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" NITROGEN FIXATION IN NODULATED LEGUMES

IN RELATION TO THE ASSIMILATION OF CAREON

Tﬁere,is a considerable volume of work which suggests that)photosﬁntﬁgtié
assimil&tes are important fof‘nitrogen fixétion and, in the work described
in this'thésié,réttempts have been made to clarify the relationship bétveen
nitrogen fixation and photosynthetic'aséimilates in the nodules of two

leguminous species « Pisum sativum L. and Vicia faba L. Asimultaneous'\,§

measurements of acetylene~?educing activity‘énd radioactivity of léc—iaﬁ;iled~
photogyﬁthafes in the noduleg have béen madé over a wide rangé,of experiﬁgntal
cdndiﬁibns. |

In order to verify that the conditions ﬁsed in the acetylene reduct;on
assay were suitablg for the species studied, the parameters thought most
likely tolafféc; acetylene—te&ucing‘aqtivity in the nodulegs - those of
Eemp;ratura o£~incqbation, oxygen and acetylene concentrations and thé natu#e ;
of the biologieal‘materiai assayed - were investigated. Optimum conditions |
were broadly similar for both species agd differences between the species
Were_prébablg due to differences in the biological materials themselves, such
as nodule sizé and whether nodules wére ahﬁached to or detached from the

host plant. ‘

Niﬁrogenasevactivity changed d#ring growth of both species and diffarendesﬁ
betwéen”the two- species were thought to be due to different patgerns of
flowerind and fruiting. Sfudies of pea plants during growth sﬁowed thaﬁ, o
nodules active in nitrogen fixation accunulated most ldc—labelle&~photo»
synthates, but that a substantial proportion was not used in n;trogen fixation,p
but 1nnreapiration and growth of the nodule. Both nitrogenase activityiand

léc~labélled photosynthates in nodules declined when

" the éﬁcumulation of
) flowering and fruiting took place and this was believed to be due paxtly to

- redirection of the photosynthetic assimilates within the plant to the f -

E»a)’fdeveloping geed, However, removal of the shoot apex did not result




_(iv)-

« oonsistenﬁly,ip increases in nitrogenase actiyity, even though the

"--accumulatioﬁ‘offphotosynthatas inoreaséd, and go it is believed that, in

this instance, control of nitrogenase activity is exerted by some factor

other than, or addxtional to, the supply of photosynthates to the bacteroids.ﬁg-.:

Light and photoperiod were shown to play im@oxtant r&les in the
‘ raguiation of nitrogeﬁase activity'of pea nodules.' Darkening pea plants
rasulted invlargo redoctiohsoin 5oth nitrogenase.activitf ond the ethgnol~ }
\‘ooluble carbohydrgggs;in-the'obdoies in 2é4hours,:but thero oas‘no;corrésé, .
ponaiﬁq reauotion in the aocumulgtion‘of 146 1abelled photosyntﬁatesA
mahuféotofea just priorlto darkénigg. However, the accumulation in the -
.hodulaénoiflécwlabelled photosynthates manufactured;after‘darkened;planto,
were retuxned to theo}ightvwas,mﬁchi%odocod’and recovery of accumulationoof,‘
photosynthates bxécedéd QEGGVery iﬁinitrogenaae aoﬁivity.‘ Although chan%ESi
in the artificial light intensity o which pea plants were exposed for a
ghort pexiod had little effect on nitrogenase activity, diurnal fluctuations -
in nitrogenase activity were observed. However, maxima in nitxogenase ‘
activity dmd not correspond with maxima in 1ighc intensity, but occurred in
the eYening due to the acoumula;ion of photosyntho ates translocated to tho f
nodulés;aftor a delay of 4 to Bzhooos. An additional mid—day maximum was .
Nobserved scmetimes and was believed to be due to changes in ambient temperature.f
In bothsepecies, a large proportion of the 4c--labellad photosynthatos :'

in the nodﬁleo wexe'recovered asVougare, but there was some indicaoion‘thao
: ethanol~1nsoluble compounds were formed in pea’ nodules. Soma photosynthates

vere rapidly utilized, as basia compounds were formed 1n hean nodules only

. 30 minutes after exposure of the shoots to 14C02. Accumulation of basic
‘compounds in detached bean nodules exposed to 14CO did not inhibit‘nitrogén ‘

2
fixation, and it is 1ikely that organic acids formed by carboxylation reactions:

. were aminatod directly, as sugars were unlahelled.
. Microautoradiography indicated that the main site of accumulation of
l4c~1abelled photosynthatos was the young infected colls near the meristematic



(v).

tip of pea nodules, whereas histochemical tests with tetrazoLium salts

h suggested that most nxtrogen fixation took place in older cells. Thus the

fsite of maximum ‘accumulation of 24,

C-labelled photosynthates does not
:yagﬁarantl§ corié#pond with the site of maximum'nitrcgen fixatioﬁ and.thé#éﬁéfg
' thisibbéervation‘éupports the sﬁggestion that a substantial propoxtion’cﬁjthei
photogsynthates which aécumulate in the nodules are not used.dirgctly in
‘nitrogen fixatian.

It is &ugéeﬁted that nitrogen f£ixation is not sﬁppoiteé by reservé“‘m
,products, such as starch and poly~B~hydroxybutyric acid, in pea nodules, but ;
- by a supply of photosynthates which are only available when the requirements .

of the”actively growing regions of the nodule have been met and which, after -

amination, are exported rapidly from nitrogen~fixing cells.



. INTRODUCTION:.

A;ééésmgn? of,nitrogep‘fixation
:ééﬁdiﬁi;ﬁé afﬁgcting-the pitroqen f;#éE;On assays
b Oxygén‘éohéenérationh R
Biblogiqal material
Plant gréwth gnd”deﬁélopment ff
‘Jiﬁgoruande of:light
‘Eifegts of darkéning
‘q-iQ.ﬁéyiéngth |
Light inteﬁéity
. Téﬁperatﬁre
" Diurnal vaxiéﬁiqnsi
'ﬁbdule'carhohydratag
: fﬂmranalocatioﬁ of pﬁotqsynthates to,ﬁhe ﬁodulesj
Carbohydrate metabolism in the nodﬁlés?
;:.gﬁpﬁrtfof aminated compounds from t#é”nddﬁiésT;A
‘fﬁﬁodulgﬁﬁeééir#tibn ' | A

. Réserve substances in the nodules.




- (Donald, 1960) and it was suggested that most of this was contributed hygk, :

INTRODUCTION

The importance of combined nitrogen to plant 1ife cannot be over—*w"

emphasised, as without this the proteins essential fbr cell protoplasm

cannot ha synthesiseﬁ. Most of ‘the combined nitrogen on the surface of

the Earth is derived from biological~nitrogen fixation by paat and presen
micro~organisms. The process of biolcgieal nitrogen fixatlon has baen

estimated to contribute JO8 tons of combinea nitrogen per year to the sail _ff

- legume nodules. Most of the 13,000 known legﬁminousqspec1¢s examinad béa#
“raot'nodulas (Burris, 1965) and the value of 1égumes in cxop rotati@ns LGY
known in Classical Greek times. "

iDaleohamps (1587) was the first to observe“xoot noﬂulas, on*a’apédié

<=of Ornithopodium, and Malpighi (1679) found 'insect galls' on Vicia faba roots. "

' Recognition of the true nature and constituents of the nodules was flrst made

by Wbronin (186%) and it was demonstrated that no nodules formed on 1egum':f,~'
- zoots in sterzle soil (Frank, 1879; Hellrxegel and wilfarth, 1888).

: Beijerinck (1888) isolated a nodulenforming bacterium in pure culture and" =

called it Bacillus radicicela, which is now known as Rhizobium ;gguminosarum. :

Assessment of nitrogen fixation

Early workers employed plant growth atudies and Kjeldahl analyses to
demnnstrate increases in the nitrogen content of nodulated legumes in nitrogen—z‘
free culture (e.g. Weber, 1898; Friedburg, 1890; Giobel, 1926), HOyevgrg¢,g

these methods are time-consuming and laborious, and the aﬁailaﬁility pf'g V‘

isatopesnof nitrogen made possible the dée=of lsuzg in.conjﬁnctioniwith maé;
spectrometric analyses of plant material,: to éhow conclusively ‘that 1egum
noaules could Yemove elemental nitrogen 1nto organic combinaticn {e.g. -
Lindstrom, Newton and Wilson, 1952; &gprison and Burris, 1952: Aprispn, i
Magee and Burris, 1954, Virtanen, Moisio and Burris, 19557 Leaf,péar&nér ;f o

and Bon@; 1958) . This method is less time-consuming ana is a thousand timea



;~more sensitive than Kjeldahl analysis, although it is still fairly laborious:

The discovery that the enzymne complex nitxogenase reduced acatylenef
ethylene at a rate proportional to that of nitrogan fixation (Dilworth, {i.
Schollhorn and Burris, 1966) and the use of gas chromatography to estimat
the ethylene produced, mada possible an assay for nitxogen fixatlon whacﬁ i
simple, economical, rapid and a thousand times more sensitive than 15§
fixation; . The acetylene—reduction test has now been used On numoroua .
oeoasions to demonstxate andgqueurtlfy-\nitrogen fixation (e.q. Koeh and

Evans, 1966, Har&y et al., 1968, Wheeler, 1969, Engin and Sprent, 1973),.y§ff

Acetylené concantratmona of 0,10 to 0.20 atin. axe routinely used and thiw ;
ooncentratlon was found to be well above the aaturation point of" tha enzymes‘*” b
in soybean nodules (Bergarsen, 1970; Magua and Burris, 1972).ﬁi .

The main ﬁisadvantage of the acetylene reduction asaay is its indirect .A
nature, and the possibility that catalysis of this reaotion may not prooeed‘in 

at a rate propoxtional to that of nitrogen fixation over a wide range of

experimental conditions. The thooretical ratio of 3N : 102H2 molaoules R

2 + 3H2 -+ 2NI‘13 and 3CZH2 + 3H -+ 3¢, I-I

in which both substrates accept six electrons, but this ratio has not always-ibx

reduced is based on the equations N

been found in critical tests. Satisfactory ratios of 3 1l to 4:1 wexe
l“obtained using soybeans (Hardy et al., 1968; Schwinghamer, Evans and DaWSOn, ’
1970) although variations in acotylene reduction were yroportionately muoh

«1 gxeater than variations in Kieldahl analy&es. In contrast, a ratio of ‘

' 2 0 ~ l 1 was calculated for soybeans by Mague and Burris (19?2), and Engln ‘
and Sprent (1973) obsorvaa that the ratio was not constant throughout tha au=
»growth of clover plants. Insaddxtion, the acetylene reduction test-tended'aaéﬁf
'to underestimata nmtrogan fixation, espacially when rates were low (Roughley
angd. Dart, 1969, Hardy et al., 1971, Borgersen (1970) found ratlos varying
from 2‘71 sl to 4 20:1 using soybean nodules, and attributed +the largo A

variations to small unavoidable oscillations in oxyqen concentration fxom

0 21 to 0 24 atm. dn the inecubating vessels, and to the different solubilxties

of aoatylena and nitrogen in the cell sap . Corraotion for differancas in



'solubiliLy of the two' gases reeulted in conetanoy of the ratio over a wi
range of oxygen concentrations. bnt the author advised eaution ‘on the ue oft

acetylene roduction tests alone in the aceurate measurement of nitrogen o

finntion although differences in rates of fixation by one assay material“were? e

accurately refleetea by its aoetylenenredueing aotivity.

Conditions effectiﬁé the nitrogen fixation assays -

Oxygen‘concentration

The importance of oxygen concentrations favourable for nitrogen

n fixation has been demonetrated by plant growth studies (Fred. and Wilson, 193

Pexrguson ana Bond, 1954), N fixation (Bond and MacConnell, 1955, Berger en,-f,z

‘ l962a,w1963; Bonﬁ, 1964, Silver, 1969) and the acétylene reduction assay ‘
(Bexgersen, 1970. Mague and Burris, 1972; Waughman, 1972).

Studies on soybean noduleo suggested that nitrogen fixation was ‘Lt

T aBe e
e
7&9%nhanced by inoreaeing oxygen concentration up to 0. 50 atm. and declined et ;

greeter concentrations (Bergersen, 1962a, 1963). -In. contrast, acetylene ﬁi

reduction wns not 1nhibited even at oxyqen concentrations greater than 0 70

(Bergersen, 1970, Mague and Burxis, 1972). - Oxygen was shown to be a '
‘competitive inhibitor of nitrogen fixation (Eergersen, 1962a, 1963) and

Bergersen (1970) suggested that the appaxently high rate of acetylene reduction

at high oxygen concentrations in. soyheans was due to the competitive advantago
'of acetylene ovey oxygen for nitrogenase.

In contrast, the maximun nitrogen fixation and acetylene reduction rates

,fiin nonulegume noﬁules were achieved at.,0. 15 to 0.20. atm. oxygen (Bond and -
_ MacConnell, 1954; Silver, 1969; Waughman, 1972). Waughman (1972) suggested :

that these results were artifacts of the 1arge abnormnlly exposed basal areas5

of detached non—legume nodules. However, in nodules of whole olovex plants,i'.~:

Perqueon and Bepﬁ‘u
51)hfonnd that B




| .*:7;5:
The £all in nitxogen fixation with *ncraasing tjme Qf xncubation was F*

Cattr ibutgd ©o la&k of oxygen, aince xagassing the 3ncubatlen vessels rawtosed

. the initjal rate (&pxent, 1969; Mague and Burris, 19??, &aughman, 1972
Mague and’ Burris (1972) calculane& thats respmratiﬂn by woyhean noaules led toA '
a Eall: in oxygen concentxation from 0.20 o 0 18 atm. in the incubaticn vessals

and recammended that samples o£ less Lhan ?0% of the gas volume of the vessels ;L‘

bhe used.

' Biblcqical m@terial

It is nof generally acaepﬁea that tha form of the biologmaa& material‘
aséayea can afxect n;txogenase activity. ﬁhua the activ;ty of whole soybean
plants was gxeater than that of noaulated roots, which in turn was greater
A%thdn that of detached nodules (Mague and Burris, 1972). The size of no&ule§ .

assayed may alvo causa signifacant var;atzon in- observed activitxes, sinca S
 detached sovbean noﬁules of B to 6 mn. and 2 to 5 nm. diameter were moﬁt'ggtiféi
in lsﬂzﬂfigat;on {(Aprison, Magae and Burris, 1954) and acétyleﬁe feducti&%i;; E

(Mague and Buxris;“1972) respectively. rxperiments with Myrica cerifara Liff"

showed that young nodules ware more active in acetylene reduction than older,
; woody nodulas (Silvar and Mague, 1970). Akkexmanns (1971) showed that only-f
the. apical 2 mms. of lobas off alder no&ules were active in acetylene reﬂuctionﬁ

and that: activityfvaried;with the sige of the\lobes.

‘Plént growth and development

Bond (1936) found that nodular efficiency in soybeans grown in nitrogen—

tree culture rose to a maximum during flowering but fell to onemthird of this o
after fruiting and attributed this either Lo a decreasing supply of
.ﬁarbOhYdrates to the nodules or to the presence of a constantly inereasing
number of inaative bacteria. He found that 78% to 92% of the nitrogen fixed L

was “transferred“ without delay from the nodules to the host plant at all times{}

~In contrast; in field-gxown soybeans Hardy et al. (1971) and Mague and Burri f“ '

(1972) . found that more than 90% of the combined nitrogen fixed was dua to



ki 6
fﬁiéctiviéy dﬁriﬁg fruit formation and maturation. The total amount of nitrogén;m
Vfixeﬂ depended on the age of the plants when nitrogen flxatlon commenced, the

S raté of daily anraaae in fixation, the age at the end o£ the logarithmic :
phasa of increase in fixation and the number and life of infected cells in

the nodules, These vesults agreed with the flndings of Chen- and Thornton
(1940) and Mutman (1946). Removal of the maturing pods prevented the  U
~increases in acetylene reductlon and nodule weight which ncrmally occuxreﬁ
ﬂuring fxuiL davelopment in soybean, but there was no increase in nodular
’effieiency and it was suggested that ‘the increase in fixation reflectedzthe”- -

demand for nitrogen created by the plant (Hardy et al., 1968)

Pate (1958a) showed that nodule.development in Plsum arVenae was typlcally

asscciatad with plant development, and that a maximum in the yleld of aetive,
- red: nodules occurred just prior to flowermng. However, the maximum nitrogen
content of the plants was reached 1ater ana this was attributed to incxeased
nodule efficiency fxcmu8dh to 100% in the larger noﬂules of oldex plants.;ﬁ g

L Nodules of Vicia sativa were. most active in fixation just prior to flowering

(Pate, 1958b) and removal of the. flower buds resulted in continued nodule ;if}
_developmentJOn secondary roots; it was suggested that the nutritlonal demands
Tof the reproductive procegses might withdraw fooﬂstuffa from vegetatlve organs
Aand lead to starvation. Similar delays in nodule senescence were also
observed on rampval of the apical flower buds in P, sativum (Ropenen and
Virtanen,,lgﬁa). _ Abnormally large nodules up to six times the normal size
‘were produced én trea;gd'plants and these fixed eight times the,normal gypgg;
( bf'nitrogen. L

. The development of reproductive organs in field—grown soybeans thus

stimulated nitrogen f;xation, but inhibited fixation in soyheans in nitrogen~

:,u‘free culture, in peas and in v, sativa.A




‘gggortenee of light :

Effecte of darkening-f

Artifioial derkening had. significant effeots oh nodulation and
:. nitrogen fixation in a11 reported examinations of nodulated plants. ThorntonAg

‘(1930) found ‘that noﬁulation and nodule growth were reﬁuced by half in 38?

0ld lucerne seedlings after 19 days in the aark, and andstrom, Newton and;fﬁ’
wileon“(1952) reported that lsN fixation by darkened red clover plants

. declined pxogressively to zero Within 24 hours. Fixation by derkened pea

-plants also virtually ceased after 24 hours, and after 48 hours the nodulee ‘jg‘f
) ‘began to degenerate (Virtanen, Moisio and Burris, 1955). ; Plants darkened

;for 24 hours ehowe& only paltial recovery 24 hours after their return to the aﬁ*if
light.' The decline in fixation was attributed to. lack of photosynthetio 7
substrates and lack of complete recovery to partial destruotion of haemogldbin.
Bond (1956) asoribed the fall of 66% in N? Fixation by ringed alder plants

to lack of a carbohyﬁrate supply to -the nodules.

R Recent reseaxch using the acetylene zeduction aseay has oonfirmed L

{these results of earlier workers. Hardy et al. (1971) ehowea that fixation %it
in darkened soybeans was reduced’tolone-sinth of that of 1ight~maintained :

plante after 17 hours, and ceased oompletely after 3 days, although bhere was;ﬁﬁﬁ

a. transient rise after 24 hours. which was. attributed to utilization of storage'”

,:: products.‘ However, Wong and Evans (1971) reported that acetylene reduction

S 'by darkened soyboans fell by only 30% after 24 hours and that acetylene

“7'reduotion was still detectable aftexr 10 days. The rapid. decline in nitrogenaee
eotiv1ty in young alder plants during the 24 hours after: darkening was . ‘
. oorrelated w1th low sucrose levels, ‘but there was no sign¥ficant decline 1n L‘,.%

rthe storage oarbohydrates during thie Anitial period of darkening (Wheeler,

1971,

s

~('DaylengthA

Thevoirect effect of_daylénéthnon nitrogen fixationmby'?x&viausly_‘11,g

i



ynodulated legumes}h elnot heen examined but research hee heen carried out

into its effecte on nodulation and plent growth. Eaton.(lgal) Showed that ‘f,ff

the growth, carbohydxate and nitrogen contents of nodulated "BPiper" soybeane ,5
were direotly progortional to daylength. Increasing the deylength from 3 to;V,

~13.5- houxe increased the nurmberx and fresh weight of noﬂulee per plant end

thie was attributedw.h lncreased 1eVels of photoeynthetically assimilated

carbohydrates available as substratee for nitrogen fixation. By contrast,,n;~'
the carbohydrate and nitrogen contents of "Manchu" soybeane were both greater ‘
with 7-hour rather than lG-hour photoperiods but there was a decline in the .

. nodule yield expressed as a percentage of the total plnnt weight (Hopkins,

i 1935). Federov and Uepenekaya (1955) reported that maxlme in nitrogen .

o yielﬂs of pea, clover and lucerne plants (Van Schreven, 1959). Under

. fixation and nodule:, yield in soybeane and peas were attained with 8~hour and_ L
(16—hour photoperiode respectively, but that continuous illumination xesulted %{
in deoreased~nitrogenase aotivity.. However, Sironval, Bonnier and Verlin&en
(1957) reported that soybeans grown with an 8-hour. photoperlod developed onlyf
0slightly pigmented nodules and it was propoeed that the greater plant growth u

4

rate achieved with ar 16~hour photoperiod was. reqnired to eupport nodule

development and nitrogen fixation.v ?Photoperiods greater than 8 hours also l‘dﬁ;

,favoured healthy nodule development in'Trifolium'subtenraneum (Gibeon,'l%ﬁ?)n} .

and T, glomeratqu(Snbba;hao, 197;)03

Light }i“n;tenity"
thtle reeearoh has been earried out on the effects of light

inteneity and qualitv on fixation by noduleted legumes’ and- most studies have

been conoerned with ‘thelr effects on nodulation and plant growth, e.g.: the
work ‘of Lie (1971) on nodulation of rooted leaves. Vines (1888) showed
 that Shadea Vicma faba plants did not nodulate and Diener (1950) found that -

¥ reductions in light intensity of less than 50% had a greater effect on the

eize than the number of pea nodules. Low light intensities reduced nodu1e7{1

' :’ftemperature«oontrolled eonditione, the nodulation, dry weight and nitrogen Tﬂ”
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content of purple vetoh ahd barrel medic ere. greater at 800 ft. candles
+han 400 £t. cendlee (Pate 1961,'1962a}a : Reduotion in eupplemented‘natur 1 f‘j%
daylight- reduoed nodulation end plant dry weight of cowpeas over e ran" Y

tempexatures (Dart and Mercer, 1965).5;

The flndinqs ‘that nodulatlon and plant growth were red”z’
light 1ntensxtiee (Orcutt and Fred, 1936; erd, Wilson and WYss{L ,‘Jbii\

baeed on- inedequately controlled experimente and it is Jikely that hlgh eoil

temperatures contributed to the’ obeerved deereasee. f

Temperature B
The effects of temperature on fixation have been extensively investigated v;

and a summary of reeults is g;ven in. the table opposite.v’ Although the data

were obtained by Beverel means of aeeenament, maximum nitrogen f1 ation and

plant growth occurred in all oaees et 15 to 25°C. with the exception of_the

tropical legumes examined by Mes (1959) and oowpeae (Dart and Day, ‘.‘L9'J':l.).~’.j

Mes (1959) found that the temperatures at Wthh maxima in plant growthfﬁ
nitrogen fixation were eohieved in these epeeies were approximately 10°C~¢ft;

higher than those found for temperate species and it hae been suggested that

this variation may reflect properties of the rhizobial species (Alliaon and',»gi

Minor, 1940) and straine (Pate, 1962&, Gibson, 1963). It is interesting
to note that the temperature maxima for nodulation frequently dlffer from

those shown in the table for nodule development -and nitrogen fixation (Mes,‘

1959; Dart and Mercer, 1965; Pate, 1962a).A

| The effects of unfavourably high temperatures throughout the day could

be partially offset by lowering the nlght temperatures (Mes, 1959‘i“

1962&) and Meyer and Anderson (1959) suggested that the caxbohydrate suppl =y
to the nodules was reduced in high temperetures due to high respirat;on rates;t;

in the shoots. A However, they were unable to increase fixation by the

addition of sucrose and’ concluded that high temperaturee caused a deficien “

of some other metabolite required for fixetion.
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TPl&nté"gébwn QE”IQQC'rcotktamperéturaiwﬁo%@a 0o deqréasa in fixationn{
24 hours aiter trans;er to ?°c root temperature ‘and iL waﬂ proposed that
root tcmperaLure detaxmincd the active 1ife of each ;nfected cell and tha
‘qpantlty of enzymo germaa rather Lhan iﬁm subﬁaqnent activity (Rcughlay and
Dart, 1969; Roughley, 1970) . . o |

\

ﬂ Divrnal variatiéns

Diurnal fluctuations in both light and temperature have been 1mplicated _s
by many authors as tha cause of diurnal ‘fluctuations in nitrcgen fixatlon.

15N2 Fization at 1200 hours than at 0800

No@ulated peas were more active;in
h§ﬁ?s'(virtanén,‘Moiéio and Burris; 1955) and decreasédﬁéativity wasi
:associated Witﬁ-ioer light intepsit@gg*and temperatuxes on folloﬁiné éays,»‘
- Diurnal flubtﬁations in a&&tylené—redudingzactivity have beén‘observéd also

in nodulatéa soybean roots. Greater activity occourred in fiel&mgrown
$aybeans hetween 0800 and 2000 houxa than between 2000 and 0800 hours (Earﬁy “
?at al., 1968) and it was suggested that these variations corresponded to
variations in phptosynthqsis in daylight anq darknes&. Bexgersen (1970)
demoﬂétrated variations in acatyleneﬁreducing activity, which closely followed
ahanges in illumination, in noﬂules still attached to the roots, but little.
variation in ﬁh@ lcwar dctivity of dataehcd nodules from glasshousewgrown
plants. Aotivity’xeached a maximum during the day and fell to'a minmmnm
durmng daaness and 1t was proposaa that activity consisted of two components-gj
andogenous activity (as expressed in datached nodules), due to utilization

oE ‘storage reserves, and addltional activity supported by photosynthetic . .
'assimilates translocated to the nodules. Hawevex Mague and Burris (1972)
observed ﬁiurnal flucLuaLions using datached nodules from field-grown plants;
act;v;ty was maximal between 1300 ané 1700 hours and- minimal baetween 2000 and »-
Q700 hours, and was correlated wmth both temperature and lmght intens;ty,
with a "lag pexriod" of 1 hour. | |

uﬁutewart, rltzgerald and Burris (1967) found that aetached nodules of



Comptonia peregrina collacted at 1330 hours reduced aeetylene at ‘twice the

rate of those colleeteé at 0730 hours, and aLLribuLed this o, differences in

the availabillty of photosynthetic products £rom tha plant. T Wheeler (1969)

vbgerved diuxnal fluctuations in aceﬁylenewreduclng activity in glasahousexu

grown: alders, wi;hvmaxima at 1400 hours at appxoximately constant temperatureéV;

Exposure of the shoots to 14 a?*-

photosynthetic ass;miYates into the. nodules wag correlated w1th nitrogenase~1' 
actxvity and it was suggested that nitrogenasa aetivity was influenceﬂ mainly
-by supplics of newiynphotosynthesised carhahydrate9 to- the nodules (Wheeler,

1971). Howevex:, &luctuations in caxbohydrate levels in tha nodules were

not correlated with fluctuatinns in aetmvity an& the influh of photosyntha

and it was proposed that a substantial part of noduJe carbohydrakas were nct
available for use in fixation, and that increases in fixation might be caused ii?

by temporary increases in the sugar roncentration in the infected cells.«y

Similar diurnal Fluctuations were also notad in nitrcgenane activity an&

carbohydrate content in the nodules of Mzrica gale (Wheeler, 1969) and

Casuarina cunninghamiana (Mackintosh, 1969), although in ﬁhe latter spacies ks'-i
temperature was thought to play an impertant role in &eterming xates of 4
Eixation. In contrast, RndrigueZmEarmueaa (1967) observed gignifmcantly
greater activity inn nodules of c. torulosa detached at 1900 hours than at’

1100 hours and he attrlbuted the evening maximum to the time required by
phokcsynthates to reach the nodules, o R

Eiurnal rhythms in exudation from deaapltated nadulatea roots of Pisum ‘Q
arvense were observed (Pate, 1962b; Greig, Paﬁe and Wall@ge;'lgszs Pate and‘v‘
Grelg, 1964). Maxima in both the volume of liquld and the total amount ef 7
nitrogen exuded £rem the xylem vassels oocuxme& aroand mzdwday and minima‘°u;j‘
were recorded during Lhe night. However, ﬁhe concentration of nitrogenouéb?
compounds in the exudate rose to a maximum between 2100 and ano hours, in o
contrast to results obtained from analyses of the exudate of nonnnodulated .'i

platts of Vicia faba (Ripps and Boulter,. 1973) Since nitragenous compounds



a2

in the cxudat@ were dermveﬂ principally fram ‘nodule metabol;sm (Pate and

Greig, 1964) , eypuzt Qf f"ubstanees from the nodules continued

aetively.at night as well as during the day in the absence of‘photosynthesig.

" Nodule carbohydrates

The tmpcrtande of carbohydrates £rom photosyﬁtﬁe@is in nitrogen:fixation~;
was implicated by Ruffer (1932), who showe& “that unlnoculated soybeans grown‘
in nitroqen—free so;l had greater carbohy&rate contants than nodulated 7
plants, but 1Qwer nxtroqen contents. Allxson (1935) suggested that the‘*.>'
amount of available photosynth&te entering the roots was normally the chigf(
factor 1nfluenclng ncdulatlon and nlﬁrogen flhﬂtan, since the addition of
sucrose to alfalfa roots increased nodulation and £ixation in nitrate-
ccntaining rootxng media (Alllson and Tudwig, 1934). ﬁowevex, Wllson_ana
Fred (1939) proposed that although carbohydrates m;ght linit infection and ;q o
nodule initiation, the main factor influencing nodule development was limitang'
levels of nitrogen, and that the carbon:nitrogen relationshxp of. the plant
wWas the controlling factor in symbiosis in legume nodules. - This vimw»was'
refuted by Aliison and Ludwig (1939) on the grounds that no such compllcated
explanation was requmrea, sxnce even a small increasa in the amounts of sugars
in the roois led to a 1arge increase: in nodule yield. »

Other wprkers have confirmed that artificdal application of cazbohydtatésfii
to no&ulated‘plants often increases rates‘df fixation. ‘Thus Van Schreven
(1959) found that spraying sugars on the leaves of peas kept in darkness ox ‘fo
low llght intenSitzes partially restorad the original rates cf fixation. -
.The.addition of up to 1% glucgse or sucrose to the_roptlng medium resulted’
in increases in plant dry welght, nitrogen fixation and nodule yield in B
clover, but decreases in lucerne (Orcutt and Fxgd, 1935; Van Schreven, 1959).;

Nodulatioh of iéolated Phéseolus vulgaris roots increasea in proportion to

the concentratlon ‘of ‘sucrose supplied to the basal ends (Cartwright, 1967).

Increaslng supplies of photasynthetically synthesised carbohydrates in



1%
the host plants méy also increase nitrogén fixation. The beneficial effect
on nitrogen'fixatién of increaéing the carbon dioxide concentration fromﬂ
0.63§ to'o;il% around thé shoots of clover; glfalfa, lucerne and peas was
" demonstrated (Krueseler, 1885; Georgi, Oréuttrand Wilson, 1933; Wilson, - .
Fred and Sélmon, 1933; fred and Wilson, 1934). Increases in nodule yieid
and distribution, leaf area, plant weight and carbohydrate content were y
shown, but the percentaqe nitrogen content of the plants fell since the plant
dry welght increased more than the plant nitrogen (Fred and Wilson, 1934).
~ The reduction in growth of clovér and lucerne in closed tubes was attributéé :
to reduction of the caibon dioxide.concent;ation inside the tubes (Gibson,;?
1967) and the author warned against the cohcealment of significant resuitS‘
by éoor overall growth-in such systems. | |

The presence,of‘caz in the rooting medium alone increased nodulation‘ 
and nitrogen fixation by ciover, peas and beans (Muldex and Van VEen,leGO)
and the increase, which was. greateat at pH 4.8, wags attributed to increasedﬁ '
levels of keto~acids in the nodules to sequester the ammonia produced by
nitrogen fixation,‘ - A similar function was reported by Carrodus (1967) for ,
14002 fixation>ih‘mycoxrhizal roots in NH4Clﬂcontaining medium, as glutaming
was the product with greatest activity. | 4

The poteaﬁial fog-photosynthésis of nodulated soybeans, as measuredfbé‘.
the chlorophyll contenﬁ of the~leavéé; was found to be greater than that-bﬁ o
uninoculated plants (Gukoﬁa andeutkevich, 1941; Sironval, Bonnier and |
Verlinden, 1957) and was thought to result from increased demands for cdiﬁgé
hydrates by the presence of nodules. k chparison of nodulated and non- :
nodulated clover plants of similar age and size showed that the “carbohydrate'
regumrement“ of nitrogen fixation as agpposgd to gssimilatian of combined -
nitrogen was greatest during the period of active growtﬂ and fixation by the
nodules (Gibson, lQéG). Ass&milation of elemental as opposed to combined

nitrogen also increased the sucrose requirement of Clostridium pasteurmanum

(Daesch and Mortenson, 1968) and it wancalculgted that whole cells required'



ll ;éo moles ATP per mole of elemeotal nitrogen converted’ to ammonia (apéroxi
mately 14 mg. suerose per mg. nltrogen fixed). L :

| Bond (1941) oalculated that soybeane utilized 19 mg. carbohydrate per mg.
fnitrogen aesmmilated. ‘ ‘

Minohin and Pate (1973)

ehowed that the aseimilatlon of hoth elemental and combined nitrogen by pea};f?f
f‘ nodules requirea 10. 3 mg. carbohydrate pexr mg. nitrogen assimilated.
Nodules eequeetered 32% of the carhohydratee photoeynthesised by the plante,

and of this portion 17% was ueed in growth, 36% in respiration and the }iv“

remaining 47% was returned to the ehoot ae aminated oompounds.,h

: @ranslooation of photosynrhatee to the}nodules

The rapidity of translooation of photosynthates from the ehoot to aotif(

':'nodules has been noted by some authors. Thus autoradiography of ‘pea and

14002 fowla;short timeﬁ

ehowed that the nodules were 1abelled within 4 hours and 1. hour respeotmvely<

clover plants, following exposure of the shoote to

‘(omall ana Leonard, 1969; Hervey, 1970) Nodules were active "einks" for iii*

the aooumulation of photosynthatee equivalent to stolon, shoot and root

aploes, expan&ing leaves and developing flowers (Hoehimo, Miehimura and okubo,ffj

1964; Harvey, 1970). Similar direction of photosynthates from photosynthetic

to infeoted cells was also observed in wheat 1eaves infeoted by loose smut

diseeee (Geunt and Manners, 1971).

The direotion of translooation of photosynthates fromxthe 1eaves ofny
P. arvense was influenoed by the age of the 1eaf 4Pate, 1966).: Upper leaves
. exported as@imilatee mainly to the shoot apex and lower leaves to the root, ,,5’5
‘:which renexporteo assinilates to the shoot ae aminated oompounde.‘: Low light 7f;

“Qintensities and darkness were reported to direct more assimilates into soybean'ud

roots (Nelson and Gorham, 1957) but to decrease the total amount of photo[

4”‘synthate exported (Wardlaw, 1968).' Defoliation betteen th?fupper leave‘ an"

.the xroot system also reeulted in redirection of a 1arge part of photosynthetic :




assimilates to the roots (Thrower, 1962, Bélikov, 1957)‘ ﬂ Thendevéibpméﬁﬁt,j

of flowers and fruits increased the “sink“ capacmty of the shoot apex in
soybeans, peas and. clover (Belihov, 1955; Wardlaw, 1968,, narvey, 1970) and'
root starvation and death was repcrted when lower leaves senesced in Flawering

plants of P, arvense (Pate, 1968)

Carbohydrate metabolism in the nodules ‘

One important role of carboﬁy&ratés in thé'hoﬂules is’ﬁo supply‘fhéyyé
carbon skeletons required fox incorporatlon of the ammonia Qroduced by
nitrogenase activity. Larlier workars founa that the nitrogenous constituents'
of nodules, foots'and shoots of 1egumes were similar except ﬁor increased _<ﬁ .
amounts of basic nonnamino nitrogen .in the nodules (Orcutt, 1937; Umbreitvv
and Burris, 1938) and Hunt (1951) found few qualitative differences in soluble
aminO*acids between legume nodules of different species or’ ages. Aapartic;"
and qlutamlc acids, principally. as their amides, contrihutad 50% and 20% 7
- respectively of the high level of ethanol—soluble nitrogen content in lupin |
nedules (Eathuxst, 1954). Aaparagine and glutamine together also contributed
92% of the total aminoﬂaeid nitrogen in a variety of nonnlegume nodules, o
altbpugh citrulline comprised at least 25%(Qf the amino-acid nltrogen ip-ﬁ‘h“
Alnus species (Wheeler and Bond, 1970).;?%ﬁ ﬁ | | \

15N2~tracer expériments wi.th detachéd<soybean ncdulés‘shoﬁed that the
most highly enriched organic compound aftexr sﬁo#t periads of exposure waéu"
glutamic acid (Zélitch, Wilson'andABﬁfsis, 1?52;_ Apris§5,'Magée and Burriq,{
1954) and thareVWaa relativelj 1i£tlé?enrichméntsin ésparagine.“k4Kenned; |
(1966a,b) showed that glutamic acid and glutamine were the p#imary prédq?ts_,
of J‘51\12 fixation by sefradella noduies and that other compounds, sﬁ&h as‘v‘l
agpartic acid, alanine and aspaiagane, were formed secondarily by active

transaminatzona Tour electrophoxetically diatinat forms of aspartate amino— :

transferase have been detected in soybean nodules (Ryan, Bodley and Fattrell, -

1972). Nodules of both Mxrica gal and Alnug glutinosa also showed in;tially T
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]moat envichment in glutamine, with lOm? enrichment in asparagine and. glutamic

~acid in M, qaley and in citxulline and aspartic acid 5n A, glutinosa (Leaf,_

'Gardner and Bond, 1958, 1959).
Metaboljsm of photosynthetic assimilatea in soybean nodules wag examinéa

;,by expoeure of the shoots of field—grown planta to 14

co, for several hours, -
.tﬁollowed by "@old-chase" periods {Bach, Magece ‘and Burris, l958)., Ethan@lig
"ex tracts of Qlants harvested in the evening of the same day ("day" plén;s)F?»'
ﬁé the followihg morning ("night® plants)émﬁ&edwthat the.spécific acti%iﬁy
of the nodules wans greater than that of the roots but conaiderably less than_
that of the leaves.k On analysis by ion—exchange chromatography, 60% of the:,l’
: ,activity in the nodules ‘was recovered in the neutral fraction, mainly as
;glucoaa, althaugh fructose was 1abelled in the "night" plants. Sucrose was
not detected in the nodules, although it was abundant in the roots, and thiS"i?ﬁ
was parhaps due to active invertase action similar to that chsexrved in lup;nfﬁ:’
nodules (Kidby, 1966) . 4 The amino~acid fraction contained twice the aotivity
of the organlc aciﬂ fraction after é "cold»chase“ perlod in "day" plants, -
>;buﬁ the reverse was true in "night" plants, and it was- suggested that thié -
waskdue to n}trogen fixatmop”fai}ipg‘to>keep pace with the production of
' sui%able‘ﬁqééptOrs for thé:ammbniaﬁbféagcgd. Malic acid accumulated most
of the‘actiéitQ in tﬁé ofgaﬁlc acid fraction, but activity was also asséciagaé;a
in “night" planté only, with an unidantified A~carbon, ﬁon—keto acid,
Huwever, thesa results must be treated with caution, since the conditions
were . inadaquately controlled during the- exneriments'

. After expomure of alder shootq to 14

, Wheeler (1971) observed that
:most of the radiaactivity in ethanolic extracts of the nodules was xecaveredf
in the nautral fxaction on ion-exchange chromatogxaphy and that the activ:tyf '

of the'hasic fraction was' greater than that of the acidic fraction. Sucrcse ‘

wééhthefmajax compggént of the neut;alufraetion in this species.




‘Export of aminated compounds from”thafhdaulés

The exchange of assimilétéé betﬁeen nodnlated‘roots and 9hooﬁs; aﬁd‘tﬁég -

accuracy wmth which root exudates reflect the metaholic actxvity of the
-nodules, was studied by Wieringa and Bakhuis (195?). - The presence ef

“}asparagine in the sap’ exuded from decapitated nodulated roots was indzaative
~’of effective nodulation. | ’ | J

Detailed study ‘of the exudate from nodulated roots of P. arvense sh ed s

that the major componentu were aspaxtac acid, asparagine, glutamine and ‘ ?vi:*$J
: homoserine, Wiﬁh amaller quantities of glutamlc acid, vallne and leucine/

:iaaleuaine (Pate, 1962b). High specific aativity wam noted only in

'asparagine, aspartic acid and glutamine after exposure of the shoot to 14&62;

for l hour, although homosmrxne became labelled afterwards. The developnent

of pigmentation in the neduleo resulted in a. thraewfold tncxeaaa in amides

ospecially asparagmne, in the exudate, and it was suggested that thls refl cted 

economy in the utilizatien ©of caxrbon skalatons for transport of . nitrogen 5Qg,*

‘(Pate and Wallace, 1964) Root exudates resembled xylem'flulds but werefé
to 8 times more concantrated (?a‘Le, Walker and Wallace, 1965) and 20% to 36%"

of the nlﬁrogen exported from the root was used Ln proteln syntheuis by the
ahoot apex within 24 hours (Pate, Wallace and Van. DlQ, 1964) 'The carbona~
akeletons for amination were derived mainly from lowexr 1eaves (Pate, 1966)

‘and the amino—acid contant of the exudate increased unt11 flowering, and then :ﬁi
&eclined, as did nitrogen fixation by the nodules (Qate, 1068) . |

‘Ikwmwer, the amino~aaid campositlan of raot and nodule exudates did not ‘

\xeflect that nf the noﬁul@s of v. faba, plants (Pate, Gunning and Briarty,

‘1969). . EYport was selectlvely bxased towards aspartic acld, asparagxne.lﬁ

1glutamic acid, glutamlne and alanlne and against Ymamino butyric acid If?ff
was calculated that with the observe& rate of 30 to 100 ‘mg. nitrogen fixed
per gram fresh weighu pea nodules, the turnover of nitrogen each day was wwﬁ;f

[aqual to th@ nltrogen content of the nodules (Minchin and Pate, 1973)

,'Fixatiou;ana export of 1 mg. nitrogen requlred 3 ml. oxygen and 0. 3oAml watar.U




E nodule lespiration daclined during the p@ricd oﬁ activa nitrogen fzwatio

Noﬁuie,régpiratiénV'

The respiratory rate of ncdules active in nitrogen flxatmon has‘generally

been - found to exceed Ahat of other plantﬂparts.~ Thus Bo
“that the resplratian of soybean nodules wag three times‘that of the _,‘“
and equa] to 25% of that of the whole plant ﬁuring flowering

bactexoi& respirauion rose with increasing oxygen concentr/ iﬁn Allison

ek al., 1940a b) but reached maxlma at 1ower oxyqan concentratxons than

cultur@d b1cteria (Burris and Wi?aon, 1939: Tharne and Burrlg, 1940).'

=

(1941) also noted that nodule resplration rcqe as n&»ragen«‘

. an oxygen concentratlon of 0 40 atm., and Eevgersen (19:8) obaerved’that

soybean. A two-step Iimﬁ in. 1odule respixdtxen with inc ased;oxyge
ooncentration was found (Berqersen, 1962a) and the ﬂirst rxse waa att{ibute

to host tissue respiration and the sacond to bacteroid respiration, with

discontinulty between them due to a permeability harrmer, prebably the commo

endodermis {rrazer, 194?) . It was propoaed that nitrogav;fixation and

respiration were two competitive branches o£ an. eleotxon—transport ahain

<uLili?ing the same substxates (Bergerqen, 1962a) &

It is probable that rerpixation and nttxogen fixaticnjmn Rhizobium
'jagonic and soybaan nodules involve the TCA,cycla (Kaele,”“ﬁ”'

Elkan, 1969). “ Both respiration (Burxzs and Wilson, 1939
ﬁuvriﬁ, 940) and nitrogen fixation (Berqarsen and Turner, 1967) cf soybean

bacteraids were stimulated moxe by the addition of TCA cvcle acids Lha, b

sucrcse. Bacteroidq containod 1arge quantitiea of succinate (Bergersen,
1969) although nodules ccntained mainly sugars, and glucose metabolism was

'restored only aftet 7 to 10 hours in washed lupin bactexoids (Bergeraen, 19717 -

Incompleta cxidation of TCA cycle aclds was reyorted using radioxespirometr cJ:}é

methods in both bacteria and bacteroids (Bergersen, 1958) and it was

auggested ﬁhat in the bactexoids Tch. cycle acidg were usad as acce@tmr

molequlas for ammonia formed, during nitrogen fixation,. in bacteria,
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were used in the pré&uétion of gum#{(éaprgi and Wilson, ié33) and poly-f-

hydroxybutyric acid (PHB) (Wong and Evans, 1971).

Ragerve substancés in the nodules

Although lmp:ds and reserve polysacchar;des other Lhan skareh nAy playl{ﬂiii
an important part in storage of food reeerves in the nodules, only two .
reserve substances have been studied in detail - PHB (ﬁhﬁ?a¢teristic.o£;tﬁgﬁ
bacteria) and starch (characteristic éf thé host Plants): o ' ,

The presence of PHB in R, 1eguminosarum and leguma‘nodules'was shoWn

(Porsyth, Haywﬂrd and Robarts, 1958; Hayward, rorsybh and" Roberts, 1959),
but the gravlmetxic method used was hithy lnaccurate. Law and Slepecky e
(1961) uszed cpactroscopic examination after destxuctive digestion of pHbey<

concentrated acid to cxotonic aaid to estlmata PHB in Bacillus megasterium.'

It was shown that the empirical formula was (Q O)h' Lhe molecular Weight ;
was between 1,000 and 250,000 according to the species of bacteriun used -
(Lundgren et al., 1965) and it was estimated that as much as 50% of the dry&
weight of soybhean bacteroids consisted oE PHB (Wong and Evans, 1971).

PHB was also reported in Rhizobium trifolii (Vincént, Humphries and

North, 1962), using the gravimetric method and examination by electron
microscopy, and estimated to contribute 39% to 50% of the dry welght of f
the bacterla. Dixon (1964) observed PHB deposits in bacteroids of pea and{.>f;
clover nodules in prepaxations for llghL but not electron microscopy and
attributed the absence of PHB in th@ latter Lo faulty fixat;on techniques. e
However, Qppenheim and Maraus (1970) did noL £find PHB mn electron m;croscqpe~

praparations of nitrogen—faxlng cells of Azotobaoter. vinelandil, whereas cells

oultuxad on combined nitrogen contained large deposxts,gngHB gquivaleph‘th,,
half the cell volumne.

PHB forwatlon in A, beijerinckii increased to 70% of the bacterial dry ¥J

welght in llmiting oxygen concentrations (Seniox and - Dawea, 1971) and it was

A&uggaste& that PHB was used as an electron anﬁ carbon "Bix " which would allcw



ifox ramoxmdat;on of redueed pyridtne nucleotmdes undex relatmvely anaerobic
y.conﬂitlong. Although 6—hydroxybutyric acid (BOHB) supported acetylene
Lreductlon by cell Ezea extracts of soybean nodules (Klucas and Evans, 3968),_
‘there was no aviﬁance of ufiliaation of PHB to support acetylene reduction
when the carbohydxate supply to soybean nodules ceased (Wong and Evans, 1971).
PHB is thus prabwbly present jn rhizobia and soybaean nodule bacteroids, but
may noﬁ'ba presant«in tha‘nodu;es.oﬁ all legumes, and its precise role in
-legﬁﬁé ﬁddules’ﬁémaing to be established. |

‘lThe universal prégande efAstaxch:gra;ns as reserve carbohydrates in’k,
legﬁm@ noduiés was examined b& earlier workérs (Bruncharst, 1885; Stefan, 1906)
and it was belleved that éﬁafch graings were deposited either as parietal. |
1ayefs_in tﬁé infected ¢ellsvof.in ﬂpeaial gtarch-containing uninfected celis
~inside the {nfécted azea;  - However,  later investigationa-shdwed that ﬁoth
Atypes of. &eposition couldAoccur,ralthough one type was predominant in each
Aspggies (Wendel, 1918; Dangaa;d, 1926- McCoy,,lQZQ).\i utaxch graing
fwfccéﬁgzed;mgfﬁiy:as,parietal layers in infected cells of P. sativum and ‘
g#;gggg;(ngggeard} 192§1 Qnd those.situated.towards the.periphety of‘cells
"nééi'ihe bééé«of the nddﬁleé wéra only partilally stained by iodine due to
. ﬁéitial digestion;and de%é;in formation.
aAManY’btaxéhkgrains,&ere found in pea nodules active in nitrogen fixation -
. ,(Dahgeard, 1926; Lﬁhnis,\1930) and few in inactive basal regions of nodﬁies,
.older ncdulas oxr those on darkened plants (Frank, 1890; Dangeard, 1926; -
.1Rlypel and Paschenzeidcr, 1928; A;lison, 1935). In contrqst, ineffective’
nodules containgd gxeatgr than noxhaihnﬁmbers of starch graihs (McCoy, 1929;
j”Ffpart and Mercer,v19655ﬁaﬁd amounts of ‘an unknown dextrin-like polysacchariée:.>
‘fBergerSGn, 1957). M@Coy (1929) proposed that the bacteroids were unable
to attack starch- qrainﬂ &nqide the plastld membraneg, since whole undigested
‘sLarch graing xemained at ‘the end of nodule life. She suggested that the

‘ disappearance of gtarch grains in older infected cells was due to the

uactivxty of hhe increased numbexs of mitochondria in the host cells.



" Ldunis (1930) observed that both efficient and inefficient rhizobial
strains would,ﬁbt grow an‘solﬁblé'starch;§§:a carbbhy&:atéTSouxce,

However, Mukaiji“ahd Johari (1968) grew rhizobia on both soluble and;pqﬁﬁ%b*”

starch in th5¢p@esence of mannitol, and observed dextrinisation OE‘ské&c&r

Nw-d@hactablé fxea éugarsvware produced in the medium and thingas atﬁf;bg§éd’:}

P

o theix ;mmedlate u#mliaation in preference to mannitol;
The »ztuation regar&;ng th@ ¢m90rtance of starch and othex polys adeﬁﬁriaeés
in nodules is not clear and has not altered significantly since 1962'When h'
Raggio and - Raqglo-commenteﬂ that ", ..othe ‘behaviour of starch and other
polysaccharides in nodules deserves careﬁul and systamatic attention before'”

conclusions can be drawn on the,importance of these substances for nodul

function®,

L ke,

Although many authors cited previously have implicated the mmportanca
off photosynthetic assmmilates in nitrogen fixation, there have been few
attemgts to examing the gqnnéxion-betweeglthem in deta;l. In the work
described heré, attempts have beéﬁ made to clarify the relaﬁionship betweéh
. nltrogen fixatlon and photosynthetic assim;lates in the nodules of two
legumlnous-species. Slmultaneous measurenents of acetylene-reducing activzty
and fadioactivity of 34 Cnlahelled photosynthates in the nodules have been .
made over a wide range of experlmental conditxons,
| Natural variatlons during the growth cycle of plants have been examihgd;u_
and attempts made to expiain the éffecté of rewoving shoot apices. Diurh;IL
fluetuaﬁ;ons have been observed and efforts have been made to elucidate thé;i,*k'
' main factoxs responsible;  ﬁﬁberiments involving axtificial darkening ofJ *;
plants Were cérrié& out to stﬁdy:itsfeffécté on'acetylene-reducing aétivitf'f
‘dand tﬁe transporﬁ bflphéiosynthatés to‘the nodules. Thé nature and

metabolism of thé:photosynthefic assimilates in the nodules have also been

: 4 .
examined by l‘cmtxacer studies.

TN



mhe dxatributaon of l cnlqbeiled phota&ynthata& anﬁ sites of act;ve

ﬁeduction wwthln the nodules have baen determln@d by microautoradmogxaphy ‘

anﬁ histachemlcal tests with tetrazcl;um salts respectlvely.f ALLempLs havefv'

heen made to’a sess Lhe tmnortance o£ the storage ra&erves, PHB and stqrchp

in;ﬁhe~sﬁp§oft aﬁ‘nitrcgen fixatégn ;n-the nodules.
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(1) . BIOLOGICAL MATERIAL

::Two species folegumes were used in these studies: Pisﬁh's&tivﬁm L.;,‘ .

I bty

YThe Sutton" (dwarf broaa bean) from Sutton and Sons Ltd. Both»spegieé
. were inoculated at planting with Rothamsted strain 1202 of Rhizobium
leguminosaxum,

R, legquminosarum was obtained as a freeze-dried culture in a_sealagwwx

ampou;e and was reconstituted in the mannitol yeast-—water médium 6f Nﬁtﬁanl??f
(1946)} mannmtol 10.0, K,ZHPO4 0.5, Mg‘SO4 0.2, NaCl O. 2, CaCl 0.2, ., :
i FeCl 0. 01 and 'Difco’ yeast extract 0.4 g.l. 1. The culture was maintaiﬁéd 
on slopes of mannitol yeast-water medium solidified with 1§5§'§gar in xiﬁless;,
tubes (150 mm. x 25 mm,) at 28 1'1°c in a dark»#ncubatbr, . The béctéria,aéré:
subcu}tured at intervals not gfeatar than 14 days to maintain an activeiy R |
growing population, Liguid cultures were inoculated from tube ouituxaa by£
‘a modification of the method of Van Schreven et al. (1953), ‘The baoteria‘weré¥:
scraped off the agar into sterile distilled water and the resulting auspension o
was added to 100 ml. mannitol yeastwwater medium in 250 ml, Frleanyer flasks.j
Inoculated flasks were incubated on a Gallenkamp Orbital Incubator at 150
xevs,min. ; and 28 b 1°C. Routine subculturing was carried out avery lﬁiqéfs

- using a 1% inocﬁlum. Media and glassware were stexilised by autpclav;pé;;ﬁ-

: .120‘0_(15 p.s.i.) for 15 minutes, and inoculation and subculturing were )

' ‘carried out in a chamber designed and built in the Botany Departmént.
P. sativum plants, inoculated with a suspension of agar~slope cultureéﬂof )

R. legﬁminOSarum, were grown in groups of Ffour in 7.5 em. diameter pJastic pots

in "Peralite" (British Gypsum Ltd.);' They were supplied with a nitrogenmfree

rnutriént solution of Johnson, Evans and Ching (1966):




l‘

'Maérbnuérient galts (g.l.“ ) Micronutrient salts (mg.l._l)
Kzso4 0.28 Fe EDTA 1.0
MgSO4 0.49 H3B03 0.25
KH2P04 0.02 Mnso4.7H20 0.25
K2HP04 0.15 ZnSO4.7H20 0,05
Ca804.2H20 1.03 CuSO4.5H20 0.02
Ca012.2H20 0.06 Na2M004.2H20 0.01

C0C12.6326 0.05

The nutrient solution was made up with tap water and had a pH of 6.0. It
was used at one-third strength to wet the "Peralite" before planting the seeds.

After emergence of the seedlings, the plants were supplied once weekly
with nutrient solution and watered with tap water as nécassary for healthy
growth. Planés were grown in a glasshouse with a minimum temperature of 15°C
under natural daylight supplemented by 400W MBFR/U high pressure meréury
vapour lamps (Thorn Lighting Ltd.), placed approximately 1 m. apart and 1 m.
above the glasshouse benches to give a minimum 16-hour photopericd.

Plants required for experiments were transferred at least 24 hours before
use to a Mark I Saxcil Plant Growth Cabinet and maintained at 25 ki 1°C under
fluorescent lights, unless otherwise stated. The fluorescent light was
supplied by equal numbers of Mazda 60/85W "Daylight® and "Warm White" tubes .
to give a light intensity of 4.039 cal.m.-zhrl (total irradiation measured on
a Pye Scalamp Galvanometer using a Kipp and Zonen calibrated thermopile)yor
1,000 f££. candles (measured on an EEL light-meter, which records wavelengths -
of light from 250 to 730 nm). Both light sensors were placed horizontally
at a height of 5 cm. above the surface of the "Peralite". The ratioc of
“Dayiight“ to "Warm White" tubes was kept constant when the light intensity
was adjusted. During darkening experiments, plants were placed inside a
wooden light-tight container in the growth cabinet; the interior of the box
remained at the same temperature as the cabinet during the experiments.

Unsuccessful attempts were made in 1970 to 1971 to grow nodulated V. faba



&7
plants in the glasshouse in nitrogen~free culture similar to that used for
P. sativunm. These plants were therefore field~grown during the summer in
the grounds of the Botany Department‘Reseérch Laboratories at Garscube Estafe;
éearsden, Glasgow, in a plot of ground which had received no fertillzer prior
to planting. Seed was sown 1n rows apprgximately 35 cm. apart, from May
until August 1971 and 1972, and ﬁhe plants were nodulated naturally. Plants
foi use during the winter were grown in beds of steam-sterilized soil in a |
heated glasshouse from September 1972 until May 1973, with natural daylight‘
supplenented by 400W MBFR/U high pregsure mexcury vapour lamps placed 1.5 m.
above the soil surface. Little natural nodulation took place, and so the

. plants were inoculated with R. leguminosarum from liquid shake-cultures.

Plants used for experiments in the growth cabinets were carefully dug up,
potted in 12.5 om. diameter plastic pots in the habitat soll and grown on in
the glasshouse for one week. They were then placed in a growth cabinet for

24 hours before use under the same conditions as P. gativunm.

(2) ASSESSMENT OF GROWTH

The growth of R.-leguminosarum liguid cultures was followed

a) by wmeasuring the absorption at 600 nm. of samples of the inoculated liquid
medium on a PyevUnicam Series 2 Ultraviolet and Visible Spectrophotometer.

b) by determining the dry welght of bacteria in equal aliguots of inoculated
liquid wmedium after drying at 95°C for 24 hours.

Three replicate flasks were used for each measurement and the results were

highly reproducible.

The growth and development of the two plant species selected for study
was monitored at weekly intervals during the growth period. Thirty pea plants
and ten bean plants from each of six and three crops respectively were ’
‘harvested weekly and the fresh welght of the shoot, denodulated root and

nodules determined for each plant.
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Fig. 1.

Relationship between detector response
and amount of ethylene injected. Bach
point is the mean of five replicate
injections of standard ethylene : air
mixtures into a 7 £t Porapak R column
at 65°C with gas flow rates of 50 ml,
min. " N,, 50 ml.min, ™" H, and 150 ml.

-1

nin, air on a Pye 105 Gas Chromatograph.
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(3) ACETYLENE REDUCTION ASSAY

Mitrogen fixation was measured using the acetylene réduction techniéue;
Gaé;s were supplied from cylinders of oxygen (British Oxygen Co. Ltd.) and -
a mixture of 25% acetylene : 75% argon (Hilger and Watts) and were passéd:; |

. é'

through wash bottles containiné (i) o 504 (80% w/v) to remove traces of H

2 2
and (ii) distilled water to remove traces of 50,. A small amount of ethylene
wés present as an impuiity 1n’ﬁhe final gas mixture and control tubes withoﬁt
plant material were used to estimate and correct for this in all experimegts.i5'
» Thexe was no detectable ethylene piéduction by dencdulated roots. - a

~ The ethylene produced bf reduction of acetyiene was estimated using a

Pye lOS-gas cﬁromatcgraph with a 7 £t. cciumn of Porapak R (Phase Sepﬁ?ations
Litd,.) ét 65°C and gas flow rates of 50 ml.min."l &2, 50 m]..n'\irr.“;l H2 ahd_

150 ml.min.-lgair (30;'24 and 20 p.s.i. respectively)." The retention timég

- for ethylene and acetylene wexe approximateiy two4and thiea ninutes réspac~
tively. Ethylene samples of known concentrations ware prepa?ed, by dilutionz
if neaessaxy, from stan&ard ‘ethylene:air mixtures (British Oxygen Co. Specjal‘z
Gases). Tha height of the ethylene peak was lineaxly related to the amount )
injected, and a callbration graph was constructed (rig. l).

Prlant material was placed insmda each of four 37 ox 42 wi. tubes fitted
with "Subaseal" stoppers and side arms. The tubes were attached to a manmfold'
ﬂltted w;th a ‘manometer and the- gas phasa was evacuated and replaced by a
mixture containing 20% oxygen, 20% acetylene and 60% argon to atmosgheric
prepsurg,‘unless otherw1se-statgd. The sealed tubes were incgbated for 30,
minuﬁes at 25‘311°c in ﬁhé aérk, unlgés otherwise stated, and reacﬁiong ﬁéréf}
te;minatéd by freezing the' .samples gt -25°C, - Gas saﬁples ﬁéxe withdrawm
using 2 ml. ﬁolythane‘disposable gyringes, and normally 1 mi. was injected in
triplicate from each sample tube.

Pea plants were normally prépared for aﬁalysis by gently removing plénts

from their pots, shaking off the "Peralite" and washing the roots briefly

undéf‘a running tap. Nodulated roéts were blotted dry with paper tissues,‘i



rig. 2 (top). Time course of acetylene reduction
by nodulated pea roots. Plant naterial
wag incubated in closed tubes in the
acetylene : oxygen : argon atmosphere
usged for assay and samples were withe-
drawn at the times shown. Dashed lines
indicate initial rate of acetylene

reduction.

Fig. 3 (bottom). Time course of acetylene reduction
by detached broad bean nodules. Plant
material was incubated and assayed as

stated above.
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Pig, 4.

Separation of ethylene (¢ ) from
acetylene (A) in % replicate gas samples
chromatographed in a 7 ft Porapak R
column operated at 65°C with gas flow
rates of 50 ml.min, T N,, 50 ml.min.

1

-1 H, and 150 ml.min, ™ air.
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severed from the tops and inserted in groups of four into each of four
replicate tubes. After analysis, nodules were excised from the roots wﬁth
forceps and weighed immgﬂiately. In some experiments, nodules were extracted
in alcohol in their original sample groups fox aﬁ&hrone analysis (Section 8).
In one experiment, nodules were excised from the roots before analysis and
whole plants were also used (one plant in each tube) .

Bean plants were dug up, the nodules removed and immediately rinsed under
a running tap. The nodules were blotted dry and welghed samples.were placed
into each of four yeplicate tubes. Normally 2.5 g. nodules wexe placed in
each tube, occupying less than 7% of the gas volume. All samples for each
experiment were collected simultaneously to avoid effects of diurnal variation
in acetylene-veducing activity.

The incubation time used (30 minutes) was chosen after incubation of the
plant materials in closed tubes for times up to 12 hours. Gas samples were
withdrawn at intervals and a graph was constructed for each plant méterial to

show the time of incubation after which activity declined significantly (Figs.

2 and 3). Phis was 6 hours for both P, sativum and V. faka nodules, and

30 minutes was used as incubation time thereafter for both materials.

A typical trace from the gas chromatograph is shown (Fig. 4) and two
unidentified peaks can be seen in the gas mixture. These peaks were also
detectable in samples of air injected into the column and no inhibition of

acetylene reduction by their presence was ohserved.

{4) TOTAL PLANT NITROGEN

For comparison with the data obtained on nitrogen fixation by acetylene
reduction, one series only of four successive crops of P. sativum were planted
at weekly intervals and grown in the glasshouse. All crops were harvested on
two cbnaacutive days to give a range of ages from one to four weeks old.
Plants were removed from the pots and the root systems were washed and blotted

dry. One-week-old plants were weighed, placed in weighed metal tins and



%0.
" cdrded at 95001503}48 hou;s to cbﬁstant weighﬁ. chulesAwere_éetache& frdm;
the rooﬁs qf-tha‘other crops and weighed samplés‘o§ denoﬂula£ed(p1ants and
ne&uieé were dried as above. All samples wewe coéléd in a desiccator before: .
deﬁeiminihélthe?dxy weights;“”‘Nodulealwere finely ground ;n;a mértar §nd &;;.
pésﬁle and‘tﬁe plénﬁ samples were finely milled.aﬁd returned to the ting ;.7
which were tightly cappea'to prevanﬁ admittande of moiéture. Three replicate
0.2 g. samples of each. type of dried material were subgected to mlcro—Kjeldahl
analysna, following the procedure outline& by Wheelex (1969), and &isLlllationB
‘of aliquots of digests were.repeated until the titres agreed to within 0.0SQ ml.

(5) 14C-TRACER EXPERIMENTS

a) Exposure of plant material to “*co

2

(i) Photosynthatic fixation by shoots

Photosynthetic assinilates accumulated by the nodules were

estimated by measuring the radioactivity. of the nodules aftex faeding l4(:02
o the‘éhoot, elther continuously ox fdr 15 or 30 minutes followed by a. ‘
"cold-chase”‘gerioﬁ. ‘Pots were‘ancloséd in polythene bags for the duraﬁioﬁw

of the experiments to prevent ahmorption of 14 CO into the rooting medium

and l4co2 fixation by the‘nodulatad teot. . Exposure of the shgots to ;?602

was made inside polgthané'coﬁﬁainers of -approximately 10 1. capacity'by the
' 14C0é'(4.48 x 1072 atm.) £rom Na214cqé solution of

approximaté specific dctivity 50 mCi, mmnl._l (The Radiochemical Centre,

release of 100 nCi.

‘Amersham). The raquixed quantzty of Na214003 was. measured into gelatin
uapsules in a beaker and 50% pezchlcric aclid added just before sealing the
polythena containars from tha atmasphexe. © Digestion of the capsule’and
release of —4(:02 was complete in less than ogg!minﬁ;e.  after thé‘ﬂesirea-*““
exposurs pe#iod, the plants were réﬁgvaa ffbm“the sealed'containerskin a

fuma cupbpard aﬂd thgn.raﬁurned to the growth cabinet for the required:“égldj"Q~

chase" period.
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Figa 5e

Time course of extraction of radloactive
compounds from detached pea nodules in
2 ml 95% ethanol at 0 to 4°C. Plant
shoots were exposed to 14002 for

15 ninutes ahd nodules were detached
after 4 hours (o), 10 hours (A& ) and

2% hours (v ) "cold-~chase".
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(11) Dark fization by noduleé

'JFor 14 c02 fixation experlmen ts with V. faba nodules, the no&ules

. were removed from the roots, washed and blotted dry. . Samplas ware placgd

on moiétrﬁiiﬁer papers ihsi&e 250 ml. conical f£lasks fitted with side arms
and ground élass stoppé:s, Gelatinycépsu;es containing the required ambﬁntgx
of Nazlécog_solution were inserted in'thé.si&e arms and 50% perchloric acid
was added to the side arms just hefore the flasks were sealed from the -
atmosphere. Bach- £lask contained 10 g. no&uleS"and iOO uci. l4co2 (1379 x ’
].0"'4 atm.) was released., Exposures wexa either contlnuous or for 30 minutes
folloﬁed by a "ecold-chaae® ﬁeriod during which compressed air was pasgsed
through the flasks by means of a manifold to flush out any 14002 produced in
respirétian. All the operations were caxrlied out iﬁ a darkened fume cupboaxd

at xoom Lemperature (approximately 20°C).

b) Extraction procedures

(1) Extraction of P. sativim plants for direct assessment of

radloactivity

Plants were carefully removed from the pots after the desired "cold-
chase" perlod and ﬁhe "Peralite" shaken from the rooLs, which were washed
briefly and blotted dry. No&ules vere removedg%rom each plant and the plant
was ocut into suffigiantly small pleces for ins&rtion into nunbered scintillation
vials. Normally ten replicate plants were used for each sample. Radioactive
compoundg ﬁere extracted from each plant-part for scintillation counting. in
2 ml. 95% ethanol per vial at 0 to 4°C for 48 hours, and this procedure

extracted over 90% of the activity {(Pig. 5).

(ii) Extraction of nodules for analysis of radicactive compounds

All solvents used in extraction and analytical progedures were

redistlllea or “Analar" quality.

’

P. sativum. Three replicate samples, each comprising the nodules
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from 12 plants; ware extracted in sﬁintillation vials in 10 ml. 80% ethénéi
for 24 hours at 2°C. The extracts were then f£iltered undex suction‘thgoughf
Whatman Né.-l filter paper, and the residues, washed twice with 10 rl. aliquots
of 80% ethanol, were vebtained For assessment of wnextracted activity.

V, faba. ilh those ezperiments in which the shoots were éxposédvto
14Coz, the np&ules of & plants were aqmbined for each sample, while 10 g.
samples of nodules were used for dark fixation experiments. Nodules wore
ground with}&O% ethancl in a mortar and ?eétla and the rgsulting slurry wag -
extracted in 100 ml. 80% ethanol on a ﬁristraction shakex at room temperature
fox ongxhdﬁf. Extracts were f£iltered under éuction through muslin and
Whatman No. 1 £iltexr papexr and the residue was ve-extracted as before, The .
extracts were aombipeﬁ aﬁd centrifuqu at 2600 g. at 2°C to obtain clear
supernatants. samples of the residues were retained for assessment of

radioactivity.

c) Fractionation of nodule extracts

(1% Zon-exchange chromatégraphy

Extracts were dyied by rétéryrevqpoxaﬁion at 35°C and xedissolved in

80% ethandl. Sampleé of each extract were removed for radioasctive assay énd
neutra;iged.aiiqucts were fractionated into "basig" (mainly amino-aclds),
“neuﬁral" (maiﬁly sugars) and "acidic® (mainly orgenic aclds) portions by a
modification of the ion-exchange method of Wang (1960). A swmmary of the
fractionation procedure is shown opposite. |

Both resins were regenerated before use by s;éking for 30 minutes in the
acidé used for elution and washing with 86% ethanol until neutral., The
rvesing were poured as slurries into 10 om. diameter glass coluuns fitted witp
taps,'glass'siﬁters aﬁd rgservoirs. Aliguots of each fraction were'remd?éa
foxr radiocactive assay after rotary evaporation to a small volume. Recovery

of rxadioactivity after fractionation was 63% to 78% (P, sativum) and not less
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than ‘73% (V. faba).

(1i) Analysis of individual fractions

All solvent sfotems used were freshly prepared from "Analaxr" or

redistilled solvents. =

a. Neutral fraction

Suitable aliquots were applied in duplicate to Whatman No. 1 paper
and one—dimensmonal chromatogxams run in duplicate in ‘the solvents shown_bel v
Those marked * were used as descending solvents. Authentie ‘samples of ougar
"were made up as 0 5 or 0’7% solutions in 10% iso—propanol and spotted as -
control spots to check Rf values of unknown compounas. Solﬁogts useo weiégﬁ{

o) IPrAq (iso~propanol 3 water = 4:1) (smith, 1962)*

~b) EtaAcPy (ethyl acetate : pyridine : water = 12:5:4) (Smith, 1962)* or,??v

run three times as an ascending solvent.

¢) AcW (acetone ; water = 853 15) (Veiga and Chandelier, 1967) - run x
twice as an ascending solvent. »

d) water* -

e) Bud (nmbuténol : glacial acetic acid : waﬁér‘w 12:3:5) (Smith; iéézi:V;‘

One of each pair of duplicate chromatograms was either cut into 20 equal

strips in half-Rf zones and assayed for radloactivity by scintlllation counting 3

oxr was passed through a Panax Th;n-Layer ‘and Paper Chromatogram Scanner. H;?héiii

_ duplicate chromatogxams of eaeh pair were developed in one or more of theyfii'iﬁ
vfollowzng 1ocation reagents after examination under ultraviolet 1ight- i ‘
" a) anilinewdiphenylamine (locates and colorimetrlcally identifies sugara)’?
(smith, 1962). ‘

h)i aniline (1ocates sugars ) CSmlth, 1962) .

c) Elson~Morgan reagent (locates hexosamines) (Smith, 1962).

d) silver nitrate reagent (locates sugara, organic ac;ds, phenolic acids?vl

and many othex compounds) (Smith, 1962).;

e) ferric chlorldewferricyanide (locates ‘phenols) (Smith, 1962).

£) hxpochlorite,(logatoa carbamatQS) (Smith,.lQQgg. B x
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Sugars were identified on the basis of their RE or Rg valuea‘in'solventsf)
a) to c), coohromatogrephy with authentic samples in three different solvent

systems and thelr colour reactlon ‘with anilxne—diphenylamine reagent.

b. Basic fraction

Suitable aliquotevwere applled in duplicate fo ﬁhatman No. 1 §$pég 5;'
and one-dimensional ohromatograms run in duplicate in the solvents shown below.A
Those merked * wore used as descending chromatographic solvents. Authentic
samples of amino~acide and amides were'made up ae'Z'mg.ml. -1 solutions in 10%
iso-propanol and spotted as controls to check the REf values of unknown
conpounds. Solvents usedewere= | _

a) Bua (nfhutanquz glacial aeetio'acia : water = 12:3:5) (Smith,{l§62);>
b) Ph (phenol : water = 4:1 w/v) (Smith, 1962). - :
¢) PHNH, (80% w/v phenol : ammonia (0.880) =-200:1) (emith, 1962) .
@ Pha (72% w/v phenoi . ammonia (0.880) = 200:1) (Pate, 1963)%
. e). Bup (n-butanol pyridine : water = 5:6:6) (pate, 1962)% |
One of each pair of chxomatogrems was assayed for xadioactivity by‘cutting l
into 20 equal strips and gceintillation counting as before. Amino-acids and - .
amides were located on the other using one oxr both of the following reagents-f
a) ninhydrin (0.2% in acetone) (Smith, 1962). L
b) disatin (0.2% in acetone) (Smith, 1962).
Twowdﬂmensional onrbmatograms were also run on Whatman No. 1 paper,«firstlg

in BuA and seoondly in PhNH and autoradlographs were prepared using Ilford '

3

Red Seal X~ray film.“ The chromatograms were exposed fo;‘one or .two months ae,‘
required, and the films were developed in Ilford "Phenisol“ x—ray developerA
for 5 minutes and flxed in "Koaafix" for 5 minutes in total darkness. Th?,f?':T
chromatograms were developed wmth the locating reagents above.and spotsront

the films and ehromatograms aligned to locate the redioactive amino~acids and |
amides. Two-dimensional autoradiography wasg also used in conjunctlon with ;

cochromatography with authentio amino-acids and amides to confirm the _

suspected identity of compounds in the extraets.
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Separation of trimethyleilyl (TMS) derivatives of ozalic (o), pyruvic (),
m ~hydroxybutyric ( \w ), malonic {(m), succinic (s), fumaric(f), glutaric
(g), malic {mal), o ~ketoglutaric ( &) and citric acids and n-eicosane
(n). A 7 ft 5% F-60 column was used and the temperature was programmed

-~ .ﬁmu

“1 srom 75 40 210°C with gas flow rates of 50 ml.min,
1

at 2° min

50 ml min. % H, snd 150 ml.min, ™" air.
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Tig. 7.

Detector response to various TMS acids,
expressed as peak area ratio, which was

calculated from the expressions:

eak area of TMS acid

(1) peak area ratio = peak area of Bug TNS glutarate

(ii) peak area = peak height x3® width at half height

are
The abbreviations used/as detailed in Fig. 6.
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Suxtable aliquotQAWere 5potted tn duplicate on Whatman Mo, 1 paperj;'
fand onendimensional chromatograms run in tha solvent systems below. :fﬁﬁ

-1 solutions in 10% isow"“

5En . fl}jAuthentic organic acids were made up as 10 mg.ml.
propanol and control spots of a mixture of these were run on eaoh chromato-f‘

gram o) check Rf values of ‘unknown gompounds.  The golvengs'used vere: '

) PxF (nnpropanol cineﬁhdeucalyptol) : 98% foimic}goidA;'S:S:ZEt
' | saturated]) (Smith, 1962). o - |

| b) Bihm (ehhanol s ammonia— (0 880) :‘ water = 16:1-3) -(Qx;zith, 1962) .. )
‘i;éxf Buh (n-butanol : glacial acetic aoid : water = 12 3 5) . {Smith, 1962).‘

~%L; dne of each pair of chromatograms was cut into 20 strips and assayed for

. radioaotxvity by scintxllatxon counting as before. ngonio acids were |
1ocated on the other with the following xeagentﬁ. | o A
,1) bromocresol green (O 13% in acetone) (Smlth, 1962).

b)Y anilinemxylose (Smith, 1962) .

fiﬁ) Ahalyoio by gaSmliéuio chromatograthr(GLC)
Analyses of suitable aliquots and eluted spots from’ paper chromatograms
,of acidic fractions of extracts vere perxformed using a Pye 104 or 105 gas f
ohromatograph with a7 ftwfsé F»GO column : The temperature was programma&
":jét ?ﬁimin.ﬁl from: 75°C to -210°C with gas flow: rates of 50 ml.mxn. -l Ny
.ﬁAQO,mi.min.‘l H2 ao@ 150 ml,mlnga;'air (35, 20 and 20 p.s.i..xespeotively).o
~Sampiés were oonvoréed’to ‘the methyloxﬂne—tnﬁmethylsilyl (MO—TME) esters

1(Horning et al., 1963) by, successive reaction with methyloxime hydxochloride

3and bis—trimethyls11yltrifluoroaoetamide (BSTFA) . Interna1~standards of

;nweicosana and glutaric acid were incorporated for qualitative and quantitativa

purposes ra&pect;vely, an§»A pgpical trace is shown in Fiq.,s. - A oallbration
graphfwas preparEd{;uéiné auéhentic organic aclds, of peak area ratio (peak ;
height X width at half haight) versus the amount . (ug.) injectad and linear -

relationships wexe found for all the acids tested (Fig. 7) and their RE valuesn



noted relative to that 6f nmeigosaha.

’“e) Analysis by gas chromatégraghyxn‘mass égectrometry (GC-MS)

The RE values (retention tiﬁe relative torn—eicosana);of]MO—TMS éé#érs}x
in the:samples were determined dn 5 3% OV-17 column for use iﬁ‘GC—MS ana&ysié.;’
Sanples were in&estiéated ﬁsing é 9 ft.il% OV-17 column temperatuxre-
programmed at 1°min.“l on an LKB QOQO Gég Chromatogrgph - Mass 5pectrometﬁr"‘
and acansiof the desired péaks tégén; tScans of derivatives of authentic ;
acids‘were_also made foi comparaéivé puréoses., o |

Organic aclds were identified by Rf values. on paper chromatogra&a, Rt

values on GLC analysis and - similarlty of GCmMS scans to those of authentic

samples.

£) Sciutillaﬁion countigg :

Alcohol was removed from extracts or samgles of fractions undexr vacuum
in the presence of dry silica gel until the plant: material, where present,
was'completaly dry. As the plant material was not removed from the vials,_
unextracted radioactivity was also assessed, although less efficiently than
that in solution. Scintillation fluid {4g. PPO[Z,amdiphenyloxazole}l.,l>
toluene) was added (10 ml. per v1a1) and the v;als wexre capped tlghtly and
stored at 0 to 4°C until counted.%ﬁ In some»cases the 801ntilldnt uged was
"Unisolve" (Rocthight Lahoratoriég Ltd. ). V

Radmoactivmty was assessed by sclntlllatlon counting of vials on elther

of two Packard Pri~-Carb 5cintillat10n Spectrometers, one of which was thtnd

' with an AnA attachment for automatic quench—correction, or on a Tracerlab

Corumatlc 200 Liquld Scintillation Spectrometex. The gfficiency of count;ng
. unquenched ‘leabelled samples was greater than=90% on bbth.Packard machinéé.
Correctlon for quenching was made by the external standardnchannels ratmo N
‘_method, using amexricium 241 ana radmum 226 &s extaxnal standards.. A series

. of acetone~quenched standarﬁs of known activity were prepared from JT40_
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Fig. B,

Calibration curve for Packard (Qand[])
and Tracerlab (/\) Scintillation
spectrometers. Acetone~quenched

samples of 14C—hexdeeane of known activity
were used to find the relationships
between the efficiency of assessment of
radioactivity and the automatic

external standard (AES) ratio.
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' j:ﬂ'ﬂ,;x.‘.:».t:eua in two different channels, erpres&e& as a ratio (F;g. 8). Corr:“tion

’»5hexadecana of specific amtlvity 1.10 uCi g.f (The Radioehemical Centrep- .

1

Amersham). Calibration curves were thus obtainad of the Buchannel counting

efﬁiciency (observed/expect@d ‘QCePollla}’ verf 3 the external atandard count

for loss of efficmency due to guenching cquld then be made using the

relationship:

- . h»: . . L observed aativity (c.p.m,) \?53‘~~u~?Vﬁ
apsolute activity (d.p.m,} B e efficieney

cae T

where d.p.m. = 5151ntegration5 per minute.‘

v

‘7‘> c.p m. = counts per minute.

(6). RESPIRATION RATE AND RESPIRATORY QUOTIENT
g Glasshouse—qrown plants were used in these experinents since it was. not

. poasibla to accommadate sufficient numbers of plants in the grcwth cabinah._”‘

Samples vere: taken between 1200 and 1400 hours to minimise effects cauaed by

possible diurnal fluctuatxons. 8ix 500 mg. samples. of nodules from each

age of pea plants were excised: quickly fram the -washed roots and blotted dry,

and similar samples of denodulated roots>were also taken. : Samples of 2-'

week-cld noﬂules ‘were not inciuded dua to their small saze. fwﬁ"'“

Measurements of respmration rate and RJQ. were made at 2 5°C uaing a3

Warburg apparatus as described by Umbreit, Burris and Stauffer (1949).Tit~ s
Readings were taken every 10 minutes for 90 minutes, durinq which Qeriod the g

respiratory activity did not declxne. A

~

(7). PO@W—-B-—HYDROXYBUTYRIC ACID (PHB) CONTENT OF NODULES AND CUL’I'URED

RHIZOBIUM LEGUMINOSARW

The methad used for axtraction and assay of PHB was that of Law and

”81epecky (1961). A1l glassware was acmd—washed, rinsed thoroughly and driedg‘;

beforehpse. ?HB -wag converted to crotonic acid and maasurements taken of
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Fig. Oe

Relationship between crotonic acid
concentration in concentrated H2804
and absorbance at 235 nm, using a

concentrated H2504 "blank". iach point

is the mean of five separate meagurements.,
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the absorbence.of the solution at rhe absorption maximum of cxotonic acid in.
concentrated sulphuric acia (235 nm.).: A linear relatmonshxp wag found .
betueen concentxations of authentic exotonwc acxd, from 0. 05 to 25.00 ug.ml.slw
and absorbence at 235 nm. and calibration.grapb was canstructed (rig. 9).4,3

. Triplmcate_aoo mng. samples pf-nodules ang.aenodulated rocts of P. sativum,x

plants and t&iblicate sample flaékb*of liguid shake~cultures of R. 1@éﬁﬁinoéaxum

were assayed at each time of collection. The experiment was petformed three ;

', times with R. leguminosarum but,énda‘énly in entirety with P. sativum.

. Nodule anﬂ root samples were finely gxounﬁ to a slurry in .glass hcmo;p;
genizers in 0.05M tris~Cl buffer pH a 4 at 4°C and the resulting squensions .
were centrifuged at 500 g. for 5 minutes at 2°c in a Mistral. 2L eentx:fuge to
remove plant debris. The supernatants were Lecentrifuged in weighed 10 ml.xaﬁ
tapefad centriﬁugerﬁﬁbas at 2000~g.”at 2°C for 10 minutas to aeaiment the. =
bacteroids; The resulting pellet was washed twice with cold -distilled water
and dried at 85°C'overnight (constant wezght). Bactaxia were sedimented
frontliquid ﬁultures by centriiuqation at 2000 g. at 2°C for 10 minutes and
were washed, diied and weighed as above. ‘

Samples were‘hydrolysed forﬁlﬁ hours with 0;2<m1. s@dium hypbghloﬁite

"} aried material. The pellets were -

solution (10% to 15% available 01)mg,
r&sediménted, washed with col& distilléﬁ watér and cold redistilled acetone
and alloweé to airmdrf:: The PHB granulas were finally aissolved in boiling
'redistilled chloroform, cooled and filtered through pxe~washed Whatman No. i
, filter papexs, f After evaporation Of the chloroform, 10 ml.\"Analar"
,concenkrated sulphuric acid was addeﬁ to each tube and the foil—capped tubes
‘were heated for 10 minutes in boiling water to convert PHB to crotonic acid.
~ The absorbences o£ the cooled golutions at 235 nm. were determined in silica
cuvette@ against a concentrated sulphuric acid “blank" on a Pye Unicam Series
2 Ultravialet -and Visible Speetrophotometer. | The absorption spectra of all

solutions were checked from 220 to 260 nm. on a Pye Unicam.SP 800 Ultraviolet

Spectrophotoneter.
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Figc 10.

Relationship between glucose concentra-
tion in distilled waber and optical
denglty (measured on an EEL photoelectric
colorimeter with Orange FPilter No., 607).
Sample solutions were heated with
anthrone reagent at 100°C for 10

minutes and cooled before the optical
density wag determined. Ligch point is

the mean of 3 geparate determinations.
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(8) . TOTAL ETHANOL~SOLUBLE CARBOHYDRATES '

Nodules from four plants of P. - sativum were used for each of four
Areplieate samples at each collecflon and were extracted in 2 ml. 95% ethanol
at 0 to 4°C for 48 hours. The alcohol was . evaporated under vacuum and each
extract was redissolved in a known quantlty of distilled water.’ ~

The total ethanol-soluble carbohvﬂrate oontent of the diluted exnxacts
was determined colorimetrically by the anthrone method of Dreywood (1946),,
‘: as described by Morris (1948), w:th modifioationa of Yemm and Wllliu (1954).
Sugar concentrations in the extracts. wero-detormined by»reference to a .
calibratlon curve prepared for glucose (Fig. 10). Optical density was
measured in matched colorimeter tuhes agamnst a dmstilled watex "blank" usxng -
an Ilford Spectrum Orange Filter No. 607 (maximum transmission 600 nm.) with .

an EEL photoelectrio colorimeter.

(9) ' AUTORADIOGRAPHY"

‘a) Whole plants

' shoots of P, sativum were expooedlto ;4éoé‘for 30'minﬁtes and, aftefAfﬁé‘-
de51red “cold—chase“ veriods plants were removed from the pots and the roots
washea and blotted dry. The shoots were removed and the root systems mounted ,
on Btiff cards and fxeeze«drled for one week, Autoradiogxaphs were prepared E
using ilford Red Seal X-ray film and exposure was madc for one aonth at ~25°c,9

aﬁter whleh the films were oéeveloped and fixed as statea previously (Sectmon A

| 5¢).

b Microautoradiogrqggz

Mlcroautoxadiographs were preparod using a technique suitable for soluble
compounds (Bowen et al., 1971), gince 90@ of tho acuivmty acoumulatod WLthln

the nodule was soluble in alcohol (Section 5b) . Plant shoots or nodules

woro ied 14 0? for 30 minutos and collected after the requmxed “cold«chase“ ,



peiib&. Detach&d, ‘washed nodulas were embad ad 1n l cm.3 duﬁéé‘df px@fs’** “
11ver, which had been placea previously on top of mlaratome chueks, -and were
£&oaen xap;dly by immersjon of the ehnck 1n thgid nitrogen.;, Sectxons about:f 

.
o

15 u thlck were cut undex &afelmghts (Kﬂdak Series ] - daxk red) on a ﬂreez;ng

mlcrotome (Cambrldge SclanLiflc Instruments Ltd.} mounted 1n a Brxght'

ﬁryestat malntainad at ~18 to «20“0. Tha sectiana vexe plaﬁed nezt to Kodak ;gg
AR-10 strlpping fnlm, previously mounted wiLh emulsion sxde outermost, Qn |
vcoversllps -atiached to glaas slidas for support and were malnhalned at —20°C.

Seations were: exposed to the fllm for about one monﬁh at ~25°C in ljghtv ~‘Q
tlght aliﬂe boxes and microautoradiographa wera daveloped by 1mmex310n of

the slides in Kodak nnlg developer far 5 mmnutes and then fixed in "chatixﬁ

for 12 minutes. The slideu were dried gently in a stream of cul& axr Erom

a halrwdryer and the £llmed toverslips with thair attached sections eaaed from -

the slldes.‘ On occaslons, some sections were stained with iodine to show
'the distribution of starch gxains hefore mnunting. The coverslipa were 2

permanently mmunted for examination in DRX mountant with the seetion to the

- inslde. Mmcroautoradlographs wexe examined on a ZQiss Photomicroscope II und“i'
dark-field and phase—contrast 111um1nation. Silver grains developed by the

praesence of radioactivity therafore appear as white dots, not black, in the

phetographs Laken under dark—field illumination. Phoﬁngrapys were t@k@““ R

uqing Iliord FPé 1ow-aontrast lem.,

© (10) - HISTOCHEMICAL TESTS WITH TETRAZOLIUM SALTS

Tetrazolium salts were used to 1ocate sites of active reductlon within

the nodulav by the method of Akkarmanns (1971). ‘The . tetrazolium salts

used at a concenﬁratmon of 0 l% in dlstllled water and are detailed below~'““” 4




Taa e
é) INT {?w[4wiodopheny1]~3~[anitrophenyl]-5~phenyl1Ptrazolium ghlari&e).i
- Thig bmcame re&dLshmv1olat on reducuion. . J
b) ‘NBT (nitroblue tetrazolium ox 2 z'mdmmﬁwnxtxopﬁéﬁfl;s 5’*dipheﬁyl* 3
3 (3, 3‘ma¢meuhoxy-4 4'mdiphenylane)ditetxazollum uhlavlée). .
This became b]ue»blaek on reductxon." ‘ i
) TNBRT (4 atfanitro—blue Letrazolium or 2,2°,5, S'mtetra«pwnltrophenylw:
3 S'Waimethoxyué 4'~d1phanylene ﬂLLetxagplium chloride) . _Thls ’
becsne bluawhlack on ra&uaLion. | 7 .
day TIC (2, B,Bmtrlphenyl tetrammlium chloride) . ~ This formed xgéf":
cryatals on zeducﬁion. f: - n
Washed, detacheﬁ noduleskﬁxom at least four plants of P, gativim gf’f
different ages were halved longitudinaily to allow penetratlon of theva
- tetrazolivm salts, Th@y ware 1mmed1ately placed with cut side down in O.J ml.iﬁ
tetrazolium $oluﬁion in small vials and lncubated for 2. to 4 hours in Lhe dark
at room tempa?ature (about ZO“C). Tha nodules were blotteﬁ dry- with paper
tissues, embeﬁﬂed in 1iver, frogen ana sectioned as described in Sectzon Qb. -
Sections (15 to 30 u thick) were collected on glass slides at -20°, air-dried,
mounted in’ water!and.examénaa on a Zeiss yPhptomicroacﬂpg TI. Phqtogxgphg
ware taken undexr Qﬂasencénﬁraat-and'bﬁightm?ieldﬂillumination‘ﬁsing god?ﬁﬁil

chrome II Professional KPA ;35»qoléux £4lm.

(12) STATISTICAL TREATMENT OF DATA

a) Réélication
The xeplicatibn used within each experiment was as stated previousiyg:A

Bach experiment was perﬁorméd,in entirety at least three times unless Otherwise

gstated and the regults‘of‘EQQh'éxpariment were analysed separately.

b) Standard error of the mean

>

The standard error of;hhaiméan (8.8.) fox each sample waS;calcﬁlétéé,“

from'ﬁhelxélationship:



”*vertical bar ebove and helow the mean, equal to twice the standar&\error\oz

"method of illustrating the spread of the values of individual observatione

H_around the mean.

cin terms . of standard deviation, ‘and is the devmation of observations from

"the mean of a sample of a population, corrected for- the number of observatio‘

of the population are only estimates based on that’ sample (Bishop, 1966). |

.that in the table, the samplee probably eame from two different populations~

{‘Exg - (EﬁL,;

. n(n=1) |

»sz"u sum; of (observations)

(Sx)zﬁét (sum of observations)

n = nunber of obeervations;~

the mean, but as a bar eqnal to the’ standard error of the mean to -one

only where 1imited by space. The standard error of the mean was used 8

) t—te'st :

-J£ ; deviation of the difference between the meane from zero %‘
- _ standard deviation of the_difference between’ the means

‘m

R - %
. N whie )
; od «where od
ir = mean of population r
n = number of observations
0: = variance of population r.\

The t- value is therefore a deviation of one mean from another expre ged:

in the sample and the fact that the caleulated mean and standard deviation

The table ef distribution of t (Fis hexr and Yatee, 1963) is entered at

‘n(n + nz - 2) degrees of freedom. If the caleulated value of t exceeded Sy

and the means were said to be signifioantly different. Conridenceglimit;




'were‘exp;eaéed as follows:

< 0.950  N.S.  not significantly different.

p

p 2 0.950 % ) | |
P 2 0.990' *k ) | signifiﬁanhly different.
P 2 0,999 . *k¥ )

: ) Perdentage data

The angular transformation tables of Fis her and Yates (1963) were
Auéed to compare data expressed as percentages. The t~test may only be el

applied to normally distributed populations in which the limits of variation

<. for individual observationa'are infinite. Data expressed as percentages

do not have infinitely variable values, but fixed 1imits of 0% and 100%: -
The angular transformation used restores the properties of a normally
alstr1buted population to the percentage data dnd t-tests may be performed

“on the transformed data.
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. RESULTS

PISUM SATIVUM -

(1) Effect of assay conditions on acetylene reduction K 47 

-a)‘
b)

c)

‘G@bfcompositioh,‘

jAséay:maﬁérial

Temperature‘of incubation -

2) Deéeidp@éhﬁébf plantsA“ S <49? :

a)

b)
o)
d)
e)

£)

Piant growth

‘ééetylene—raducing activity

.fétal plant nitrogen

1

Acoumﬁlationzof- §c~1abélled*photosynthates

’Raspiration rate and respiratoxry quotiént (R.Q.)

*Poiy—8~hydroxybﬁtyxic acid'(BHB) content of nodules and

Rhizobium leguminosarum

 (8) Effect of light . S 53 -

a) Photoperiod
b) ILight intensity

() 'Diuxnéiffiuctuations ‘ - : 55

| a) Experiments showing a single maximum in acetylene-reducing’
-activity

b) Ekperimenis showing £WO maxima in acetylene-reducing activity

(5) Effect of darkening : h 57
a) MAcééylene-reduding activity

b)

‘c)a

1

' Ac&hmgiation 6f,‘4C~1abelleq,phetosynthates

(1) ‘Plénté fed‘l4C02 prior to darkengng
- (11) Plants darkeneanpriox to ?4002 feeding
'ﬁééovery from da#kéning |
‘;;(i) ;Acetylene—redﬁéipg activity

14

(i1) Accumulation of 'c-labelled photosynthates



~(6) . Distribution of 14c~xabeiléa'photosynthaées‘~
a) Distribution in relation to plant age »‘ff°;

b) Specific activity of plant parﬁs

l4c-lab§;;’a

c}‘ Eifect of removal of apex on diatribution of
assimilatas and on the rata of acetylene reduction
(i) V@getative plants | V
(14) Elbweriugﬁpiantsi..
(1ii) Fruiting plants
giv): Cdntinuuué re@bva;fbféfioug;sl
(7) B2nalysis of radiuactive comguunuéfiu éthunulic;ungaczuﬁbf upduié9374£
a} Neutral fuacuion | s . ! ",
b) Basic fraction

¢) Acidic fraction

:(8) AAutoradiug:aguyt-"
a) ‘Whole‘blanus
bh) Microautpradiog;aphyi
(1) Plants maintained in thg,ligugéf;f
‘ (ii) Darkened plants | IS
(iii) Distribution of starch grains ‘

(iv)v Accumulation of radioactlvity in forked no&ul
() histochamiCd] tests with tetrazolmum salts

B. VICIA FABA,

(1) Effect of assay conditions on ggety@gnaﬂiadubtion .

a) Nodule size

b) Gas volume:
-¢) Oxygen concentration

d) Temperature of incubation

(2) Devuiqpmant of plants

a) Plant growth

b) Acetylene-reducing activith



3

i (3) ﬂicﬁoaufbraa;péraphy

5 a). Phosynthetic fixation OF. 4.,

"2
" b) Qéﬁkgfixation-of 14CQ ‘by detacﬁed nodules i N

2

(4) Analysis of radidactive compounds in ethanolic extracts of nodule

27 . . :
: (:,L.):,;:{‘;‘ ,fcsj.gxi:*cinuoua : éxgbsufe to '-.14(;02 - (Treatment L1) )

~ (44) “short eiposure to *lco, (Treatment 12)

synthe‘tiﬁ fixationof 14 CO s

B (ii:l.) Fractionation _o:é rt-etha'nolic extracts

(iv)' Neutral fraction o

() ‘Basii.wc"fvractidn‘;. R

(vi) Acidic fraction

~b)' Dark fixation of R by detached nodules: _

2 .
14, 2o |
€O, (Treatment D1) . .

(1) CéntihﬁouS‘é*prurélta

(ii) ; Short exposuz:ezsﬁo»14coz (Treatment D2)

(iii) Practionation of ethanolic extracts

- {iv)' Neutral fAract'ionfj’?" |

“(v) Basic fraction

(vi) Acidic fraction -
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Bffect of oxygen concentraition on acetylene reduction by nodulated 3-week-o0ld pea
M.G o

Fig. 11,
roots. Plant material was incubated for 30 minutes at 25°C at atmospheric
pressure in the acetylene : argon (1:3) atmosphere with oxygen concentrations as
shown.
The t-test wzs used to test the differvences between the means for aceiylene-
reducing activity with 0.10 gim. oxygen and other councentrations.
Value of %
p0ylatm.) 5 00 0.10  0.20 0.30 0.40 0.60 0.80
6.818%%* - 5.932%%  §,661%¥% 5 561LERF 6.801%%%  §,807¥%*
@omﬂm&s.v 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.50
AT&  o1,720%%%  2.564% - 1.657" Q.385%%% 16,087%¥%  6,097%%% 20,890%#*
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Fig. 12. FBEffect of acetylene concentration on acetylene
reduction by nodulated 3-week-old pea roots.,
Plant material was incubated for 30 minutes
at 25°C at atmospheric pressure with the

stated concentrations of acetylene in air.

The t-test was used to test the differences
between the means for acetylene-reducing
activity with 0.20 atm. acetylene and other

concentrations,

Value of +

szﬂa(atm.) 0.00 0.05 0.10 0,15 0.20 (.40

9.839%%%  2,514%  3,541%  1,6390° - 1.460"
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Table 1. Effect on acetyleme~reducing activity of pea nodules
of assaying whole plants, nodulated roots or

detached nodulesg.

Acetylene~reducing activity

Assay material (n moles 0 H, reduced mg"l fresh weight nodules h"l)
ExpS f Ixp. 2 Exp. 3
Whole plants 295.12 4 44.16 128,34 4 36.88 129.25 + 43,92

Nodulated roots 203.51 + 28,25  139.49 + 27.49 70,10 + 19.58

Detached nodules 3Le3T7 &+ 9.62 16.3L + 4.15 17.07 + 4.91

Acetylene reduction assays were performed gimultaneously with
nodulated roots and detached nodules from 3-week-old pea plants
and the whole plantg were almo assessed. One whole plant, 4
nodulated roots or the detached nodules from 4 plants were
incubsted in tubes of capacity 52 ml in the atmosphere normally

used (CZHQ 205 ¢ Ar= 20 1 20 & 60).

The t-test was used to test the differences of means

between whole plants and nodulated roots or detached nodules.

Value of %
: j etached
Assay material Whole plants nogg%%ged ggdﬁge:
NG HK
Exp. 1 1.727 5.835
%
Exp. 2 -0, 212" 2,659

o .
Dxp. 3 1,230 2.458



A. PISUM SATIVUM .

(1) EFFECT OF ASSAY CONDITIONS ON ACETYLENE r‘gmnﬁcwiié"

Plants 3 weeks old were used in'EﬁéLfbiipﬁihg_é#ﬁeriménﬁs;ﬁr

a) Gas Com?ositicn~‘

The acetylenewreducing activity of nodulated roots was dependent
on oxygen concentratlon (Fig. 11). There was no activity in the abs'n_
oxygen and the maximuma activity was attalneﬁ at a p02 of 0 10 atm. infboth
experiments. There was 1ncreasxng inhmbition with a: 902 greater than 0 10

atm. although 0. 82% of the naximum acetylene—reducing activitv was stil'

detected at 0.90 atm. The po of 0.20 atm. (atmospheric) normally usedlwas
thus not optimal, | | |

Ehhylene was not producea in the absence of acetylene and a 'tylene;?
reducing activity, was dependent on the pcz 2 (Fig. 12). A p02H of OA«
was optimal for ethylene production in all experiments and nitrogenase¢'
activity at a pczuz of 0,10 atm. was abeut half the optlmum rate observed

As the experiments were carried out on the same day, the rates of acety_ene

raduction were almost identical for eaeh raplicate experiment, and so only

one set of results is shown.

b) Aséayimaterial

Detached nodules, nodulated roéés“and-uﬂﬁlgvéiéﬁtéﬁgé é‘tééﬁé&#
for acetylene reduction under staﬁdaraicoﬁéitiSBé; The rate oftacetylene }fllE
reduction by nodules was not reduced significantly when nodulated roota rﬂjﬁﬁ K
rather than whole plants were used. Detachment of the nodules resultad in =
an immediate decline in their acetylenefrgduging‘actiVity to ongﬁeighthlqﬁ-_‘} 

that of whole plants (Table 1).

¢) Temperature Qf incibation

e

The acetylene-reducing activity of”nédulated?iqbﬁs;waéﬁafééétedVf,"7




m.wm.u.wm. mmmmonOm.ntwuwamwnﬂmomu..nnﬂwmﬂwgowmaomwww.ﬁm,n.m@monwovwmbomﬁwmﬁmmw..smkmw..&w@wmmnoowm..m“_.mbw
= material was incubated mow. 30 minutes at atmospheric pressure with the standard gas mixture
(0, : CH, :.Ar = 20 : 20 : 60) in temperatures as shown.
The: t-test was used. to test the &.mmm,nwbnmm between the means for acetylene~reducing activity

at successively higher ﬂwmm,m&mmu..ﬂ.wm.

value of &

Temperature °C ° o 6 10 - 20  25- 3 35 40 60

A=A 0.587°  -1.436"°  ~7.855%%* -G 221%%* 2.3100C  0,741° -0,157° . 4.745%
Temperature °¢ 0 5 10 15 20 - 25 30 Co4r
7-0 - -0.800"° 0,735 0.406"°  -1.244° -3.471%  -2.009"  1.008™
Temperature °C 3 g - 18 21 25 30 44 60

o-o -1.885°0  —g.6alrx* -1.193%°  _0.4217° -0.387°°  -0.456"C  7.801%%+




Temperature °C



Table 2, Effect of temperature of incubation on Qlo value

for acetylene reduction by nodulsted pea roots.

Temperatqre range Mean QlO (average

(*¢) of 3)

o=15 5.30
10-20 4.19
1.5-25 8.14
20=-30 4,97
25-35 1.61
3040 0.86

Nodulated roots of -week-o0ld pea plants were asgsayed for
acetylene~veducing activity for 30 minutes at atmospberk
pressure with the standard gas mixture (02 2 CoH, 8 A =20 3

20 : 60) in temperatures beltween O and 60°C.



CPig. 13b.

Arrhenius plot of acetylenemveducing

:acbivity Qf nodula ted pea roots at f

differ@nt tem@eratureﬁ between O and 60 G.
Plant materlal was incubated for 50 minutes
ab atmosphermo pressure with standard g&s
mixture (0, : Ogly 3 Ar = 201 20 : 60)

in temperatures as shown.
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by the temperature of inaubaﬁion during thé‘acetylene reduétion"aasay
(Fig. 13a). Maximum rates of acLiVity were usually achieved at 23 to 30°C -

and temperatur@s greater than 40°C. dacreased activity., Increasing the

incubation txme From 30 minutea to 1 houxr did not alter the results obtained.'mw
Mean Qlo values calculated over the tempexature xanqe 5 to.40°C (Table 2)1
showed ‘that changes in temperature between 15 and 25°c:pxoduced the lggggst?
changes in acetylene redvction. The effect of temperature on the rate of -
acetylene reduction is fuxthax illustrated by an Arrheniuﬁ plot of the data:
(Fig. 13b). The xeaults of all experimantu £it the Arxhenius equation }A :
between 5 and 25°C, indicating a constant activation energy for the process
between these temperatures. Temperatures greater than 25°C resulted in
reduced rates o£ increase in acetylene reduction and so results obtained at

these temperatures do not fit the‘equation.
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Plate 1.

Growth of pea plants in nitrogen~free

culture in the glasshouse. Beeds were
planted in "Peralite" and inoculated with

a suspension of Rhizobium leguminosarum.

The plants shown are (left to right) 1,
2, 3, 4, 5 and 6 wecks old.
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Changes during growth of pea plants in

“a) fresh weight of shoot of Batch 1 (o) and

Batch 2 (g ) plants.:

b) fresh weight of xoot of Batch L (o) and .

Batch 2 () plants.

Q) JV‘f::é;z's‘h weight of pink (o) and green (0O) nodules ,
- of Bateh 1 and pink (A) and green (V) nodules of

Batch: 2 plants,

Measurements were taken for each of 30 plants at ‘?eékjlj‘”
intervals from planting and plants were grown in nitrogen—

free culture in 'Peralite' in a glasshouse. Dashed lines

‘indicate times of commencement of flowering (— - ~) and:; o

“fruiting (— ).
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Tig. 15, Changes during growth in acetylene-~reducing
activity of nodulated pea roots of Batch 1
(O) and Batch 2 ( [ and 2\ ) plants.
All plents were placed under consbant lighb
and temperature in a growth cabinet for 24
hours before use. Samples for acetylene
reduction assays were incubated for 30

ninutes under standard conditions.

The t~test was used to test the
differences between the means for acetylene-

reducing activity at successive ages.

Value of 1
Age of plant .
(weoks) 2 3 4 5 6
O “2,784%  6.916%%%  2,844% 1, 25988
] ~2.3534%0  6,160%k%  7,276%%x  1,35800

ZS «0.726NS 2.256NS T e 24 %% T o BLLFHE
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"(2)- DEVELOPMENT OF PLANTS -

oa) Plant»giowth

The'coﬁdifions 6f culturé~uééd\in these exéeriments produced small E
plants (Plate 1) wiLh a much vhorter gxowth aycle than field~grovm plants Qf
the same variety. ' Plowetlng began at: week .3, fruit development at week 4 '
;and both processes were eomplete [4) weeku after seed germination. The ﬁresh :

velght of the shoot increased until week a; when leaf fall commenced (Fig.k-
. 14a), but the fresh weigbt ofAthe xoota incxease@wrapidly until week 2 and.g
-declined slightly thereafter (F&g. 14b).  “The welght of pink nodules
'(presumably active in” nitxagen fixatian) on each plant increased to a maximum"f
at week 3, afuer{wh;ch gxeening_commenced (Fig. 14¢), until at week 6 all the
nodulés were.green and inéctive»(anhcdule was judged as "green" when more
éhan half of the nodule was visibly gréen).

»?‘Two bétches of séed“wmxm used inlthesevexpeximents, and plants of Batch
J2 waere much*more‘viqcroué than those 6f'Batch 1. Batch 2:§iants nodulated
slightly earlier and develéped a gvéater'weight of pink nodules, which
'remained pink 3 to. 4 days lonqex than those oﬁ Batch 1 plants.

‘Variations in growth and nodulaticn were also noted between cxopsv

harvested,in winter and summer. Summer~grqwn plants were larger and borg

greatex weighﬁéAof nodules, Which}tﬁrhed green later than winter-grown plants.

b) Kcétﬁiehe—reduoing activity

hm?dulétea@ié§ts of plants of different ages showed marked
diffexegcea in thairfpéﬁés of acetyiené«reduction (Fig. 15). The acatyleng~f
rgdﬁcing activity increaséd to a maximum in plants 3 weeks old and then -
. dec;ined-unti1 t@egéfwas no. detectable activity in the nodules of 6-week=0ld
plants. Varﬁ high-ia%eg of adétylepe’xeduction were commonly observed in

Batch 2 plants.

o) Total plant nitrogen

This expériment was.terminaﬁed'after 4 weeks because artificial



Figo 16 .

Changes during growth in the total
nitrogen in nodulated pea plants of
Bateh 2 in nitrogen-free culture,
Nitrogen contents per gram dry
weight of detached nodules (/\ )

and denodulated plants ([} ) were
assessed separately by Kjeldahl
analysis and the total nitrogen in
nodules and denocdulated plants
calculated using the data of ¥ig. 14,
The total nitrogen in nodulated plants
(O ) was found by addition of the
total nitrogen in nodules and

denodulated plants,

The t~test was used Lo test the
differences between the means for
total nitrogen in different plant

varts at successive agedg.

Value of ¢
Age of plent ’
(WG@}{S) 1 2 5 4
O “114430*.&* ”150899%%'}{- 0.695" NS

[
A

©10.939%%%  _15,558%x% 0, 717V0
- ~12.790%%%  Q,2238
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Fig. 1Ta. Accumulation of l40~labelled photosynthates
in pea nodules of plants aged 2(Q), 3([]),
4\ ), 5(\/ ) and 6(<>) weeks after "cold-
chage" periods as shown following exposure
of the shoots to 14002 for 36 minutes in a
growth cabinet under constant light and
tenperatbure,

The t~test was used to best the
differences between the mean radioe-
activity in pea nodules of each age after
5«5 hours "cold~chese" and longer
periods.

e paty 03~ 7.5 11.5 2545
Age of plant Value of %
(weeks)
2 weeks 1,412 2.878% 34557%%
3 woels 1.202% 1,937 1.640%
4 vecks 0,022 0,115 0.084""
5 weeks 1,184 ~O.027NS ~0. 227"
6 wecks 0,245 0. 081 0. 078"
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‘illummnataon ln thc glagshouse wad swmtched off, resulting in atypical
grewth of tha oldwr planta. The xegults are included here as a rough check

_oon; tha trend shown by the acetylene reductlcn data and to provide informationﬁ

} on the retention of fixed nitrogen by the nodulea.‘ Changes in the total
‘*nitrogen content of nodules and danodulated and nodulated planta ware ’
‘tcaleulated ﬁrom the growth data . (Fiq. 14) and the data obtained from Kjalda li:§"
analyses.1ﬁ Fig, 16 shows that the nltrogan content of the -plants increaseé '
frapidly until they were ‘3 weeks old, when thay contained three times . the
‘nitrogen content of aneekwold planta.>‘ No further increasa ‘was found 1n
d-week-o]d plants, ven though acetylene reductlon data gtill showed
significant nitrogenase activity ‘at this age; this could be due to
variations arising from the desmgn of this experiment. ‘in which successive f>'

crops from separate sowings ware harvested for each sample age.,

The nitrogen content pex gram fresh weight nodulas xemained constant

auring growth and was- almost three times that of the parent plant after R

idenodulation (Table 3) Transfer of fixed nitrogen from nodules to the”,ttjg
&host plant was considerable - 93 5% in 2~weeknold plants and 84.3% in B-week—'ff

'old plants (Fxg. 16 and Table 3).~

, d) Acummulation of 14 c—labelled photosynthates '

(_.»(- -

Maximum accumulaLion of radioactivity in the nodnles of pea plants )

14co for 15 minutes was found 4 to 8 hours . after.t K

: whose shoata had baen fed

removal of the plants from the 1abelled atmosphere, irxespective of the age' :

70£ plant (rig. 17a) The radloactivity of nodules of. plants 2 and 3 weekscl;

lold, whiﬁh ,most actlve in fixation (Fig. 15), then declined by up to S

one-half over the next 20 hours, but the radioactivity of the nodules from o

ﬂ,“older plants showad 1ittle change during this period (Flgz{l7a).
The nodules from plants 2 and 3 weeks old showed greatest aceumulation:§:
of radioactivity, irrespactive oﬁ the length of the “cold-chasa" period ,:i"i i

*(Fig.A17 g;tg c). In Batch 1 plants, changes in the aceumulation of labelled

P
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Fig. 17bs Changes during growth in sceumulation of
l40~1abelled photosynthates by pea
nodules of Batch 1 after 5.5 hours (O )
end 24.5 hours (/\) "eold-chase"
periods following exposure of the shoots
to 14002 for 30 minutes in a growth
cabinet under constant light and

temperature.

The t-test was used to test the
differences between the mean radioe
activities of successive ages of pea

nodules after each "“cold~chase"

period.
Age of plant , =
(weaks) 2 g 4 2 6
T " .
ii?gaggn %g%d Value of ¢
5.5 h ~0,911% 3 06855 4,606%%% 2,276%

NS
24,5 h ~0.980 3e356%% 5 72g%ER B Q76K
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Mg, 1T7c. Changes during growith in accumulation of
146 1abelled photosynthates by pea

nodules of Batch 2 after, 3.5 hours (O ),

7.5 hours ([] ) and 23.%L§Lurs following

exposure of the shoots to 14CO for 30

2
minutes in a growth cabinet under

constant light and temperature.

The t~test was used to test the
differences between the mean radio-
activities of successive ages of pea
nodules after each "cold«éhase“

period.,

Age of plant

(vieeks) 2 3 4 5 6
Length of
"opld-chage" Value of ©
(n)
3.5 h 2,855"  11.262  2.400  2.210
M _ NS o * K NS
Te5 h 3.040 0.553 34770 1.509

* NS * NS
2345 h 2.293 -0.263 2.672 1.707




Age of plant(weeks)

— —0 ] < ,
) | /l
i i i J ! i I 1 |
O O < o o o (s8] O
m.m.u @ w I N =

E2inpou bz Ysauy Bt wid P)AAoEoipeY



51bl

Fig. 17d. Changes during growth in total l40~labelled
photosynthates accumulated by nodulated pea
plants followi§g expogure of the shoots to
14002 for 15 minutes. The radioactivity of
the plants wag assessed immediately after

eXPoOSUre.

The t-test was used to test the
differences beltween the mean radiocactivities

of succesgsive ages of pea plants.

Value of &
Adge of plant
(weeks) L 2 5 4 > 6
O G o TEY mo,84oms =6 4O0NHFE A 4TFRER 2, 9B RX
] w% , GOOW w1.4063&"‘ wdlTLBRAEE 4, 4B8%RE B QLERK

AN SBUBETHRER G AOTRER ~B.184AKE  0,24000  B,660%K
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Fig. l7e. Accumulation of Merabelled photosynthates in pink;(Q):1
and gfeen {A} nodules of 4~weekfold plahts." Plant?ggpdﬁ% -
i were exposed to 14CO2 for 30 minutes and nodules were

collected after "cold-chase" periods up to 23.5 hourgg'fﬁi‘

The t-test was used to test the differences betWeedﬂ:

the mean;ra&iaactivities accumulated 5& pink and green ﬁddules.

value of t (pink/green)

‘mime of "cold-chase" (h.) 3.5 7.5 . 1.5 .23.5
2.265%  3,508%%  4,006%**  0.85G S
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photosynthates by the nodules of plants of different ages elosely paralleled

changes in the rate of acetylene xeducfion (Pigu.‘lﬁ and 17b). Haweve,,

Batch 2 plants, the maximum accumulation of activity was, found in the nod 1es

of 2~week~old plants, a 1ittle earlier than the maximnm in acetylene—reduc

activity (Fig. l?c). Ey contrast, the maximnm net photosynthesis by t

plants, as determined by the total radioactivity accumulated immed;ately*after‘;:
exposure to 14002, was reached at" week 4 in both batches (Fig. 17&) “7

When é-waeknold plants vere fed co for 30 minutes and the" plnk and
areen nodules collected separataly after different "cold—chasa" pexiods, the
pink nodules were always more heavily labellad than the green nodules'ﬁ
17e)f Although the radicactivity accumulated by the pink and green nodules
was not always signlficantly different, thisacculd be duegtg &}ffiqultle’lég : -

segregating the nodules into pink and green categories. .

@) Respiration rate and ;éspiratexy q“bﬁienﬁ'kR}g#)'f;f

Measurements of the rate of respiration of‘hqdﬁies were not pdggibléa

until the plants were 3 weeks old, due to the small sizefofftﬁe noduiés rQ-?AV”

prior to this age. The data obtained for subsequent ages of nodules were e

gquite variable and the maximum in respiration recorded for nodules from

from plants 3 and 5 weeks old (Fiq. 1e). The xate of respiration ofincdules

from 6~week-nld plants was only 60% of that of 4~weeknold nodules, hew“

were probably the main qubstrates fcr raspiration. :
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Fig. 19a,

Mg, 19b.

Abgorption spectra of solution of suthentic crotonic
acld (12.5 pg ml 'l) (a) end extracts from
Rhizobium leguminosarum (b), nodules (c) and roots
(d) of 3-week-old plants. Samples of PHB were
heated in concentrated sulphuric acid for 10 minutes
and cooled before absorbance was measured against a

sulphuric acid "blank",

Aceumulation of PHB (/\ ) by Rhizobium Leguminosarum
during growth, as measured by increasses in optical
density ( O ) and dry weight ([]). Bacteria were
grown in liquid culture and samples collected at
intervals until the end of the log phase of growth
(48 hours).

The t-test was used to test the differences between
the means of growbth and accumulation of PHB by the

bacteria at successive samplings.

Value of %

Age  of
culture
(n)

0 9 21 33 45 57

Growth
(optical
density)

Growth

~5345%% w4 1,184%%% w81 ,283%%% 118,549 %x%k O.BBONS

(dry  ~387.000%%% ~44,TL4%%  =19,587*¥*  11,789%%% 1, 3600°

weight)

PHB
contbent

w4.340%  ~0,283%8 -2.990%  _20.820%%% 1,557
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£} - Poly=-f=-hydroxybutyric acid (PHB) content .of nodules and' -

cultured Rhizobium leguminosarum -

PHB was«détectad and measured spécttbpﬁotomeﬁriaally by anély§i3 
of the crotonic acid produced by its &igesgion. ' This éompound has a
typical absorption specixum with a magimum at 235 am. Digests ofghcdﬁlé;.
extracts of all ages Ffailed to show typical absorption spectra; _thévéﬁédgéé~
obtained resenbled those of the roots of correspondiné ages, with magimﬁﬁ'
absorption at 223 mm {Fig. 1%a}.

In contrast, typlcal spectra were obtained from liquid shake~-cultures of

R. leguminosarum (Fig, 19a) and the PHB content increased during the
logarithmic phase of growth of the cultures but remained constant thereafteg

(Fig. 19b).



Fig. 20. &ffect of photoperiod on acetylene-reducing activity (O ) and accumulation of H&Qlwmvwwwma
photosynthates ANDVV by neodules of 3-week-0ld pea plants. Plants were exposed to photo~
periods as shown in a growth cabinet operated at constant temperature and light for 3 days.
Plant shoots were then exposed to H&Qom for 30 minutes at the start of the light periecd and
both acetylene-reducing activity and sccumulation of H#Qlwmwmwwmm vhotosynthates were

assessed after 4 hours.

The t-test was used to test differences between mean acetylene-reducing activities and

radicactivities of pea nodules with successive increases in the photoperiod.

Value of &
wwOwOWmHMOQ 0 4 8 12 16 20 24
(b
Colly -0.768% ~1.027%8 ~1.460%8 -0.570%8 ~5.923%% 1.42658
reduction
Redioactivity  0.201% 0.429%8 ~2,733% ~3.940% 5% 0.750°0 3, 285%
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Fig. 21. Effect of light intensity (/\ ) on acetylene-reduction ( [] and O ) by nodules of 3-week-

cld pea plants. Plants were incubated in a growth cabinet for 24 hours at 25°C and

1,000 fi~candles and were then darkened for 8 hours io simulabte nocturnal darkening.

Light intensity was increased stepwise at 90-minute intervals until the meximum was reached

and samples were collected at the end of each 90-ninute periocd.

The t-test was used to test differences bebween the means of the meximum acetylene-

reducing activiiy observed and those observed at other light intensities.

Value of %

Light .
: intensity 2, 0 4.05 7.60 11.50 14.20 16.00 18.00
ft=-candles x 10 .

O - 0.984% 0.25848 0.4335 2.3596 0.822%5 2,385

3 T HT

mu 0.618"  1.683" 1.211%8 1.476% 0.011% 1,854 -
Light intensity - e
(B Intensiltio) 20,00 £1.80 51.80 21.80

ﬁu T - .

- Nawmm mlh\wmkﬂ w-.mmm»r

[ 1.826° 1.41358 1.48658
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(3) EFFEéT o fi?:i:éi;m
5) vPhotbgeriod
"?hotoperxod" in this context is used to descrmbe the length’ of : ;}

time in aevexry 24 hours in which 3~weeF~old plants were exposed to fluorescent‘

lights in a gxoyth,cabinet. No precautions were taken to prevent plants s

. ?eceiving the flashes of light‘éhich ocqurfed when pléﬁts were placed in 6r _‘f

removad from the dark wooden cabinat.

The rate . of acetylene xeauction and accumalation of labelled photo—-
synthates by the nodules were both greatly affectad by the length of the .
photoperiod after only three days' treatment. Thus lengthening the photo-
7>§eriod from 4 to 16 hours resulted in a seven-fold increase in the rate of
aqetﬁleng'reduqhibn,ﬁﬁut the maximum rate of reduction étéginéd with a
.264h6ﬁr photoperiod was seven timesrtha rate with a 16~hcur’photopérioﬁ'

(Fig. 20). The accumulation of labelled phoﬁosynﬁhates by the nodules
14

o 3»5 hours after exposure of the shcotg to 7¢O, for 30 minutes was not

2
affected hy photoperloﬂs Shorter than 8 “hours, but was trebled by 1engthening*

- the photoperlod Lc 16 hours - (Fig. 20). The radloactivity accumulatgd in |
the nodules with a420mhour photQpex;Qd'was'not éignificantly:different‘frqm
that witﬁ a lﬁwhour photoperiod.; |

éfowth under continuous illuminaﬁion resulted in a decline in hath'ﬁgé o
rate of acetylene reduetion and aceumul&tion of labelled photosynthata% in

the nodulas.

b) Light'intensity

Gradually increasing the:light4intensity to which 3-week-o0ld plantsA'
were exposed over a 14mhour period followinq darkening for 8 hours resulted
in one small and insignificant 1ncrease in the rate of acetylene reductlon

1y (mig. 21).

over the range 0 to 1600 ft. candles (0 to 5.740 cal.m. h.
'Eurthar increases in liggt.intens1tyfrgsulted in smgnificant decreases in

‘the rate of acetylene reduction in' the two replicate experiments.



- Da

Caution st bé used in comparison of these results with those ohﬁaine@;
under conditions of natural daylight, due to the spectral différences between -

daylighi and the light from the fludrescenﬁ'tubes in the growth cabinet,



Fig. 22, Diurnal variations in:
(a) acetylene-reducing activity (Q );
(b) light intensity (/\) and air temperature ([J);
(e) ethanol=-soluble carbohydrate content of the nodules AVAE
The experiment was performed with 3-week-o0ld pea plants on May 2, 1973, and samples for
acetylene-reduction assays were incubated in darkness at ambient temperature in the

glasshouse immediately after collection at the times shown.

The t-test was used to test the differences between the means of the evening maxima

in acetylene-~reducing activity and ethsnol-soluble carbohydrates and those of other samples.

Value of +

Time of day (n) 0800 1000 1200 1400 1600 1800 2000 2200
C,H, reduction =0.234"°  2,2847°  3.235% 5.246%% 5.365%  3,902%% - 1.880%0
Carbohydrates —  6.458%%%  3.748%%  3.652¢  2.759%  1.961°0 - 0.852%°  4.940%%
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Iig. 23.

Diurnal variations in accumulation of 140«
labelled photosynthates by pea nodules (O ),
light intensity (/\) and air temperature
(). The experiment was performed on
June 5, 1973, and the shoots of J-week-old
plants were exposed to 14002 for one hour at
ambient light and air temperature at the
times shown. Nodules were harvested

immediately after the exposure period,

The t=test was used to test the
differences between the mean radiocasctivities

of the nodules at successive harvests.

Value of

Time of
day (h)

0800

1000 1300 1600 1800 2000

----l.64€l-63"qS ~1.568NS 1.500NS B, 0T0%% 4, 356%%%
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(4)  DIURNAL FLUCTUATIONS

Two patterns of fluctuation were observed in experimsnts performed -

in a. glasshouse at ambient 1ight and temperatuxe, using plants 3 weeks old.

La) ggperimsuts showing a single}msiimum in‘sceﬁylénewreducingp,*§w~

' activitg x.'

Maximum scetylene—redueing activity was recorded in all experimonts'
" at 2000 or 2200 hours (Fig. 22a) and was often, but not always, approximately o
Eequal to that recorded previously at 0800 hours on the same day. Minimum 4
iactivity was recorded between 1400 and 1600 hours, and was only ono-eighth
of the maximum activity. | By contrast, clear diurnal fluctuations in both
1ight intensity, from 0 to 5100 ft. oandles, and air temperature, fxom 23 to
f33°C, were.- reeorded in all experimsnts (Fig. 22b) and maxima in both occurred L
at 1200 to 1400 hours and minima at 2200 hours. o

Anthxone determinations showed that the ethanol-soluble carbohydrate jigi
content of ‘the nodules increased steadily du:ing the day to reach a maximmu .
.at 1800 hours, and then decliﬁed (Fig. 22¢).  The maximnm content was reachediv7
8 to 6 hours after the maximum in translocation of newlyuphotosynthesised ‘
;assimilates to the nodules (see below) and shortly before the maximum rate. yfﬁp,

of acetylene reduotion was achieved., .

A olear diurnal fluctuation in translocation of lahelled photosynthatas ﬂhi
to the nodules was observad when nodules were collected immediately aftex i

14C0"£or l hour at aifferent times of the

exposuxe of the plant shoots to .
day. Maxima at 1300 hours (Fig. 23) or 1400 hours were recor&ed and’ changes
:in the accumulation of these newlybmphotosynthesised assimilates vere similar

= gto those in light intensity and air temperature.'

b) '§§perimenta shouiné two'maxiuaﬁiufacetylene-reduoing aotivityfz:
Maxima in acetylene reducing activity were observed at 2000 or I

2200 hours as before, hut there was: also a secona, usually smallexr peak at
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Pig. 24, Divrngl variations in:
(2} zcetylene~reducing activity ( O );
(b) light intensity (£\) and air temperature ([1);
» (¢) ethancl-soluble carbohydrate content of %he nodules (\/}.
The experiment was performed with 3~week-0ld pez planis on May 18-19, 1973, and samples
for acetylene reduciion assays were incubated in darimess at ambient temperasture in the
glasshouse immediately after ccllection at the times shown.
The t-test was used to test the differences between the means of the evening mexima
in acetylene~reducing activity and ethanol~soluble carbohydrates and those of other samples.
Veluve of *%
Time of day (h) 0800 1000 1200 1400 1600 1800 2000
G H, reduction 0.856°  1.445°°  _0.099™  3.368% 2.605% 4.612%% 0.343"°
Carbobydrates —7.207%%%  6,469%¥%  35,904%%  5.405%%  3,090% - 0.707%
Time of day (h) 2200 0000 0200 0400 0600 0800 1000
C,H, reduction - 07308 1471 7.03L%%%  3.665%¥  T.50T#¥*  2.607%
Cerbohydrates 1.346%° 0,823 4, g59%= T.116%F%  11.841%x  10,921%%x  7,124%%%
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1200 or 1400 hours (Fig. 24&). 'Minimum ;ctivities were racérdeé betwéen, i“
1400 - and 1800 hours, and between 0400 and’OQOO hours, and were one~half and
one-quarter respectively of the evening maxima. Mid-day maxima always‘;
occurred 1 to 2 hours before the maxima in both air temperature and light :fﬁ 8
inteqsity. Clear diurnal variations were recorded in both light intensity,

from O‘to 1500 £%. candles,'and air tempexature, £rom 14 to 28°C (Fig. 24b),'f-
| Maxima in both occurred at 1300 to 1400 hours in all experiments and minima _
were recorded during darkness. |

‘Anthrone determinations shawed that-the level of ethanol~sd1u§lé“cnrbd;;:."v
hydrates in the nodules reached a maximum between 1800 and 0000 hours (Fig.
24¢) .. The carhohydrate aontent rose ateadily by 50% from 0800 to 1800 hours,,:
‘remained constant until 0000 hours and then declined rapidly to a minimnm ~
value of half the maximum at 0600 to 0800 hours. '

The diurnal fluctuation in translocation of newly—photosynthesised
14C~labe11ed assimilates,was similar to that.observed previously, with‘a\ ‘
makimum at 1300 to 1400 hours (rig. 23). -

In all experiments, changes in the rate of acetylene raduction followad ,7f“
6 to 8 hours after changes in light intensity, air temperature and trans~ .
1ocation of newly~photosynthesisad assimilates to the ncdulea, and 1 to- 2 .«
hours}after changes in the level of ethanolwsoluble carbohydrates in thebg:‘
nodules. The second maximum at mid-day in acetylene-reduaing activity at

mid~day preceded by 1 to 2 hours maxima in light intenaity and air temperature.



Fig. 25a.

Effect of darkening on the acetylene-reducing activity of nodules of 3-week-0ld pea plants.
Plants were maintained at 25°C throughout the experiments and the activity of nodules of

control plants maintained in the light did not declime during this period.

The t-test was used to test the differences between means of acetylene-~reducing sctivity

prior to darkening and during the dark period.

Value of %
Time (h) from darkening 10 24 48 72 %6
O 1.29655 2.641% 2.579% 2,679% 2.679%
Time (h)
from 8 12 16 20 24 43 72 96
darkening

.

VAN
O

m - WW@** W e D1 T H*% mwo O.Nm-u o Q,14% %% G,.108%%¢ @ . Wu.u..**mm. Q. A%N@*&Lm S. &.mm.x:.,m*

0.294%° 1,006 1,047 2,085  2.837¢  2.951% 2.995% 2.995%

Y EHA
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Piges 25b.

Effect of darkening on the accumulation of
14Cnlaballed photogynthates in nodules of
S-week-o0ld pea plants. Plant shoots were
exposed Tto l4602 for 30 minutes immediately
before darkening and assessments made of the
radiocactivity of nodules on darkened plants

(/\) and those on control plants ( Q)

maintained in the light.

The t-test was used to test the differences
between the mean radiocactivities of

nodules on darkened and control plants,

Value of + (dark/light)

Time (h)
from
darkening

10 24 48 72 96

NS NS NS NS NS
0.466 24209 -.858 -1.128 -0.743
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Fig. 25c. &ffect of darkenir 3 on the ethanol-soluble
carbohydrate content of nodules of Z-week~old
pea plants. Planss were maintained at 25°C
throughout the experiments and the ethanol-
soluble carbohydrate content of nodules on
control plants maintained in the light did

not decline during +this period,

The t~test was used to test the differences
between the mean ethanol-soluble carbohydrate

content of nodules prior to snd during

darkening.
Value of %
Time (h)
from 16 24 48 72 96
darkening
AN 1.943%9 215008 3 695 g0gMS 2.0335
@) - 54994%% 3 864%% 44 044 %% 4 . Q90

n - u342%x% g gEa®N g agg®* K g, By FRK




Pig. 25d. The effect of pre-~darkening on
acetylene~reducing activity ( 0 ) and
accumulation of l40~labelled photo~-
synthates ( & ) in nodules of 3-week-o0ld
pea plants. Plants were darkened for
the times shown and the shoots were
exposed to 14002 for 30 minutes
immediately on return to the light,
Nodules were collected for both
acetylene reduction agsays and
asgessment of radioactivity 10 hours

after return to the light.

The t-test was used to test the
differences between the mean
acetylene~reducing activity and
accunulation of radiocactivity in

nodules of control and darkened plants.

Value of %
Period of
darkening 16 24 48 72 96
(h)
Gl NS " . ere gyt
reduction +*872 5.050% 5.7359%% 64514 %% .5
Radio-

aotivity 2095T*F  S.T33¥N* 5.430%u:  5,146%k% 7,022k
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{5) EFFECT OF DARKENING

The following experiments were gperformed with plants 2.5 weeks old,

a) Acetylene-—reducing activity

The rate of acetylene reduction was greatly reduced by.dar:ening 80
that littlé reduction ﬁas‘éetecied after only 24 hours in the dark (¥ig. 25&)}
Eiceﬁﬁionélly*vigoroﬁs plants of Batch 2 sometimes retained activity for a
longer time, but in_all cases acetylene reduction had virtually ceased aﬁtéf
- 62 hours in.ﬁhe dark.‘r Plants maintained in the light showed no signifi&@ﬁt

decrease in activiﬁy,ﬁﬁring the experiments.

b) Accumulation of 14c--labelled vhotosvnthates

14coa_gprior to darkening

(i) Plants fed

The accumulation of labelled photosynthates in the nodules of

14002 for 30 minutes and then darkened did not differ signifigantly

| plantsjfed
' from the accumulation in nodules of plants maintained in the light (Fig. 25b) .
' Similarly, the to&al{radioactivity of:plants either darkened oxr maintained
infﬁﬁe"light was not’significantly different at any time of harvest and
:showad little change from 10 to 926 hours after exposure to 14002'(mean radiéw .
activity = 2.2 ¥ 0.2 (d.pm. x 10%).

Anthrone‘determihations showed thgt the ethanol-scluble carbohydrate
fconteﬁt of. the nodules of darkened plants declined to one~quarter of the

original level afteit20 to 30 hours in the dark, whereas there was no decline

4ingplanta‘maintaineﬁ'inithe light (Fig; 25¢) .

{ii) Plants darkened prior- to 14@02 feeding

Both Ehe acetylene-reducing activity and the accumulatiop of
labelled photosynthates by the nodules 10 hours after darkened plants wexe
returned to the light and fed 14coz declined initially at similar rateg |
(Fig. 25d4). ihué,‘in plants darkeﬁed for 24 hours, both acetylene-ieﬁhcingi

activity and accumﬁiation of labelled photosynthates were only approximately



ig. 25e.

The recovery of acetylene-reducing activity
(@ ) and accumulation of “40-labelled photo-
gynthates ( F ) in nodules of plants
returned to the light after darkening.
Plants were kept continually in the light
(O ) or darkened for 38 hours ([]), 62
nours (/\) or 72 hours (V). e shoots
were exposed to 14002 for 30 minutes
immediately on return to the light and
changes in acetylene-reducing activity

and radioactivity were monitored over the

following 23%.5 hours.

The t-test was used to test the
differences between the mean acetylene—
reducing activity and redioactivity of

nodules either maintained in the light or

darkened,
Value of
Time (h)
from return 0 4 8 12 24
to  light
C. H.reduction
a2 1.492" 2,801  5,065%* 2.741%  0.06158

38 h darkened
62 h darkened
72 h darkened

3.531%  4,065%% 2,701%  6,59%%ke  4,Q17%k
3.686%  4.280%% 8,250%%% 6,440%%% 2,17455

Radiocactivity
586 h darkened

67 h darkened
T2 h darkened

- 3,701%% -0,006%°  1,6008° 1,491
- 4.210%%% 3,250%%  4,TOBREX 3, Go5H%
- 4.076%%% 5,102%%% 3,903%%  1,24%90
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one«thixd'of:thét found priox ﬁo darkeﬁihg, but longar'periods of prefA

daxkgning~reéu1tedlin a relatively more rapid decline in acetylene-reducingju
acti?iﬁy. ’ By contrast, the total radioactivity of darkened plants did not_“
differ significantly at any time from the radioactivity of plants kept in -

the light (mean radxoactivity = 1.7°% 0.1 (d.p.m. x .20 )).

c)‘ Recovery from darkening

(i) ‘aGetylene-reducihg activity

Tﬁis experiment was‘performed twice 6n1y and the plantgtuseﬂ
on the occasion illustrated (Fig. 25e) were particulaxly vigorous and, aftex
38 hours in the dark, still retained half of the acetylenemreducing activity |
of plants maintained in the light. Hnwever, activity was lost almost .
completely after 62: hours in the dark. | |

. The rate og rgaovery:pf acetyiena;rééﬁcing activity wag‘degendent on #he )
length of time yhehélénté were darﬁaped. "~ The acetyleneQr;duciné activitj’of ,1
38~-hour~darkened plants 12 hours after they were returnedyto‘the light was
litfle differenﬁ £rom that_of eontrol~plants; but plants darkened for 62 hours
recbvered after 24 houré, and plants darkened for 72 hours had still not fully

recovered after 24 hours in the light (Fig. 25e). . ; o

©(i1) Aécumnlation of l4C—-labelled photogynthates

The total xadioactivity of whole plants immediately after -
- exposure. to 14(102 for 30 minutes on return to the light was the same
irxespective of the period of darkening (mean radioactivity = 4, 5 - 0.2 (d.p.m.
x“lo )).‘ However, the rate of accumulation of labelled photosynthates in.

the nodules after different‘“cbld;aﬁaaéﬂVperiods was much reduced dependihgvs o
| on the length of :the pre-darkening period.(Figq 25f) and was similar to the -
" rate of recovery of acetylenewr;ducipg activity (Fig. 2585;‘ Thus the |
accumulation ofwﬁhotosynthates‘in npﬁﬁles of 3B~hour~darkened plants aftéf
they had been returned to the 1igﬁ£'for 8 hours was little different £rom

that in nodules of plants maintained in the light, but plants darkened*fbr‘



A'*darkened for 7? hours showed greater recovery than those darkened for 6?»

“562 hcurs did. not fully regover within 24 hours. The nodules of plaan

o

houxs. . 1n all experiments, the aacumulation of labelled photosynthates 1n ;

; {*the nodules of darkened plants returned to- the 1ight always returned to the'L‘f~

wfglevel of plants maintained in the light beforeihera was full recovery in ‘45§>i?

‘Ml'iaeetylene*reducing activ;ty.
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Changes in the distwribution within the plants of
C~labelled photosynthates durlng growth. . ghoots of

plants 2 waeks old (a), 3 weeks old (b) an‘d 4;;v‘vé;‘elcs old (c)

-were exgaosed o 14 CO for 15 minutes anﬁ i;ha Lotal r:adia-ﬂ

activity in each plant part was extracted imedia@ely (o)

"oa: after 6 hours (@) or 25 hours (A) "cold—chdse" '

symbols used to designate the plant. parts assessed ara*‘. o

N o= nodules, R = root, k¥ l to L 7 = leaves 1 to 7e mmbared SO

from shoot base to apex and F(P) = flower (or fruit).




LZ L3 L4 L5 L6 L7 FP

L1

R

1ed wed szd mwom‘ x wdp)AlAnoeopey

Plant part
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Né)‘;- -nistfibueiox{" in~r;iatioxf» to plem agg_.t; »

2~week~old plants.l, mmediately after exposure of the shootavto 4’

14302 for 15 minutas, leaves 3 and 4 vere most heavily labelled and thu’f7
were probably the most photosynthetically active leaves (Fig. 26&) 01de
leaves (1 and 2) showed less activity and the: shoot apex {labellea as La)
root and nodules accumulated negl;gible act;vity, After 6 hours "coldrr

- chase“; the activify of the photoaynthetieally active 1eaves daclined by half ”f

and “the activity af the nodules, rocts and shoot apax (the main "sin?s“t;

the plant) increased to 0 3%, 30%. and 17% respectively of the total radmo~

activity of each plant.; Actxv&ty cantinued to decline slightly 1n the leav}

but 1nereased in the “sinka" ?ox ‘25 hours after feedlng, during which time

the shoot apex expanded so that leaf could be detached without damage to

the apex (labelled as Lﬁ) and the activity of tha rcotﬁ increased ho 39% of

the total radioactivity of each plant. M-

v

' 3-weak«old plants.: Leaves 3 €0 6 wexe most photosynthetmcally Hi@‘;;
aetive anﬁ older leaves (l and 2) assimilated less aativity (Frig. - 26b):
The nodules and roots contamned no detectable activity immediately after;&’;;‘
*\feeding 002 for 15 m;nutes to the shoots, but:. the flower and immature leaf;f
7 accumulated 6%‘and-4 respectively of tha total radloactivity. After 6 :

hours, the activity of the leaves d@clined by 30% and the activity of the

nodules, roots and flower increased to 3%,,14% and 18% resgectively of the

total xadioactivxty. The activity of theileaves continued to deoline to L
'half their original activity after 25 hours, and the act;vity of the roots

and flower continuea to increase until they contained 23% and 33% respeetivelyiﬁ

of the total radloactivity.:u Ey contrast, the activity of the- no&ules

. declined from 3% 40 1% of the total radioactivity from 6 to 25 houxs after

expcsure of the shoot to Mco2 B B ST
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Changmg in the specific activity of parts of vegetative J

plants z.o weeks old followlng exposura of the ehoats

to l4¢02 for 30 minutes. Plant parts asseesed were the

nodules (o), root (c), leaf 1 (?eaves were numbereﬂ from

shoot base o apex) {(Q), leai 2 (I), leaE 3 (A),

leaf 4 (AY, leaf 5 (V), leaf 6 (Y) ané shoot apex (0 ).




Radioactivity(d.pm. x'z()z) mq fresh weight .
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émweeh—old plants ‘ Leaves 3 to 7 were tha most photosynthetically '
aatlve and older 1eaves (1 and 2) assimilated relatively 1ittle activmty
(Fig. 260). No activity was deteated in the roots nd ncdules immediately L

after feeding Lhe shoot“';4co for 15 minutes, but the fruits accumulated

7% of the total faﬁioactiVLty of Lhe plants. After 6 hcurs,‘ he acniviLy T

of leaves 4 to 7 daclined by halfi and the fruit was the mgst active “mink“ Lo

“;for*photosynthates, as it accumulateﬂ 35% of the total radioactiviﬁy o£
“plant. By contrast, tha nodules ana roots accumulate& only O 8% and 7«

i respectively of the total radioactlvity.‘ Lven 25 hours after exposureqoi)‘ﬁ
jthe Bhoot to 14 the noﬁules and rcoté contained Only 0. 8% and 12%‘

raspectively, whereas the fruit contained 50% of hhe Lotal rad;oactivmt Eof'x

- the. plant.

The moat striking chanqes in the pattern of acaumulation of photosynthates

as the plant aged- flom 2 Lo 4 weeks were thereiore the three-fold 1nvrease 5“’

in tha pefcentage accumuiation aL the shoot tip. as it changed frcm a vagetative

to reprcductive function and the aceompanying Lhreenfold decrease in the f;
” = S
pexcentage accumulation in the roots.'_ The activity accumulate& by tha'%:‘“ﬁiﬁ“

nodules, e&presse& as a percentage of the total activity. incraaaed 2 t
| from 2 Lo 3«weekwold plantv but declined An 4»wcek~old plants tc oﬁl
A the activity in nodules of plants 2 weeks old. : The total radioactivit
:'accumulated by the nodules naver eaceeded 3% of Lha total xadioaciivxty ‘of :

the plant at anv time.

b{/ Spééifié activi£y~ofﬁ§iant péété>

The total radioactivity accumulated in the nodules cf vege:'tive'

plants 2.5 weeks old did not exceed 5% af that of the whole plant at‘any:time i?{

ﬂuring the "coldmchase" pariod aftar the 3hoots were exposed to' 14002 ;o“gso

minutes. , However, aceumulation of lahelled phatesynthates by the nod es‘
gwas such that Lheir speciﬂic actxvity e?ceeded that of Lhe most photo~~ﬁ

synthetically aetive leave (3 and 4) only 3.4 hours after the shoots were‘ j{

exposea to: 14c02 (Fig. 27a). Although the roots accumulatad up tc halfkthe




I'igs 28a & b. Effect of removal of shoot apex of 2w
week—-0ld vegetative plants on acetylene

13 1ape11ed

reduction (a) and sccumulation of
photosynthates (b) by the nodules. Acetbylene-
reducing activity of nodules on treated plants
(/\) was assessed at the same ‘time as that

of nodules on intact plants () at

intervals up to 24 hours after treatnent.

Plant shoots were exposed to 14802 for 30
minutes immediately before detachment of the
apex end nodules of treated (/\) and intact

( Q) plants were colleeted'aftef "eold-

chase" periods up to 24 hours sfter

detachment of the apex.

The t-test was used to test the differences
between the mean acetylene-~reducing
activity and radiocactivity of nodules on
treated and intact plants at each time of

collection.

Value of t (treated/intact)

Time (h)

after
detachment 4 8 12 24

of apex

C,H
rgdaction

Radio=~
activity

~1.740% 3.136%  L0.325%8 L3, 090%

2.098%  0,4657°  4,330%%%x  1,45808
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Plgs 28c & d. Effect of removal of shoot apex of
3~week-o0ld flowering plants on acetylene
reduction ( € ) and accumulation of T4¢-
labelled photosynthates ( d ) by the nodules.,
Acetylene-reducing activity of nodules on
treated plants (zﬁx) was assessed at the
same time as that of nodules on intact
plants ( Q) at intervals up to 24 hours
after treatment. Plant shoots were
exposed %o 14C02 for 30 minutes
immediately before detachment of the apex
and nodules of treated (zﬁ;) and intact ( Q)
plants were collected after “"cold-chase
periods up to 24 hours after debachment of

the apex.

The t-test was uged to test the differences
between the mean acetylene-~reducing activity
and radiocactivity of nodules in treated and

intact plants at each time of collection.

Value of + (treated/intact)

Pime (h)

after
debachment 4 8 12 24
of sgpex

02H
reduction

Radio-
activity

~1,447%  _2,254%8 .55 1 15088

2.192"  3.565%x  4,209%%x  2,193%
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62
vtbtal #adioacti;ity in‘the plants,:ﬁheir gpecific activity did not exceed
one=third of tﬁat of ‘the nodules, or one-half of ﬁhat of the most photo~
synthet;cally acti#e,leaves. : Thawspecificvactivit§ of the shoot apex and .
. the voung developing 1eéf 6 both rose to seven times that of the noduleﬁ.
after 23.5 hours, but the radicactivities accumulated were only 2% and 5%
raséectively of the total radicactivity of the plant., The specific activity
of leaf 5 (Fig. 27a), which was about one-thivd mature, was 2 to 4 times that
-of the most Photogyﬁtheticaliy active leaves at all times of harvest (Fig.
27b). By contrast, the specific activity of the older photosynthetically.
active 1eaves-(1 to 4) declined by haif 7.5 hours after exposure to 14¢02
« (Fig, 27b). fhe‘spééifid activity of leaf 4 then rose to its original level

23.5 hours aftex exposure.

¢) Effect of removal of apex on distribution of 14C~labelled

assimilates and on the rate of acetylene redugtion

This eﬁperiment was pexrformed twice only, with vegetative,
floﬁeiing and fruiting plants (2, 3 and 4 weeks old respectively) frowm which
the shoot apices were removed lmmediately after exposure of the shoots to.

14002 for 30 minutes.

(i) gggetatiée plants

The acetylene-reduding activiéy of treated vegetative plants
was always higher than that of intact plants 8 hours after treatment, althdugh
diféerences between the means were not always statisticailylsignificant, and
at .some times of collection the activity of treated plants was lower ﬁhan'ja
- that of intact plants (Fig. 28a). The accumulation of labelled photo-
synthatas“in the nodules was at éil times slightly higher than in ingact o
plénts, although differences ﬁetwgen the means were statistically signi%i&ant‘

‘only 4 and 12 hours after exposure to 1400? (Fig. 28b).

"7 (3i) Flowering plants

The acetylenenxéduging activity of treated flowering plants



Iiges 28e & £. Dffect of removal of shoot apex of 4=
week-o0ld fruiting plants on acetylene reduc-
tion ( @ ) and accumulation of 14leabelled
photosynthates ( | ) by the nodules, Acetylene-
reducing activity of nodules on treated plants
(/\) was assessed at the same time as thab
of nodules on intact plants (Q ) at
“intervals up to 24 hours after breatment.
Plant shoots were exposed To 14002 for 30
minutes immediately before detachment of the
apex and nodules of treated (Z&J and intact

( O ) plants were collected after "cold=
chage" periods up o 24 hours afier detachment

of the apex.

The t~test was used to test the differences
between the mean acetylene-reducing activity
and radiosctivity of nodules on treated and

invact plants at each time of collection.

Value of t (treated/intact)

Time (h)

atfter
detachment 4 8 12 24
of apex
Catly g s NS NS
reduction  2+987%% 2,295 0.804 1.744
Hadlo- 0.206"  p.101% 1,395 2,0m2x

activity
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Table 5. XEffect of continuous removal of flowers on

the decline of acetylene~reducing activity

T
during ageinékpea plants from 3 to 5 weeks

old.

Treated
plants

Fresh weight of nodules .- vy .
per plant (mg) 56470 + 6.18

Acetylene~reducing
activity of nodules
(n moles C,H, reduced 126.49 28,03
mg. fresh weifht
nodules hTl)

Radloactivity accumu~
lated by nodules
(dopeme. mgrl fresh
weight nodules)

9840 3 19.4

t value of
Intact difference
plants between
meang

7.80 4 1.87  3.687%%*

42,84 + 9.14 2,837

9.3 & 1.6 44785 *H

Flowers were removed in formation from 3-week-old plants and

the plants were harvested for enalysis when 5 weeks old. An

untreated set of plants of the same age was harvested

simultaneously.



'~i‘plants to

-:was alwdyﬁ slightly lowev Lhan'that of intﬂot planta, and ther 1fferenca

faund 8 houxs aftar removal of the Elower almost reachea sagnificance (?ig.f.'“f

2ac). : By contrast, ségnificant increasaa 1n accumulatzon of labelled ?ui' fl

’ photomynthates by the nodulea of treated plants were obsexvedvat all tlmas

(iig.j' : Fz&uiting’ pla‘xi‘té

Plants which bore young developing fruits showed $ignif1cantﬂi
1ncreases in acetylenaureducing activity (Fig. 283) and a&cuﬁulation'm;r -
"labelled photosynthates (Fmg. 28%) after detachmﬂnt af the fruits.-yymhe

apparently large (3~fold) stlmulation in the rate of acetylene reduction
ffollowing remmval of the fxuits must ba accepted with caution, howevex,

because of the variability cf results obtained in these experiments.,i ;hef

increases in acetylene—xeduoing act;vxty ware nevertheless statistically

significant 4 hours after treatment. Although the aceumulation of labelledf. |

photosynthates was always slightly hlgher dn nodules of treated rather than ;;T%“

RS

intact plants, only the data obtalnad 8 and 24 hours after detachment ofw

the fruits reache& aign:flcance.:i‘

(iv)ﬂ Continuous revaal of'flowaisl

Continuous removal of flcral apxcea aa they ware formed from’~ji

plants between Lhe ages 3 and 5 weeks preventaﬁ tha normal dacrease 1n

acetylenewreducing activity (Table 5). In awWLek—old treated plnnts, boﬁh i
the fresh welaght of the nodules per plant and the acetylenemreducing activityT
pex mg. fresh wemght nodules 1ncreased to three times that of untreated plants
The specific actxvity of the noaules 10 hours after exposure of traated
14

_ 002 for 30 minutea wag, ten times that of nodules on untreated

. plants and all 1ncreases were statistically s;gnificant.




Table 6. Effect of length of "cold-chage" period on ethanol-

extractable activity in Pea nodules.

Time (hours from commence— Mean % t value of difference
ment of exposure radioactivity of means from sample
to 14G02 extracted taken at 4 hours
4 90.9 e
8 83.7 5.189%%
12 82.4 6.707%*
16 79.1 10,794 %x%
20 73.6 12.249%*x
24 72.5 7. T03%%

Shoots of 3-week~o0ld Pea plants were exposed to 14002 for
30 minutes and the nodules were collected after the "cold-
chase" periods shown and extracted in 80% ethanol for 24

hours. The radioactivity in the extract and the residue

left in the nodules was assessed separately.



Flg. 29a. Changes in the distribution of radio-
activity in ethanolic extracts ( (), the
neutral ( []), basic (/\) and acidic (V)
Lractions of these extracts and the total
radioactivity (<:>) of nodules of J-week-old
pea planis following exposure of the shoot to
14002 for 30 minutes. Nodules were

collected after "cold-chase" periods of up

to 23.5 h.

The t-test was used to test the
differences between the mean radiocactivity of
each fraction after successive increages in

the "cold-chage period.

Value of %

Time (h)

after 4 8 12 24
commencement
of exposure

Total NS _ NS NS
radicactivity 0420 0.419 24335

Ethanol- 3
soluble 0,978 ~0,2911% 2,674%
portion

Neutral NS NS NS

Basic 1,900 ~0,290"

fraction 1753

Acidic NS NS N
fraction ~0.669 0.532 4.4562%
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(7) ANATYSIS OF RADTOACTIVE COMPOUNDS IN RTHANOLIC EXTRACTS OF NODULES

In: this experimant Whlch was performed once only due to the leé “
required. tor assay &amples and chromatograms by salntillation counting, plaﬂts'{:'
were. fad 460 fox 30 mlnutas and no&ules detached aftor various "coldmchaae“;
'pe:r.iods. : |

The lav&l of ethanolnlnsoluble acé;vity rose steadlly as Lhei“cola— 7
chase“ pexlod was lengthened (Table 6), but ??% of the tot&l activlty of the (

:‘nodules was atmll in- aahanol—soluble form 23.5 hour& after axposure to ;4002
Q"Inmtlal £ract10nation of the ethanolic extxacts by lon-exchange chramataqraphy
?* - ‘at t;mes up to 24 hours after commancement 0£ exposure to ;400 showed Lhat
t“the neutral f&&@tlﬂn alwaya contalned most of the actlvity (71% to 77%) and
‘the activity oﬁ tha baaic fraction (15% to 13%) was greaﬁer than that of the
aeidic Iraction (6 to 11%) (Plg. 2%a) . The total radloactivzty of the
vextxacts and oE Lhe indlvidual fractions showed little change bgtwecn "andz'
zé.hours'after eﬁppsuxe to 14002., except fox a qignmflcant decllne in the K

S-“xradioactivsjty of the acidic fraction between 12 and 24 hours after commence-

. ment of exposure to 14C02;

_ a) Neﬁtral fraction

,iﬁ':” uéniy the acivents IPrAg, EtAc?y and AcW were'uaedjin this analyéisﬁ
Tgé augars suoroae, glucose and fxuctose aacounted for more than 90% of the
activity detected on paper chromatograms and no other sugars were detecteﬁ |
' 1Fig. 29b). Little activity -was associated with sucrose after 3.5 hoursv
‘~"é§id~§has¢“ but its activity then rose to 46% of the-total activxty 11 5
“'héurs‘afté% exposure to 14602 ’ After 23. 5 hours, the act1v1ty in sucrose
n\and’the#redﬁciﬁg sugars was approzimately equal. suarose was the only ;'jg

:iabel;ed sﬁéar detgctéd in the epicotyl a short time after feeding.

b) Basic fraation

‘Beveral radioactive spots were seen on paper chromatograms, aéﬁ




Figs 29¢. Changes in the distribution of radicactivity
in bagic fractions of ethanolic extracts of
pea nodules from 3-week-old plants
collected 4, 8, 12 and 24 hours after
commencement of exposure of the shoots to
14002 for 30 minutes. Ixtracts were
chromatographed in solvent PhA and the RF
velues of aspartic acid (a), glutamic acid
(g), asparagine (an), glutamine (gn),
homoserine (h), valine (v) and isoleucine/

leucine (i/1) in comtrol spots run

simultaneously are showm.
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Fig. 29d. Changes in the distribution of radiocactivity
in acidlc fractions of ethanolic extracts
of pea nodules from 3-week-old plants
collected 4, 8, 12 and 24 hours after
comnencement of exposure of the shoot to
14002 for 30 minutes. Extracts were

chromatographed in solvent PrF and the

Rf value of malic scid (m) in control spots

run simultaneously is also shown.
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&sparagine wav oy Eaf the most- prominent spot, with 40% to 50% ‘of the

actlvity at a11 Limes (Pig. 292¢) . Radioactlvity was also aéSociated

approximately equally with glutamine, glutamic acid, homoserine and leuaine/
' isoleucine spots. xNegliqible,radioacti?iﬁy was asscciated‘with'anA
unidentified spot on the ch#%matograms and neicqntaminatihg\sugars*Wéié»75

detectad.

) Acidic'fractioh~

Only two majom radioactive spots were pre sent on the Qanéx
chromatograms ' (Fig. ng). The compounds cau51ng the large accumulation of\
activity at the érigin in Pre wgreuldent;fxgd as_contaminating sugaxa by
thelxr positive reaction with anilihendiphenyiaﬁiﬁe and aniling xeagenﬁsilanar
eluted spots were similarly 1dentifled aftex chromatography in. the aolvent
systems ofA Section A 7a. Attempts to ?emova nhis contamlnation by invraasing
the volume of ethanol uged &o wash the column pxiox to elution were A :
unsuccessful, and the contamlnatlon accounted for approximately 45% GL the:
radioactivity of thig fraction.

The second radioactive peak comprised ahout 25% of the total activmty.
and was Ldanp1fiad as ma;ic acid Radioactivity asqociated with other
organic acids was not detected. As much as 25% of the total activity was-é;‘~
located at high Rf values, but the locating reagents used did not react in;{;
this region and no definite peak was obtained on GLC analysis. This radio-)‘
acti;igy was probébly due to low moleculagxweight compoutids whose origin ;s

unknown.
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Autoradiograph of 3~week-0ld nodulated pea roois collected
2 hours after commencement of exposure of the shoots o
H&QO& for 30 minutes. Some nodules are already heavily
lgbelled.
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Plate 2b.

Autoradiocgraph of 3-wek-old nodulated pes roots collected
4 hours after commencement of exposure of the shoots o
H%Qom for 30 minutes. A11 nodules and some root tips

are heavily labelled.
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Flate 2¢.

Autoradiograph of 3-week-0ld nodulated pes roots collected
6 hours after commencement of exposure of the shoots o

1

t&aow for 30 minutes. The roots are moderately labelled

and the nodules are heavily labelled.
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Plate 2d.

Autoradiograph of 3-week-0ld nodulsted pea roots collected
16 hours after commencement of exposure of the shoots %o
Hpmom for 30 minutes. Both roots and nodules are heavily

labelled.
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Plate 3,

Microautoradiograph of a longitudinal
section of a nodule from a 3~week-old
pea plant attached to the root. The
nodule was collected and sectioned 6
hours after exposure of the shoot to
l5002 for 15 minutes. Accumulation of
+40-1abelled photosynthates (indicated
by the white dots) ils particularly
evident in the infected cells (i) and
the vascular tissue (v) of the nodule and

100%.






Plate 4, Microautoradiograph of a transverse
section of a pea nodule from a F-week-
old plant attached to the root, which is
seen in longitudinal section at ‘the base
of the photograph. The nodule wag
collected and sectioned 6 hours after
exposure of the shoot to 14002 for 15
minutes.  Accumulation of T4C-labelled
photosynthates (indicated by the white
dots) is particularly evident in the sub-
apleal infected cells (a) the common

endodermis, (e) and the vascular tissue (v).






{8) AUTORADTIOGRAPHY

a) Whoie planﬁs

Autoradxoqraphs of the rooha of 3-week-old plantﬁ are shown ?, 4, f
6 and 16 hours after commencement of exposure aiitne shoots to 14002 fox 30
minutes (Plate 2 a to d). Samples wore alaQAfékan immeéiéhalymaftex'exPosquz;g
‘and 1, 8, 12 and 24 hours after commgncemenﬁlQﬁieprsuﬁe. | | -

Thexé was insufficient avtiviﬁy in the focts énd nodules aa.fi:;eairdo'i~
~and 1 hours to register on the xmfay film, buL affiter 2 hours the nodules: wereﬂ
visibly laballed, whareaa the roots were seen only faxntly (Plate 2a). tiiiii
Nodules on the tap root wexe labelled more qu&ckly than those on latera] roots,
but after 4 hours all the nodulgs and root tips were woderately labelleq R
(P]ate 2b). After 6 hours, - all the ﬁé&uies and:robt tips were heavily
labelled, the roots weve vja;bly labelled (Plate- 2¢), and the degxec of
labellinq increaged as the "cold«chaaa" pexioa ‘was lengthened (PJate ?d).

These results confirm those Lpreviously obtained by gemntillation
comting (Section A 1d), in that the time takan for substantilal aqcumulagion_
of labelled photosynthates in thevhodules was 4 éq 8 houxs from expomuré.ofﬁ‘

14 ’

the shoot to 002.

b) Microéﬁtoradipgraphy'«

(i) Plants maintaih@d in the 1ight .

14&0 for 30 minutes

Nodules of 3- and S~week~old plants ﬁed
were . collected ana sectmonea either immeatately or at intervals up to 24 hcurst
after exposure. No labelling was detecned when the nodules were collected
immediately, but angekfold nodules showed marked*aqgumulation of labelled |
- material after 6 houxs *cold-chase" . 1 | |
| The main site of accumulatlon was the infected cells, with _

little labelling over thgzouter uninfected”qortex (Plates 3 and 4).

Accumulation was also cbvious over two other regions of the nodules:
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Plate 5.

The vacular tissue of a nodule from s
3~week-old pea plant as seen by (a)
phase contrast and (b) dark field
microscopy. The accumulation of
radiocactivity in the vascular trace can
be seen clearly 6 hours after exposure

of ‘the shoot %o l4002 Tor 15 minutes.






67b

Plate 6. The outer layers of a pea nodule from a
S-week-0ld plant seen by (a) phase
contrast and (b) dark field microscopy.
Radioactivity has accumulated in the
vascular trace (v) and partially
infected cells (p) 6 hours after
exposure of the éhoot to 14002 for 15

minutes.






Plate 7.

The outer layers of a nodule from a -
week~old pea plant as seen by (a) phase
contrast and (b) dark field microscopy.
Radioactivity has accumulated in the
common endodermis (e) and cells partially
filled with bacteroids (p). There is
1ittle accumulation of radioactivity in
the uninfected cortex (¢) or cells
densely packed with bacteroids (d).
This nodule was collected and sectloned
6 hours after exposure of the shoot to

14C02 for 15 minutes.
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Plate 8,

The increase in the number of bscteroids
in each infected cell from spex to base
of pea nodules of F-week-o0ld plants, as
seen by phase contrast microscopy.

There are few bacteria in sub-apical
infected cells (a) bubt the number
increases towards the centre of the
nodules (b) and the basal infected cells

are totally Filled with bacteria (c).
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Plate 9. Microautoradiographs of sections of
nodules from S—week-0ld pea plants
collected 6 hours after commencement of
exposure 0f the shoots to 14002 for
30 minutes. There is no appreciable
aceumulation of radioactivity in
these infected cells, which are densely

filled with bacteroids (d).






"giaccumulation of actlvxty in basal aells, which were filled with bactexo;ds,

tzgsue, and Lhexe was relatively mora aceumulat;on Lowafda Lhe maris»ema c

me (Plafe a4y, L%amination of‘a laxge numhec o; nodule sectmcns ﬁuggesteﬂ
that the nunber of bactexoids 1n aach infected cell increaseﬁigradually as
the cells aged unt11 ﬁhey were totally filled with bacteroids. ﬂ At lxst Lhe s

bacteroids appeared singly in the cells (Plate Ba), incxeasad untll tWO or

three linlng ldyers were present inslae the cells (Plate Bb), and coniinued:=

to increase until the infected calls waere tetally fiLled witl‘bactexoids

4 (Plate 8c) . The mnactive no&ules of Tplants 5 weeks old cansistad entirely‘
“of cells totally fllled with bacteroids, and no™. longer accumulated 1abelled
photssynthates, even after 6 hours "cold~chase"'(P1ate 9). Ageing cccurred 3

'from the base to the t;p of the nodulas. and there was no appreciable

‘@ither in noﬂdles £rom 3—weekwold (Plate 7) ox 5~Week~old plants (?lat 69

“Cells which ware only partially fmlled thh bacteroids and ;n which Lh

:bacter01ﬁﬂ weze stlll 1ncreasing 1 umber showe& dppreCLable accumu]atlon of ‘
, activity over the bacteroids, anﬂ thase cells Ware the primary "sink“ for“‘"’ff

: accumulation of photosynthates inside the nodules (Piates 6 and 7).

T =

Alf(ii)z'Datkened ﬁlaﬁﬁs A

MicroauLoradiogxapha of sectmons cf nodules harvested at ,§;3 

_'intexvals‘frcm plants fed CO2 for 30 minutes and then kept in ‘the dark for
‘ 'periods up to 96 hours showed no difference in the pahtern of accumulat7 }s1
CQf label]eﬁ material. However, Lhere wa.s a tendenay for regions of ;

acaumulation to becomé Jess clearly ﬁetined as the aarkaning perlad waé

;ncrquéd._' . : | e

| After 72 houxs in the’ dark, the appeaxance of ‘the nodule

.-fe

" sections changed considerahly aue to the appearance of numerous 1arge bodies‘ 75
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Plate 10.

Infected cells of a nodule from a %-
week-old pea plant, collected 72 hours
after the plant shoot was darkened
immediately following exposure to
14002 for 30 minutes, as seen by (a)
phase contragt and (b) dark field
microscopy. The large bodies (b)
which appear in nodules of darkened
plants do not accumuste large
quantities of radioactivity and are
approximately the same gize as starch

grains)(Plate 10c).



'
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Plate 11 (top). Distribution of starch grains ag
gseen by light field microscopy in section
of a pea nodule from a 3-week-old plant
gtained with iodine. Starch grains are
few in sub~apical newly infected cells
(a), appear as parietal layers in cells
partially filled with bacteroids (p)
and are numerous in basal infected cells
(d), uninfected cells (u) in the
infected area and in cells near the

common endodermis (e).

Plate 12 (bottom) . Parietal distribution of starch
graing (s) in cells partislly filled with
bacteroids, as seen by phase contrast
microscopy of sections of nodules from
S~week-0ld pea plants stained with

dodine.
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Plate 13,

Mlcroautoradiographs of infected cells
in a nodule from a 4~week-o0ld pea
plant collected 6 hours after exposure
of the shoot to™*C0, for 30 minutes.
Radioactivity has accumulated in cells
of the lobe (a) but not in those of the
green lobe (b).
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fyak -

‘.&hiéﬁ acegmﬁla?ad‘soméAiéﬁélléd\phétésynéhates:{Plaﬁms 10a and.lOb)wfvlThese

ébﬁgiéépwerafépgréximatéiﬁ:Ehe same siég aéﬂstarch‘grains‘in the:ncdu;es, but o
,adid‘no - have tha %ypical Letrahedﬂal shaya and did not ghain blac with >;
Vhﬁﬁbaineo , fox comparattve puﬁgoﬁes a wphctograph of sﬁavch gra;ns has béen

%anludeﬂ (Plate 10¢).

(iii) - Distribution 6f?étarch grains in nodule sections
havge;nﬁmbeﬁs of stawchAqrains wexa.prééent in the ndﬁulgg
~and @haraeteﬁiﬁtic patterna of accumulatmon weie seen’ in cer?ain cells,
in active noduleu, thexe wexe few atarch gxains in the young
Kmnfewted cells at #he meriﬁtematic tip and parieﬁal 1ayers wexe @resent in ,,;f
1 cellﬁ parulally fil!ed wzth hacteroids (?lates 11 and 12). Heavy depwsits 1~
Awgre normall7 pxesent Ln tha totally £illed cell&, the few uninfevted cellsx
1lin the - 1nfected regx@n and the 09113 neay the common enﬁodermis (Plate. ll)
in oidex, énweekmold naduleg which ware greening at Lha base, there was llttle
staxah in the basal cclls, which were total!y filled with bacteroids, whareaa
»those cella nedrer- the tip still had denﬁe aaposita. : Starch grains in these:‘J
“basal . ca]l& stained only partially with iodine and were irregular in ghape. 
!fIn 5-week~old nodules very lltfle starch remained and none was presont in
“ -fnodule3 from G«wemkwoldfplants. |
: Thexe was no decline in the nupber of sﬁarch graing in -
:nodules of plmnta darkanad for 6 days and starch graing stained normally

with mcﬂine in these~nodules.

L. {1v) A¢cum§1&tion of radioactivity in forked ﬁodules
"FFérﬁgé #b&uiGS»from\é—ﬁeekwold plants exposed to i400 for.
30 minutes ware collected 6 hours after exposure, deules were choseri 'so -

that one lobe wa& plnh and the other was qreen, and sections were cut through
:comparable regions of bcLh lohes. Agcumnlation of,radicactivity was*detectediﬂ
in‘ipfected cglls‘ip'tha pink lobe (?laie 13 a), but ‘there was none in cells. |

of the graén‘lobg félate 13b). Infected cells.of the pink lnmawere not all 'j
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Plate 14.

Distribution of starch grains (stained
black in lodine) in infected cells of
a nodule from a 4-week=-old pea plant
as seen by phase contrast microscopy.
Starch grain(s) are present in cells
of the pink lobe (a) but not in

cells of the green lobe (b).



ot N

Sl



69
totally filled with bacteroids and still retained small amounts of stanch
(rlate 14a), vhereas those of the green lobe were totally f£illed with ba@teroidsj

and did not possess starch (Plate 14b).

)
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Plate 15a (top). Cells of a pea nodule from & 3
week~o0ld plant as seen by phase contrast
microscopy. Cells demnsely filled with
bacterolds (d) show more reduction of
INT than cells only partially Filled
(p)s  There is little reaction with

INT to the interior of the nodule.

Plate 15b (bottom). Infected cells of g pea nodule
from a 3-week-o0ld plant as seen by phase
contrast microscopy. Cells dengely
filled with bacteroids (d) show

appreciable reduction of NBT.






TGh

Plate 15¢ (top). Infected cells of a pea nodule
from a 3-week-old plant as seen by
phage contrast microscopy. Reduction
of TNBT by cells densely filled with
bacteroids (d) is much greater than by

those only partially filled (p).

Plate 154 (bottom). Infectéd‘éélls of a pea nodule
from a 3-week~old plant as seen by phase
contrast microscopy. Both densely (d)
and partially (p) filled cells show

reduction of TTC.
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Plate 15e (top). Infected cells of a pea nodule
from a S5-week-old plant as seen by
phase contrast microscopy., The cells

show no detectable reduction of §BT.

Plate 15f (bottom), Cells partislly filled with
bacteroids in a nodule from g Bwweck~0ld

pea plant. The cells show only slight

reduction of TTC.
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{9) HISTOCHEMICAL TESTS. WITH TETRAZOLIUM SALTS

Although a nﬁmber of tattazolium sglﬁs were uséﬁﬁﬁb,locgte'sites
of active reduction wigbin;thé~nodule, penetration wﬁé sldw with all tﬁg‘
sa1t§ used and was inégmbléte even éfteri4 ﬁéprs. |

In active nodules, most, but not all, bf.ﬁhe cells ﬁhich weré:t;tai;y_).
filled with bacteroids showed intense reduééion of all tetfazolium salts. B
(Plate'ls‘a to d). There was no reductioﬂ.in £illed cells in S;weék—bla
nodules, which had ceased to fix nitrogen actively {Plate l5e). Cells wﬁich
- were only paxtially filled with bacteroids showed much less reducing activity

(Plate 15 a, ¢ and £).



Teble 7. Effect of nodule slze on acetylene reductlon by

detbached broad bean nodules.

Acetylene-reducing activity

(nmoles O H, reduced mg”l fresh weight nodules h"l)

Piggt Targe nodules Medium nodules Small nodules
(wooks) 200 mg) (100~200 mg) (100 mg)

9 46,97 + 2.12 57.88 + 7.38 41,45 + 3.22

12 92,07 + 25.55 128,62 + 12,71 109.14 4 6,37

15 37.08 + 19438 84.81 + 1.87 68.18 + 3.67

Noduleg from broad bean plants were divided into large

( 200 mg fresh weight), medium (100-200 mg fresh weight) and
small ( 100 mg fresh weight) categories snd 2.5 g samples

of each category were assessed separately for acetylene
reduction. Nodules of plants 9, 12 and 15 weeks old were

asgsessed separately.

The t-test was used to test the differences between the

mesns for medium and small or large nodules.

Bize of nodules Large Medium omall
9 weeks 1,421 2,042
12 weeks 1.,2858°  1,369W°

15 weeks 2.451% 4,025%#




Fig. 3Q. Effeet of increasing the percentage of the
gas volume occupied on acetylene reduction
by detached broad bean nodules. Medium
nodules from field-grown plants 9 weeks
0old were incubsted under standard
conditions for 30 minutes, Only 3
replicate samples were used in each
asgessment.

The t-test was used to test the
differences between acetylene-reducing
activities at successively greater
occupation of the gas volume.

Value of %
Percentage
e X0 20 30 50
occupiled
O ~2.149™ ~0,829° ~6.096%%
] -5, 779% 0,639 ~5.952%%

A

-1, 775 -0.757%8 ~6.662%%
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Fig. 3. iffect of oxygen concentration on acetylene
reduction by detached bean nodules. Medium
nodules from plents 9 weeks old were
incubated for 30 minutes at 25°C
atmospheric pressure in the acetylene!
argon (1:3) atmosphere with oxygen concen-
tration as stated. Only % replicate
sauples were taken alt each oxygen concen—

tration.

The t-test was used to test the
differences between successiMe mean
acetylene~reducing activities ag the

oxygen concentration increassged.

Value of +

Oxygen
concentration 0,000 0.20 0.50 0.80
(&tmo )
O ~1.636%° 0.461% 3, 016%

JAN ~4  986% 3.824%  =3,517%

Oxygen
concentration 0.10 0.20 0.30 0.50
(&tm- )

1 -0, 76555 0, 0298

1,573
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© (1) ‘ENFECT. OF ASSAY COMDITIONS ON ACETYLENE REDUCTION

“a) No&ﬁle siéeﬁ .

Nodulee from plents 9, 12 end 15 weeks old were tested for

acetylene—reaucing activity after division of each age group into 3 sizes L

weight) and small (less than 100 mg. fresh weight) The effect of nodulewff'”

" size on acetylene reduction was dependent on-. age {mable 7) In hothfsf!and

12nweek~old plants, medium nodules were slightly more active than larg””
‘ small nodules although differences were not significant.ﬁ, 1n 15~week~
'”nplante the activzty of medium nodulee was significently greater than that:cf

both smell nod les and large nodules. ) Medium nodulee were always the moet

active irrespective of the ageuf':the 9lant and in all the experiments with

Vicia faba only medium nodules'from plants 9 weeks old ‘were: ‘used. A‘;W»

“p) eaé'° v‘olmé-,

Nodulee were inserted into assay tubes so that 10, 20, 30 or 50%

of the volume of each tube was oocupiea -and acetylene zednction tests were

- ﬂperformed as usual. Increasing the,volume of the tubes occupiea from“lo%;ih o

to 30% did not result in $ignificant increases in activity except in one

'experimentu(Fig. 30). However, a fuxther increese in the volume occupied

to 50% resulted ina statistically significant increase 4n activity of about

‘onewthixd.

) '6xygeh dbncenféaﬁidﬁ-;if‘

The acetylenenreducing activity of nodules, incubated with differen

'¥oxygen concentrations in the acetylene/argon mlxture described previously f;if

'(Section A la), was dﬁPendent on’ 902‘ There was. no. activity in: ‘the absance ok

of oxygen end maximum activity was found at a poz of 0 20 atm. (Fig. 31)L

f“which wae the po2 normally used for assay and equals that in the atmosphere. o




Fig. 32a. Effect of temperature of incubation on
acetylene reduction by detached bean nodulesg.
Medium nodules from fieldmérown plantg 9
weeks old were incubated for 30 minutes at
atmospheric pressure with the standard gas
mixbure (0, & C,H, 3 Ar = 20 & 20 3 60)
at the temperatures shown. Only 3

replicate samples were taken al each

temperature,

The t-test was used to test the
differences between the mean acetylene-~
reducing activities at successively

higher temperatures.

Value of %
Temperature °¢ § 15 25 35
{ NS
o) ~2.640™ ~2.644% 0,977
€ NS
L] =5 626 ~1.603%° 0,681
AN ~0,879S w3, TO0 0,397
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Fig, %2b, Arrheniuagiétof acetylene~reducting activity
of' detached bean nodules at different
temperatures between 5 and 35°C.  Medium
nodules from plants 9 weeks old were
incubated for 30 minutes at atmospheric
pressure with the standard gas mixture
(O2 : CoHy, ¢ Ar = 20 3 20 : 60) at the

272
temperatures shown.
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‘ f ";: - . :‘ . ;. . N e :'A~ . ‘ - w( \t: ‘ r‘?
S';TI“ one expeximent, activity declined to approximately half the maxinum at a

f_}jpo of 0.80 atm.

‘ {,djé) Temperé;ﬁte of incubationr S A ”(ﬁ75,3
A . Temperature had a small but significant effect on. acetylene;l
: educing activity over the range 5 to 35°C (Fig. - 32a). VMaximum activity
:ﬁwaa1aqhieve& at 25 to 35°c{gnd was up to 7¥times thaguat 5°C, .Tﬁ9(Q16 vﬁlﬁés ;
for the téhperature rangéé S to 15°C, 15 t0125?c and 25 to 35°C'weré-ﬁot,«; ’
consiatently difﬁerent in any experiment.
_ The effect of temperature on the velocity of acetylene xeduction
is iliuétrated by an Arrheuius plot (Fig. 32b). The resultaﬁof only‘oneé
’experiment fim the Arrhenius equation, indicating a constant activation energy
: Qfor the reaction between 5 and 35°C. Lines were not drawn for-the other
iexperiments bacause of the wide scatter of points. The slope of the 1ine
’was much less than for P. aativum (Fidg. le), indicating that less activation

energy was required for the acetylene reduction process in V. faba nodules.



Pige. 33a. Changes during growth of broad bean plants

in:

a) fresh weight of shoot;

b) fresh weight of root

¢) fresh weight of nodules.
Measurements were taken for each of 10
plants at weekly intervals from
planting. The plants were field-
grovm and crops were planted on July 1,

1972 ( © ) and July 15, 1972 ( a ).
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'm.’i"%b. g .Changes during growth in acetylene-reducing activity
» of: detached broad bean nodules ifro;n fie1d~groﬁn_ jSaﬁts. ,f

- “Crops were planted on.lst July, 1972 (o)

and 15th July, 1972 (A ).
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(2) DEVELOPMENT OF PLANTS :

.a) Plant grdwth

The growth of V. faba in the field continued over an 18~week
period, and increases in the fresh weights -of shaots and roots wera xapid :
:until week 10 to week«lz, but slower thereafter (Fig. 33 a to a). Flawering B
‘commenced at week 7 and fruiting at week 9, but as growth as monopodial, ;i;: 
'unlike that of P. sativum, flowers and fruit. continuad to form until planta
were killed by frost. The weight of nedglas borne by each plant was ‘
Ainfluenced markedly by the time’at which the crops were planted and the
weights of nodules borne by 1ater crops were up to 4 times those of earlier VVVVV
erops (Fig. 33¢). i Basal greening of the nodules increased with age but
never exceedad morevihan half of a given nodule at any age.

As the nodules were easily broken from the roota when plants were removed

from the soil, the vaxiahion 4n the fresh weight of nodules borne by each :

plant was rather large (S.E. of mean = 10% in older plants).

b) Acetylene-reducing activity

~ Nodules from plants of different ages were coliacted for 16 to 1§ﬁ;
successive weeks on similarly bright days at 1200 hours to. reduce variation m;;°
due to ﬁiurnal fluctuations. Between weeks 3 and ' when £lowering
commenced, the rate of aaetylene reduction increased by 300% (Fig. 33d).
There was a furthexr increase of 30% to reach maximm activity at wcek 10 o' 11
and +then the rate decreased. It is interestingrto note thatxacetyleneﬂ«*?
reducing activity never fell below 20% of the maximum rate ‘even after

flowering, unlike the results obtained with P. sativum,.
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Plate 16 .

The vascular tissue of a nodule from a
T-week-0ld bean plant as seen by (a)
phase contrast and (b) dark Ffield
microscopy. Radiocactivity has
seccumulated in the vascular trace 5
hours after commencement of exposure

of the shoot to 14002 for 30 minutes.
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Plate 17 (opposite). Infected cells of a nodule
from a T-week-old bean plant as seen by
(a) phase contrast and (b) derk field
nicroscopy. Radioactivity has
accunulated in all cells, which
contain extremely swollen bacteroids,
5 hours after commencement of exposure

of +the shoot t014602 Tfor 30 minutes,

Plate 18 (Gver:)s Swollen bacteroid forms in a
nodule from a T-week-old bean plant

88 seen by phase contrast microscopy.
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(3) MICROAUTORADIOGRAPHY

.a) Ph%ésyntﬁeﬁ{é £ixation bf Mo,

The radioactlvity of nodules collected immadiately after plants f;?ﬁ;s

14,

were exposed to CD for 30 minutes was 1nqufficlent to be detected by

mioxnautoradiography.,‘ Nodules detached aftar 4 5 houxa “coldnchasa”‘ahowed
accumulation of 1abelled yhotosynthates in Lha same xegions as P sativum
nodules, except that Lhara was little accumulation at the common endo&ermia.

' e

. The main regions of accumulation were thus uh& vascular traces (Plate. 16)

and the infected cells (E;ate-l7)p whichgwere only partially filled with=s<‘

bacteroids which wére more swollen than in P. sativum nodules (Plate”l&}i

The infected cells all showed uniform accumulation of radxoaativmﬁy and ther

was no localization@ of activity towarxds the tips of the nodules_ o f {;5;@

b) Dark fixation of 14con by*dekaéhed noduies

Nodﬁlé,sS?EWex:elhighly labelled meai&eiy after exposure to 14-605 '/
for 30 minutes and xadioactivity remained constant for 5 houxa after exposure::
Labelling resembled that of nodules detached from intact plants, ag described

above, except that there was no accumulation of labelled material in the .

vascular traces when nodules were sectioned either immediately or ¢.ﬁ@hwmrsuPE

,after exposuxe,



'igig;w34a.

CFig. 34b.

Changas in radioactlvity of ethanolic extracts oz

leavea (o), roots (0) and noﬂules (o) durlnq continuoue

exposuxa of 6—wcek—o L& broad bean plang shoots to 14CO£?

L

in a growth“cabinet. Samplos wexe collected at inuervals;ﬂﬂ,’

up ﬁo 6 heurs £rom commencement of exposure and were:

extracted ;mmedmately in xedlsuilled 80%- TtOH. : Each”

_fgblnt is the mean of Four regllqate samples.

Changes in xadioactivity of ethanalxg extracts of

1eavea vy, root& (n ) and nodule- (o) afﬁer expoaure ﬁfj
of the shoots of 6nweek—old braad bean plants Lo %ﬁ co,
for 30 minutes. Samplea were collected at intervals up.

to 5.5 hours "cold-chase" and ggtracted immeﬁiately;in-:

re