return of excreta 

under such a regime. 

EYidence of an adverse effect of defoliation on nitrogen fixation 

comes mostly from observations showing that, upon defoliation, the 

nodule colour changes from pink to green or brown (Wilson 1942; Butler 

et al 1959). As the pink pigment leghaemoglobin was known to be --
correlated with fixation activitiea (Virtanen, Erkama, Linkola 8c 

Linnaaalmi 1947; Sohwinghamer, Evans & Dawson 1970), a change in colour 

signified a loss ot or reduction in these activities. More recently 

Moustafa, Ball & Field (1969) using the acetylene reduction technique 

showed that defoliation markedly reduced the rate of fixation in white 

cl ver, which recovered in about three weeks. 

f. Volume of rooting medium and plant denai ty 

Nut an (1945) showed that in pot triala, the number of nodules 

per ~ot depended on the Yolwaa of the rooting mediWI rather than on the 

nusber of plant• per pot. Xefford, Brockwell & Zwar (1960) suggested 

that the '••lume effect• in Nutaan•s experiaent might have been a 

limitation due to the small aaount of tryptephane produced by the host 

roota. Maaefiel4 (1955) Mwing field beana, dwarf beana and pea.a at 

1 1 2 or, seeds per hole with and without a companion crop (maise, t, 

barley or foxtail millet) foW1d no evidence to suggest that nodulation 

wu affected by the pr ziaity of the aaae or different s pecies. 

Differences in nodulation between single plants and th.oae grown 

under award oonditioaa ha.Te not been atudied. Allen (1970) haa 

cautioned againat eztrap lation of results obtained froa •zperi.aents 

conducted on agar alopea with leguaea ••edlinga to general field 

conditions. 
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3.4.2 Nutritional· aspect• 
Nutrients can affect nodulation and nitrogen fixation in aeTeral 

waya, either directly by influencing the growth and vigor of th 

symbionts or indirectly by affecting their metabolic activities. 

a. Combined nitrogen 

Among the nutrients, nitrogen has a special place because it can 

be taken up by the legume roots in combined forms, whereas in the 

elemental form it can be fixed in the nodules. 

Direct inhibitory effects of combined nitrogen (especially nitrate) 

were reported by Thornton (1935), Thornton & Nicol (1936) and Virtanen 

(1953). Thornton and his colleagues suggested that the nitrate acted 

through the prevention of root hair curling, Virtanen regard d the 

inhibition as a reault of the formation of nitrite from a nitrite­

leghaemoglobin complex. 

In the field, the major factor governing total nodule number in 

white clover a, according to Young (1958), the amount of clover root 

material. This is understandable as the sites for nodule formation are 

at discrete foci on the roots (Nutman 1958). Young showed that in a 

mixed sward of white clover and ryegrass, the addition of 36 lb nitrogen 

per acre in the form of nitro-chalk (15.5% N) increased not only the 

top growth of clover but also nodulation; with 80 - 100 lb nitrogen 

per acre there was no change in the number of nodules per gram of root, 

whereas at 200 lb nitrogen per acre the number of nodules decreases 

especially t hose over 2 mm in length. 

Cartwright & Snow (1962) u ing urea sprays on peas, red clover 

and lucerne found that nodulation was delayed in lucerne and red clover 

whereas in peas it was inhibite4. In all cases plant growth was normal 

and the adY rae effects of urea on nodulation were attributed to the 

high level of nitrogen within the plants. 

Light dre singe of fertilizer nitrogen re reported to stimulate 

fixation ( urgeYin & Ronx 19331 Fred & lson 19341 Orcutt & Wilson 

1935t •• Tan SchreTen 1958). HeaTy dressings auppreaa nitrogen 

fixation but at no stage 1a the fixation procees co pletely inhibited 

(Alloa I Bartholomew 1955). Similar finding• wer reporte b7 Stewart 

nd (1961) 1n the non-legume• Alnua and Myrica. 

A1though t tal fixation is reduced, eYidence cited by Watkin 

William (1970) auggeeta th t fixation and tran•f•r of nitrog•n per 

clover unit in a mixed awar are aa effective in the preaence aa in the 

abaence of applied nitrogen. owev r, this eTidence comes trom l ng 
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term tria1a, and in the abort term the rat of nitrogen fixation 

could be adYersel.J affected, as waa demonstrated by Mouatata !1 !l 
(1969). They found that the rate of acetylen reduction by white 

clover plants receiYing 80 lb nitrogen per acre in a mi.Xed pasture waa 

about 23 - 30% that of the unfer!tilized control. 

The correlation of nodulation and nitrogen fixation with the 

carbohydrate: nitrogen ratio in the plant led to the formulation of 

an hypothesis relating the carbohydrate status of the plant to different 

aspect of the symbiosis. As early as 1934 Allison & Ludwig had 

suggested that both nodulation and fixation could be influenced by the 

host'• carbohydrate levels. Wiuon (1935) hypothesised that, the 

degree of nodulation and nitrogen fisation was governed by the host's 

interna1 carbohydrate to nitrog n ratio. He suggested that each plant 

would hay a critical carbohydrate: nitrogen ratio, any deYiation 

from which would result in relatiYely poor nodulation and fixation. 

Stewart (1966) quoted a number of experiments in support of this 

concept. In spite of the amount of evidence presented, Nutman (1956) 
cautioned that these findings only summarised results and not the 

actual causes. Likewise Raggio & Raggio (1962) concluded that the 

need for carbohydrate was related to the supply of carbon skeletons 

in the fixation process, ao allowing normal host root and nodule 

growth, and not to its presence as a key factor determing nodulation 

and fixation. 

b. Other elements 

Both the aero and micronutrients ordinari1y r quired tor normal 

plant and bacterial growth are essential for proper nodulation. 

However some elements can interact and are specifically required 

tor fization. Hewitt (1958) and Hallaworth (1958) haYe reTiewed the 

llicronutrient requirements of legumes. 

Sneral worker• cited b7 tun (19.56) have shown that phosphorus 

ia essential for aormal growth and that an adequate pply enhances 

the rate of infection aa well aa increasing nodule dena1t7. Potassium 

atimulatea infection uad•~ adequate phoephorua auppl7 but ls inhibito17 

when phoaphorua ia low (Lynoh & ear• 1951)J nitrogen fixation i• 

•imilarl.7 affeoted. 
A copper requir ment for noc!ulation baa een report• (Balleworth 

19581 reenwood 1958). At~ ppa oopper, subterranean cl Yff forma 
large nodule• cluaterecl on the main root, whereas at ooncentratione 

lower than 0.006ft ppa the clustered fora diaappeara and root growth 



ia poor. The nodules are amall and ineffective. Greenwood alao reported 

an interaction between phosphorue and copper. 

Molybdenum and sulphur were shown to have some interactions by 

Anderson & Spencer (1949). I1'1adequate molybdenum led to a demand 

tor nitrogen by the plant (subterranean clover), which could not be 

met by further nodula tion, whereas a deficiency in ulphur led to a 

smaller host demand for nitrogen with an impaired protein synthesi • 

Nodulation in molybdenwn-defieient subterranean clover was just ae good 

as with adequate molybdenum supply and plants with adequate sulphur 

had more nodules and a higher percentage nitrogen in their tissues. 

The authors oonciluded that molybdenum was implicated in the filtation 

process. Hewitt (1959) also suggested that molybdenum could be involved 

in the fixation process, since higher concentrations of molybdenum 

were required by legumes when nitrogen was supplied in the elemental 

form. It is now certain that molybdenum is associated with at least 

one of the nitrogenaae en~yme fractions (Burris 1969 and Bergeraen 

1969). 
In the tropics N wton & Said (1957, quoted by Masefield 1958) 

found that addition of molybdenum improYed nodulation of groundnuts 

( Arachis &POgea) on the latoaol soils of JaY&I the possibility of 

improved host root growth due to the addition of molybdenum , hence 

providing ore nodulation sites, could not be ruled out in this case . 

Calcium was found by Loneragan & Dowling (1958) to interact with 

pB. At pH 4 or below no nodules were formed on subterranean cloYer at 

any calcium concentrations, and at a calcium concentration of 0.01 M 

or leas no nodules• re formed between Ph 3.5 - 6.o. llhisobium did 

not respond to caloiwa (i.e. forming nodules) until pH reach d 5.0. 

and the apecific effect of calciua on fixation was aasociate4 with 

ita innuence n the metabolites goin to the nodules rather than 

di.reotl7 in the fixation proceae. Bowewer oaloius is required at 

higher levels tha11 those for either symbiont (Loneragan 19.59). 

rria (1959) not 4 that caloiua was, at moat, a micronut~ient tor all 

the aubtropical bacterial atraina he atud1e, hence casting 4lo bt on 

~ta role aa a macronutrient for the rhisobiml aa waa atate4 b7 McCalla 

·(19}7, quote4 1>7 Raggio I: Raggio 1962). fhat there waa an abaolute 

requirement for oaloiua by the rhiaobi waa 4eao trat• ,1 Yincent 

( 1962), who ahowed that a d•tic:ienoy iD oaloiua led to abnoraal cell 

wall formation in the ·baoteriua. 

!he eoncept that tropical l•gum•• did not need lime was firat 

propoeed by Norria (1956). Thi.a waa later aupported b7 Parker & 
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. Oakle7 (1956) who found that lime pelleting reduced nodulation 1n 

lupine (L1 luteue) • eerradella, ao7abean and cowp••• The b.eneficial 

effects of liming Pueraria pha.aeoloidea on an acid soil reported by 

Samuel & Landran (1952, quoted by Norris 1958) might be due to the 

tempora17 release of trace elements, e.g. molybdenum, and not a direct 

response to calciwa.. or pH i!£ !!• Tropical legumes, e.g. Deamodium, 

Sblosanthea, Indigofera and Centroaema are reported (Andre~& Norris 

1961) to be more efficient in extracting calcium and phosphorus from 

low fertility soils than most tempera~e legumes. 

Boron is essential for nodule development and when absent, infect­

ion is prevented (Mulder 1948, quoted by Nutman 1956). With low levels 

of boron, nodule• are initiated (infection is not impeded), but 

nodular development is arrested resulting in ineffectiveness. 1'he 

requirement for boron in the development of the vascular tissue in 

the nodule could be involYed (Brenchley & Thornton 1925, quoted by 

Nutman 1956). There is no evidence to suggest that boron is required 

specifically for fixation, although Nicholas (1963b) suggested that 

it could be involved indirectly in a yet UD.known way. 

Cobalt was found to be essential to both symbionts for the 

synthesis of vitamin B12 which in turn is essential to ensfaic systems 

(Stewart 1966). Evidence summarised by Reisenaner (1960) showed that 

lucerne with adequate cobalt fixed more nitrogen than the minus cobalt 

control. Cobalt is also involved in the synthesis of leghMmoglobin, 

hence a direct role in the fixation process cannot be excluded 

(Stewart 1966). 
Virtanen (1~6, quoted by van Schre•en 1958) atated that iron 

could be required for the ayntheaia of leghaemoglobin, and he further 

suggested that iron could be linked to the ensyme systems in the 

fixation proceaa (Virtanen 1955). The recent work on the propertiea 

of the ensymea invol•ed aupporta theae vi••• (see section 1.2.1.2.0) 

o. pi 

The effect of pB mq be threefold, i.e. the effect of acidity 

per!!• the effect of a oonaequent deficiency of molybdenua, phosphorus, 

carbon cliozide and calcium, or, the consequent toxicity in aoila with 

high leYela of aluminium and manganeae (Hallaworth 19581 Mulder, Lie, 

Dils & Houwera 1966) • 
.Acidity will influence the aurrtval of the rhiaobiua. Whit• 

clOYer rhisoblua (R. trifolii) could tolerate a aoil pH of 5.5 or 

lees but that of lucerne ~R. meliloti) prefe.rred a pH of 6.o or higher 
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(Whi.t,e 1966). At pH below,. the growth of the host root (lucerne) 

could be restricted hence adversely affecting nodulation 

1958). HoweYer this may not apply to tropical legumes. 

(1956, 1959) cited evidence to support his hypothesis of 

(Ballsworth 

:Norris, 

the origin 

of the legume-rhiaob1um symbiosis• by showing that the tropical legumes 

(which are the more primiti•• forms) thrived in an acid soil. Munns 

(1968) and Lie (1969) found that acidity could epecifiea117 inhibit 

noc.ulation but the effect was reduced if the test plants were exposed 

for a short period immediately after inoculation to a nutrient solution 

of neutral reactions. Once the infection had taken place, nodule 

development and nitrogen fixation could proceed under the low pH. 

Under increasing acidity the levels of molybdenum, phosphorus, 

calcium and carbon dioxide will decreasa whereas those of aluminium 

and manganese will increase, resulting in adverse effects on the growth 

of the symbionts. These aspects of legume nutrition have been reviewed 

by R~rison (1958), Rorison, Sutton & Hallsworth (1958) and Mulder, 

Lie, Dilz & Houwers (1966). 

d. Toxic chemicals 

'l'he adverse effects of' toxic chemicals have been reviewed by 

Fletcher & Alcon (1958) and Masterton & Sherwood (1970). 

Kerr & Klingman (1960) reported that dalapon at 6 lb per acre 

or less did not inhibit nodulation in birdsfoot trefoil. Chlorinated 

hydrocarbon insecticides (DDT, dieldrin and telodrin) at low levels 

did not affect nodulation in lucerne and aoyabean, whereas endrin 

reduced the nodule size. However, 2, 4 -D and MCPA at 0.1 pp were 

reported to reduce the amount of nitrogen fixed in lucerne eyen when 

the growth and nodulation were not apparentlJ atf ected { 11sson 1957, 

quoted by Fl•toher and Ueon 1958). This could have been due to the 
fact that, under 2 14 -I>, the rhiaobia took the form of gru poeitive 

roda ra her than the usual long rode (Payre & Fult 1947, quoted by 

J'le tcher & Alcon 1958) • 

Anti 1o~ica prDduced y eoil fungi can cause nodulatioa failur 

in aubterran•an clover grown in the field (Holland 8r Parker 1966). 
Toxic effecta of legume aeed ooata to rhiao la were de onatrated b7 

2.'hoapao {1960) and Bowen (1961). The toxin.a 1n the whi.te clover 

.aeed coats were iaolat•d and identified aa myricetin ·and a tannin 

(or a mixture of tannins, Masterton & Sherwood 1970}. DifteNnoea 

in the egree of t zicity between different legume •••cla waa noted 

by Masterton (1965, quoted by Haaterton & Sherwood 1970). 
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, . ~. , . Peat and disease aBJ>!Cts 

White clover infected with clover phyllody Tirus was found t 

produce small , white and ineffective nodules (Joshi 1967) . Eeelworm 

attacks on legumes could be quite eerioua especially in the tropics , 

losses up to 5~ in nodulation were reported in a plot of Phaaeolua 

by Masefield (1958) . Competition for nutrients and damage to the 

root sy tema were so e of the cauaes suggest d. Masefield also noted 

that , in temperate regions , the nodules of peas , beans and lupina are 

a t tacked by the lanae of Sitona species. 
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CHAPTER II 

EXPERIMENTAL 

Tb.e exp~riment waa carried out between 15th December 1969 and 

29th March 1970 in a glasshouae at Massey University, Palmerston North , 

New Zealand (latitude 48° ,o•). 

MATERIALS 

Plante 

'l'he heterogeneous nature of the commercial New Zealand certified 

white cloYer (Trifolium repena !•), could giYe rise to morphologically 

different plante which would increase the range of variationa. To 

reduce thia possible source of Yariation a line aa homogeneous ae 

possible waa therefore desirable. White clOTer strain C 1831, with 

1~ open P.Ollination was kindly supplied by Dr. P .C. Barclay (D.S.I.R. 

Palmerston North}. 

From fiYe aeparate weighinga the aYerage weight for one hundred 

aeeda wae found to be 0.053 g, giYing an aYerage Yalue of 5.3 mg per 

seed. 'l'he percentage nitrogen of these seeds was later found to be 

4. ,,s. 
Prior to the commencement of the eXperiment, a germination test 

was conducted in a Copenhagen germinat~r. The temperature wa.e set at 

22° - 23°c. AYerage germination percentage wae ?~% on day 3 and 94% 
on day 7• 

1.2 Rhisobiua 
Bhi.ao~iua atraina C 5118 and C 514/1, (Rhisobiua trifelll Dang.) 

with k.Dowa effectiTen••• were kindly aupplied by Mr. Greenwood (D.S.I.R. 

Palmeraton Borth). A mixtUN of the two etraina n.a recommended for 

the inoculation of the plants. 

The oulturea ftN reo•iYed oa 5th Deo•b•r 1969 and were subcultured 

regul.arly at fortnightly' btenala oa to nutrient a1op••• The nutrient 

MdiWI uaed tor the rhi.sobial culture• ia preaented b Appendix II.1. 
ID the later atagea, atandard Baoto nutrient agar wu :uaed 

in.atead of the abo~e aixture. J>etail.8 of the iJloculatioa prooedurea 

will be cliacuaaed under aectioa 4.1 of this ohapter. 
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Pumice 
Pinti grade ateriliaed pumice (97.' within the range of 0.5 - 2.J) 1111) 

obtained from a commercial firm was uaed. A week prior to the commence­

ment of the experiment the pumice waa resterilised, using an electric 

heat aterilieer, heating to 185°F tor four hours. 

Approxi.Jllately 1.3 - 1.4 kg of the sterilised pumice was used per 

pot, ~hich after elight shaking left about one inch clearance between 

the top of the •aoil' surface to the edge of the pot. 

1.4 Pota -
Black plaatic pots measuring 7" x 7" on top, 611 at the base 

and ?i" high were ued. For dra1.nage there was on• basal hole and 

eight aide alita1 the slits alone were found to be adequate hence the 

basal hole was sealed with plastic tap••• 

2. EXPZRIMENTAL 

2.1 Design 

A randomised split-plot design was used, with two leTela of 

light intensity {main plot) and two levels of defoliation. The plants 

were collected on six sequential harvest dates, which •ere 3, 6, 10, 15, 

?2 and 29 days from treatment. i1b.e sub-plot consisted of a single 

plant growing in one pot. There were seven replicates. Details of 

randomisation procedures will be discussed in section 2.3 of this 

chapter. 

I.gout 
ho hundred pot• were planted, the extras being uaed aa spares 

for replacement•• !he general layout of the glaashouae ia shown in 

Diagraa 1. Eaoh of the four benohea in the glaaahouae •aa cliTidad 

into two aeotiona, aeotiona I to VII were the MTen replicate•, and 

the balance (aal"ked •.. in Diagram 1) wu uaed to hold the apar• pots. 

Polythene aheeta ••r• placed over the benoh•• which were covered 

rlth about one inch of sand, all the pota aitting on ~nverted pe~ri 

diahea, hence were not in dir•ct oontaot with the polythene sheet•• 

The pot• were at leaat fiye inch•• ••aJ fro• each other~ ao reducing 
mutua1 ahadillg and enauring aiailar edge effects. The general la7out 

of the pots 1• aho1'1l in Plat•• 1 and 2. 
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DIAGRAM 1 General layout of the glasshouse 
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2. , Randomisation f the •mrtment 
Within each replicate the main pl ot waa randomly al.locat•d t 

either the light or the ahade treatment• , and the twelve pota within 

the sub- plot were al.so randomly allocated to either the undefoliated or 

the defoliated treatments . auch that there were six pots for each 

sub- plot treatm nt . The pots wer numbered and later they were rando ly 

selec ted for the aix sequential harvest dates. 

Prior to the commencement of the tr~atment all the plants r ceived 

similar care and handling. From week 2 until the end of the experiment 

the pots were shifted Yery second day to a new position (pot 1 was 

moved to the position of pot 2 , which was moved to that of pot 3 •••• 

and pot 12 waa moved to the Tacancy left by pot 1 ) . Thie minimised 

localised effects like sun- streaks and differences in drip feed rates . 
0 Each time the pots were mo•ed they were also rotated 90 hence not 

only were their positions but also their directions changed regul.arly. 

Trea tments 

2. 4.1 Light 

Two leYels of intenaity were imposed; 

a) natural illumination under the glaashouae , which was approximately 

26~ of natural day light in the open , and 

b) a lower intensity , u ing black screens which reduced the illumination 

to approximately 58% of that in (a) . 

The intensity was measured by a selenium sense cell light meter (Plat 3), 
and aa the two sensors (head 1 and head 3) differed slightly in their 

sensitivity all readings were oorrected accordingly. Figure II .1 

ahowa the calibration of the two enaors against an Eppley pyrrheliometer 

(from Plant Physiology Dirlalon , D. S. I . R. Palmerston North) . 

During the cour e of the experiment fiye light readinga were taken; 

fore eh re cling head 1 was placed in a horisontal plane at ground 

leTel. under the noon aun, and he d 3 was placed in a horizontal plane 

leYel with the foliage. Within each plot , readinga were taken from 

thr•e different p itiomn ' inner•, ' aid' and •outer• poaitiona in 

line with the pots along the bench and the ean of theae r dtnga was 

ueed for the intensity calculation. fll• poaitions are aho1m in Diagr 

Auuming there waa no deteriorat~on 1n th• aelen1um cells the 

two l•••la ot light intensity 1n terms of a . T. corr ted to that of 

Epple7 pyrrhel1ometer and expreaaed aa percentage of natural 

1llwaination at nooa on a alllllq dq are preaented in fable n.,. 

1 . 
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Figure -II.1 Calibration of light meter reading 
against standard Eppley pyrheliometer 

ead 3 Y:.1 • 0798 X 

Head 1 
Y:0.9063 X 

10 20 30 40 50 60 70 80 90 100 

Li ght meter reading (m.ohm) 

Figure II.2 Averaee w0cluy rnl'lxirn, minimum and 
lli2.QJl o.ir tc1ripcroturos, pot temperature, 
and relative humidity. 

Max: " Min: • Noon: o Pot: Cl . 

1 2 3 4 5 · 6 7 8 9 10 11 12 13 14 
Weeks from ge:nnination 



Table II.1 Ligb• 1ntena1t7 readinga (m. v. ) 

Block Fiel.4 Und r ~ to Under ~ to ,., i.n 

glas field ahad• field ehade* 

I 6. 33 1. 76 27. 8 o. So 12. 6 45. 3 
II 6. 38 1.6' 25. 9 0 . 81 12. 7 48. 9 

III 6. 45 1. 89 29. 3 0. 95 1'4-. 8 50. 1+ 
IV 6. 46 1. 66 25. 7 1. 2'+ 19. 2 74 . 8 

V 6. 48 1 . 61 24 . 9 o.84 1:, . 0 .52. 4 

VI 6. 54 1.~ 25. 1 1 . 18 18. 0 71 . 8 
VII 6 • .51 1. 45 22 . 3 0. 90 13.8 61.9 . 

A..-erage 6. 45 1. 67 25. 8 0. 96 14. 9 57. 9 

• Transmission tuough black acnen 

Readings wer taken between 11 . 30 a • • and 12. 30 p. m. on a 

'cloudless• day . 

2.~. 2 Defoliatioa 
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Two leyel of defoliation were imposed• uncut and cut. In the 

cut tr atment , all 1 avea aboTe 0. 3 on the Carlson scale (Carlson 1966a) , 
were removed by cutting off at th baae of th petiole. Appendix 

II . 3 illwstratea the Carlaon scale. 

Although the cut treatment was anere , 1n a preliminary trial all 

the test pl.allt recovered remarkabl:, .. u,- furthermore thJ.a made the 

treatment more meaningful in tel'llla of quantit7 of photoa:,nth tic tiaaue 

1 ft on th plant for regrowth. 

,. 
,., 

• ompoaitioa of the ni~ gen fne nu\rient lutio 1a presented 

la A pendla II. a. rt the late"!' part ot the •ape 

of aa k ufi.u• aymp,t-• ( detail• ia. U ,.. ,.2 of thu chapter) , 

a 0 .1 B avtn.111m vo •ta • Alt <•• eetn. i f•nic d1 aalt) at 
20 al pV Utn t · bi.eat lutio waa l el.: •d t he a trient ne17 

•• ODd dq. 
· ill · \he aY.ailab1Ut t both trienta (lallawol'th 1958) and 
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wat•r (Masefi.eld 1958) can 1nnue11oe th• pro.ceu of nodulation, a 

ayatem of intermi.ttent drip feeding waa de"fiae-d. A system of tubi.nge 

was set up, part of which can be seen in Plate 2f a diaphragm pwn.p waa 

wsed to pump the nutrient aolution into the reeenoir which was a 

twenty-litre-capacity plastic container on the top of the roof of the 
glaaahouae. A aeries of tubings with decreasing diameter linked the 

reservo~r to the outlets. Each aet of outlets could feed six pots 

aimultaneowsly. The rate of drip feeding waa regulated by a screw clip 

which could be adjusted to maintain a reasonably uniform rate. The 

actual now rate and quantity of nutrient used are diacusaed under 

section 4.3.1 of this chapter. The whole system was punted with two 

layers of paint , one of black which prevented algal growth inside the 

tube•, and one of silver which reflected some of the light and helped to 

keep the tubinga cool. 

Temperature and humitiitz eontrol 
To keep the glasshouse cool during the summer, corrective measures 

including spraying the glasshouse root with white paint , watering the 

concret pathway in the glasshouse and removing the insect screens 

at the aide of the glasshouse were carried out. In addition a car 

fan driven by a 1 h.p. A.C. motor was installed underneath one of the 

benches and thermostatically controlled at 70°F. A jet o! f~ne water 

was placed in front of the fan so enhancing cooling and producing an 

acceptable level of relative humiilty- (60 • 75~). On exceptionally 

hot days a sprinkler was placed on the roof top which also helped to 

reduce the air temperature within the glasshouse. The average weekly 

maximum and minimum temperatures are presented in Figure II.21 only 
on two daya, both for a ehort period, clid the a1r tem~rature in the 

glaaehowse rise to 92°F. 
A lqer of aiaalcraft waa atapled. on t the pota aich partq 

renected the light away. !h-e a-rerage pot tempera ure rangecl from 

64° - 77 F, while on three oo aat.ona only• the t•peratun reaohe4 
82° F. Another eheet of eiaalcratt wa• placed. on the kp of the 

pualce1 th1a had. an addition.al function ot prev•nt algal growth on 

the \op of the p ••• 

,., 
att-pt waa aad• to laonase the ligh\ ~enalty 111.thtn the 

gluahouett. he to l'Uaonabl.J aueceaatul. t•peratu. control, the 
whit• pd.at oa ta• roof waa thinned al1ght-q. thia help•cl t:o inerea.n 
the Ulatnatton in th• glaaahouae. Bowner aotN etiolatioa of the 



pe'tiolea were obaernd, and the leaTea ••r• paler than thoae fna 
field grown plante. 

,._ GROWXNG OF ExPERIMENTAL PLANTS 

4.1 hrmillation and 1nooulat1on 
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On 14th December 1969 a euapenaion of the two rhisobiwa eultuna• 
waa used to aoak the scarified aeede C>Yernight. Only large •••aa 
were selected for germination in the Copenhagen germinator. After 

twenty tour hours all the eeeda showing racliclee were aeleot-ed and ln 

each pot four such germinating seede were planted. Seedlings with roots 

longer than 2 mm were not uaed ao as to aYo"id possible damage to the root 

system. 

To ensure an adequate supply of Rhizooium in the pumice, fi•• 

further inoculations were given, one during planting and four more at 

weekly intervals until the plants w4b'e tour weeks old. In all caau 

5 ml of a diluted inoculant mixture made from one ••~k old cultures 

waa giYen to each pot. From plate count determinations, the average 
14 number of bacteria per MeCartney bottle was found to be about 10 , 

this was diluted to 200 ml therefore each .5 ml lot would haye approximat.­

ly 2.5 x 10
12 cells. 

(• 20 ml of the auapenaion were made tro four bottles (two from each 

strain) each of which wa.a shaken ri.th 5 ml of distilled water.) 

4.2 Methods of planting, th1nn1ng and oulli.y for evezmeas of ai.ae 

All gerznnating •••da were picked up by touching them with a 

needle, and planted about quart.er inch deep into the pumice. The 

tour aHda ••N plan~ecl approx:t•atttly o» and a half illchu apU't and the 

••ecllinga nre obune withia fort1-eight houn af er p1a tlag. 
Seedlinga eOld.ag through after the fourth~ weN U.car d • .1, 

the encl of wek 1 (22.ncl Deo•lt•r 1969) all the pots ffN thf.nned to 
thN• p1anta per pot, and by nek 2 (29th ».cube~ 1969) whe the 

aoaofol1ate 1-af waa opeud, th•J ••.n thtnud t.o t• plaata pe1- pot. 
!binniag - 4oae b7 digglq the not. 11p an.cl aald.ag nn ao bl'Ok•a roo-t 
- l.eft 1a the pllll1 • 7 hebing whether the root ap wu at:111 t11.t:a:et. 
A.11 trauplaD'94 ••e4llnga •en aYoicled u bauplaaliag ould duage 

the root ayat••• IJlea the tirat triloUa._ led ... fl11.17 opu•cl the 

pot waa thinud to a aingle plail't. !h1a waa oaplate at•• J. 
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Until week 3 oulling was done within •ach pot and later, plant• with 

similar oizea were grouped together into different blocks. Block II, 

IV and VI had larger plants than I, III and v, whereas block VII had 

the amal.leat of all. The selection was from a pool of two hundred 

plants. This grouping •Quld definitely increaee the significant 

difference between replicates in the analysis of variance but withi.n 

each replicate the Tariation would be r duced. After week 8 (9th 
February 1970) no more regrouping was done. 

4.3 Care of planta during experiment 

4.3.1 Nutrient supply 
During week 1 th plants were given 10 ml of quarter strength 

nutrient solution by hand three times per day (9.00 a.m., 1.00 p.m. 

and 5.00 p.m.). This was increased to half strength at week 2 1 but 

by the end of week 2 aome leaTes were observed to be rather pale. 

Since this could have been due to exhaustion of the seed nitrogen, low 

light intenait7 or inadequate nutrient strength or a combination of 

factors, it was decided to give the plants full nutrient strength as 

from week 3 at four times per day (9.00 a.m., 11.00 a.m., 2.00 p.m., 

and 5.00 p.m.). The colour of the leaves darkened in .about three days. 

Drip feeding started at the end of week 3, three times daily 

(9.00 a.m., 1.00 p.m. and 5.00 p.m.). Each time 10 litres of full 

strength nutrient wer pumped into the reservoir. From a number of 

collections made at randomly selected outlets, an average of 60 ml per 

pot was collected, the range waa ~O - 70 ml. The drip lasted for about 

ten minutes each watering. On every third day 20 litres of water were 

run through the eyste s nuahing the rooting medium of accuaulating 

aalta. The nutri nt aelution fell onto a glass alide in the pot (aee 

Plate 4 tor details), whioh fa ilitated eTen apreading. Some alight 

scorching waa baen•d a lea••• that had come bto direct contact 

with the nutrient aolutloa. 

~.3.2 J!!t1cienoy appt 
011 week It a deficiency a7aptoa waa baened oa a few lea••• which 

had typi.call7 inteneinal 7elloring ri.th Teiu tlark green. Iron 

deficiency waa suspected ainoe iro deticieno,- had been coll!Donly 

r p rte4 in glaaaboue esperimenta even when '11• nutrient contained 

an adequate quantity of iron ( ewitt 1952). Consequently an iron 
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supplement (sodium ironetate salt) was given during one of the routine 

feedings every econd day. The deficiency symptom disappeared in about 

a week. 

However the general paleness of some of the leaves coupled with 

slightly etiolated petioles were still evident on week 6. ~is was 

attributed to the low light intensity inside the glasshouse. 

Insect damage 

Clover mites (Bryobia spp.) were observed on some plants near to 

the edge of the glasshouse at week 5. Malathion at the rate of one 

tablespoon per gallon was used to spra:J the plant . This provided 

satisfactory control. 

13 were given. 

Thereafter three more sprays on week?, 9, and 

5. CONDUCT OF THE ACTUAL EXPERIMENT 

Treatment started at week 10 (23rd February 1970) when the average 

leaf area of the pl ants was 182 cm2• For the light tre tments the 

shades ( as shown in Pl ate 1), were put into place on the night of 

22nd February 1970. These shades were removed at the end of the 

experiment. On the morning of 23rd February 1970, all the plants 

allocated to the •cut• treatment were defoliated. Plate 5 shows the 

quantity of foliage 1 ft as compared with the •uncut• treatment, and 

Plate 6 shows th regrowth at harvest 1 (day 3). No further defoliation 

was imposed. 

Ae shown in the calendar of work (Appendix II. 4), harvest dates 

were on 3, 6, 10 , 15 , 22 and 29 days after treatment. An increasing 

harvesting interval system was adopted instead of an qual interval, 

becaus the shorter intervals immediately after the treatment would help 

to detect more accurately the plant re pons e to the tr at ents. 

6. PREPARATION OF MATERIAL AND METHOD OF ANALYSIS 

6.1 Genera1 

Du to th t factor in th ac tyl ne reduction te t (the nodules 

on the w shed ro ta cou1d lo e their aotiYitie it left for too long)· 

replicates I, II, III and IV were don. in the orning and replicates V1 

VI and VII w r one in the afternoon. L f Na and l f number 

were taken the evening before th harvest. 

Pumice was Yery car fully wa hed fr.o the roots. It wa !ound that 

the best way was to dir et a not-too- trong jet of• ter into the pot 
until the noszl r ached the botto of the pot, so fl hing out the 
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pumice. The plant was lifted out and the remainder of the pumice 

washed off by dipping the roots into a bucket of water and shaking 

gently. Pumice particles still attached to the roots were remOYed 

during nodule counting. 

After cutting the roots into inch segments, the first and the 

aecond sepents were used in the acetyl ne reduction test. Later, nodule 

counts were taken on all the segments, after which the tops, roots 

and nodules were placed in the oven for dry weight det rminations. 

Pumice and leachate 

Samples of pumice and leachate were collected for nitrog n deter­

mination. A all •olume of pumice was collected fro the centre of 

the pot. It was oYen dried (85° - 95° C) and stored in a dniccato~. 

The leachate waa oollected by leaching the pot with 150 ml of the 

nutrient solution one hour prior to washing of the plants. The leachate 

was stored in th refrigerator with 1 ml of a 1~ toluene. 

6.3 Leaf area and l af number 

Leaf area estimation was based on the photosynthetic standards 

of illiama, Evans & Ludwig (1964). The lea f area standards were cut 

out and pasted onto a stick and the ratings deter~~ned by placing the 

leaf ov r the appropriat standard. The r a tings and their respective 

areas are presented in Appendix 11.5. Leaf numbers were calculated from 

the sum of the individual ratings. 

6.4 Drz weight• 
Dry weights of top, root.a and nodules were taken after drying 

th material 1n the oven at 85° • 95 C tor twent1-tour houra. Th• 

relati•• growth rate• were calculated aa ahovn in Appendix II.6. 

ercentage nitrogen aeterminati.on 
I I 

For all plat material a aioro-Ijeldahl digeetioa unit wu uaed 

to determin t e nitro en eroentage. eh aample conaiated of 0.28 gm 

of ven dried material1 however for nodul•• the entire Uaaue maaa 

waa uaed. A aaoro-~jeldahl digeati a unit••• also waed tor the pumice 

and the leaohate. App•ndix II.? aummariaea the deta1.la of the ljeldahl 

digestion pri,oedurea. 



40 

6.6 Nodules 

Modulation 

A. General 

Modulation can be recorded either in terms of number of nodules 

which expresse the degree of host susceptibility to infection or the 

weight or size of these nodules which if considered with th ir duration, 

xpresses the degr e of nodule effectiveness. The number of nodules 

was recorded under •stae• and •colour• categori a. In addition nodule 

density per inch segment of the roots was also recorded. 

B. Nodule density 

During the preliminary investigation three possible wars of examin­

ing the pattern of nodule distribution were considered. Firstly, to 

identify each root eith r as the primary or the secondary root and to 

classify the nodules accordingly so giving the relative densities of 

the primary and secondary nodules. Secondly, the roots and nodules 

could be examined in eitua this would represent a spatial distribution. 

Thirdly, by cutting the roots (both tap and crown ·roots) into inch 

segments. The nodules from each inch-segment represent the nodule 

density within the segment as measured from the base of t he plant . 

Where stolon roots were found they were grouped separa•ely. 

After considering the number of plants per harvest (twenty-eight 

plants) and their sizes, the inch segsnent method was used. Appendix 

II.8 shows the numbering of the inch segments and the s paces they 

repre ent. 

c. Si•• and col ur 
The nodule• were grouped under three siz categori••• 

a) Lar • • o• r 3 mm ( easured along the longest axis) 

b) Medium• 1 • 3 

c) Small • und r 1 -

In• eh aiae c tegory there were two colour categorie 1 

1) Pink • less than halt of the nodule was green, 

11) Gree C ore than half of the nodul • green, it al.a 

incl de brown or d ~dule • 

The aiaea nre aeaaur d with the a14 fa illuminated agna 

•1•••rt later, etandarda were out out and ws d. The colour wu 
intenaitie by pusing a atr am ef c a1 gaa o•er the nodules fort•• 
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minute•, the carbon monoxide in the coal gas conYerted the leghaemoglobin 

into carboxyhaemoglobin and ao intensifying the colour (per. comm. 

A.G. Robertson). Plates 7 and 8 illustrate some of the 'pink' and 

'green• nodules. As it was difficult to determine the exact number 

of nodules in the small sise group (under 1 mm) the counts were taken 

to the nearest 101 and all the countings were done under a five inch 

magnifying glass. 

». Fresh and dry weights 

For each segment the freah weights of the nodules were taken 

after drying the nodules aeYeral times with blotting paper. The 

readings were taken to the nearest milligram. In the case of the 

nodules with aizee under 1 mm the average weight for ten such nodules 

was determined from a separate exercise, in which five weighing& of 

50 nodules r each were taken giving an average of 2.58 m. gm per ten 

nodules. This was rounded up to 3 m. gm per ten nodules. The dry 

weights of 100 small (under 1 mm) nodules were found to be 2 mg., 

hence nodule dry weight per plant was adjusted accordingly. 

6.6.2 Nitrogen fixation 

The rate of nitrogen fixation was evaluated using three separate 

methods. 

The first was the commonly used method of dividing the total 

plant nitrogen yield (after taking away the control nitrogen e.g. from 

seed and eoil) by the weight of the nodules and expressing the result 

as a daily rate according to the plant age ( Wilson 1940). In this 

method the rate of nitrogen fixation was assumed to be constant and 

that there were no lo sea either of plant material or nitrogen from the 

system. The nitrogen yield was determined by Xjeldahl digestion 

aasq. 
tt 

The aecond method was based upon the suggestion b7 Dobereiner 

(1966) who coapare4 the efficiency of nitrogen fixation by the nodulea 

from a regreaaion of log10 total plant nitrogen with the nodule weight. 

Using the equation of linear regreasion t •a+ bi, in which •t• 
repreaented the logarithll of total plant nitrogen, •x• the corresponding 

nodule weight and •a• the point on the Y - azi• where no nodule• were 

formed i.e. l g10 weight of the nitrogeD from •••d or aoil, he reasoned 

that the amount ot nitrogen fixed (ff)• Y • a, 

1 •••• 

t • NP + a 
ancl t •a+ bi 

Q • bi, where b waa the al.op• of the 
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ragr asion line (regression coefficient) , and could be used ae an 

efficiency indez for nitrogen fixati on. This efficiency index wa,s 

constant for each specie-a and wa.e independent of the environmental 

factors . Howe11er, Whiteman (1970b) pointed out that this linear 

relationship would on1y hold when both the plant and nodule w ights 

were increasing in paralle1, and would become curvilinear when nodule 

sloughing commeneed. 

The third method was .the acetylene reduction assay . Koch & Evans 

(1967) and Hardy and his colleagues (1968) first report d- a more 

precis method for determining the nitrogen fixing capabilities by 

measuring the rate of reduction of acetylene (C2B2 ) to ethylene (C2B4) 

by the nitrogenaae enzyme eystem. The reaction being specific, it can 

be used to measure the instantaneous activi\y of the nitrogenase 

system, in contrast to the other two methods which measure the int grated 

effects of nitrogen fixation over a certain time period. 

The information on plant nitrogen content required for the 

calculation of the first two methods was determined by the micro• 

Kjeldahl digestion mentioned in section 6. 5 of this chapter. Details 

of the acetylene reduction a.esay is presented in Appendix II . 9. 

STATISTICAL METHODS 

Analysis of variance 

A standard form of analysis of Tariance for split-plot was 'IUSed 

(Snedecor & Cochran 1967 pp 369) . 
In this the is for each variable only the mean squares for the 

ix harvests are presented in a summarised form. A computer program 

was written for the calculation of the split- plot analysis of variance 

which ia det iled in Appendix 2.10 . 

A further form of a.nal.1'•1a of v riance based upon a aplit- split• 

plot d sign, using the hane t dates as the additional. sub- sub- plot 

treat ent , was us d to analy-ae some variables as requir d. A odified 

c omputer progr obtained from the Applied Mathematica Departm nt 

(coded aa ANNA) wu used for the actual calculation. 

Transformation of d ta and decoding 

In parameters wh•r• the atandard deYiatioa in the origin l cale 

varie clir ctl.y as the mean , th values ar tranaformed into logarithms 

eo a to tabilise the T riance. Similarly , in counts e . g., nodu1e 

numbera , wh•r the Tarianc.e 1a preportional. to the mean , a square root 



transformation is uaed to stabilise the Yariance (Snedeoor Cochran 

1967). To avoid the problem of transforming very small Taluea (oth~r 

than zero) the data has been transformed as X x 100, where X 1a the 

original value. In the graphs the data has been presented aa log10 X 

or square root x. Where the data has been transformed, minimal 

amount of decoding is used. 

Coefficient of variation 

The calculation of coefficient of variation (C.V.) is as follows: 

c.v. • (aq rt (sub-plot error)/aub-plot mean) x 1~ 

For los.. 0 transformed data, the procedure is according to 

Snedecor & Cochran (1967 pp 330) 

7.3 Regression analysis 

Except for those regressions in the acetylene reduction assay 

all other regression fittings and comparisons between regression lines 

were carried out on the general statistical program (written jointly 

by Dr. F. Cock.ram and Professor R. Munford coded as STATC using the 

IBM 1600 computer). 

~ ... 
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CHAPTER III RESULTS 

For ease of discuasioa the reaulta haye been grouped under 

three sections a 1). plant gr~wth, 2). nodulation and 3). nitrogen 

fixation. 

PLANT GROWTH 

In this section results from leaf and plant dry weight measurements 

(top and rowt only) are presented. 

1.1 Leaf measurements 

The summaries of the within-harvest analysis of Yariance for 

total leaf area per plant, total number of leaves per pl&nt and 

average area per leaf are presented in Appendix III. 1.1. The 

highly significant differences between the means of the 'undefoliated' 

and •defoliated' plants need no explanation, hence only results of 

the 'light' treatment are discussed in the text. 

Light treatment 

Table III. 1.1 presents the mean total leaf area and nw:iber per 

plant. With the exception of leaf number, after three weeks (harvest 5), 
ther e was no indicatioa of significant effects on these characters 

due to shading (see section II. 2.5.1 for details of light i~tensity 

levels). 

The aYerage leaf aise in cm2 ha.a been plotted against time and 

is shown in Figure III. 1.1. AYerage leaf size increased with time 

and although there was a significant increase in leaf size of the 

shade-uncut (S/U) plants (a similar trend in the shade-cut (S/C) plants 

was statistically non-significant), the difference was partly due to 

a reduction ia leaf number under shading. This probably resulted 

1n the significant light x cutting (L x C) interaction at harvests 

3, 5 and 6 (lppentix III. 1.1.c . ) 

Plant dry wight meaauraanta 
Th• apreaaioa • relati•• growth rate• (RGJl) 1a ag/ag/day (for 

detail.a of calculation••• Appendix II.2) haa been uaed to 4escribe 

the dry weight change•• 1'he weight data wero tran.afora•• uing 

log10 (X z 100) prior to analy•i• of •,nano• and the summary ia 

presented ill Appendix III. 1.2. Table llI. 1.2 ahowa the aeane of 

the top ancl root try weight•• Figure llI. 1.2.1 and J'igure III. 1.2.2 

illustrate the aGR of the dry weight• under ahadi.Dg and defoliation 



reap•ctiYely. !he anal.7••• of variance t RGI meuurementa are 

pre•entH in ~endis III. 1.4e.. 

Light treatment 
ilthough the mean top and root dry weights in the 'shade' 

plant• were generally lower than those of the 'light• plants, atati tically 

eignifioant cliff'erenc.ea were detected only in hanest 5 (P< 0.05) in the 

top and ha.neat 5 (P< 0.01) and ha.neat 6 (P(0.01) 1n the root (Table 

III. 1.2). The top and root dry weights increaeed gradually oYer the 

experimental period, but the top increased at a decreasing rate (Figure 

III. 1.2.1.a), whereas the reYeree eituat1oa occurred for the root 

(Figure III. 1.2.1.b). Both the top and root RGR of the 'shade' plant• 

.. re lower than those of the 'light' plants, although the differences 

were not atatietically significant. 

1.2.2 Defoliation treat ent 

The ~op dry weight increased gradually OYer the experimental period 

but at a decreasing rate (Figure III. 1.2.2.a). The 'defoliated' plants 

had a slightly higher but statistically non-significant RGB than thoae of 

the 'undetoliated' plant•. For approximately 15 day the roots of th 

'defoliated' plant• had a lower RGR than those of the control 'undefoliated' 

plants, a etatietically significant difference being detected at day 10. 

B1 day 22 the RGR of the 'defoliated' plants (root dry weights) was 

similar to that of the •undefoliated' control (Figur III. 1.2.2.b). 

1.2.3 Light x Cutting interaction ( L x C) 

The tifferent reaponaes to shading by the 'undefoliated' and 

'defoliated' plants cauaed a significant L x C interaction for both top 

and root clry weight• at aeTeral haneata (Appendix III. 1.2). 

1.3 Top to root ratio (r{!) 
Th• f/1 r tio waa analyaed uaing the untransformed Talu.ea an the 

reeult preaentea 1a Appendix III. 1.J. 

1.3.1 Light treatment 

OYerall, ehadiag had no aignificant effeot oa the T/R ratio b•t 

there waa a w.aifora tn.oreu• 1a the rat1 up to harieat 4 ia the 'ahade• 

plant• whereas 1a the 1 11.ght' plant• the rate beoaae al er after the 2nd 

haneat (Ta~• III. 1.3). 
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1.3. 2 Defoliation treatment 

Ae expected, defoliation cauaed a gross reduction in T/R ratio 

oYer the entire experimental period (Table III . 1.3) and like that of 

the •shade ' plants , the ' defoliated ' plants had a more uniform rate of 

increase in the ratio up to harvest 4 whereas in the •undefoliated ' 

plants the ratio leYelled after harvest 2. 

1.,., Light x Cutting interaction 

There was a tendency (significant at harveet 5 (P< 0 . 05) ) 

for shading to haye different effects on th T/R ratio , depending on the 

defoliation treatment . Thus ahading tended to aggra•ate the drastic 

effects due to defoliation, whereas with undefoliated plants , shading 

decreased root growth relati••l.7 more than it d creased top growth 

(Table III . 1. 2) causing an apparent increaa in T/R ratio (Table III . 1 . 3)., 



Tabl e III . 1 . 1 
a. ). 

Leaf measurements 

2 
Loc;10 leaf area per r, l ant ( cm ) 

IJfor vos t I 1(3)/; 2 (6) 

jTreatment 

'Licht 1. 983L~ 2.11 38 

'Shade 1 • 94 78 2. 1542 
ns ns 

b ). 

So::'.' t l ec.f number pe r p l rint ++ 
Light 5. L~ 1 5 .95 
Shade 5 . 32 5. 87 

ns ns 

3 ( 1 0) 

2. 3861 
2.3595 

ns 

7. 06 
7.03 

ns 

I 

L~t15i 5t22 ; 

2.4687 2.6969 

2.4713 2. 6325 
ns ns 

8 .34 10.37 
I 

8.22 8.78 
ns .. .,, 

# Figures in paren t hesis are· days from treatment 

+ Fbr all re su lts in the text 
-: :--::- = P< o. 01 ; ~~= P< o. 05 ; ns = not significant 

4+ Sqrt= squar e root 

Figure III. 1 • 1 Av er age l eaf size (L X C interac tion ) 

L/U 1 L/C ---- 2 3 / U ----. 3 

6t29) 
I 

2.7665 
2.7828 

ns + 

11. 01 
10.03 

ns 

S/C ------- 4 

a.o 
_:.- 3 

"' ~ 
..... 

--"' C, -
.... .... 
CL 

6-0 

2.0 

3 6 

HARVEST 2 

---/ 
/ 

1 I 

10 15 22 29 

Do.ys from treatment 

3 5 



Table III.1 . 2 Dry weight measurements 
a) • 

Log10 t op dry wei ghts (mg ) 

Har vest 
Treatment 
Li ght 
Shade 

Uncut 
Cut 

b ). 

Log1 0 

Li ght 
Shade 

Uncut 
i · cu t 

root 

1 ( 3 ) 

2.9582 
2. 9312 

ns 

3. 2403 
2. 6L~ 90 

•::--::-

dry wei c;hts 
r 

12 . 5280 
2. L~766 

ns 
2 . 5869 

2 (6 ) 

3.0468 
3. OOL~5 

ns 

3. 2996 
2.751 7 

.. ;:-•: :-

(mg ) 
I I 2. LJ_ 8 39 

2. L~577 
ns 

2. 5357 

ns 

3 ( 1 0) L~(15) 

3. 2308 3. 3469 
3. 1223 3. 2804 

ns ns 

3. 4573 3. 5690 
2. 8958 3.0584 

-;:--::- .. ;:-::-

2 . 5920 2. 6031 
2 . 4724 2. 5402 

ns ns 
2 . 6536 2.7137 
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5(22) 6(29) 

3. 5858 3.6035 
3. 4043 3.5150 

-;: .. ns 

3.7694 3.7955 
3.2208 3.3230 

-::-:i" -;:--;~ 

2.7989 2. 8493 
2. 6587 2.7 094 

ns ns 
2. 8949 2.9037 

Table I I I. 1.3 Untran s f ormed me ans of t on t o ro o· t r a t i o 

Har vest 1 ( 3 ) 2 (6 ) 3 ( 10) L~ (15) 5 (22 ) 6(29) 
Treatment I 
Li ght 3. 13 L~ . 70 4 .• 71 5 . 66 6. 27 6.12 

Shade 3. 15 3. 86 L~ . 82 6 . 07 5.95 6.70 
ns ns ns ns ns ns 

Uncut L~ . 53 6.30 6. 44 7. 42 7.52 7. 87 . 
Cut 1.74 2.26 3.10 4 . 31 4.70 4.95 

-::~~ ~: .. -:r -:~-;: ... -:~-::- ~i"-::• ~:-~} 
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FIGURE 
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2 . NODULATIOM 

The nodulation data are presented in tera• of nodule nuber, 

nodul.e weight and •••rage weight per nodule on a •per plant • baaia and 

for the former two components also on a •per inch' buia. In addition, 

the number of ' pi.Dk• and ' green• nodules ha•• been grouped on a ' per 

inch' baaia. 

2. 1 Modul.e number• 

2.1.1 Modul.e number• per plant 
Th••• data were tranaformed (sqrt (~..x 100) ) for the analysi• of 

Yariance. The summary of the analy•i• i• preaented ia Append.ix Ill. 2 . 1 , 

and only the tranaformed (Sqrt X) meana are preaented in the text. 

2.1.1 .1 Light treatment 

The total nodule number of both ' light• and ' ahade ' plants 

increased steadily oTer the experimental period (Figure III . 2. 1. a) 

the increase being due mainly to nodules in the medium category 

(figure. III . 2.1.c). With time , there was a marked increaae (from 

approximately 2~ at haneat 1 to 5% at harTest 6 in the light- uncut 

plants) in the proportion of medium nodules , whereas both numbers of 

small and large nodule• were reduced with time (small nodules decreased 

from 52% to 3~ and that of the large nodules decreased from 1 '7;i to ~ 

for the same time period) . 

The effect of shading on nodule numbers became apparent from 

harTeat 3 (10 days after commencement of treatment) , with a reduction 

in the number• of large and medium but not in the number of small 

nodul••• 

2. 1.1 .2 Defoliation treatment 

Although the total nllllber of nodulea in the ' w:a.d•foliated ' and 

the ' defoliated ' plant• inoreaaed with time , defoliation caused a gross 

reduotion in nodule nubera la all oategori•• (Figure III. 2. 2) . 

Apart tr011 the abaolute l•• of nodule nuber which wu apparent e••n 

at bar.eat 1, and a ••tr lower rate of Mtiua nodule fonaat1on in the 

'defoliated' plant• at haneat ~ onwarda, the OYerall pattern. ia the 

change• of nodule nuaber for all categori•• waa roughly aiail.ar to 

that 4eaoribe4 for the light treataent. 
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2.1.1.3 Light z outting interaction 
lfo significant L z C interactiou were det.cted tor total, aedlua 

and em.all nodule nuabers. Row•••r there was a significant (P< 0.05) 

interaction at hanest 3 for the large nodule numbera. This could ha•• 
been caused by a delay for about a week in nodule nWDber reduction 

in the ahade-cut plante. Figure III. 2.2 ~lluatratea the interaction, 

from which aDother interesting point emerges. Although there waa a 

groee reduction iD the number of large nodules under the light-cut 

regime (which waa ••ident in leas than 3 days from defoliation), the 

number remai.ned relati•el.y ataole with tiae1 whereas under the shade­

cut regime there was a drastic and more gradua1 reduction in the number 

of large nodules 10 days after the commencement of the treatment. 

2.1.2 Nodule number per inch 
Nodule distribution patterns for the ~our treatments are shown 

in Figure III. 2.4. Three interesting points emerged from these 

three-dimensional graphs: 
1) At the early stages, the number of nodules was highest immediately 

below the crown, but as the plant grew the highest density (number) 

shifted towards a region 3 - 6 inches away from the crown. The majority 

of these nodules were on the crown roots or on laterals arisen from the 

region near the crown. 
2) In the control (light-uncut) plants there were two di.stinct •steps' 

occurring between haneete 2 & 3 and haneata ~ & 5 (these trenda can 

also be aeen in J'igurea III. 2.1 and III. 2.2). Bowe-Yer in the shade­

WlCUt plants there waa only a single •atep' at ha.neat 6, and for the 

defoliated plants the •tep-wiae increaenta were less diatinet. 

3) The step-riae trends obaened in the light-uncut planta occurred 

along the entire root son• poaaeaaing nodules. 

2.1., lfuaber of 'pink' and 'm•n' nodule• 
The nusber of 'pink' and • green• nodul.ea recorded on a per inch 

baai• is shown in Figure III. 2.,. 
In the control (ligb.t-uout) plants the nodulu were all pink froa 

haneat 1 to haneat Ae,, and only a few 'green• nodule• appeared in 

haneata 5 • 6. A similar picture waa found for the shade-uncut 

planta. U09eyer in the defoliated treatment• (i.e. light-cut & shade-out) 

the nodule• ••~• al.l ~en at haneata 1 and 2, but became alightl7 
'pillk' iD haneet 3 (theae were atill ol.uaifiecl aa •green• according to 
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the el"iterion adopted, aee sectioa II. 6.6.1.c). Plate• 7 & 8 ahow 

the typical nodule colours froa haneata 1 and , reapectiYel7. 

At hanest 41 a large number of nodules in all a1se categories 

in the defoliated plants ahowed aigne of brc,wning, man,y with a darker 

•ring• at the apez. Soae empty nodule 'hulls' were also fow,.d. 'l'heae 

are clearly ahown in Plates 9 & 10. Some nodules preaumabl.7 had 

undergone autolyeis, and where the nodule had apparently been sloughed 

off fragments of the nodule 'hull' were occaaionally found atill 

attached to the root. Thie occurred near the crown (i.e. 1at inch 

segment as shown in Plate 9), u well aa on the lateral roots further 

down the inch eegment (that ahown ln Plate 10 came from the 4th inch 

segment). In addition, empty 'hulls' were observed froa all three aise 

categories, although those from the large grouping were more prominent. 

By harvest 5 most of the suniTing nodules in the defoliated 

plants were more than half 'pink' hence were classed under 'pink', 

the pink region waa ineYitably at the apex ot the nodule (aee Plate 10 

for example). With time the new growth (pink region) increased in 

proportion hence when it ezceeded half of the nodule length, the nodule 

was classified as 1p1nk'• By haneat 6 all the nodules were pink. 

In aummary, aeTer• defoliation cauaed immediate (less than 3 days) 

gross changes in nodule colour, aasociated with visible loss of some 

nodules. The •recoyery' of the surviving nodules was completed in 3 

weeks. 
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FIGUR E I II. 2. 1 MODULE NUMBER ( li gh t tre atme n) 
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FIGURE II~ . . z. 3 Lar,:;c nodules 
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FIGURE Ill . 2.5 HUMBER OF 'PINK' AND 'GREEN' HODULE5 ( per inch) 
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2.2 Nodu1e weight 

Nodule dry weight per plant 

The summary of the within-harvest analysis of variance ia presented 

in Appendix III. 2.2.1. The expression •relative growth rate• (RGI) 

in mg/mg/day (as detailed in Appendix II.2) is used to describe the 

changes in nodule dry weights. The analysis of variance for RGR is 

aummarised in Appendix III. 2.2.2. 

2.2.1.1 Light treatment 

Shading decreased total nodule weight, the effect becoming signif­

icant after two weektl (Figure III. 2.6a). In the 'light' plants the 

total nodule RGR reached a maximum of 0.0620 mg/mg/day by day 151 

whereas in the 'shade' plants the RGR remained low (around 0.0105 to 

0.0130 mg/mg/day) until about day 22 when it reached a similar level 

to that of the control. These trends are illustrated in Figure III. 2.6b. 

2.2.1.2 Defoliation treatment 

Defoliation caused a marked reduction in total nodule dry weights 

(Figure III. 2.6.c). The overall trend in the rate of nodular growth 

in the defoliated plants, as indicated by RGR waa similar to that 

described for the 'light' treatment. 

2.2.1.3 Light x cutting interaction 

Only at harvest 1 (day 3) was a significant L x C interaction 

detected (Appendix III. 2.2.1): this could have been due to the 

different effects caused by defoliation upon 'light' and 'shade' 

plants. 

2,2.2 Module weight per inch (fresh night) 

Nodule fre•h weight per inch ia shown in Figure III. 2.7, 
indicating that both the pattern of distribution and the step-•i•• 

inorement ia nodule weight with time are very similar to that described 

for nodule number (aee aeotion III. 2.1.2). 

21 21 3 AYerage weight per nodule 

The aumme.17 of the withia-ha.ryeat anal7aia of Tarianoe 1a presented 

ia Appendix Ill. 2.3.2.a. !here ••n ao significant light x cutting 

interaotiou. 
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2.2.3.1 Light treatment 

figure III.2.8.a ahowa the effects of ahading on the averap 

nodllle dry weights which are p1otted against time 1n days. The nodul.es 

from the 'shade' plants were lighter than those of the control 'light' 

plants from about 15 days onwards although only the results from haneat 

5 were statistically significant (P < 0.01). 

2.2.3.2 ».foliation treatment 

Defoliation also caused a reduction in average weight per nodule 

(Figure III.2.8.1>), and the ef!eet aeemed to start earlier (day 10) 

than that caused by shading. This could have been due to the reduction 

in large nodules aa shown in Figure III. 2.1.b and Figure III. 2.2.b, 

for defoliation and shading respectively. 
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FIGURE III . 2 . 6 »oou LE DRY WEIG HT PER PLANT 

( i ght = 0 shade = A 

uncut = 0 Cut = X 

-*= P<0-05 * * = P<O- 0 l 

2. [. a). nodule dry wei3ht I light treatment) 

en 2-2 E 
..... 
J:::. 
en 2.0 
4J 
);: 

:,-.. 1 . B ._ 
"CJ 

4J 

1. 6 -::, 
-0 
0 
C: 

= 1 . l. 
=-

1 ·2 J 0 

* ** '*"~ 

bJ. nodule R G R { light treatment J 

0. ,o 

0. 08 

o.o 6 

>- 0 -01. t<I 
"CJ A -§' 0-02 / -C7I 

E 
~A 0-00 

* 
3 6 10 15 22 29 

days from treatment 

Harvest 1 2 3 l. 5 6 



cn 
E 

.c:. 
O"l 

<1.1 

3: 
,-. 
'-...., 

ClJ -:::, 
-0 
0 
c:: 

= 
= 0 

O'I 

E .._ 
en 
E 

2-4 

2-2 

2-0 

1 · 6 

1 · 6 

1 . ~ 

1 . 2 

0. 1 0 

0. OS 

o. 0 6 

0 .04 

0 -02 

0 .Q 0 

Harvest 

61 

FIGURE III .2. 6 ( continue) 
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FIGURE III.2.?i AVEUGE DRY WEIGHT PER NOD ULE 
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Relationahip between nodulation data and root 4!'7 

weight 

2.3.1 Humber of nodule• per 100 mg root 
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The within-haneat analysia of Tariance is presented in Appendix 

III. 2.3.1.a; there iJs no L x C interaction. 

Shading and ~•foliation had no effect on the nodule number per 

100 mg root dry weight. This is clearly erldent in Figure III. 2.9. 

That the means are no~ significantl7 different across all haneeta 

haa been confirmed by the reaulte from the between haneat analysis of 

Tar~ance (using the aplit-aplit-plot design aa detailed in aection 

II. 7. 1); a summary of the results is presented in Appendis III. 2.3.1.b. 1 

2.3.2 Nodule clry weight per 100 mg root 

The within-haneat analyais of Yariance is presented in Appendix 

III. 2.3.2.b; again the L x C interaction is non-aignificant. 

Shading caused a reduction in nodule dry weight per 100 mg root 

by harvest~, although only that in haryest 5 wae statistically 

aignificant (P< 0.05}; the lower nodule dry weight per unit root 

weight could be the result of a faster root dry weight increase relatiYe 

to that of the nodule dry weight (Figure III. 1.2.2 & Figure III. 2.6}. 

Similarly, defoliation caused an early (less than 3 days} and p rsistent 

reduction in nodul weight per unit root weight. The differences could 
be due to a similar reason as that given for the 'shade ' plants. The 

results are pres nted in Figure III. 2.10. 

Relationship between components of nodulat1on data 

Relationship between n dule dry Night and nod le 

nuber 

Although the •••rage within group regreas~oa of aean dry weight 

per odule (dependant Tari.able) and the square root n dule auaber 

per plant (independant Yariable) were highl.7 aignificant (P <0.001), 

reault• troa the within group analyaia of Yariance (Appendix III. 2.\.2) 
lnclicated that the incliYidual regreaaiona were a1gnifioantl7 different 

troa e oh other (P( 0.05). 
Two interesting point• emerged froa theae reaultas-

1. there waa an in••r•• relationahip etween the two nodule 

oharaotere, and 

2. the 1 • correlation (r- - 0.23 to -0.5.5) and a non-aignifioant 
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teat for departure from linear regreeaioa (Snedeoor and Cochran 196? p. 45! 
in~ieated a diffuse relationahip between the two variabl••• 
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FIGURE Ili.2.9 HUMBER OF NODULES PER 100 MG ROOT 
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FIGURE Ili .2. 10 NODU LE DRY WEIGHT PER 100 MG ROO i 
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3. 1fITROGEN FIXATION 

In this section results of plant nitrogen measurements, and 

the methods (as detailed under section II. 6.6.2) for and results 

of the evaluation of nitrogen fixation efficiency are presented • 

. 3.1 Plant nitrogen 

The results of the plant nitrogen data are presented in two 

sectionsf percentage nitrogen, and nitrogen content of the plant. 

3.1.1 Percentage nitrogen 

The dat• for percentage nitrogen (m;) of top, root and nodule 

were analysed using the untransformed values. The results of the 

within-ban-eat analysis of variance are presented in Appendix Ill. 3.1. 

3.1.1.1 Light treatment 

Shading caused a reduction in percentage nitrogen in the top 

(from harYest 3) and nodule (from harvest 2), but not in the root. 

The N% of thtt tops remained significantly lower (P( 0.05} in the 

'shade' plants even at the la•t harvest, whereas differences in the 

nodule N% due to shading disappeared by harvest 6. The results are 

presented in Figure III. 3.1. 

3.1.1.2 Defoliation treatment 

Under defoliation, the• of the tops was lower than that of the 

control (undefoliated) plants from harvest 1 to harveat 31 part of 

this difference could be due to the change in the proportion of leaf 

to atem tissue after the removal of the leaves under the dofoliation 

treatment. Figure III. 3.2 illustrates the general trend of the 

etfeots of defoliation oa the percentage nitrogen. 

In both root and nodule percentage nitrog•n, the significant 

difference• in the earlier harvests due to defoliatloa diaappeared 

by harvest 4 h the roots and harvest 5 in the nodul••• 

3.1.1.3 Light z cutting interaotion 

The root and nodule• •howe4 no L x C 1.Jltero.ot-ion, whereaa 

in the top a etatiatioally aignifioant interaotioa (P~0.05) -
detected lD haneat ~ which ooul4 be 4ue to the reooTery of the 

light-e11t plan.ta (Append.ix, llT .. 3,.1) • 
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3.1.2 Nitrogen content 

The nitrogen content of the plant (1.e. of top, root and nodule) 

waa calculated as the product ~f dry weight and percentage nitrogen. 

The expression •relative rate of nitrogen assimilation• (RRNA) 1n 

mg N / mg N / day is synonymoua with •relative nitrogen assimilation 

rate' a.a described by Gibson (1965), and ia uaed to describe the changes 

in nitrogen yield. (see Appendix II. 2 for details). The total. 

nitrogen yield was 

nodul& dry weights 

III. 3.3). Table 

als~ used for examining the relationship with 
u 

ae described by Dobereiner (1966) (see section 

III. 3.1 presents the transformed means of the 

nitrogen contents of the different plant oomponenta. 

3.1.2.1 Light treatment 

Shading generally caused a reduction in the nitrogen content of 

the different plant parts, although significant differences were 

detected only after harvest 2 in the top and nodule, and in hanest 
6, in the root. The relative rate of nitrogen assimilation (RRNA} of 

the top decreased with time, whereas that of the root and &odule 

increased. Although shading tended to reduce the RRNA for each organ, 

the effect was not always etatist!eally significant (Figure III. 3.3). 

3.1.2.2 Defoliation treatment 

Defoliation reduced the mean nitrogen yields of all plant 

components throughout the experimental period {Table III. 3.1). 

Defoliation increased the top RRNA (non-eig~ficantly} but decreased 

that of the root (also non-significantly. HoweTer, the RR?IA of the 

n0dule was significantly reduced in the 'defoliated' plants up to 

haneat 3, after which recovery occurred. (Figure III. 3.4). 

3.1.2.3 Light x cutting interaction 

There waa no significant L x C interaction in the to~ nitrogen 

yield, but for the root and nodule component• there were significant 

interaotione at harYeat 3 (P(0.05) tor the root and at hu-Yeet 1 

(P <.i 0.0.5) tor the nodule. These interaotiou were ot aiaor iaportanoe 

(Appendix Ill. :,.2). 
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'?able Ill . , . 1 aitropo coat•nt 

a} . Lo~0 top llitros-n content (ag) 

an•at 1()) 2(6) 3{10) ~(15) 5(22) 6(29) 

Tre t••nt 
Light 1. 48?0 1. 575} 1.1,11 1 . 8711 2 . 1028 2. 1:,80 
Shade 1 . .. 546 1. 5198 1 • .59()4 1. 7496 1. 8561* 1. 9962 

u u • • •• • 
Uncut 1. 7923 1. 8411 1. 9670 2. 0709 2. 2613 2. 3047 
Cut 1. 1493 1. 2'40 1 . :,612 , . 5498 1. 6980 1. 8295 

•• •• •• •• •• • • 

b) . Log10 nitrogen co tent (ag) root 

Haneat 1(3) 2(6) ,c10> 4(15) 5(22} 6(29) 

Treatment 

Light o. 8:,~ 0. 7156 0. 9239 0. 8928 1. 097~ 1 . 1769 

Shade 0. 7790 o. 7JJ63 0. 7882 o. 8545 0. 98,0 1. 0232 
na D.8 ne na na •• 

Uncut 0. 9251 0 . 850'+ 1. 0085 1. 0213 1 . 2137 1. 2339 
Cut 0. 6932 0 . 6714 0. 7036 0 . 7260 o. 8667 0. 9663 

•• • •• •• •• • • 

a) . toc10 nodule nitrogen content (mg) 

Hanest ,c,> 2(6) ,c10> 4(15) 5(22) 6(29) 

Treatment 
Light 0. 5897 o. i.867 o. 6487 0. 6823 o. 989~ 0. 9743 
Shade 0. 5377 0. 3932 0. 5247 o. a.596 0. 5763 0. 7371 

118 ... • • •• • • 
l'1DC t o. 6?6o o.5''8 0. 1102 0.7655 1. 02-0 1 . oa.i.1 

C t o.a.s11J 0 . 3:561 o. 40:,1 0. 376ft 0. 5'18 0.661, 
•• •• •• • • •• • • 
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FIGURE III.3.1 Percen t age nitrogen 
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FIGURE II! . 3.3 P~ AN T NITROGEN CCNTE NT 
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Nitrogen fi.Jted per graa nodul• drJ 1re1et er 4!J 
The summary •f within•ha.l'Y .. t anal.yaia of YaJ'iance of thi.a 

character is present•d in Appendi.x III. J.). Then waa no L z C 
interaction, hence only the main etfec~a are presented in the text. 

Light treatment 

The rate of fixation became higher in the 'shade ' plants by harTeat 
~ (Figure III. 3.5.a). Thie nppeared to suggest, at first glance, 

increased efficiency due to ahading1 howner on closer examination it 

Wll.8 more of an artefact, aince SOile of the nodule• which had contributed 

towards the total plant nitrogen yield had been 1ost (Figure III. 2.6), 

and were not accounted for in the ca~culation. 

3.2.2 Defoliation treatment 

Similarly, an artefact due to the removal of the top caused the much 

lower fixation rate in the 'defoliated' plants for at least the firat 

four harvest• (Figure III. 3.5.b). 

\Yhero treatments actually removed part of the plant either 

directly e.g., defoliation or indirectly as a result of treatment e.g., 

loss of nodulea undor shading, this statistic is subject to bias. 
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Loa., 0 tota1 plant nitrogen (dependant Yariable) we.a plotted 

against nodule dry weight per plant (independant variable), and a linear 

regression waa fitted. The reaulte are aUlllllarised in Table III. 3.2. 

Although the aYerage within-group regreseioa waa highly significant 

(P<o.001), the indi•idu.al group regresaiona weN significantly different 

from e1oh other {P'(0.001). Low total plant nitrogen due to defoliation 

had contributed towarda the mach higher regression ooeffieiente in the 

defoliated plants. 

Table III. 3.2 Comparison of regr asiona (uaing general statistical 

program 1 ••• section II. 7 • .C.). 

a). IndiTidual group regreasioas 

Treatment df regression atd. err. correlation 

equation 

Light - uncut 40 Y• 1.33 + 0.0032 X 0.0002 0.90 

Light - cut 40 Y= 1.14 + 0.0097 X 0.0008 o.88 
Shade - uncut 40 y. 1.57 + 0.0067 X o.e>oo't- 0.91 

, 

Shade • cut 40 Ys 1.17 + 0.0111 X 0.0024 0.59 

b) Average ri.thi.D group regression 

!163 I I• 1.54 + o.oo45 x 0.0003 

c). Anal.)'ais of within group variance of y 

Source of van.atioa elf s.s. M.S. , 
Total within group 16' 11.}41 0.069 
Due o •••rage 
repeaaion 1 6.277 6.277 202.~ ••• 

DeTiation froa •••r g• 

regreuioa 16, ,.~ 0.0:,1 

Between in4ividual 

group regreaaiou'. :, 1.1,2 o.5Slt 28.22 ••• 

Dff'iatloa h'oe lndividval 
ngreNiou I 160 ,., .. 2 0.020 

••• p 0.001 
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3.4 Acetylene reduction aasaz 

Th amount of ethylene (C2H4) reduced from acetylene (C2H2) 

per unit fresh weight (mg) of nodule is calculated as shown in 

Appendix II. 9. For each treatment (within each harvest) the results 

from seven replicates ere pooled and the amount of C2H4 detected was 

plotted a gainst time in minutes . One example is shown in Figure III. 3.6. 
In order to demonstrate the linearity of the fitted regression 

line, the results were subjected to a test for departure from linear 

regression (Snedecor and Cochran 1967 p . 455). A computer program 

was wri t ten for the calculation (Appendix III. 3.4). Within each harvest 

the treatments were tested for incubation periods of 300 minutes, 240 

minutes and 180 minutes . The ana1ysis of variance for departure from 

linear regression is summarised and presented in Appendix III. 3.5. The 

results indi~ate that the reaction is linear for at least 180 minutee. 

Furthermore it is logical to assume that at time zero there should 

be no detectable C2H4 (other than the control), hence the straight line 

should pass through the origi~. A test for fitting the straigh t line 

through the origin (Snedecor and Cochran 1967 pp 166) was performed and 

. the results shown in Appendix III. 3.6, which also showed the summary 

for the linear regressions after adjusting to fit through the origin i.e. 

all equations (Y=A+bX) were adjusted to the form Y=bX. 

Shading caused no detectable difference in the rate of a cetylene 

reduction, but defoliation significantl y reduced the rate at harvests 1 & 2 

(i.e., during the week following treatments), after which there were no 

significant difference between treatments. Figure III. 3.7 shows the 

rates of acetylene reduction expressed as ;I,'- m mol6s c2H4 per mg 

nodule per hour. 
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FIGURE III. 3,7 Eff ects ot s hading and defoliation 

on the rat e of C H -t-C H redu ction 
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. CHAPTER If 

DISCUSSION 

Results of this study should be interpreted onl7 within the conditions 

of the experiment and the specific hoat-rhisobium combination. Comparison 

of results from other experiments will require caution, while dir et 

extrapolation of the results to field conditions would be unjustified. 

HoweTer some general trends may still be of use for future research. 

Grouping the plants into comparable sues for each replicate 

(section II. ~.2) resulted in significant block effects in the analyses 

of variance, but thia tended to reduce within-block variation. 

Furthermore,when parameters are expressed on a per unit baaia e.g. area 

per leaf, average weight per nodule and number of nodules per 100 mg 

root dry weight, this discrepancy disappears. 

Temperature, moiatur and the leTel of nutrients were satisfactory. 

The early iron deficiency aystoms were aoon corrected and thus were 

unlikely to have infiuenced the subaeqaent plant growth. The same could 

be said for the clover mite damage and the Malathion sprays (detailed 

in chapter II). 

Lim (1963) showed that in the Trifoliw:. speciea she studied, root 

hair inf ctions could be limited if th rhizobial population in the 
4 rhisoaph re fell below 10 cells per root system. Although the 

inoculation technique and frequency of inoculation used in this experiment 

ensured an adequate rhisobial population at all times (Gr enwood per. comm.) 

moat of the nodules further down the root would undoubtedly have arisen 

from infections by second generation rhizobia. 

Pumice, probably due to its unaYailability, is eldom used in 

detailed nodulation studies, hence to what extent it influenced nodulation 

(if &Jq) 1a not known. The.., luae of the rooting medi could lildt the 

mmber of nodule• per pot (Nutaan 19't5), b t from obaenation.a it eeemed 

unlikely that for the duration of thia experiment the Tolume of the 

rooting ediwa would ha•• beooa• lill1ting. 

In this chapter, the diaoueaioD of the result• falls into three 

main section.a 1 1). plant growth, 2). nodulation an4 3). nitrogen 

f:1.xatio. 

1. Plant growth 
educing the light intensit7 by 4~ had no aignificant effeota on 

the mean leaf area per plant (Table II1. 1.1.a), and altho gh the '•had•' 

plants had a lower nuaber of lea••• per plant, except at haneat !> the 
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difference• between treatmente were at-atieticall.y non-aignificant 

(Table III. 1.1.b). 'rhe higher mean area per leaf in the 'shade' 

plants after harvest 4 (Figure III. 1.1) was partly the result of a 

lower mean leaf number in the 'shade' plants (Table III. 1.1.b). How­

ever, by harTest 6, a real increase in mean area per leaf under 

shading became evident (Appendix III. 2.4). 

Reductions in drJ ••ights of tops and roots due to shading haYe 

been reported in a number of species (Shirley 19291 Pritchell & Nelson 

19511 Biroi & Monsi 1963 and Buttroee 1968). The lower top and root 

dry weight• of the 'shade' plants are shown in Table III. 1.2.a & b1 

they are probably the reault of a lower relative growth rate (RGR) 
of these two plant oomponenta (Figure III.1.2.1). That relative growth 

rate ia lower for •ahade' plants haa been reported by B1roi & Monsi 

in Helianthua annuus. 

'l'he •shade' plants also had a lower top to root (T/R) dry weight 

ratio in harvest 2 (about 82% that of the control 'light' plants), 

which indica ted that the plant'• response to shading was detected within 

a week and that the effect was more severe in the roots than the tops. 

This resulted in a higher top to root ratio than the control. Similar 

changes in top to root ratio haYe been documented (Pritchell & Nelaon 

1951; Bula Rhykerd & Langton 1959); in addition, legume roots {viz. 
\ 

lucerne, red clover and birdsfoot trefoil) were shown to be more 

aenaitiYe to shading than the topa (Gist & Mott 195?). 
Growth factors produced by the action of light have been reported 

to influence the top growth in broad bean seedlings (Butler R.D. 1963)1 

in what way and to what extent growth regulators were involved in this 

experiment was not known. 

Defoliation can ha•• a complicated effeot on plant dry matter 

production, not ·only because it affects the relative rates of top and 

root growth•, but alao becauae actual loe• of root tiaaue oan occur 

(Crider 19S51 Z7kor 1968). In addition, the iaportance of root 

reaenea and growth regulator• ha.a been freqv.entl7 laplicated 1a 

regrowth atucH.ea (aaong other• Carlaoa 1966a & l>t Mitchell le Denne 1967). 
Carleon auggeated that the aoblliaation and utilisation of reaenea in 

white clcr..er dter 4efoliatioa aight be controlled by growth regulator•. 

That regrowth in white clner depended on reaen•• for abort period.a 

onl.7, up to one ~ek, wu reported 'b7 Boaldao I Oiaui (1968). 
In the 'defoliaied' plant•, the higher top relative growth rates, 

while atatiatioall.7 not significant, indi.oate that the top growth waa 

more efficient than that of the •undefoliated' oontrol. Thi• aane• 



with earlier finding• of Brown, Cooper&: Bluer (1966) in that 7ounger 

(one week or leaa) leayea of white oloTer are more efficient ia terme 

of dry matter production and carbon dioxide uptake than older (one 

month) leayes. 

The much lower root relatiYe growth rates reflect a partial etoppage 

in root growth eoon after defoliation. Ceeaation in root growth after 

defoliation ha• been well documented (Crider 19551 Butler et al 19591 

Enni.k 19661 Mitohell & Denne 1967). Roweyer root relatiTe growth ratea 

of both 'defoliated' and 'undefoliated' plant• became comparable b7 day 

22 (Figure III. 1.2.2). 

2. Modulation 

The number of factors that can influence nodulation (aee under 

reTiew of literature) makes interpretation of the data clifficult. 

Although ahading and defoliatioa have been regarded a.a a mean.a of reducing 

the supply of carbohydrate (111.aon 1942), thia ia not their aole effect. 

As mentioned earlier, growth regulator• can be in•olTed in regrowth1 to 

what extent these endogenous growth factors influence nodulatioa ia 

still not well known. Section I. 3.3.2 presents a more detailed 

discussion. 

A number of workers haYe examined the effects of defoliation and/or 

shading on the nodulation of white cloTer (Wilson 1942), white clover, 

lucerne and Lotus uliginoaua (Butler et al 1959), soyabean (Eaton 1931) 

and Deamodium uncinatua and Pha.aeolus atropurpureua (Whiteman & Lulham 

19701 Whiteman 1970 a & b). In genera1 nodulation ia reduced by 

shading and defoliation. 

In thia experiment the leTel of defoliation was aeTere. A 3o.i 
difference (this percentage being baaed on the deooded 11ea.na uaing 

the control aa 10<>:'1 aee Appendis IY.1 for detail.a) ill tota1 nodule 

11U1Lber 4ue to defoliation wu aeen le•• than three daya (rigure III. 2.2) 

and thia clifferenoe iD.cr.uecl to~~ t.y the end of the experiaen.t. 

Under ahac11ng, the differenoe reaohed 3Z' by har'Yeat 6 (Figure III.2.1 : 

Batler et al (19,9), uiDg four-aoDthJJ•old. white olOYer grown in gla ... 

aided box••, touad that reducing the light lntenait7 b7 7':/1, wu aore 

cleleterieu to the a1111ber of piAk nodule• thaa ••• 4efoliat1oa to a 
height of halt an incht the fol"ller treataent had~ and th- latter 

\~ of the oripaal aodulea •till pink a1x clay• after commeaceaent of 

treataent. Thia apparent 41fference la plant ruponae to the lapNecl 

tnataeate waa probabl7 a reneotloa of their NlatiTe aeTerit7. 
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How ver , a will be discus din or detail later, for bout a we k none 

of th defoliated plant in this present xperi nt had any pink nodul • 

Although tho eft cts differed in magnitude, both 'shade ' nd 

'defoliated ' plants had a lower number of nodules in all aiz ca t gories 

a compared with their respective controls . Cverall, reducing t h light 

int nsity had little effect on the numb rand the rat or appearanc 

of small size nodules . Although the number of medium size nodul was 

low r than that of the control, t he r a te of appearance , as s imilar 

( :Figure III . 2 . 1 . c) . This was not ·o in t he defoliated plants (l''igure III . 

2 . 2 .c ), in which the rate of appearance of medium size nodules was much 

lower than that of t he ' undefolia t ed' control p lants after t he fourth harvest, 

In both t rea t ments , am rk d reduction in the number of large size nodul 

ten days after th commencement of the treatments was cle;, rly evid nt . 

A decrease in the number of large size nodules in t he control pl ants ( f i gure 

II l . 2. }) later on during the expe riment (around day 22), could indica te 

tha t some of t hese large , hence earlier produced nodules had re ... ched t he end 

of their natural 'li fe ex r,ectancy• . The appearance of ' gre n• 1;odul s 

a r ound this time in t he control (li gh t-uncut) plants as shown in f i gu r 

III . 3. 5, su pports t h is explanation. In the field, wh ite clover nodule long­

evity and nitrogen fixation c an be prolonged . Thus, it is possible t hat t · e 

picture of the r elative c hanges in nodule number und r both the •c ontrol ' 

and •tre ~ted' r egimea has been complica ted by the pr esence of this 

'int r pha.se • betw en two nodule cycles. To what extent the ag of nodules 

affected the changes in nodule number (in addition to !fecta ca~sed by t he 

i posed tr u t m nts) is unkno~n . 

Bea rin '1; t he above in mind , t he difference in nod ·lle number betwe n 

t he 'control' and ' tr ut d' pl ants can be attributed to t hre cau3 s 

at le st . Firstly, ther i the lo e of individual nodul s occ urring 

o tl on the crown root . i l on (19 2) gave a co :• r heneive 

d criptio of th 

• pty nodule ' hull• 

freq ntly 

nodules c 

alo 

ion 

at gee involved in nodul 4•cay and such 

til.l att ched t o the crown root could be een 

ri t ( at•• 9 nd 10). Secondly, 

t • roota to hie t ey ar att ched 

• al 1959). irdl7 , lo••• c!ue to 

r1 root growth y coae to a complete 

lo ea of 

decay 

o - product­

et-op aft• 



.. Tere pb.J'aiological ahock, aa has been well docwaented (Crider 19551 

Butler et al 19591 Mitcllell. & Denne 196? and othera). The Y&r:, low 

root relati•e growth rates (Figures III. 1.2.1 and Figure III. 1.2.2) 

show that the defoliation and shading treatment• 111 thia experiment 

severely depressed root gronh relatiTe to the control treatment. 

From the analysis of nodu1e number per 100 mg root dry weight 

(Figure Ill. 2.9), and from the result• of root drJ weights (Table III. 

1.2.b), it oan be seen that the differences in root dry weights on a 

percentage basis (as shown in Appendix IV. 1) were similar to those in 

nodule number, indicating that nodule losses were closely related to root 

losses. HoweYer, in thia atudy it ia not po.ssible to distinguish 

between losses due to decay and aloughing from those of non-production. 

In order to appreciate the contribution of nitrogen to the soil system 

by nodule and root decay, a detailed study of the rates of root and 

nodule turnoYer must be conducted. 

The rel&tiYely constant number of nodules per unit dry weight root 

tissue supports the contention of Young (1958) that in white clover the 

most ia~ortant factor goyerning the total number of nodules is the amount 

of clOYer root material. 

The concept that the nodule (and root) meristem 1a the centre of an 

inhibitory aotirlty which will determine turther nodulation and that the 

degree of this inhibition rill vary according to the size of the meriotem 

(i.e., larger nodules more inhibitory than small ones) has been discussed 

by Nutm.an (1958, 1965). The losses of large size nodu1es in both 

•control.' and •treated• plants, poaeiblJ through different causes a.a 

diacussed above ha•e, nevertheless, similar effects on the rate of 

appearance of the smaller (med.iua and anall rime} nodules. 'l'his explan­

ation of the behaYiour of the mediua sige nodules 1a in agreement 

with th• inhibitioa concept. Th• lower rate of appearance of amaller 
aiae nodules ie poasibl.J a reflection of a rp.pi4 increase in their a1•• 

and 1D turn baa contributed toward.a the rate of appearance of mediua 

aize nodulee. Thi• general. trend o't nodule number 1.ncrement can a1so be 

seen in the three-dimeneional grapha (figure III. 2.,). 

Ntltmaa (1958) and later Lia (196:,) both using auch younger planta 

(aeedli.Dga) 1 haye reported a 0011poun.d Miteoherlich curve type o1 

increment in nodule n\lllber with tiae. Pankhurat (1970) using alJ.ghtl.7 

older {eight weeka) &,tu pe4unculatua and .b. corn1cu1atu alao foucl 

a rhythmic trend in nodal• nwnbar appearance wt th time. !he pl&Jlt• 

uaed in thia es.periment were muoh older (fourteen weeks)~ and it wu 
of intereat to note that the atepri•• incr•ent in nodule nUlber wu 
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atill evident. 

'l'he negative relationahip between the mean nodule weight and nodule 

number per plant (section III. 2.4.2) agreea with pre•iows suggestions 

that for a given plant size, there ia a relativel.y constant volume 

of nodul.ar tiasue per plant for a specific hoat-rhizobium combination 

(Nutman 1965), and that in white clover this relationahip is rather 

diffuse (Jones 1962). 

The nodule colour scheme adopted in this experiment differs from 

that used by Pate (1958a), who divided nodule colour more or less 

according to function, i.e. white (new), pink (actiTe) and green 

(senescent) nodules. It would haTe been too laborioua to divide the 

nodules into both size and functional groupings, hence a alightl.7 

different but much simpler scheme was adopted (detailed in section 

II. 6.6.1.c). 
The change in nodule colour from pink to completel1 green (Figure 

III. 2.5 and Plate 7) in less than three days after defoliation is the 

result of the breakdown of leghaemoglobin in the nodules into legcholeg­

lobin (Virtanen et al 1947). More recently Roponen (1970) reported that 

in total darkness, pink pea nodules turned green in three days when 

about half of the haem waa broken down. In darkness, produotion of 

photosynthate ceases, resulting eventually in the oxidation of leghaemo­

globin bacteroida and changes in amino acid metabolism. 

Under reduced light intensity there were signs of 'greening' at the 

base of some large nodules which were however still classified as 

'pink' within the classification system used. Plate 8 illustrates some 

of these slightly green nodules in the 'shade-uncut• plants at harvest 
3 (ten days after treatment). 

After the initial shock of defoliation, the nodulea were green tor 

up to six day•, but soH of them had pink tissues growing.at the apex 

by dq 10 (Plate 8). It ia significant that some ot the nodules which 

had turned green were able to produoe new active tiaauea (pink) agdn. 

One poaeib1e explanation ia that, upon reauptioa of photoa1nthate 

aupply, aoae of the 7ouager (hence phyaiologicall7 aore acti••> nodules 

were able to r-eaume cell diviaioa at the meriat••• By haneat 5 (22 days) 

moat nodule• in the defoliation treataenta were classified u 'p~Dk'• 
The relationship between nod\lle colour and fixatioa will be discussed 

under the next section. 

Reduction in nodule dry weight per plant a• a reault of shading 

or defoliation (Figure III. 2.,) follow• a aia11ar trend to that 



described for total nodule nuaber. Again defoliation••• mor• deleterious 

to the nodu1e dry weight than was shading. 

The low nodule RGR under shading (0.0105 - 0.0117 mg/mg/day) and 

defoliation (0.0010 - 0.0181 mg/mg/da::,)•• aa compared with their 

reapectiTe control• (0.0223 - 0.0620 mg/mg/dq for uncut plants), 

indicate• a partial reduction in nodule growth for at least two weeks 

after the commencement of the treatments. Again losses can be attributed 

to decomposition and non-production. 

The loaaea of large nodules possibly caused the decrease in aTerage 

weight per nodule (Figure III. 2.8). This effect waa earlier in 

the 'defoliated' plants. 

,. Nitrogen fixation 

Shading reduced the nitrogen percentage of the tops (which did not 

recover during the experiment) but not the nitrogen percentage of the 

roots (Figure III. 3.1.). Moderate shading (2?S' of control) has been 

found to cause a reduction in the nitrogen percentage of lucerne 

seedings (Pritchell & Nelson 1951). 

Under defoliation the initially lower l'f)$ in the tops could be due 

partly to change in stem to leaf ratio; leaves were known to have 

higher l'f)$ in Lolium perenne (Alberda Th. 1965). The difference between 

the •cut• and •uncut• plant disappeared by harTest 4 (Figure III. 3.2.a). 

A similar reduction in~ in the roots under defolia tion treatments 

(Figure III. 3.2.b) was probably the result of a protein demand for top 

growth. Nitrogen fixation was grossly reduced for about two weeks 

(Figure III. 3.5 and III. 3.7) and since th pwnioe has no available 

No,· nitrogen, the protein for top growth would have to come f1'l.m 

deam1nation and tran.alocation of the root proteins or amino acida. Thus 

• in the roota fell and lf.i for the tops was aa l • aa compatible with 

p growth and nitrogen supply, until nitrogen fixation was resumed by 

he.neat 4, whereby the N% of both the tops and roota 1n the 'defoliated' 

plants became similar to their reapectiTe •undefoliated' controls. 

Davidaon and Milthoi,,. (1965) p inted out that in oockafoot (Dac:t,11• 

sl•erata) 4°" of the• erial UMd for regrowth after defoliation mq 
come from non-carb hydrate reaerT••• 

(•• fiprea ill parentheaie are for the firat 16 clqa after the 

commencement of treatments). 
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In the nodules both ahading and defoliation caused marked reduction 

in ff%. When nitrogen fixation is impaired, gl.ycogen will accumulate 

within the nodule (Nutman 1965); this change can lead to a lower 

nitrogen percentage. Autoylsie of bacteroids and their subsequent 

decomposition could contribute towards some of their losses of nitrogenous 

material from the nodules. Nodule nitrogen might serre as a source of 

reserves for regrowth and reapiration. 

Wilson (1940) cautioned that one might not be able quantitatively 

to aasay all the nitrogenous compounds by Kjeldahl digestion (e.g. nitrate). 

Although changes in the proportions of different amino acids haTe been 

reported by Roponent (1970), it is unlikely that differences in nodule 

~ could have resulted from inability of Kjeldahl digestion to break down 

the amino acids presented in the nodules. 

Although excretion of nitrogenous compound from nodu1es could also 

lead to a lower nodule N%, there waa no eTidence of increases in the 

level of nitrogen in either the leachate or the pumice rooting medium 

(for all samples, the nitrogen detected was similar to that of the blank 

controls), thus ruling out the possibility of large scale excretions. 

If the nitrogen percentage of nodules accurately indicates protein 

percentage, and hence the amount of bacteroidal tissue present, then 

nodules with lower bacteroidal content (reflected as lower N%) due to 

shading, were not impaired in nitrogen fixation. In other words, 

nitrogen fixation per unit bacteroidal tiss ue was greater under shading. 

Shade-uncut plants have slightly higher (but atatiatically non-significant) 

rates of acetylene reduction than the light-uncut ·controls (Figure III. 3.7) 
provides support for the above hypothesis. 

As expected, the results of the relative rates of nitrogen 

aasimilatioa (RRNA) of the three plant components followed a similar 

trend to that of their respective relative growth rates (compare Figures 

III. 1.2.1, III. 1.2.2, III. 2.6 with Figures III. 3.31 III. 3.4). 
DeYiationa in RB.NA from R<m simply reflect changes in-, thus difference 

between tissues (top, roots and nodulea) in RRNA dependa aore on the 

difference in• than in their reapective Roa. 
Total plut nitrogen 7ield (m1Du control i.e. aeed nitrogen) divided 

by the weight of nodule• and the plu,•s age i• daya baa beea aHd aa 

a ••au of aaaessing the rate of nitrogen fixation i• leguaea. Honver 

this method of estimating relative fixation efficiency doea not hold 

when lo•••• of the oomponenta have occurred, either directly (defoliation) 

or indirectly (loss of nodul.ea) aa a reault of the treatment. '.rhia haa 
been emphaaiaed in aectioa III. 3.2. 
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How ••r one interesting point appeared in the 'light• control 

plants (Figure III. 3.5.a) in that the rate waa relatively con.ata.nt 

(range within 13 - 17 mg nitrogen per gram nodule per day) during the 

experimental period. In the •undefoliated' treatment except for 

han-est 2, where the rate was very high (28 mg nitrogen per gram nodule 

per day), the r te :fell within the fairly narrow range of 18 • 23 mg 

nitrogen per gram nodule per day. Thi.a was comparable to that report d 

by Pate (1958a}, who estimated that in pea nodules the rate of nitrogen 

fixation waa approximately 30 • 100 mg nitrogen per gram nodule fresh 

weight per day. In the present study the nodule weights were expressed 

as dry weights. 

The second method for the•timation of relative nitrogen fixing 
" efficiency waa baeed on that described by Dobereiner (1966}, who 

plotted linear regressions between log10 total plant nitrogen and total 

nodule weight, and concluded that the regresaion coefficient was an 

index of nitrogen fixing efficiency (aee section II. 6.6.2 for details). 

However this relationship is linear only when both plant and nodule 

weights are increasing in parallel (Whiteman 1970b}. Under the 

conditions of this experiment, where part of the plant had been removed 

and nodules lost before sampling, the validity of the regression coeffic­

ient as an index tor nitrogen fixing efficiency is questionable. Aa 

evident from results present din section III. 3.3, the defoliated 

plants had apparently higher efficiencies than their controls which 

supports Whiteman•e contention that the linear l"'elationship holds only 

when there is no loss in plant and nodule weights. 

The third method used in this experiment was the acetylene reduction 

assay. Prolonged acetyl ne reduction for up to eight hours by detached 

aoyabean nodul.ee ha been reported (Sprent 1969), which app ared to 

depend upon the conditio of ino bation. 

tor free wat•~ and tbe relati•e volumea of 

tissue were aome of the faotora cited. Mor 

Oxygen ooncentration, amount 

ga• inurea to nodular 

recently Bergersen (1970) 

caution d against the use of this thod aa a direct quantitativ• 

estimation of nitrogen fixa.tio without carefull1 matching the conditions 

under which nitrogen fixation normally occurred. Hence results from 

this at dy abou1d not a• etri.ctly extrapolated beyond the conditiona 

f the aasay, although one may reaao bly generalise from. the relatiYe 

ditf rencea between treat enta. 

e rate of acetylene re4uctioa waa markedl7 reduce b7 defoliation 

(to pproximatel.7 8 • 1~ qf the 'wadefoliated' control at day three) 
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&l'ld this recovered to about 2(1/{, of the control DJ' day 6 (Fi.guff III. 3.7). 
This 1a in general agreement with the rectuction reported 'Q1 Moustafa 

et al (1969), although in their experiment the loweat rate occurred on 

day 6 (on dq three in this present atudy), this apparent variance could 

be due partly to the severity of treatment impoaed in this experiment, 

or the unknown field conditiona (the changes in temperature and light 

intenaity) in Mouatafa•a experiment, and it could also be due to the 

way the rate waa measured. Moustafa expressed the rate•• m mole• 

eth7lene per gram root syatea (root plua ll04ule) per houri a clecreaae 

in nodule weight per gram of root as a result of defoliation could lead 

to a lower reducing activity per unit weight of root tissue. 
Recove1"7 of the reducing activity by the defoliated pla.nta was 

completed by day 10 and coincided with the reappearance ot pink pigment 

in the nodule apex. It is significant that, although the nodule• were 

still more than half green, their ensyme actiYity became aimilar to 

that of the control. This recovery probably resulted from the resumption 

or photosynthate supply from regrowth. As the proportion of this 'pink' 

region on nodules of the defoliated plants waa much smaller than those 

of the control plants (wholly pinkl, this suggests that the apical 

tissue was more efficient on a per unit basis. Again if nodule percent­

age nitrogen reflects accurately the amount of bact.r•idal tissue, then 

results from percentage nitrogen determination (Figure III. ;.2.c) 

provides further support to this suggestion. This also points to the 

inadequacy of using visual aasessment of colour as an accurate index 

of nitrogen fixation. Leghaemoglobin concentration correlat6s well 

with ethylene produetion (Schwinghamer et al 1970) and is an index 

of bacteroid density (Bergersen 1961), hence a quantitatiTe Mea.J of 

leghaemoglobin could be more meaningful than a colour description. 
Although ahading ha.a been reported to reduce nitrogen fiXation 

<••• under reTlew of literature), the reaulta of thiA!I experiment showed 

no immediate decrease in the acetylene reduction aeUvi~ due to 

ahadilag. It w&11 probable that rectucing the light intenaity by&.~ 

(0.96 •• ,..., •ee Tabl~ III. 1) waa inauffloient t.o oauae a lowering of 

photoapthate npply to inf1ueJtee t!Le actual fixation •ohani.811, although 

alight sr-enng at the baff of ao11e nodal.ea were obaenri (Plate 8). 
It la therefore, likely that nocba.lalion had be-en affected by- a re<luotian 

in photoa7nthat• beton aitrogen tiza.ti.on. The ab•uute recluotton in 
nitrogea fixatioa b7 the wh la •711ld,.otic S7atea (!able II.I,. ,.1) aa a 
result of ahading wae due therefore to th• nduced rate of aoduh 



fonaation (Fisur- Ill. 2.1 and 111. 2.6), rather thaa a 1eaa 1a 

•f ficiel'l.01 • 
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The· abHnce of art significant clifferenee between the ratu of all 

tr atmenta dt.er day 10 indicated that a commen level of efficiency 

exist d for this particul.ar hoat-riu.aohium combination, which aupporta 

the result esti.matecl from the total plant nitrogen yield (i.e. e'thod 

one). 

The Yariabili.ty between replicate• in reducing acetylene to eth7lene 

is clearly ~vident (Figure III. 3.6). Although diurnal variatiou in 

acetylene reduction due to photoeynthetilc activit1 ha.Ye been reported 

(Hardy et al 1968; S hwinghamer et al 1969) it 18 alao p sibl• that 

the Yariationa are inh rent ditferencea 1n th symbio ta, thu points 

to the possibility of selecting for plants with higher nitrogen fixing 

ability Yen rlthb a relativ ly uniform (10% open pollination) 

population. 

The reault a.lao points to the ef\lll'leu of the acetylene reduction 

asaq tor detecting inatantaneows actiYity of the nitrogen f:l:dng enzyme 

aystem which cannot b detected b the traditional long term thod 

pr viowsly de crlbed. Beei.des, in this experiment, th teehnique also 
allows on to distinguish between eff cts on nodulation and eftecta on 

fixation per unit nodule tissue. 
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CONCLUSION 

1. Both shading and defoliation caused root losees, the magnitude 

of which reflected the severity of treatment. 

2. Both treatments caused marked reduction in nodule numbers in 

each o! three size categories. The rate of medium size nodule 

appearance in the •shade' plants waa similar to that of the 'light' 

plants whereas that of the 'defoliated' plants was much lower than 

that of the •undefoliated' controls. The release of inhibitory 

activity due to the inactivation of the larger nodules could have 

been responsible for the subsequent increases in the number of medium 

and small si&e nodules in all treatmenta. 

3. Losaea in nodule number due to defoliation were attributed to 

three major causes, 

1. nodule decay and autolysis leaving behind empty nodule 'hulls' 

ii. sloughing off either independently or with the root material 

on which they were attached; and 

iii. non-production due to stoppage in root growth. 

4. The constant number of nodulee per unit weight of root tissue 

confirmed that the amount of root material is one of the main deter­

minant factors of nodule number in white cloYer. , 
5. Reduction in total nodule weight per plant under shading and 

defoliation was probably due to the overall reduction in nodule 

number per plant and a trend towards a lower average weight per nodule 

in the •treated' plants was probably due to loseea of large size 

nodules. 

6. The negative correlation between average weight per nodule 

and the number of nodule• per plant was in agre ment with previous 

finding•, that for each host plant-rhisobial combination there tends 

to be a relatively conatant volume of bacterial ti aue for a given 

weight of plant. 

7. From studies of nodule density per inch, the following points 

emerged:-

i. With time the point of mas.iaum nodule concentration shifted 

troa 1 - 2 inches around the crown to a region 3 - 6 inch•• 

from the cron; 

11. In the oontrol (light-uncut) plants the nodule number and 

hence nodule weight increaaed in a atepwJ.ae fashion with 

timet ancl 

ill. Thie stepwise increment was along t he entire length of the 

root• bearing nodule•• 
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8. Both the traditional method for the estimation of the nitrogen 

fixation and the regreaaion of total plant nitrogen content on nodule 

weight were found to be unsuitable for short term experiments in which 

part of the plant material was lost either directly or indirectly 

aa a result of treatment. HoWTer, the acetylene reduction assay as 

an index of the nitrogen fixing enzyme activity proved to be satisfact­

ory in detecting instantaneous changes in nitrogen fixing capabilities. 

9. The conventional colour scheme adopted in this study as a visual 

assessment of the fixation actirity proved to be inadequate. Since 

partly green nodules were found to be capable of reducing acetylene 

and therefore (presumably) of reducing nitrogen, a haemoglobin 

ooncentrati n aas&7 would have been more satisfactory. 

10. Using the acetylene reduction assay and conventional techniques, 

it waa demonstrated that moderat shading reduced the amount of 

nitrogen fixed per plant primarily by reducing the rate of formation 

of nodule tissue. HoweYer, the reduction resulting fro complete 

defoliation was only partly due to this cause, being augmented by 

(a) actual loss of nodules and (b) a temporary gross reduction in 

the fixation capability of all nodules. 
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Appendix II .J . '1'hc ten stn.8e s of morphologic development 

of white clover (Trifolium renens L) leaves as described by 

Carlson ( 1 966) . 
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le~f is visiOle as it 

0. 2 Folded l eaf is completely visible but the petiole remains 

enclosed in its membranous s tipule . 

0.3 Petiole is visible and all leaflets a~cti Ghtly folded . 

0. 4 A sli~):..t separation of individual leaflets is apparent at 

the midvein . 

0.5 Indivi dual leaflets are folded but are starting to separate 

from each other. 

0 . 6 Leaflets are clearly s epar ated from each other, and each. 

l eaflet is approximntely 10% unfolded . 

0 . 7 Leaflets are approximate ly 3or~ unfolded . 

o.8 Le aflets are approximately 60% unf olded . 

0 . 9 Leaflets are approximately 90% unfolded 

1 . 0 Leaflets are 95% unfolded or slightly cupped. 



Appendix II .4 

Date 

15- 12-69 

21 - 12- 69 

28- 12- 69 

29- 12- 69 

5- 1- 70 

11 - 1- 70 

12- 1- 70 

26- 1-70 

2- 2-70 

8- 2- 70 

9- 2- 70 

22- 2- 70 

2.3- 2-70 

26- 2- 70 

1- 3-70 

5- 3- 70 

10- 3-70 

14- 3- 70 

17- 3- 70 

24- 3- 70 

Appendix II . 5 

Rating 

1 
2 

.3 

4 

5 
6 

7 
8 

Calender of work 

Events 

Gcmir.'l. tion 

Thin to three plants per pot 

Thin to t'.lo plants per pot 

First pretreatment harvest 

Thin to one plant per pot 

:-!eekly rhizobiwn inoculation terminates 

Second pretreatment harvest 

First spray of :-ralathion 

Tnird pretreatment harvest 

Spray malathion 

hil reg~o~ping of pots stops 

Fou::-th pretreat~ent harvest 

Spray :-:.tlat1:ion 

3ase harves~ 

Treatnont co~~ences 

?irst harvest 

Second harvest 

Third ha--v·est 

Fourth harve;:;t 

Spray ~hlathion 

Fiftb. harvest 

Sixth harvest 

Experbl.ent terminates 

Leaf ar ea ratings (from Williams, Evans & Ludwig 

Area 2 Rating Area 2 Rating Area 2 
cm cm cm 

9 0 .794 17 5.01 

0 .15s 10 1.00 18 6 • .31 

0 .200 11 1.26 19 7.94 

0.251 12 1058 20 10000 

O.J16 13 2.00 21 12 .6 

0 • .398 14 2 . 51 22 15 .8 

0.501 15 3 .16 23 20 .0 

o .631 16 3.98 24 25 .1 

1964) 



Appendix IIg6 G::.l £1Lla tion of R,-,J 1t.ive Growt.h Rate ( RGR) anr1, 

The following formula was used in the calculation of RGR : -

RGR = (loge W 2 - loge w1 ) /( t 2 - t 1 ) in mg/mg/day , where W 
2 

and w
1 

were the dry weights 

at tL~e t
2 

and t 1 respectively. 

Due to plant variations, some of the saiT.ples collected in the 

earlier harvests were heavier than those from the later harvests. To 

reduce this problem , the HGR was calculated from alternate harvests ie . , 

RGR 1 (day 6}) harvest ') (day 10) harvest 1 (day 3) ./ 

P.GR 2 ( day 1 0-~-) = harvcs:. 4 (day 15) harvest 2 (day 6) 

?.GR. J (day 16) = harvest ,- (day 22) ;;;, harvest " (day 10) ) .) 

?.GR 4 1 ct~y2')) \ Cl. ,..., = harvest 6 I, 20' 1,aay L; harvest 4 (day 15) 

'1"::.e :X-R ,,,as c.ete:"lJi~ed fo::::- each replicate and statistical 

signific.J..:1ces were t ested by the 'tlithin- ha:-..rest analysis of variance 

(split-plot), t:sir.g the ur.trar.sfor:ned values. 

Usir.g the swne a:1alytical method, the ?.....P~~A as described by 

Gibson (1965) was calculated. ie., 

in rr.g?.J/mgN/day , where 

N
2 

and N
1 

were the nitrogen 

yields in mg at time t 2 and 

t 1 respectively. 

R...•\NA 1, 2, J & 4 were calculated as above. By using Rrul~\ the 

initial differences in total nitrogen content between plants were taken 

into consideration, hence a sounder basis for comparing nitrogen fixing 

ability. 



Appendix II.7 Su;,:mn.ry of micro-Kieldahl nitrori;en determination 

( as described by C1oments 1270) 

Reagents :-

Dir-;estion mixture cone. H
2
so

4 
( 1 litre ) with K

2
so

4 
(100 g) 

and seleni~~ ( 1 g ). 

Sod.il;m hydroxide 250 g per litre. 

Bcric o.cid 2% w/v H3Bo3 with distilled water containing 

2% v/v indicator mixture . 

Indicator mixt~~e 5 volll!'l!es of Oe1 % ethanolic solution of 

bronocresol green and 1 volume of 0.1 % ethanolic 

solution of methyl red. 

lb':c1roch1oric a cid 0.01 N ECl (diluted from standard 1 N HCl 

Proced.1.res :-

Kir.dly su:p:::ilied by Dr. C. V .Fife , Soils Dept. Massey 

University). 

230 T.,6 of :.:'le o7cn driea s.s.:nple was a ccurately weighed 

a::a dif;OSteC:. ·.:it:-. 5 :r.l of co:.-:.c. Eio
4 

in a fune cupboard. 

2. The digestate wc::.s a.iluted to 100 rill in a volu.·:1etric 

J. 

flask 1.·li th dis till e.:. ·,;c-L ter , and a 5 r:11 sample was taken for 

distillation with 'JO ml of Ib.0] in a :,::.rkhai-:i still. 

The distilled sample was collect ed. into 5 ml boric acid­

ir.oicator wine.re. 

The a-r:ount of aTnmor1ia p:resent was determined by 

titration with 0.01 N lit.a. 

5. For 230 mg sa'Ylple the percentage nitrogen (WO would be, 

N;~ = titre (sample) - titre (control), where the titres 

were in ml 0.01 N' HCl. 

corr e ctions were made. 

Macro-Kj eldahl ni trof{en digestion 

For other s~~ple weights appropriate 

This was carried. out in the ani.11a.l physiological unit, Massey Uni . 

For each determination 5 g oven dried p~~ice (o~ 5 ml leachate) was used, 

in all sa~ples the amount of nitrogen detected was similar to that of the 

blank controls, both before and after the treatments. 



Appendix II.8 showirg the system ada pted for 

the numbering of root inch-segments 

roots 

inches away from 

Inches 7+B .. 9 are groupeJ as 7 in the text 



Appendix II.9 Acetylene r eduction techn~ oue 

The technique was basically sir.1ilar to that used in the 

laboratory of Dr . W.B .Silvester (Depar tment of Botany, Auckland University) , 

to whom the author is indebted . 

A bas chromatography unit (Varian aerograph series 1200), with 

a hydrogen flame ionization detector and nitrogen carrier gas was used . 

a . temperatcres 

oven 

detector 

injector 

70° C 

120° C 

40° C 

b . gas sc:.."::ple 160 cl, using disposable syri nges for normal 

c. 

s.i~pling ann gas tight glass syri~e for the standard 

deter;;:ir..'.l "tio:2s . 

cur~ier gas (nitro:cn) :lo~ rate 25 ml/rain 

~yc.ro~on g~s at 10 p.s . i. eivi~ a total gas flow rate of 

approxir.lately 60 rrJ./.-:-:i:1 . 

d. f~l tercd roo~ ai.r f or combustioil . 

e . the ea3cs i.:ere ;:ieascred 0:1 r ange 10- 11 and the size of the peaks 

f. colu::m packi ne 1?oropa:r T1 , 120 r:iesh , column length 4 feet ; 

col~~n di aweter ½inch . 

The fresJ-,.ly cut root and nodule ceiments were placc-d in 

l abelled JO ml McCartney bottles and sealed with air-tight rubber septwn . 

These we:re incubated a t room temperature (average 23° C). Tne air in 

tho bottles was completely replaced with the following gas mixture by a 

vacuum device (shown in Plate 11) before incubation. 

Acetylene 1 a% 
Oxygen 2o% 
Argon 

Several precautionary measures were taken to ensure that the 

system was leak p:roof and the correct proportions of the three gases were 

given each time. 

a. argon was used to flush the syste~ and the vials three times 

after t he previous gas had been removed by the vacuum pump . 

b . after flushing , the argon was pwnped out until the manometer 

reached 600 mm Hg . , the vacuu~ pwnp was cut off at control A 

(see Plate 11). 



T"nis slight positive pressure (0.2J at;;,o .t-1 .. 0:..~c) prevented any 

possible le.::i.kaee of air into the system through the needle 

holes in the rubber septum . 

c . acetylene and oxygen were then introduced to the appropriate 

levels . 

d . finally ar gon was introduced to bring the manometer r eading 

to 1 .0 at~osphere . 

e . a new rubber septum was used for each harvest . 

f . all joints were sealed with silicon vacuum grease . 

Generally for each r eplicate of .::i. treatment, three Sa.Iilples were 

taken within the first hour, later tnrce to four more samples were taken 

at ap?rox~~ately hocrly intervals up to five hours . 

On co:-:iplotion of t:1e assn.y the volirne o: the cas used in the vial 

was dc·:.c:.~;;-,::.~.cd by '.-:a-;:.cr c.ispL'.:c~~ent, ar:d the m~,:ber and weight of the 

~odt.:lcJ ceter~i~cd ~s detailed in section II.6.6 . 

·.-:::.. t:1 t::c roo-:. .::.1:d. ~.06.u.lc tis sc:e ii.: t.::e v:.a:;_ tne gas was displced 

with w~".:.cr frOi:i a f ir.cly ~radc.ated burette (0 .1 ml) ; any a ir bu:.:>bles 

[ olilcd. ;-:c:::-c rc:7.ovci '1.'i t:l a needle • 

.;.,_1culat~o.,.. o~ t·,e .'.)r.r1-ylcc:c .::?":Ct e-:::.::ylcnr st:'·,.;~rds 

,~s t.::.e hyc.rozc:: fl::i.,-:1e io:i.::.z .... t::..0:.1 ,::.etecto::- is more sensitive to 

ethylene (C
2
n

4
) than acetylene (C

2
ii2 ), a correction factor has been used 

~o brin,-; the value of c2H
4 

to the s~7,e ~olar b~sis as that of the C2H2 • 

'.;:'he correction factor was obtained fro:n .:i:'ty- truce ino.ependent sa.,1ples 

collected from the followi.~g ratio coraoinatior.s :-

Acetylene 

a . 100% 

b. 

c . 1 O'fo 
d. 1()'; 

e . 20'/, 

Ethylene 

100% 

1 CY/4 

Argon 

80% 

7W 
7(JJ, 

Ratio of 

1 : 0 

O : 1 

1 : 1 

1 . : 2 

2 : 1 

T"ne average was found to be 0.828 and was taken as 0 .8J which 

agreed with that used by Dr . W. B.Silvester . 



Calcu..lation of ethylene formation 

The amount of ethylene formed from the r eduction of acetylene 

was calculo.tod as follows :-

Knowing the volUiile of acetylene in the vial (10% of the gas 

m:b:ture) and the ratio of the two gases, (from their relative areas) the 

percentage of ethylene could be calculated . 

Ex 0.83 
' .h. 

X 0 .1 

where~ and J... we:::-e the relative areas of ethylene and 

acetyle~e minus their respective controls (as measured 

by the i~tc~rator), and corrected to the vame molar 

oasis (0 .83 was the correction factor) . 

In terr.:s o:f actt:al voli.:.i.e i e ., ml 

E )~ C. S3 
= x0.1xvol 

whc:-e vol ,.;as tne volwne of the r;as mixtcre in ml , 

determined by the water displacement method . 

L x 0.83 
= A 

X 0 .1 x vol x 103 

where f1 = micro-li tre 

Assu.':linc stan:lard temperature and pressure, 1 ;,t mole of gas 

woald occupy 22 . 4 pl ; converting thi s to r.i . u .mole (ie . x 103
) and 

expressing the r esult as that froill 1 mg of the nodule, we would now have :-

m.)l .mole o2H
4 

/ mg nodule 

Ex 0.83 
= 

X 0 . 1 x vol 
A 

E x vol 0.83 
X 

X = 
A X wt 22 . 4 

E x vol 3 = X J .7053 X 10 
A X wt 

X 

105 

- 1 
X 22 . 4 

where wt 

in mg . 

X 

= weight of nodule 

A computer program was written to calculate this . 
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C 

C 
PROGRAM FOR CALClJLATIN, ACE TYL ENE REDUC TI UI\J 

U P.1 F 1\1 S I O 1\1 X ( 1 0 0 ) , Y ( 1 0 () ) , IR A P ( 1 0 0 ) 
I F ( c;E 1\J SE S H TT C i-j 9 ) ? , ? 

2 IHOLD =O 
i\l = /) 

1 Q_ i= I\ 1) 1 n O , I '<!, I: P , I i-j AR , I n . I: , T , FT , E P,, 6.. T, /\ R, C 1Jf,1 , V UL , \v (; T 
l O O t= n R ,,1 AT (3 T ? , L, X , H F 7 • 1 ) 

'.3 IF(IH!lLD)l H ,10,l R 
1~ Ir ( I -H1U) -I'-i fl·<. ) ?1, 16, ?l 
10 P <. I ,-1 T 10 1 , I T R r 

1 0 1 t= 1J q ,1 /IT ( 1 1 H l T R. '= I\ T ·,1 ::: 1,1 T , I l ) 
1 4 P ><. I 1,1 T 1 0 ? , I 1-1 /\ ·: 

10?. r=11Q_ 1"11-\f(lli-j 1-11\<-VFc;T 'lfl , 11/) 
1f1 Z = F T ,:, F ~ ,:, • R 1 / ( ( A T ,:, LX 1< ) - ( r1 1\I ) ,:, I/ I 1 I_ ,:, 1 () ) 0 (] 0 • / ( 1,i (--; T ,:, ? 2 • 4 ) 

1\I ='I+ 1 
I R I\ P ( i\l ) = I R r: P 
X ( ,,1 ) =T 
y ( ,1) = 7 

I 1--/ 'l L I)= I H ,q. 
I F ( c; r ,,1 S t c; .. , I TC 11 ° ) l 1 , l 

~ l ')IJ.iX=() 
<; J,: Y=O 
') I •1'<Y ,~n 

.s I J,,]YY =I) 
')IJ 'I'<{= n 
1}1 !:j"<j_=l , I 

S I J •I \( = ~ I J H Y + X ( I_ ) 

',I) Y='-,IJ,,1V+Y ( L ) 
c.,' I \ X ::: "-,lj ' / / + ( X ( I_ ) ·:, V ( I_ ) ) 

c., I I I y y "" <;' I J I y y + ( y ( I_ ) ,:, ', ( I_ ) l 

51 :;1J 1''.Y-='-J XY+( Y (I_) <,v (I_)) 
..: 1, = 

X I ': ii ,, :::: ~ ) .j ' / i-= 
y F /\ ,\ = c; \ J · y / F \\1 

~ X '< = \ I J , X X - ( c; U 'i X ,:, \ , )( ) / r- ,1 
SYY=\lHYY -( SIJ 1Yi,<;lHY)/F=,\! 
2> X Y = ') I J I X Y - ( <; I J ,1 X ,:, <:; 1J W ) / F= "I 

rl=S 1J,1XY /<; · J XX 
"1 _ r v \/ , r , 1 n ,- r , r " ,1 ,,,. r , , , 1 , 
'\- }I'\ I/ ._)1..,r,. I l \ ,)/\/\#•' -..,r T J 

sc;nov=c;YY -( C,XY*C,XY ) /<;XX 
AS rJ F R = S Sn[) I/ / ( F 1,1 - ? • ) 
SSDF~=SORTF ( ASDFR. ) 
SSDRC=SSnFR /S QRTF ( SXX I 
RMSYX= ( SLJM YY-( ( c;uMxy,:,c;1J 1"1XY) I SUMXX )) / ( FN-1 .) 

CHU 

TT T = ( Y ME AI\J - ( R,:< XM EA N) l / c;oR. T F ( <. MS YX ,:, ( ( 1 . / F f\J ) + ( ( X 1"1 EA N ,:,x ,,i EA·~ l / S X X l ) ) 
TT= R/SSDRC 
DF =F N - 2 . 
PRINT 106, B ,B, R ,SSD RC ,TT,DF,TTT 

1 0 6 F O R M AT ( 1 H , 1 0 H R FG R E S S I nt\J , 2 X , 9 H C O I: F F B = , F 1 2 • 4 /1 H , 3 H Y = , F 1 2 • 4 , 1 X , 1 
lHX/lH ,11 HCORR::LATION,1X,9HCOEFF R =,F12.4/1H , 6HSAMPLE,1X,3HSTD,1 
2X ,3 HDEV , 1X,2HOF , 1X , 3HTHE, 1X,3HR.EG, 1X,7HCOEFF =,F12.4/1H , 3H TT=,Fl 2 
3 . 4 , 2X ,4 HDF =,I4,? X ,1 0HTEST FOR T,2 X ,5HTTT =,F12.4) 

IHOL D =O 
N=O 
GOT03 

13 CALL EXIT 
END 



C 

,. 
u 

APPFND IX I I . 10 

SPLIT PLnT ANA LYS I S nF VARIANCF Ct-iU ':> -1 1 - 70 

lJ I ME 11 S I l J \i X ( 7 , 2 , 7 l , T ( ? , ? ) , T L ( 2 l , TC ( ? l , F ( ? , 1 l , i3 ( 7 l , T I T 1_ t: ( :, l , T L , ( ? l , 
1 T r, •1 ( 2 ) , T l ( ? , ? l , T I I ( 6 l 

':'i') <.F. Al) ?() , TT T I_ F 

<. -: \ ") 1 0 l , ( I Y ( ~ l , 1 1= 1 , h l 
L =O 
l = O 

"i l l ri ? 1 I = 1 , ? 

)il ?1 J=l , ? 
Tl(I , J)=n 

21 T(f , J )=O 
}0 ?7 I=l, ? 

T L •1 ( I l = 0 
2? TL(TJ=n 

1n ? 1 J= 1, ? 

TC1(J )= fl 
J-< TC ( ,J) = 

J1l ~4 K=l , 7 
)4 1 ( ( ) =() 

)II )') I =l, ? 
JI ?'1 '=1 ,7 

;,;·> r(T , K)= 

I) 1 ? , T = 1 , ? 
' ? 1- • ? 

) ? ' I..,. 1 ' 7 
~) <(I , ,J , l= 

~ I -

' I ,"-= 
i ( = 

'- ·~ ' 
r ~-= l 

..., = ' 
~F \, 1 , ( ( (X ( r, J , , J, K= 1, 7 i , J= 1, ; l, r = 1 , ? i 
) ? I=l , ? 

? J-1 , ? 
Hl? K=l ,7 
SU =')IM + X(I,J, J 

2 GT SS=GTS~ + X (T , J , K) >:<X (T,J , Kl 
DC 3 T=l , ? 
Dl13 J=l , ? 
on 3 K=l,7 

3 T (I, Jl=T ( I , J)+X ( I , J , K. )" 
on 4 r = 1, ? 
DO 4 K= 1 , 7 
on 4 J=l,? 

4 F(I,K)=F(I , K) + X(T, J , K) 
;:)0 5 K= 1 , 7 
DO 5 I =1, 7 

5 B ( K) = B ( K) + F ( I , K) 
DO 6 I=l,2 
DO 6 J=l , 2 

6 TL(I)=TL(Il+T(I,Jl 
DO 7 J=l,2 
DO 7 I=l , 2 

7 TC(Jl=TC(Jl+T(I,J) 
CF=( SUM* SU M)/28 . 



TOTAL=GT<;S-CF 

on R K= 1, 7 
8 BK=RK+( R( K )*R(Kl) 

11 < = ( R K / 4 • ) - CF 
on q I= 1, 7 

g r= I_ = F I_ + ( T L( I l ,:, T L ( I I l 
FL=( FL/14 . )-CF 
D'l 10 J=l,2 

lCl ~C =FC +(Tr:(J) :qc( J I l 
i= C= ( FC /14 . )-CF= 
nr1 11 I=l , ::> 
uf) 1 1 K=l ,7 

1 1 F •l P = F ,·IP + ( i= ( r , < l ,:, F ( T , i< ) l 
FHP= (F ,tJ/7 . )- r:F 
r:R~A=Fr ~ -~I_- Rl-( 

,)n 12 T=l, ? 
D r1 1 2 ,J = 1 , ;;, 

V S = S+ ( r ( I , .J l •::TI I , ,J l l 
S= ( r::; /7 . l - r:,:: 
= r = c, - r= ,_ - .:: -: 
~ ~ ~ ~ = T ! lT /\ L - ,.: ;,; f,' - - r: - .: I 
~,ll : U{/6 . 

S ?= F L 
;-; I•' ·-1 = t P. :/,A/ 6 • 
, •1t.,-=,..: r 

') ,')::1 

, t.=-R-1.k/ l?. 
,:: ~ •\ I_ 1 = <; , / ~ '. 
F C 1\ I_ ? : '- 'I ") / <:; ?, 

F ,-: 1 I_ 4 = S '• / '+ ') 
Ff, I_ '1 = S fJI C::. / " l ~ 
","'=,l--1.f..:(,.'-:../4 . ) 
, - ') = <.. '\ '< T r:: ( <; ·1 f 11 L • • J 

::,1-l?~ = :::• 1 ~TF (C, ',/7 .l 
J 1 :;, rJ I = 1 , ? 

·-1') fl_'(l)=Tl(T)/lL. 
IJ l -:l,l J=l , ::> 

11 fl>~ ( J l = T r: ( ,J ) / 1'+ • 
1)11? 1=1, ? 
IJrJ ·P ,J= 1 , ? 

3~ T,..,, ( 1 , J l=T( { , J)/7 . 
IJ 1 -5 = S E l ,:, ? • 4tt 7 
Dl l.= SF. 1,:,~ . 707 
D 25 = SE ?>:<? . 1 7 q 
D7-l=SE?.>:,, . o55 
D35=SEl?R>:'7 . 179 
D3l=SE12R'~3 . 055 
AV= SUM / 28 . 
CV=( ( 50RT F ( SM6 )l/AVl*lOO . 
N=t-.J+l 
PRINT 33 , TITLE ,I H(Nl 
PR I NT 34 
PRINT 35 
PR I NT 34 
PRINT 36 , RK , SMl , FCALl 
PR I NT 37 , F L , SM 2 , F CAL ? 
PRINT 38 , F.RRA , SM, 
PR I NT 34 
PRINT 39 , FC , SM4 , FCAL4 
PR I NT 40,FI, SM5 ,F CAL5 



PRINT 41,ER~R,SM6 

PR I i\J T 34 
PRII\IT 42,TOTAL 
PR I f\JT 34 

PRTI\JT 52 , CV 
PR I f\JT 34 
PRINT 43 
PQ.If\JT 44 ,(TLM(I) ,I =l , ?) 
P R, I i\l T 4 5 , c; E J , D 1 S , IJ 1 1 
PR I I\IT 43 
P R I 1\J T 4 6 , ( TC ~11 ( J ) , J = 1 , ? I 
P~INT 45,S~?,~?S,Ll?l 
PR T 1,1 T 43 
D R I t" T 4 7 , ( ( T f!I ( I , J ) , I = 1 , 2 ) , ,J = l , ? ) 
P R I 1\1 T 4 5 , S E 1 ? '<- , n '.:\ 5 , f) 1 1 
PRI\IT 43 
L=L+l 
IF ( L -6 ) 5 1 , 4q , 4 g 

49 c;nn1 so 

F CJ R i/i I\ T s T A T:: I ·, F. f,I Tc; 

1 F n R1·l AT ( 6 X , 7 := 9 • 0 ) 
2 0 F n R ·1 A T ( 5 t 4 ) 
-:. ., i:.. r,.) ,_., 'I r ( 1 ! j ' ? n q /\ I /\ Ly c; T c:. ri F I/ I\ r<. T /1 I IC j- ' ? X' c:; /\ 4 ' ? X ' 7 i-j ri 4 t-<. \i , ... " T ' 1 :< ' T 2 ) 
'.:\4 :=nR~AT( lµ ,7 n~ --------------------------------- - ------------ ------

1------------------) 
i '5 :: I'< ,,1 A. T ( 1 1 I , .t-, I~ <; 1 ) I I ~ C F , l X , '.:\ -j 1) F , '+ X , ·'.i. i C:. • C:. • , l ? X , -+ i---j ,1 • ~ • , l l) ~ , , j ,.: : /\ L. , ') ,{ , 

1 : iF H· f.) , ':i X , A i-jf~ F \ 1 I I_ T ) 
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! 

! 

Tot11. le ::i f' o..re.'l. ne:r pb.nt 

::. cg~n (X x 100) 
; i l I I . 
! ~~ r ·=st 1 1 l 2 3 I 4 1 · ., ·- "-' 1 I I I 5 6 
! n i-__,, , , S I S I 
j .:> ourcc 1,J .. ' .,i _ _ i·_· ._, _ .. ___ ?,_M_. _· __ ..;,_~_1._s_. ___ ,l_!·f_.,_s_. ___ ;'_._: ._s_. __ -1-_~1_.,_s _. --
1 l / I 
J Eep , o j 

I Light 1 I 
J En·or 1 i 61 
I Cu."t I 1 t 

i L x C l 1 I 
I , I 

En·or 2 :~ 2 j 
! ::i.v.% I 
l l 

0.0273 I 0.0445 

Oo00.J1 ns 0.00-)0 ns 

o . 01ss I 0.0159 

4.9s65 **I 2.4533 ** 
0.0039 ns l 0.0560 ~s 1 
0.0059 

1 
0.0129 

,9 I 37 

0.0532 0.0984 

0.0052 ns 

0.0145 , 
0.0003 ns 

0.0062 
2 ,.O<)J6 ,,;:- , 1 .5559 ·:H:-

0o02J2 ns • 0.021 5 ns 

0.0119 

29 
0.0143 

32 

0.0616 

0.0292 ns 

0.0206 

1 02960 ,H< 

000013 ns 

000092 

25 

S 1;.;::.:::.·,:.--::y o.:' with ir-.-h::.rvest amlysis of va rfance (X X ~I 00) sq1··~ 

0.1504 

0.0022 ns 

0.0224 
1.1294 *·:} 

0.0003 ns 

0.0297 

49 

::::.:.~-rest ! ·
1

· " I 2 ! J ! 4 '! 5 I 6 

s ou.r ce 1:.::? l- !·1_.s_. ___ i_' _i,i_.~_~ _· --+-' _i._1._s_. ___ ;l_ ;vr_.~_=: _· __ _.i_~_i ._s_. __ -:I_M_.s_. ---1 

I , l I j I l , o 114 .. s 
1
• 207 .o I 337 .. ) 726.9 693 .4 

I i I 
Li_:;l-'.t 111 5.5r.s l 4.4ns l1 0.4ns 9.4ns 1774.0>:-

1 

..:...r:.:or 11 o: 53.S i 48o5 

1 

83 .1 I 6J,,6 183.4 

:1;.:, 1 I 3584 .. 3 ,Hi- 1 5502 .3 ·::- ;.:- 6734. 6 -:H~ 11 6695.0 ,rn I 7957 .3 -:H:-

1 x::; 1 j S.7 ns I 136.o ns 0.,1 n .,
1 

1~'i . 5 ns j 438 .6 -~ 

;::: ::Tor 2 1,2 ,
1

: 33.3 I 42.,1 81 .o I 

: . V . % l I 17 11 I 13 I 
157. 7 

15 

59.0 

8 

Swn~ary of within- harvest ar.alysis of variance untransformed 

Harvest 1 2 3 4 5 

Source DF M.S. M.S. M. S . M. S . M.S . 

Rep 6 0.97 
I 0.23 0.46 0.34 0.57 

Light 1 0.31 ns 0.38 ns Oo71 ns 0.48 ns 6.80 ·:t 

Error 1 6 0.38 0.43 0.36 0.62 0.58 

Cut 1 37 . 88 -::·* 21.24 *l} 22 .96 * l~ 18.19 ** 16.78 ** 
L x C 1 0.14 ns 0.16 ns 4 .07 ~·* Oo23 ns 5.36 ii* 

Error 2 12 0.48 0.46 0.31 0.36 0.44 

c.v. % 18 16 11 13 12 

I 

1705 .1 

662.3 ns 

277.2 
6937 .2 :,-;} 

230 .0 ns 

287.9 

16 

6 

M. S. 

0.07 

6.64 ** 
Oo09 

25.38 ** 
6.35 * 
o.68 

14 



Appendix Top dr y wcic;ht, 

Su;;-.::1.:1.:;.·y o: withi::1- 1':.arvcst anal ysis of v.:.1ri1::.~cc :i.og10 (X x 100) 

1 r.arves t ! I 1 I 2 

1

1 3 
}1.S . 

4 5 6 

M.S o M.S o M.S . 1sourcej DF M. S . 1 M.S . , 

,- R-c_p_-t-l-6-t--0-.-0-4-69--+--o-.o-8_4_8_ ~,-o-.-o-69-9-+----+-----+-----l 

I. Light 1 0 .0054 ns 0.0129 ns I 0.0828 ns 

0 .0705 000608 0.1758 

0 .0313 ns 0.2310 * 0.0553 ns 

Error 1 6 000098 000169 0.0154 
I I Cut I 1 i 2 .4480 *·* 2.1015 *~· 2.2070 {Hi· 

l L x C 1 I 0.0032 ns 0.0704 * 0 .. 0808 ·* 
: Error 2 12 j 000061 0 .,0147 I 0.0129 

0.0153 I 0. 0194 0 . 0213 

1 .8258 {}* 2.1074 ** 1 .5638 {}* 

0.0000 ns 0.0002 ns 0.0011 ns 

0.0142 0.0088 0 .0312 

32 24 50 · I 1· ; ~.v.% 20 32 1. 29 , ______ ..:_ ____ _.__ ____ -L.. _________ .,__ ____ .._ ___ ___. I 

I :.~::ves~ 
. ,: 

.:i ou.:-ce 
, -, 
.J~ 

' 
' ... , ... . :> 0 

('~ 
..... >J :..~ 0 J o029;, 

- : .... • ... .1. 
; OoC~ 03 .....,_ ... ... v ' 

~:..· .. :or i 
,, I O. J2L,2 0 

I 
.L i 0 ') """c, .;~ : .. 

"-v . ,_vv v 

' ,. 
X C 1 0 . 0:3'i 7 ns! ..., 

' 
.3rr·c~ --, 0 .C'i 23 i .. , ,._ 

c.v.-; 29 

.i-. ppcndix IIIo1 .3 . 

X 'i OO) 

2 3 4 5 
~~: ~S o 

i 
" ~ ?-: .s . .• : • .,....> g i'(. S • 

CoOL,59 j Oo06!,.2 i Oo06J7 I 0. 0543 
0.,C0/.,.9 ::.s 0.,1004 ns'. 0 .0279 nsl 0 .1379 ·*·;, 

,.. ~"" ... ,.. 
u ~ 01 i:J 

o.~ 18~ 

o .. ooL,B 
0 .0285 

L,Z 

ns 

:1.S i 

l 
I 
I 
l 
I 

I 
0.02:5 O.OC07 0 .0093 ! 
o. ~132 ~* : c . 5650 ~~ · o .7726 **I .. 
0.0870 : •. ~ 0 . OL,.62 ns ; 0 .0366' " I ~i 

1 I 

0 . 01 , 5 l o.o-: 57 I 0 .0064 ' 
. 
' 

28 33 20 

To:, ~o rcot r~tio 

.Si.::;:;-;.o.r y of 1,1ithin- harvcst ar:3.lysis of vc..riar .. cc i.;..~tr ansf orm cd 

Harvest I i 1 I 2 J 4 5 

I I i,;.s. I Source I DJ }1 .S . M. S. V C' M.S . .L •• v • 

' 
I ?..op 6 0 .3695 404238 0.9478 2 .0046 0 .9527 

Light 1 0 .0041 ns 5.0066 ns 0 .0869 ns 1.1972 ns 0 06883 ns 

Error 1 6 0.2612 5.3279 0 .8587 J.3u98 0. 6193 

Gut 1 54.4S87 ** 114.2512 ** 78.0891 * h· 67 .9226 ** 55.4696 ** 
I L X C 1 I 0 .4128 n~ 8.2297 Il6 G.0357 llfi 11 03793 ns 6 .1946 * 

:!::rror 2 12 0.2558 7.2601 0.7032 3 .3345 0.8577 

c.v.% 16 63 I 18 .31 ! 15 
I 

6 

K.S . 

0. 0754 
0 .. 1374 lH~ 

0 .0095 

0.433/4 

I .,,. I 
0 .0002 ns 

I 

0 . 0252 

, 

6 I 

N.S . 

1.8665 

2.3143 ns 

1 .7465 

6000064 ** 
3 .9151 ns 

1 .4712 

19 
I 



A ppe::1dix III. 1 .4.a Relative gr owth rate of tops (mg/ mg/ day ) 

Sumn1ary of within- harvest analysi ::; of variance untransformed 
f 

I ' I Period t 1 2 3 I 4 
S ource i DI<' M. S . I H.S . }'. .S • t{ .S . i I l 

I 

Rep I 6 0 . 0024 0 . 0010 I 0 . 0002 0.0012 I 
1 I I 

1 Light I 0 . 0050 n s 0.0002 ns 1 0 00013 ns 0.0000 n s I 

I I ' 

l Error 1 I 6 0.0027 0.0028 0 . 0019 
I 

0.0007 

! 
Cut I 1 0 . 0006 ns 0 00006 ns l OoOOOO ns 0 .0002 1 ns 

L X 
n I 1 0 . 0128 {~ 0.0053 0.0032 1:• 0 . 0000 ns .., n sl 

I. Er r or 21 :2 0 00019 00001 2 I 0.0006 0 . 0019 

+ 
+ ( Per icds 1 , 2 , 3 & 4 a r e 6} , 1 o-L 16 and 22 days fr om t r eatment r e spectively 

for datails see A~pendix II.6) 

B.el?.tive growth r ate of roots (rr.:;/mg/ day) 

0c;::..-:iary of w::.thi:c:._..::'.na::.·1.,es t arclysis of variance untransformed 

S ou.rcc:: 
I 
t D 
I . ,cp 

I LiC"ht c., 

I 

i 1 

,, 
u 

~ 1 :, 6 11 ..:.,rror 

~ut I 1 l 
I I 
j L x C ! 1 

I Error 2 l 12 1 I l I 

1 

0 . 0014 

0 . 0035 n s 

1

, 

0 . 0028 

0 . 0040 ns I 
I 

0 . 02Li-/4, kl!· ! 

0 . 0021 I 

2 

i·~ .s . 

0 . 0011 l 
I 

OoC006 ns I 
0 . 0016 I 
0 . 0108 -~ 

0 . 0013 ns 

0 . 0015 

3 l 4 
f.~ .s . r·1. u • I . " C 

o .cc:-:s I o . 0001 

O. OCOt ns 0 . 001 1 ns 

0.001 1 0.0003 

0 . 0020 ns I 0 . 0002 ns 

0.0003 n s j' 0 . 0010 ns 

0.0006 0 00012 
J 



Appendix Tff\1.l m:mber of nc::l.ules per pl ant 

Sur.un.::i.ry o.i: within- harvest amlysis O;. vc.ric..nco ~qrt (X x 100) 

j Harvest Ii I 
!. Source DF j 

..uic:;n-t I ' ! 
I 

6 Error 1 i 

Cut i 1 I 
j 

L X .c 1 

Error 2 12 

I ~.V.% ' l 

.~ ':):JCr::.C.iX 

1 

1,: .s. 

1429 

908 

507 

5901 

611 

542 

14 

n;:; 

I 
** I 

r 
ns 

I 
I 
I 
l 

III.20:~b 

... ; ~v-:-J:1:.. :t·y of w i -:,;-_L1-:~::.:::'V 0 st 

::..::-vest 1 

~ c:.-_.:' c:: ., · ~~-;a :.:"s ~ 

i 
,, ') - .--. 

~~~ cp 0 .... :,0 

Li;nt 1 ,45 l"lS 

I:rror 1 l 6 ~,-.I 
I / :_r 

::;ut 1 337 ;.; 
: 

! 
T C 1 94 ),_J :x: I ns 

' 
Error 2 !12 57 

! c;v .% I 12 
j 

2 

1·1 .S • 

. ll6 f 

! 502 l 

7519 -:H, l 
332 ns ' 
794 

19 

3 
M.S . 

2214 

1 !,Bi;2 

2009 

5320 

291 

965 
, ,.. 
10 

-.~ 

* 
ns 

~fo:lule m;_i:ibe:;: 

I 
4 

M.S. 

3140 

1403 

1221 

10510 

ns 

* 
29 ns 

1540 

23 

' 

ov0r 3 mo per 

a:c..:.2.ysiG of variance Sqrt (X 

2 3 4 
,.. C ;.: vS o ",r. C 
J. ' .. ~ ...,J 0 J.'.-.oU e 

57'J 571 L,.B: 

29 ns 370 ;, 1996 ns 

341 61 566 

281 ns 2695 ;:-~- 545/4. *-;~ 

153 ns 9()5 ~~ 5 ns 

96 72 158 

17 11 19 

5 
M.S . 

/4062 
571'. ? "J....J n s 

. 2117 · 

36566 ** 
457 ns 

1135 

16 

plant -
X 100) 

5 
H.S. 

471 

7612 1H} 

177 

5929 ')f* 

21 ns 

227 

22 

6 

M.S . 

6236 

12635 

4337 

33535 

ns 

1} 

4679 ns 

5995 

35 

,, 
0 

t'i.S . 

967 

1373 * 
126 

1150 * 
845 ns 

193 

29 

III.2.1.c No::ule nu."'.'lber bet,ieen 1 - 3 nun per plant 

S umm::i.ry of within-harvest CL."lalysis of va:cianco Sqrt (X x 100) 

f ' 

I 
! I I I 6 ' Harvect 

l 
1 2 3 4 5 

I . 
i I Source D? I ~1 .s . 1·1 .S . .i.s. M. S . M.S . M.S • 

Rep 
,, 

864 
! 

393 1382 977 2427 5862 0 

Light 1 70 ns 166 ns 695 ns 911 ns 3713 ns 1530 ns 
I 

Error 1 / I 138 185 501 859 2664 1537 0 

.Gut 1 1319 -~ 1282 ns 4063 :,rn 1546 ns 21924 ** 35607 ** 
L X 

,.. 1 465 ns 90 ns 1328 ns 405 ns 474 ns 895 ns I u 

I Error 2 12 221 595 430 866 1092 2740 

r c.v.% 17 JO 23 29 24 31 

1 

·. 

I 

' I 
I 
I 

! 

I I 
! 



:III.2. 1.d 1:0::luJ.c nt.:n ber u .... c1der 1 :-:-1111 per plant 

, 

I 
I. 

u t ' i ~ ' I I I 

. ,n.rves I l 2 3 ! 4 ! 5 6 
l j i 

S om·ce ( j)l'.;' i i-~ .s . I r-~ .s o l·!. S . I :t~ oS . I M.S . H.S. I ~ 
I I I I 

I I 

l 
j 

I 
• 

' ' I I 
!iep t / 

.,t :"""" ") 10()4 i 520 

I 
233! .. I 25:;G r - r \ ,--.. 

I 0 : l \ i tJ ..) ;:;._'..,J .._, ) 

' I Li3ht ! 1 
r'1-.•4 

n s 

I 
27 ns 6589 ~} 0 .2 nsl 24 ns 1116 

I 
' _ _, 

I 
ns . I 

Er r or. "1 i ,, I 
513 592 

I 
62.0 658 652 0 l 2583 

I 
I 

l Ci.:t i 1 5803 ~~- 8694 -:~-~~- 62S)6 ~i" 4787 ns 10814 ** 141 81 * I ' 
L C I 356 

I 
736 X ' 1 ns I 404 ns 1302 ns ns 83 ns 627 l ns 

i I 
~rror ,... ( ...,? 

! 759 I 622 C)L/5 1126 622 2874 - : ,_ 
l l . 

i ~ • . , . ;; 21.;.· 22 27 23 18 38 l. _ __ ___;. _ _,, ____ ___...._ ____ _._ ____ _;_ ____ _.;_ ____ ..:,_ _____ j 

_:. -·-:. ~: ~1cl :.:,: I:IQ2 .. 2 ~1 ~."': ,,.... .. "' , .. , (::J 
... . v .... 1. "-''-- O.i7 1-.rei sht pe::.· pl t1nt I ) -c; \ .. to - -- -

:_. ~ ::.:·.".3.,r :r o: 1-: i ·c}:L1- i arvest a1nlysis of varianc3 1 or· 
~ 0 10 (X X 100) 

' 

i 22.rvest 1 2 3 i /.,. 5 6 l 
l 3ow:-ce - --. :,: .s . l,: .s . 1,. f C · I }~.s e M. S. MoS. 
' 

! J.) _ · J.. '6~ 0 Ii I 

;· ' - - - I ! 
/ 0 .0380 

I I i 
?..s iJ 

, 
C . OJ/,.6 0.,0707 :0 . 0624 I o.0384 0.1287 0 i 

Li,::)1t 1 0 . 0300 ns l 0 . 0337 ns i 0 .. 0768 ns jo . 2921 'h~ 
I 0.9446 * {~- 003890 ')('* 

I 

1 I ! 

:::::r r or ., / 0 . 0261 0. 0263 0 .0129 ; 0 .. 0320 I 0. 021 9 0.0094 I 0 I 
-'" ' ! 

\ 

-:rn- l **I :.;ut 1 0 .2691 A ~ - ! Oo 1,4,97 -:~-·:~ : 006023 ;:- ~( ;o . s706 -~~ -~'- 11 . 6701 0.9794 
I 

i ~~ ! o .. ooso I 0 . 0530 , 0 .. 0010 ns l 0.0045 ' L X C l 0 . 0432 ' ' ns ns ' 0 00 1. ') ns n s • 
l 

I " ,_,..,_ 
I ! 

Zrror 2 '? 0.0072 ' 0.0149 ' 0 ~0'140 ;0 . 0249 i 0 . 012? 0.0177 ; ,_ 
I i I l - l c.v .;£ 22 32 ' 31 44 JO 36 

j I 

' · 

III.2 .2.2 Rel o. t i ve Grc·,rth R3. te of nodule dr y weight 

S ,:..-:-:m:i.::.--y o: w::_ thi n- hc::.r vest aml ysi s of vari ance untr a n sformed 

Per i od 

IDF 
1 2 3 4 

S ource M.S . M.S . M.S . M.S. 

Rep 6 0.0044 0.00147 0.0005 0.0011 

, Light 1 O .0011 ns 0 .0083 ns 0.0177 * 0.0001 ns 

I 
I 
I 

Error 1 6 0.0036 0.0015 000018 0.0005 

Cut 1 000071 ns 0.0194 ,rn 0.0097 * 0.0000 ns 

L X 
r, 1 0.0219 ** 0.0015 ns 0.0025 ns 0.0000 ns V 

Error 2112 000020 0.0018 0.0011 0.0015 
I ' 



A ppendi..'C III.2 o3. 1 a Nodule rn.1,:; ber per 100 rr.~ :.:oot dry weight 

s~":l. .. ary of w~th in- harvest a,..::.lysi s of vari ance Sqrt (X x 100) 

l :farvestl 

1

,

1 
(Source j D:? 

2 

H.S . 

3 
l"; .s . 

4 
M.So 

30 .6 

5 

M.S. 

27.7 

6 

M.S . 

39 . 5 
0 .. 4 ns 

13 . 4 

12 .0 ns 

8 .7 

11.4 ns 2.4 ns 11. 4 ns 28 .8 ns 

21;. .6 I 20 .8 I 30. 6 25 .7 
1.9 ns l 24.7 ns 9o1 n s 1 92 .4 ns 2. 3 ns 

1 

31 . 1 n s 

2 . 8 ns 
1 

2 06 ns I 1. 0 ns 51 .9 ns 24.7 n s 0 . 5 ns 

27o9 56.9 I 23 .6 35.9 15 . 8 29 .0 

::::: :::-ror 

Cut 

L X C 

Z rror 

I 

1 ! 6 I 
I 1 I 

I 
I , 

l 1 
I 

2 12 
I • 

' " V c1 19 27 l 18 21 14 19 t_v_•_•~ _ _ , _ _ _ l ____ _ j _ __ ----: ____ _ ..._ ____ _ ________ _;.:. 

2:I Io2o3 . , . b Nc::.:::e ;;.u.'::':Jer pe::- 100 ~g r oot dry wei gh_t 
·- - - ---------

: ::-o::i .-;_pplieci Xaths Dept . ) as 

sp:;_it- spl:::t - pl ot desi gn wi th l igJ:-: ;; as t::.e r.:ain ef fect, cutti r..g as the 

suh- o: t c: c·::. and :O.c:1.rv0st c.s the sub- sub- effect . 

S~'-'...:r c r oo~ x ~00 ~or ~he &~l ysi s o: var~a~ce . 

s .s w 

6 2 .69 

:,i_;ht ' 1 0. 07 
i ' j 

Da t a t r a nsformed i nto 

F . r o.tio 

0.45 * 
0 .07 0.07 I n s 

I I 
· :rror 1 • 6 0~63 j 0.10 I I 

l . I I I i I 

I I i ! I 

Cut ~ ! 0. 04 O. OI+ 0.07 

I l I I ns 
A i ! o.os u:.:.t X Lir:;h t I I 0 . 08 i o. 13 ns 

'~ i I 

I 2 12 ! 
r e ") I 0 . 62 I ~rror ' 

{ 
I I 

I 0 .. 13 
I 

0 .03 0 .11 I Ha rvest 5 I I n s 

I.,, · - · ht 5 Oo59 0.12 0.49 ns 
1 
•. arve s1:. x L 1.g 

I ' Harvest x Cut 5 1 058 0.32 1.30 n s 
i 

Oo76 Oo62 ' Har x Cut x Light 5 0.15 ns 

Er r or 3 120 29 .1 0 0.24 
.. . 

Total 167 43. 08 
' 



Appendix III.2.3o2. a Average dry weight per nodule (mg ) 

Summary of within- ho.rvest analysis of va.riG.nce log
10 

(X x 100) 

5 
M. S . 

6 

M.S. ':::::tiDF ! M:S. ' M\. l /~ M\ I 
i Rep ! 6 i 000441 I 0 00556 I 0 00727 ,.-0-0_0_2_7_1 _ +1- 0-. 0-5_7_4 _ _. __ o_.0_6_3_0_-I 

i LighC j 1 I 0 . 0002 ns I 0.0927 ns I 0 .1757 n s / 0 .11 46 n s 0.5516 "* · 0.0817 no 

I ~ rror 'l 6 j 0.0232 0.0374 I 0.0365 I 0.0288 " V 0.0227 I 0.0642 

j vut l 1 ! 0 0011 7 ns 0.0106 ns , 002103 ns 0 . 2250 ,..,.. 0.2560 1<* 0.0966 ns 

11 x C j 1 I 0.0067 n s 0 . 0020 ns . 000216 ns j 0.0000 n s 0.0054 ns 0.1396 ns 

j Erro:;:- 2 ; 12 l 0.0304 i 0.0299 0 . 0648 1 0.0210 000266 0.1159 

l c.v.% l l 49 L,9 · 80 j 40 1 46 191 

' -'l . 
A pper.~JY.: II1o2.3.2. b :fod.;tl2 dry ;,!eight (mg) per 100 mg root 

dry ',ieight 

Sw:,~."t&:-y of 1,:::.th::.r..- :1.arvest ar...e..lysi s of variance log
1 

O (X x 100) 

-- . ' , ! 
2 i 3 i 4 I 5 I 6 :..-iar-ve.s:, i . ' ! 

1: ; Source ! :_y' ' ';-J Q i >: .s . ! 1·: vS . I ½.S . M.S . M.S . ~ ~ ' 
1·. eU • ! I 

I 

0.0096 I 0.009 5 
I 

.. . 
! 0 .0142 I 0 .011s 

I 

! neo I 6 0 . 0139 I ~ ... I. ~ I 
! - .. 

Llght. 
I 1 

; f I 0 . 00';4 ns , 0 . 0130 ns 

l 0 . 0076 
1 0 . 0015 ns 0 . 1400 ns j 0 . 3615 * 0 . 0645 ns 

! 

I 0 . 0127 l 0 . 0147 · Error 1 ! 6 0 . 0081 0 . 0291 0 00099 0 . OOL,7 
! I 

J I 
0 . 0050 ns ! 0 . 0019 * 0. 1100 *·:c I Gut I 1 ns 0 . 0178 ns 0.0329 ns 0 . 1712 

L X ,G I 1 J 0 . 0016 ns i 0 . 0003 ns 0 . 0043 ns 0.0793 ns 0 . 0513 ns 0.0073 ns l 
1 Error 2i 12 ! 0.0165 I 0.0183 0.0086 0.0185 0 . 0109 0.0197 
l l I 34 l 37 . 

' 
l ,.. v % I 
J v. • I 24 37 27 : J8 

' 

l 



!-..:1p endix III.2.4-. PERCENTAGE FrtEQUENCY OF LEAF ./\.REA R.I\.TTNG 

(Ratings based on the s~andards o f Williams et al (1964) ) 

Ratings 1 2 1 3 14 15 1 6 1 7 1 8 1 9 20 21 22 23 

i 
Harv est ! 

1 I 
I 

2 

' 
Treat - I' 
ment I 

L/U 1 12 
! 

L/C 41 

S/ U 

S/C 

L/ U 

L/C 

S/ U 

S/C 

18 

28 

10 

24 

2 

1 

4 
2 

2 

2 

0 

2 

(p ercentage t o total) 

5 9 

1 L~ 1 6 

4 9 

9 16 

9 2 0 

19 7 
14 21 

11 1 0 

16 

0 

18 

3 

13 

1 

12 

0 

9 

0 

4 
0 

2 

0 

1 

0 

2 

0 

0 

0 

0 

0 

0 

0 

8 

13 

L~ 
8 

5 10 20 23 10 8 2 0 0 

16 19 17 4 1 0 O ·O O 

7 14 28 20 1 O 6 2 o 0 

11 21 23 9 2 1 o o o I >-----!..---~----------------------
3 

4 

5 

L/U 

L/C 

S/ U 

S/C 

j L / U 
I -
I L/C 
I 
• S/ U I 
! S/ C 
i 

; L / U 

I L/ C 
I 

'j 2 

20 

9 

16 

1 1 

14 

9 

14 

11 

14 

0 

0 

0 

0 

1 

3 
0 

0 

1 

5 
2 

'i 

3 
8 

5 
8 

3 10 15 19 18 

16 20 21 14 2 

5 9 25 28 13 

6 16 L~2 11 5 

6 13 24 23 1 O 

13 27 24 8 1 

6 ' j O 26 22 14 

1 2 32 27 6 1 

15 

1 

8 

2 

5 
0 

14 

0 

8 

0 

1 

0 

3 
0 

6 

0 

1 

0 

0 

0 

1 

0 

3 
0 

0 

0 

0 

0 

0 

0 

0 

0 

1 2 8 1 3 23 25 11 5 1 0 0 

0 1 7 23 27 21 6 1 0 0 O 

I S/U '1 0 0 1 2 1 u 'i 4 20 1 6 14 11 2 0 

1 I S/C 11 0 2 9 20 29 1 8 9 1 0 0 0 
l·----1----~-------------------

•. 

6 1 L / U 1 8 0 1 7 11 1 9 1 4 14 

I L/C 1 7 1 1 5 1 5 25 1 7 11 

S / U 1 2 1 1 2 6 9 1 4 1 6 

S/C 15 1 1 6 15 28 20 8 

9 5 
5 3 

15 15 

5 1 

1 

0 

7 
0 

No te i n harvest 6 S/U plants had 60% of their leaves between 

ratings 1 8 ( 6·. 31 CM2
) and 21 I. 12. 60 CM2 ~, whereas L/U plants 

had 58% of' their leaves be.t1veen rat ings 16 l]. 9 8 CM2 ) and 19 

( 7.94 CM
2

). For details on rating areas see section II06.3 

0 

0 

1 

0 

• 

L/U:light-uncut; L/C:light-cut; S/U:shade-uncut; S/C:shade-cut 



Appendix I II. 2.5 Re1n.tiom:hio between nod1JJ.e dry weight 

and noduJ.c rn;.--nhcr 

Dependent variable = log10 nodule dry weight (mg ) 

I ndependent variable= square root nodule nt:mber 

a . I ndividual group r egression 

T-.cea tr.:ent 

IT ; -;ht J...J .. , ... {y·· - uncut 
I I ... ....Jlg11~ - cut 
I ", - linCUt 0no.c.e -I 
! 

cut l ::.,·,, ,,,,: ..... -.1..........,.\..... ..... 

c. Analysis 

S olU'CC o: variation 

Total 1, ith:..n grot .. p 

regression 
eqi.:ation 

y = 1 .. 30 + 

y = 1 .. 23 + 

y = 1.,29 + 

y = 1 o 11 + 

0.,030 X 

0.,025 X 

0.,026 X 

0.024 X 

of within group variance of 

.:)g s .s. I I·I .S . 

l 
164 j 8.3465 l 0.0509 

std 
err 

0 . 004 

00007 

00004 

0.,008 

y 

correl a ­
tion 

0.73 

0. 51 

o.67 
0 . 42 

0.62 

F r atio 

DF 

40 

40 

/4.0 

40 

163 

J ue t o aver . r eg . 1 I 3 .27L-,,7 I 3 .2747 105.24 {f)} ~-

I 
I i , J ev . fro:n aver . reg . 163 I 5 . 0718 I 0 .0311 l l I 

Jetw. J 0 . 02L,-8 0.0083 0.26 ns ir.di . grp . reg . I i Dev . 
I 

160 5. 0470 0.0315 from indi regs . ! 
i I 

The r esults f r om this and Appendix III .2.6 were analysed with 

Prof essor 1-:umford I s general statistic computer progr ams (STATIC), see 

section I I .7.J. 



Appendix :::II o2 • 6 Rc1a tionship bot1,1e0n average drY. weight 

per nod1.u.0 &;:d noc.ul8 nu.i-nbcr 

Doi;cndent variable = average dry weight per nodule (mg) 

Independent variable= square root nodule number 

a . Individral group rer;ression 

Treatn:ent regression equation std.err. I correlation 
l 

j Light- unci..it y = 0.312 - 0.,001, X 0.003 - Oo23 
' I Light- cut Y = 0.437 - 0.01 /4. X 00003 - Oo55 
! S hade- u:c.cut Y = 0.616 - 0.021 X 00007 - Oo44 
: 
iS hade-cut Y = 0.300 0.010 X 0.003 0 .52 
I 

b. ..;.vera::;e ~·:i t:1.in group rezression 

Y = 0.399 - 0.011 X 0 .. 002 - 0 .37 

c. A::.:;.lysis of within group varia nce of Y 

' ! 

I I Source of variat ion I DF ! s.s. H.S. F ratio 
i 

'.:.'o-cal ·,ii thirJ. group l 164 l 3.9305 I 0.0240 
I I ;Due to aver . reg. I 1 ! 0 . 5508 0.5508 26.56 

' I 

I 
1Dov . from aver. rec. I 163 i 3 .3'"/96 0.0207 

{ I 
i ctw . imli. group reg. 3 0.2221, I 0.0741 3.75 

IDev. from indi . regs. 160 3 .1573 0.0197 

I I 

DF 

40 

40 

40 

40 

163 

**it 

* 



Appendix III.3 o1. a Nitroe;en perc0·rtaee of tops 

S1,u:rnary of witnin- l1arvest ar--'.J.lysis of varia~1ce u~~transf armed 

:"arvest I 
I 

Source !D? . 
Rep I 6 

' 
Li ght 

i 1 I 

:Srror 1 I 6 

·~ut I 1 

L X .c ! ~ 

I 
i 
I 
!Error 2 12 
I 

l. , V "' ' v . . ;o 

:Sight 

; :2;rror 
I 

I " '\[ .., 

6 

1 

i 

i ! 
I 

1 2 3 I 4 5 I I I I I 
M.S . I }1 . S . 1'.tf ,.., H.S . M.S . I 1 ... . w • 

0.0732 0.1168 I 0. 2941 I 0 . 2224 I 0.1705 

0.0240 ns 0~0660 ns I 00 499 5 * l 1 .0921 l<* 1 .4950 -:, 

0.0663 o.0287 I 0.0510 I o .0091 0.1213 
I 

0.8786 -:H} 0.6603 1} 0.0234 ns -:Hi- j O .61 80 
' 0 002, n 0 001 1 ! 0 0 0 4 s I . . , ns • 6 3 n s 

o .os, 2 ! o .0454 I o .0966 
0 0 2 I • 040 

10.0325 
I 6 

-~ 

000670 ns l 

0.0200 ns l 

o.~321 I 
s ! 6 I 10 ! 

Nit~oge~ percentage of roots 

2 3 
" r . .'.1.11.::>. 

0 .0413 0.0225 0.0465 
l 

0 .0146 r.s O .001 5 ns ! 0 .0585 ns 

O .0341 
! 
1 0,0233 
i 

0 .0261 

o.6062 ;:-~- 1 0.3634 ns ! o .6665 -:!-* 

0.0005 ns i 0.0004 ns I 0.0104 ns 

0 .0482 
I , 
i 0.0922 ) 0.0274 
l 

11 15 8 

untransformed 

• 
i 4 

If 11 ..r ("'\ 

5 
~~1 .s . , n . 0 .. 

· ! 0.0348 ! 0.0707 

l o.0937 ns j 0 .0116 

I 0.0438 I 0.0700 
l o.0:37 n s 1 0 .0004 ns 
f : 

jo .0497 ns I 0.0948 ns 

l o .0310 o.0481 I 

9 11 

6 
M.S . 

0.1 870 

1.1441 * 
0.0284 

0.0001 ns 

0.0984 ns 

0.0372 

6 

6 

M. S . 

0.1424 

0.0009 ns 

0.0375 

0.2340 ns 

0.0869 ns 

0.0600 

11 

; 

I 

I 

I 

I u. . :z> 
, ___ __.,_.,.._ ____ -'-----~------'---------------------..:----------------

). ppen;::.ix 1n.3.1. c Nit r ogen percentage of nodules 

Summary of wi thin- harvest anal ys i s of var iance untr ansformed 

I Harves t I I 6 
... 

1 2 3 4 5 
1 S our ce DF M. S . M.S . 1\1 . S . M.S . ' M.S. M.S. 
I 

I Rep 6 o.6446 1.348 0./4231 1 .4245 0.7464 0.8666 
I 
i Li ght 
J 

1 0.4757 ns 1 .2771 ns 0.8505 ns 0.7990 ns 4.5280 * 0.0000 ns 

Er ror 1 I 6 0.6067 0.3514 0.3319 0.1655 o.6879 0.7297 
I 

Gut 1 1.9610 i} 7.6546 * h3.0562 ** 2.9639 * O .0531 ns 0.0030 ns 

L x C 1 0.4400 ns 2.0412 ns 0.0028 ns 1 .1645 ns o.6481 0.0902 ns 

Error 2 12 0.3837 0.9047 0.3430 0.4271 0.3565 0.5353 

c.v.% 7 12 7 8 7 8 



.. 

Ar.mend.ix III.3 .2. a 

Su...1::10.ry of within-l10..rvest analysis of va1~iar.co 
·--------------- .------,------ .------:-----.------

log
10 

(X x 100) 

. H:i:rvest I I 1 l 2 ,· 3 4 5 6 

I Source !DF l,;- _r_· 1_.s_. __ ,, __ 1_-1._s_. __ t-_ _ E_.~:--~ M.S . H.S . M.S . 

l Re p '! 6 I 0 .0537 0 . 0755 i 0.0893 ,· 0.0924 0.0733 0.1503 
I I I 
j Lic3ht ) 1 : 0 . 0073 ns 0.0215 n s 0.1518 * 0.1034 * 004251 ** 0.1409 * 
iError 1 j 6 1 0 .0103 0.0165 I 0 . 0196 0.0158 1 0.0259 0.0193 

l L X C 

! ~Ut 1 ! 2.8938 *"·l 2.41J2 *',:· J 2.5689 ·;} * 1.9010 ·H 2.2216 **, 1.5810 ''* 
l 0.0058 ns j 0.0731 ns ! 0.0585 ns 1 0.0071 ns 0.0002 ns Oo006J ns ! 1 

i 
2 rror 2 112 

I I, 0.0070 0.0169 I 0.0128 I 0.0163 0.0091 0.0189 

I' ," if r./ 
V • • JO i 

' ' 
. -- .J.. 
· [ j_ Q..:.'"'VeS v i 

i 21 I 3 5 l JO 1 J/4, 25 48 

IE.3.2. b 

~ 

' 2 

' ' -< 1' •• :) • 

N:.troe: en yield of roots 

3 4 
1-1 .S . 

log
10 

(X x 100) 

I 
l 

5 6 

__ 1._r ._s_. __ 
1
; __ :r,_1._s_. _ __..,. __ H_.s_. --1 

. ( i ' t 

6 0.0307 : 0.0535 i 0 .0111 1 0 . 0130 I 0 . 0102 0.0995 

"1 0 . 0255 1:s i 0.0060 n:::; , 0 . 1289 ns / 0.0103 ns 0 . 0915 ns j 0.1654 ** 

: ~::or 1 , ~ ~:~~~~ -~* ~!; ~:~~:~ -:, J ~:~:~~ ** 1· ~:~~~~ 1H, ~:~:;~ -~~- I ~:~~~: *;, 
i !1 x C ; ~ 000308 ns jl 0.0046 ns j 0 . 1015 {} I 0.0666 ns 0.0060 ns 0.0002 ns :rror 2 112 000132 0.0429 j 0.01 81 j 0.0205 000075 0.0374 

) :; • V .% I JO I 62 l 37 1 39 22 56 

III.3.2o c Nitrogen yield of nodules 

Summary of wi thin- harves t analysis of variance log
10 

(X x 100) 

I i Harvest ' 1 2 3 4 5 6 
Source D:I: ' M.S. M.S. M.S. M. S . M. S. m.s. 

Rep 6 000398 0.0933 0.0955 0.0766 000375 Oo 1536 
Light 1 0.0193 ns 0.0614 ns 001080 * 0.3474 * 1 .1950 ** 0.3940 ** 
Error 1 6 0.0270 0.0334 0 .0103 0.0331 0.0321 0.0073 
Cut 1 0.3534 -:rn 0.3021 1~* 009436 ** 1 .0599 ** 1 .6282 iH~ 0.9942 ** 
L X ,C 1 000335 * 0.0001 ns 0.0523 ns 0.0165 ns 000002 ns 0.0072 ns 
Error 2 12 000066 0.0194 0.0165 0.0252 0.0081 : 0 .0201 

(; .V.% 21 38 35 44 23 : 39 
' 

I 
I I 



~ppendix I1Io3.3 E:.trogen fixed per mg nodule dry weight 

per dr-y (r..c ;S./ mg :~c-;·Jle/ 0ay) 

S w.1mary of within- harvest analysis of variance log
1 0 (X x 100) 

1 2 3 4 5 6 
M. S. M.S. M.S. M.S . M.S. 

i i-iarvest ! l 
i Source J? J 

i '-----r------!-----'-----c-----'------+ 
: itep : 6 o . 0165 o . 0059 l o . 007 4 i o . 0108 I o .0073 'I o .005e 

; Light 1 0.0034 ns 000001 ns l 000110 ns I 0.0569 '' 
1 

0.1125 *~*, 0.0520 ''I 
: Zrror 1 \ 6 0 . 0067 ·1 0.0117 \ 0 . 0039 I 000065 0.0081 0.0060 

! .;u.t ; 1 0.8395 ~-* , 009295 ·:HI :. O.L,.815 ,,.;;. '! 0.1377 * 0.0185 ns 0.0406 ns 
' l 

\
1

:;:, x .C ; 1 0.0089 ns I 000173 ns ; 0.0005 ns I 0.0003 ns 0.0023 ns 0.0001 ns 
I j . 

\Error 2 12 000088 j 000064 OoOOJ.3 '0 .0218 
I 
t :.v .% 24 l 20 14 40 

0.0081 

23 

0.0113 

28 



APPENDIX III.3.4 

PROG FOR CALCULATI NG ClJRV ILI NEA~ Rl:GRE SSI01\l FOR C2 H2 RED UCTin N CHU 

U I 1,1 E I\J S I or,1 X l ( l O O ) , X 7 ( l n O ) , Y ( l O O ) 
I l--m LD=O 

1\J =O 
l .~EAD 2 , IHA R, IT Q.E , x , z 

19 IF (I HO LD)l o , 17,liS 
16 IF ( IHOI_ D- IYA'<.)4 , 3 , 4 
1 7 P R I ,\I T l H , I T ,( F , I Y t..\ K 

3 I H r1 L 1_) = I H 1\ 7.. 
111 =1\\ + l 
XX =X ,:,x 
X 1. ( I\J ) =X 
X? ( 1\l )= XX 
Y ( 1\J ) = Z , 
T i-= ( c; E 1\J S I: S H T T C H g ) g q g , l 

4 SX l= O 
~X?=u 
SY=O 
SXX l=O 
SXX2 =0 
S X Y l =O 
':>XY? =O 
SXJ.X?=O 
SYY=O 
I J (1 '-1 I_ = l , J. r, 1 

S X 1 = <.; X 1 + 'J l_ ( I_ ) 

SX? =SX? +X? (L) 
SY = c: Y + Y ( I .. ) 
'.-i X X l = S X X l_ + ( X l ( L ) ,:, X l ( 1.. ) ) 
\XX?=SXX?+((? ( Ll*X? ( L) ) 
)YY=\YY+(Y(l_)':'Y(L)) 
~XYl=SXYl +( Xl (L) *Y (L)) 
SXY? =SXY?+ ( X? ( LPY(L)) 
SXlX2=SXlX? +( Xl ( L ) *X?(I_ )) 

S UJl'H I hJU E 
F /\J = ,\I 

Y t-\ I\ R = S Y / F 1,1 
X lRAK=SX 1/F i\l 
X ?f3 A"<- = S X ? I F 1\1 

SS XX l= SXX 1-( ( sx 1,:,sx l l / FN) 
SSXX2 =SXX2 -(( SX2*SX?)/FN) 
SS X S X = S X 1 X 2- ( ( S X l ,:, S X ? ) / F N ) 
SSX lY= SXY l-((SXl*SY)/F N) 
SSX2Y =SXY2-( ( SX?*SY) /F N) 
SSY Y= SYY -( ( sy,:,sy ) / FN ) 
D = ( SS X X PSS X X 2 ) - ( SS X SX ,:, SS X S X ) 
B 1 = ( ( S S X X 2 ,:, SS X 1 Y ) - ( S S X c; x,:, S S X 2 Y ) ) / D 
B2= ( ISS XXl*SSX2Y )-(S SXSX*SSXlY ))/ D 
A= Y RA R - ( R 1 ,:, X 1 RA R ) - ( R 2 ,:c X2 BAR ) 
PRI NT 9 ,A,Rl, B2 
• 

TEST FOR SIGNIFICA NCE OF DEPARTURE FRO M LI NE AR REGRESSION 

SSl=SSYY-((SSXlY*SSXlY)/SSXXl) 
SS2=SSYY-( ( B1,:,ssx 1Y) +( B2,:,ssx2Y)) 
SS3=SS1-SS2 



DF l=F N- 2 . 

DF2 =F N- 3 . 
S 1"11 = S S 1 / I) F 1 
SM2 = SS?/nF.? 
S 1•13 =SS 3 
F l=S •l,/S:,q 
F ?= S1•I V S ,p 
PR. TH 20 
.:>R_TH 10 
PRil'H 11 
PR. I "' T 1 2 , I ) F 1 , S S 1 , S M l , F 1 
P R I ,,1 T 1 3 , Dt-= '? , Sc, ? , S ,,1 '? , ,= ? 

::> ·~ I i\l T 14 , .S S ~ , <; ·1 :i. 

PR I 'Ii T 11 
PR I IIIT 20 

THI c; C/\l_ (,lj_i\T 1:S Trlf: c;rn 1:R.~rn.s 

,:ll=SSXX?/D 
C P= - SSX c;x;) 
:: ?? -= SSXX 1/ 1 
~ll= ( Cll*S\XlY )+( Cl?~<::<;X?Y ) 
i??=(C l 2*SSX1Yl+ ( C??*c;c;x2Y ) 
:~ •-\ 1 = Sn q_ T F { c; \.1 ? ) ,:, <:: n KT F i C l l I 
S8?~S 1 ~TF ( <;M? ) *c;~~TF((??) 
T l = ,, l / S µ l 
T ~= , ., I<..,' ;, 
,J Q. T ,, T 1 'J , ~ 1 l , , ? ? , <.., ~ l • <:: , ; , T 1 , T? 

J 11 J ,I I /t) 

; FflR.lATUX , ?[? , ?t-=:lll . rJ 
r., ,: ... i z -111 r ( 1 :..i , ? 1 < , 1+ 1-l T T - • 1 · , 1+ ., ,1 r , -, , 1 , -H -: ? -j 1• ,J { , 1 J , L ,: , ~ 1 ~ ?· i + t s T • .J Y , s 

1c;,~1. lFVI 
q .: '1 .) ·l I' T ( 1 ~~ , 1 ~ i -: r' h T I r ' : , F l 1) • ? , -:i l + , - l J • • t , ~ i ', , ~ , + , ; l ,, • \ , 1 • 1 : 

1 ) 
1 () .: l : 11 T ( 1 H , 1 q hi '; '1l, { C r: r".: ,/ T ,\ T I J I , 1 X , r.., i J ; , L ") "J ~ 1 I •1 ~ l = C, • , ,\ ,t • i , 

l 1 , 1 ; H ,,, E FI 'II <; n l J ,\ f{ != c; , <1 v , (-. 1 r • r L • ) 
11 .: 1 <- lt\T ( 11-1 , AH 11--------------------- - ---- ------ -- ------------------

1---------------- ) 
1~ :=1R-ll1T(lll , ?nmF-1/ F-{rr.• Ur 1!:/\{ LU:', , 1- . ,) , rl ... . l , rl6 . ? ,=1 0 . tt) 
1 3 F 1 Q, ·.• AT { 1 H , ? 0 ~ D F ,1 ..: ~ r 1 1 r: t J R v F, > I< F. r; , F A • n , ... 1 'J • 1 , 1- 16 • ;, , .: 1 o • 4 ) 

14 1='lf{·lAT( 111 , ?l)'JR.::Dur.TI ·1r.1 It\J c;u ·s S') 1 lt 1 , ?·H . ,= 10 . 1 , f-lh . 2) 
l 5 F n R ·i AT { 1 H , ~ i-i I~ 1 - , F 1 f> • 4 , _? X , 3 f--i R / = , F 1 ~ • 4 , r:; X , Lt r-1 S f:11 = , r 1 n • 4 , 7 X , 4 H S K 2 = , ,.: 1 

1 () • 4 , :5 X , 3 H T 1 = , F l n. 4 , '? X , ?,H T? = , F 10 • 4 ) 
1 8 FOR·1AT ( lH , OH TR.FI\ TMFrn , I?, l X , 7HHA RVl::ST , I ? ) 
2 0 F O R. r-1 AT ( 1 H , / l 

999 CALL EX IT 
END 
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------
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-: .··::· .. .. , ~ ... 
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I 
31.~ 33 I L!-3 
OeLr04 0 .. 388 0¥563 
0 . 040 0.026 c .. 063 
-::••::- •::-::- •::--;i" 

ns ns ns 

32 34 42 
0.349 0.311 0.504 
0.062 0.031 Oo 102 

,:: .. ;~;~ -:~i:-
ns ns 

t 

tDetails in ~ppe~&ix A; d.f .~ dc~recs of freedom;reg . coeff . = 
regressior. coeffic:i.ent ; s . C o = s tc.nd:->.rd. error ; sir;nificance = 
'1.,. 'test for linear rcc;ression ; 111 . orir.;in = t.test for fitting 
tn.0 regression throu3h the ori gin ;ns = not significrun ; 
-;:-::-= P O. 01 ) 



A pper.dix IV • 1 Decoded J'Tlcans and oercentage difference 

Root dry weights (mg) 

Harvest 1 2 3 4 5 6 

Light 337 305 381 401 629 7CJ7 
Shacie JOO 237 297 3L,.,7 456 512 

crf t o control 89 94 76 87 72 72 p 

ns ns ns ns {~-~- h·* 

Uncut 386 343 450 517 785 801 

Cut 2/? 0- 255 257 269 366 452 

c' to co:.--.-~rol 68 7 /4. 57 52 47 56 '" 
-~~- -:~· ns -~- ~:- -:~ .:~. -~-* *"h· 

'.i.' o·~a l no::i·de number 

:ID.r,rcst 1 2 3 4 5 6 J 
' - • , J... 278 22, 382 J24 500 5811- I -..1lf:l.1. v 

I i Shade 241 238 223 275 381 J97 
l 

l 
f ~; t o control S7 108 58 85 76 68 
l ns ns >< ns ns ns 

' Uncut 308 282 346 370 603 650 
' i 

214 182 252 236 JOO 345 I c--~ u v 

i ~ to cont rol 70 65 73 64 50 53 
' 
l *·::- '~* * * .,~* * 

( Controls were the Light and Uncut plants respectively) 
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Plate 1 

General view of the glasshouse , note shades in 
the background. 

Plate 2 

General view of the glasshouse. 





Plate 3 

Light meter 

Plate 4 

Close-up view of pot 
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Plate 5 

Difference between 'undefoliated' and 'defoliated' 
plants. 

Plate 6 

Amount of regrowth on 'defoliated' plants at harvest 1 
(day 3). 





Pl ate 7 

' Green• and ' pink ' nodules as at harvest 1 (day3) . 

Plate 8 

' Green ' and ' pink ' nodule as at harvest 3 (day 10) 

1 = light- uncut (control) 
2 = light- cut 
3::: shade-uncut 
4 = shade- cut 

Note the half green , half pink nodul.es in treatments 
2 , 3 and 4. 
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Plate 9 

First inch - segment of root showing nodules at various 
stages of sample taken from 'defoliated ' plants on harvest 3 
(day 10) . 

Note: nodule ' hulls' 

Plat e 10 

brown nodules with split apex 
pink nodules 

Lateral roots from 4th inch- segment of ' defoliated ' 
plants showing nodules at various stages of development . 

Note: nodule ' hull ' 
slight ly pink apex 
small pink nodule 
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Plate 11 

The vacuum devise used in the experiment. 

A= contr ol to vacuum pump 

B = gas inlets 

C = outlet into vial 

D = gas reservoir 

E = vacuum pump 

F = manometer 

G = Hg reservoir 






