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ABSTBACT

Techniques are described £ur studying the sconcmy of car~
bon and nitrogen in aonuwal nodulated legumes. Budgets for
utilization of net photesynthate are constructed for cowpes
{¥:gna vnguacelatae (L) Walp,) and white lupin (Lupinus albus L.},
including expenditure in vespiration and dry matter accwmulation
of plant parts, carhen consumptfca in growth, rvespiraticn and
asssegen- export of fized aitrogen by nodulea, and the provision
of recent photosynthate 2nd earlier-fized cerbun to frufcs,
Sovurces of nitrogen to fruits are defired, and efficiencies
of conversion of net photosysnthate to protein of abova-ground
vegetative parts and of seeds are cowputed. Consideration 1s
glven to the timing oif ovents zevsociszted with 1osa of symbilotic
activity after flovering.

Literature giving estimates of the respirarory reguire-
wments of nitrogen fixation by nodules is reviewed. Rates of
respiration of acdules of cowpea, white lupin and pza {Pisum
sativum L.} are asceszed from a theoretical viewpcint, basing
the estimates on ATP requirerents for assimilation of “2 into
nitrogenous solutes, and puhlishad values for reaspiration tosts
in plant tissues. Expressed as (‘,o2 output per unit of nftrogen
assimilated, thuse estinmates greastly exceed the evperiweantallye
observed 002 eiflux of ncdules of cthe species. This discrepancy
is éxam:l.ned ia relation to the capacity of nodules to fix coz
and the uncertatary of the in vero reguiteme2at of nitrogenase

for AP,




1. INTRODUCTION
Despite greatly increased attentien from plant breaders and

physiclopgists over rerent decades the pulse and feodder legumes

stild qualify zmongst the least wndurstood of crop plants widely
used In zgricuiture., This fs partly due to the iow intensity of
regearch effort on the group, 83y iIn comparison with cereals,

but it ralates aspectaliy o the inherent cowplexities of legume

functioning, particularly the legumes; capacities to f£ix nitregen
eymbiotically and to produce forage and seeds unusually rich ia
protein.

Our approach over recent years has beea to aésemble Informa~
tion of a physfclogizal, biochemical apd structursl naruere on
tisgue end orgen fumctioning of selecﬁcd grein leguzes with the
general objecrive of mesessing hiow efficfently the vhole plant
angd fts parts cperate in thannelling assimilatory vesources into
proteln production. Already available is iaformaticn on the
fellowing,

1) the translocatory arrangewsnts for interchange of assimi-
lates within the plaant, and the tdentification of the
organic and Inorganic solates meviag in conducting ele-
ments of xylew and phloem (Atkins et ai, 1975; Pate, 1976;
Hocking & Pate, 1977},

2) the functional ecomomy of nodule and ncdulated roote, esp-
ecially in relatiom to the efficiency of converstsn of
photosynthate frum the shost into amino corpounds produced
fn nitrogen fiwstion {Minchin & Pate, 1973; Pate, 1976,

191,
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k) the role of vegetative parts of the shoot Ila the syanthesia,
proceasing and transport of aszimilates destined for pour~
ishment of froits and seeds (Lewis & Pate, 1973; Pate et ol,
1975; Pate, 1975, 1978), &nd

4y the functioming of the frait in convertisg its cwn photo-
synthetic products and the translecate it receivea froxm the
parent plant ints foocd reserves of seeds (Pate et a2, 1377;
Flinr et al, 1927; &tkinc et si, 1977).

A recent cxtension of this approzch has been to ccastract
carbon end nitrogen budgets for the whole plant amd ite parte
throughout growth and development, and Chus obtala a picture of
how assimilarton of these two elemants {n shost and root re~
lates quantitstively to the growthr and productivity of the plent
(Herridge 6 FPate, 19773 Pate & Herridge, 1977). This paper sum~
wariges our progress ard the conélasiuns we have drawn.

2. EXPERIMENTAL STUDY OF THE CARBON AND RITROGEN ECCHCGMY OF MHE

ARNUAL NCDULATED LEGIME.

For our studiez of the czarbon and nitvogen balance of nodu—
lated legumes, populstions of plaats wvere grown ca minus aitro-
gea nutvrient solution iu sand culture. The experimants were con-
ducted in naturally-lit glasshouses under seagcral canditions
and at cancpy densities equivalent to thoge unmder which the
epecies would be normally grown as a crop plant, By use of
evaporative cooling, temperatures wicthin the glasshouse were
waintaned at a level close to that obtaialng cutdoovs. Using
contafners of relatively large cspacity (11 £), szd slliowing

only two plants per coatainerg, plant growth vag not geverely
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restricted by volume of the rooting medium. Bach ccentairer
possessed a 1id, with holes through which the shoots grew and
through which measured amsunts of water and nutrients were sdded.
A port in the base of the contsiner enabled excess water to be
drafned from the rooting pmedtum, The basic comstructica of the
container permitted gravimerric studies of trumspiration loss
from the plants, and aliowsd sdzptatiosn for stuiy of the respiva~
tory ostput of intact nodulated roots (sec below),

The construction of & basic carbon budget for the plants ve-
quired ueasurements of carbon gaina or losses ag dry matter of
plant orgacs, and assessments of respiratcry and photosynthetic
exchangee of coz by these same organs ovar sperific intervals
of the growth cycle. <Jhamges in carbomn, nitrogen and dry satter
were studied by progressive sawpling from the pliat popuiatlion,
uaiag harve.sts of at least 20 piants to reduce sanpling errors
due to varfarion between the plauts (see Herridpge & Pste, 1977).
Other features mezsured were fresh weight of plant parts omd arza
of leaflets, Root blezding sap (xylem exudate) was collected
from plancs st intervals dering growth and assayed for orgaeic
gsolutes of nitrogen.

Hodiffcation of the lidded contatner for measuring vaspira~
tory losses from the nodulared roct wss as shown &n Fig.l. The
base of each gtem was séaled to the 11d of the contalner with
plasticine, .md_,wtth the basal drainage poret closed.,the gas
space of tha root could be eifectively scaled from the surtounding

atmogphere. Inlet and outlet parts (Fig.l) permitted coz-ttee

I




alr to ba passed continuously through the contsicers, and by
passing the gfiluent gas from the roet through Pervenkoffer

tubes contalning KOH (see Minchin and Pate, 1973), the respired
C02 of the nodulated rect system was eomtinuousily ccllected. The
rate of gas {low through the containers was adfusted tc achieve
an average CO, concentratfon around the roots matching as clcsely

2

8s possible the level of C02

plence not set vp for root respiration studies. The root gas

in the rooting medivm of aimilar

space of young piants showed CC, levels within thz range 0.3 -
0.5% w/v. Levels rese to slightly in excess of 3% v/v by the
time the plaants had reached frulting. The growth and niftrogen
fixarton of plants whose roots were enclosed for respiration

was not notlcesbly different from that of uneaclosgeld plamts,

and the final yleld of dry matter and seed frcm plants growm in
the containers was comparable with that encountered fa fileld

plot trials of the species under eimilar scasonal znd nutriticnal
conditions.

Two refinemants of the gas flow system deserva meation. In
oue an infra~red gas analyzer (1REGA) 45 used to mopitor caz con~
tent of the effluent gas stream (see Minchin et al, 1377}, thes
making possible study of ahori-term effects on rpot resplratien.
Ia the other collecticne of 602 from roote are cozdined with
pulse feeding of 1"‘t:oz to shocts, theraby enabling the time
course of utilizaticn of recently-fizad carbon by the nodulated
rovt to be exanined (Pate & Herridgze, 1377).

Nipht respization of ehoots was messured using the sane
plants in which root respiraricn was being monitored. This was

achieved by enclosfug the sheote in plexiglass chambers of




60, 120 or 170 & capaclty and measuwricg OOy release fron the
shoot by absorpticn in Pettenkoffer tubes. The flew of COp-

free air {nto the chaxber was adjusted to achisve & concentra-
ticn around the plant as ciose as possible to that of air {0.053%).
Efflux of C)y was measured from dusk te dawn arnd the chasbers
removed from the shoot during the photoperiod.

Estinates of tha proporticnal cortributions of nodules and
rost o the respivaticn of the nodulated root were made by en-
closing freshly detached ncdules or rosts in small plasiglass
cuvettes and measuring thelr €0» curput over the first hour
following detachment usicg & gas sampling technique specially
sdapted for IRGA analysis (Ackins & Pate, 1977). Generally the
estimates of respiratory output of the nodulated voor wade by sun-
mation of the respiration of its individual detached parts
agreed reasonsbly well with the recorded €0y ocutput of the nodu-

lated roots of intact plants as datermined by the Tettenkoffer

/
system {see Fiz.2). Similarly, estimates of CO; cutput at night
from detached parcs of & shoot (e stems + peticlea, leaflets,
and reproductive parts) together yielded a value £or vespiration
close to that for the night respivation cf che intact shoot.
Accordingly the "net phsotosaynthestis" of the shoot duriag

the day was determined fndirectly as s -

Net photo- C gain as dvy Respiratory Respiratory loee

synthegis, = mattey by + losg of C + of C by nodulsted
(Net C gain plant parts by shoot at root (dayiaight}.
by sheot day end nsght.

fn photo~ night.

period)




A further dimemsion to the carbon budget ipvolved analysin
of traosport liquids of xylem. By relating the € : N varic of
xylem exuvdate tv nitrogen increments of the shoot, estimatea
were pade of the amount of carbon meving from root to shoot
attached to ptoducts of nftrogen fixatican (Minchin & Pate,
1973, 1974; Hervidge & Pate, 1977).

3. THE PAKTITIONING (F PHOTOSYRTHATE

As exanples of ouy carbon bslance studiesz we eelect data

for two very diiferent species of legume, one, the white lupin
(Lupinus albus L. ov Neutirs), a tall, .tap-rooted species
asuiteble for growth 23 @ winter gmmusl in Vesten; sustralia, the
other cowpea (Vigns unguviculata (L.) Walp. cv Czloona}, a sien~
der=rocted trepical specfes, grown In Austrslia ss a s@et cTOp.
Seeds of white lupin ave high in protein (33 -~ 282 by weight),
contain virtually no starch, and have the major fraction of thelr
carbohydrate veserve as vall polysaccharides (Atkins et al, 1975)%
thosce of cowpea are starchy and of low {20%) protain cooteat
(Herridge & Pate, 1977). Both cuitivars studied showed a iow

harvest indez (seed biomaas : pesk vegetative bicmase) ia glass-

house culture, and oight therefore be regarded as typical of the
wany species of legume requiring selection for Isprovement in
€ grain yield.

. The fate of ner photesynthate during growth of the two

!

gpecica was as showm in Figs. 3 znd &, items of esch budget
being expressed relatfve to s net intzke of 100 units of
carbon as nat photosynthate by the shoot during the photoperiod.

Gas exchange studies of defoliated plants showed thet fruit, stem
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and petioles were at, or closg to, COZ compeasaticn point

during the photopericd, so these ¢rgans weve pictured 28 ralying
entirely on ret photosynthate of leaflets for dry wmatter pro-
duction and maintenante of respiration at night.-

The major element n the flow of carbon consist2d of phloen
tranalocation of photosynthsre from leaflets te other plant pacta.
The snzll amcunts of carbon carried in xvlem were spvisaged as
being related specifitsally to the expo.rz of Hz-ii.xation pro-
duets from nodules, values for the 'c : N ratio of the zylem sap
belag uzed to compute this coudled flow of € and H (sece Tsble 1,
and Minchin, 19273; MHinchin & Pate, 1373; Pate, 1§?S). Mobiilza~
ticn of nitrogen frem wvegetaetive to zeproductive paris was
assumed to take place by the phloem, and the amouat of carbon
moved by such transport was calculated om the basis that the
wmobilized products hied 3 € ¢ W raclo simi]ar to that of Jeaf
protein (sce Pate & Herridge, 1377).

Three phases of development were recopgnized iz the growth
tycle of the tvo legumes, Phase 1 spamaing vegetatfive growth to
the start cf floweriag, Fhase 2 encompassing flowering and the
early development of fruits, Phase 3 the final stape of the life
cycle, dominated by the contimued growth of fruits and partical-
arly by the ££1ling of sceds,

Phase 1 - vegetative grewth (Fig.3A, Fig.4A)

Vegetative growth cf ciwpea spsnned approximately haif of
the life cycle and wag & time when 377 of the net photosynthate
and 50% of the fized pitrogen were ssaimilated. Vegetative

growth of Yupin cccupled only one-third of the 1ife cycle und

|
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accomplished only 6% of the plasc?s total cet photosyathesis and
117 of the total ¥ fixation. Degpite thas_e differences the tuo
species showed ¢losely similar patterus of groeas distribution of
incoming photoaynthate during vegetative growthe A large pro-
portion of the fixed carbon (27 ~ 30%) was invested ia dry mat-
ter galn of leaflets and hence In incressing the photosyothetic
potertial of the plant. ZEven larper frastioms of the curzent
photozynthate (55 In lupin, 41T in coupes) were traaslocated to
roots, coasunprion in respiratican of root and nodiles egquallirg
{cowpea) or exceediag {lupin) the agounts of carbon entering dry
matter of these crgans. The percentage of the plant’s net
photosynthate vtilized by nodules was higher Im lupin than In
cowpea, due to higher expzaditure by lupia in nodule respira-
tion, and & greater requirement for carbon ia transport of fixa-
tion products fron the nadules. The latter festure related teo
the higher C 3 N ratdio of fizetion products of lupia thau cowpea
{Tasble 1), e difference discussed at length Zn a later gsectiom
of the paper.

Phase 2. Flowering and early fruiting {Fig.38, Fig.4B)

This phase, 16 days iong in cowpea, 4% days in lupin, was
when greatest photosynthetic returng of carboa were made by the
species, Lu;ptn fixed 621 of itse N, couwpes 422, underlining
the importanca of this stage of growth In establishing reserves
of nirrogen, The nodulated root of lupin received 49% of the
plant'e net photosynthate, & feafure no doubt ralzted ts its
tap~rooted habit and to continuwed grouth of nodules and TOOL«

lets after Elowering. The cosparable figure for cowpex was 34X,
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The dimtnishing supply of cacbon te the root of covpes ressitad
in a progressive widenfng of its top % root welght ratlo {sze
Herridge & Pate, 1977). Nedules of Iupin received LI of. the
pet photosynthate in this vphase, wodules of covses B4, Thesa
proportions were less than in Phase 1 of the life cycles. By
coatrasc, the proportions of net photosynthate conguned fa voot
tesi»iration increased from Phase 1 ton Phase 2, indicating higher
counsupticn in msintenance of 3 larger root syastem, and paesibly
an inctresse In the respiratory activity of al<zeflsora feading oz
decaylag tissuves of the rosts. i

The earlier flowering and faster growth of fraits of cospaa
resulied io & net gain by fruits of 152 of the plzut'e net photo-
synthate versug 8% 1o the case of lupin.
Phase 3. Seed £11ling {¥F13.3C znd Fip.4C)

The species differed most werkedly during this phage. Lupin
waiotained translocate to its nogulated root equivalent to 532
of the plant's net photosynthate, wvhilat in covpes aly 4% was
diverted to vnderground organs. Bitvogen fixatica costinued for
lenger and at higher intensity in lupin chan Iin cowpes. In 3upia
27Z of the total N fixed over the gréwth cycle wag assimilated
during seed fiil, in cowpea ouly B8X. Uecline in net photosynthesis
through shedding of leaves started earlizr and tosk place sore .
rapidly in cowpea than lupin, leadinz to such zwaller ceturas
of £3xe2d carbou by the former speclies during frwiting. Reverthe—
less the proportion of net photosynthate wmoving to reprodustive
orgeng wos higher In cowpea (762) than in lupin (382) suggesting
differences berween the speelies in the conpeting pouer of fruits N

for assinilates.
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&. ASSIMILATE SUTPLY &FD RITEOGEI FIiXATION

Using the same primary daca for the gpecies, comparisons
were extended to the relationships during growth between sym-~
biotic performance and phetosynthiesis, Symblorie activity
(Xig. 5A, 631) was as.seaaed o torne of mass of nodules
(g fresh wt , pl&at"l), specific activity of unodules
(ag W Ffized . g frsah weight of nodules™) . dcrfl), and the
relationgbip betwesn these vatiables axpressed ns rate of fiza-

! . dzy""). Comparable quantities for

tion {mg N £ized ; plant
evaluating changes with time in photoaynthetic scrivity (¥ig.58,
6By were leaf aves (dm2 . plant—]), specific activiry of lea€
surface in producing aet photosynthate (wmg ('302 . dﬁz . day'l).
sud rate of gain of net photosynthate by the choot

@G- shoot™ . day™hy.

Rate of nitrogen fixation aand mass of nodules per root in-
creased parsllel with zncreaaeé in leaf avea and in rate of pro-
ducticn of net photoaynthate by the two apeciess, supgesting a
atreng neasure of dependence between nodule performance and
photosyathetic activity. Acsimilaticn by leaves and nodules
achieved pezk specific sctivitles well before £lowering,
although ecarly logses of assivilatory efficicncy were wore tbam
offset by 4ncreases in area or mass of assimilatiang organs. lezf
sbeciseion and nodule senescence stcurred earlier and move
rapidly in couwpea than in lupin, causing a more rapid declice in
appiullatory activity of the formor -syecies after flowering (see
Fige 5 and 6).

The geaphical representations of Fig.7 provided further de-
tasl on the timing of certein key evests in the second half of
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the 3ife cycle. The parameters depicted were those deemed most

relevent to declining zssimflation, and each was related to a

celmbon perceantage gcale on which a value of 100 deacted the waz~-

inmm in 2 specific quantity or activity attained during the

arowth cycle of the plant.
Several interesting features ewerged 3 ~

3 A decline in apeci{fic actlvity cof nodules was the first
evidence of degeneration of symbiotic performance in the
two species. It comzemced whilst nodule wmass was still
increagsing and some tifes prior Lo F‘he attaicwent of wsx-
o net photogynthesis,

2) The quantity mcet closely related to declining rate of
nltrogea fixatica w2z the rate at which photosyuntheticaily-
fized carbon waz eupplied to nodules. TFizationm started to

decline sone time before the first decrease fn rate of car~

boa gupply to the whole nodulated roots, suggesting that
once nodule specific activiry started to decline the
nodules competed less effectively with roots for translocate.
3) . Beclining nitregen fixetica In couwpea was coryrelated with
increased diversion of photosyunthate to fraits, foplying
| thst cowmpetition from reprsduczive organs c;igh: have
lizited the agsimilate supply to nodules. This feature
d1d rnot apply to lupins ia which the decline in rete of
supply of € to fruits occurred eariier than the decline
in fixstisn. In fact translocztion of carbon to fruits
declined during wuch of the time vhen £ixstiop vate wae
decreaa;ns. The carbon budgets of lupin at this tioe

(15.3C) indicated that fruita cowpeted more with other




organs of the sheot than with the rost for photosynthate. Indezd
the mala comperitive influsnce for nodule functioning sppeared
te De the demands of the parent rvoot for vespirarory substrate.
5. NITROGEN SCURCES FOR PRUIT FILLIKRG (¥ig.6)

Aithough coupea and white lupin eshibited scamevwhat differ~
ent timings {n the deciine of their respectivs syzbiotic acti-
vities, and hcere evidence of different relative dzmands for ni~
trogen in filiing of their secede, the two specles showsd essen~
tially similar profiles of supply of nitrogen to their fruits
{Pate & Hervidgze, 1977; Berridge wnd Pate, 1973}. According to
the nitregen balance sheets fo7 this stege of develcpsent
(Fig.B) fruite draw on three maln sources of nitrogen, cvrrent
fixation In nodules, wobilization from leaflets prior te lead
shedding, and mobilization from stem ead petioles. Current
fixaticn vepresented the principal source of pitrogen during
egrly stages of fruiting; in mid-fruiting mobilizstics from
leaflets and continued nitrogen fivatiom supplied aubstential
amounts of nitvogen; and then, in tke fingl «tage of fruir £111,
mobilization from stems Surnishad the wmajor (lupin) or only
fowpea) source for the fruits., Despite differences in the
relative sizes and timings of the contributicns from these
sources, approximately 60% of the N incorporated into sceds of
both gpecles came from unodule fixation during frotiting, the
remainder ar mcbilization from vegetative parts.

It would be {rteresting to know whether cultivars ghowing

highet harvest index and yield of seed protedn, would show wore




efficilent retricval of nirrcgen from vegztative parts to seeds
than in the cultivers tested here. Earlier and more complete
withdrawsl of nitrogen from leaves would csrry tha obviocus pen~
alty of destroying photasyuthetic proteins of the leaf and hesce
vestricting the carhehydrate supply for further nitrogen fixa-

tion by root noduies. This is an aspect of legume functioning

moet deserving of stuedy sinte ir might lead to a prescription of

the phyaiolcgical attributes conducive to highest transfer of ni-
trogen to grain. A plant which would store large amounts of
fixed nitrogen in fte stems before flowsring, and which would
draw on stem nitrogen in preference to leaf nitrogen for fruit
£illing, would scem, gt first sight, to possess features pro-
moting a high harves: index for nitrogen. 1f these character~
istice were combined uith the capacity to maintafs root and
nodule integrity until the late stages of fruiting, unusually
high yields of protein from seeds might be obtained.

6. MEASURING THE EFFICIENCY OF CARBON USAGE IN NODULES.

The flow proffles of Figa 3 and & depict the carbon cou-
surption of nodules as comprising threa basic elements, a ve-
quirenent for formation and growth of the nodule, a reguirement
for maintaining respiratfica of ncdule tissues and for providing
energy for nitrogen fixaticn, and a specific reguirement for ex~
porting fixation products from the nodule as organic solutes of

aitrogen, Table 2 prevides data on all three aspecte of the

ecorony of nodules for the three specics of legume arudied 30
far, namely Pisum sativum (Minchia & Pate, 1973), vigaa

unguiculata (Herridge & Pate, 1977) and Lupinus albus (Pate &




Herridge, 1972).

In each species the carbon used in export of fized nitrogen
cowprised the largest ftem {46 - 521) of the vsdule’s budget;
respiratory losses amounted to 36 - 39% of the carbom conswmed,
and the remaining 9 - 162 was used for nodule growth. Expressed
in terns of gram atoms of C consumad per gram stom of N fixed
(bottom section of Table 2) ncdules of cowpea turned out to de
considerably more econcmical {a terms of carbon u=age (3.2 g
atom C . g atom N fixed '} then those of efther lupin (5.1 of
same units) or gerden pes (.8 of same tnitg). The use of

ureides in export of uitrogen was the major factor ia the better

ecoiony of cowpea nodules, but the low valve for (:02 outpat par

unit of aftrogen fixed alsc contributed to the csfficiency of the
species, Radules of cowpea had lower proportica3 of their vol-
due a3 bactersid-~containing tissue thau ncdules of pea or lupin,
and this may have had some bearing on the apparest diffecences
in resplratory effictency in nitrogen fixation. Couwpea nodules
also showed higher specific activity for mitrogen fixation than
dfd lupin (Pigs 54 and 64), average and maximum specific
activities of cowpes nodules baing 6.3 and 8.4 mg N fixed . g

-l
-

fresh welght nodules = . :;!a.y—1 rvaespect ively, versus 5.1 and 7.1
of the same units respectively for lupin.

The literature cecords a nux;zbet of attempts to assess the
coat in terms of carbon of nitrogea fixation by lazume nodules.
Table 3 gummarizes informatfon from such studies fancluding, fsv

couparative purposes, the data already described here for cow-

pes, pee and lupin.




One experimental asppreach (Teble 3, item 15 was o study
dry weight differcences between nodulated plents and noo-nodulzted
plants suppliied with an "equivalent® amowrr cf combined nitrozen,
usually in the form of nitrete. Any reduction in dry matierx
preduction by the nodulsted plant in comparison with the non-
wodulated was then taken to vepresent the 'extra' cost in terms

of photosynthate of fixiug molecular nitrogen as opbosed 1o  as=~

similating the combined forw of nltrogen. Expressed in these

terms the values ootained varied from 0.37to‘h.7 g ztogm €  res-
pired . g stom N f1xed™} for subterramean ciover {Gibson, 1966)
to 5.9 to 12.1 (same units) for soybean (Allsm, 1931).

A sercend approach {Table 3, i~em 2) was to compare the res~
piratory output of nodalated aad non-nodulatad root systeas of
intact plants and from this determine what extra component, tf
any, of the respirarion was attributable to nodules. 1In this
manner, Bond (1941) estimated that 257 of the co, efflux of the
underground organs of a scybean plant was due to nodular res-
piration. Froz this he calculated a respiratery efficiency
for nodules of 8.9 g stom C , g atom ¥ fixed). A varfation on
this approach, used by Miachin end Pate (1973 on Pisum sativum,
Was to compare CO2 efflex from nedulated roorvs of intsct piants
with that of roots of similarly aged noa-nodulated plants
supplied with aitrate. When dats were expressed in terms of
CO2 output per unit of N assinilated little difference was found
in the respiratory outputs of the two classes of piants. In this
instance nog-noduvlated rocts aust have borme the cost of reduc-

irg nuch of the nitrate absorbed from the rooting medium since




saots of Pisum poss2ss an ective nitrate reductase gsystem {see
Oghoghorie & Pate, 1971}.

A third class of estimation (Table 3, item 3}, 2lso oa Pisuw
sativumyinvolved arasurement of the respiratory cutput of detached
ooedulated rocts uvader coaditicns of varying nitrogen fixzing cap-
acity, as estimated by Cﬁﬂz reduccicn (Mahon, 1977). 1t was coa-
ciuded that the copponent of respivation linked specificsily to
the K fixeticn process of nodules ¢ost the equivalent of 7.9 g
atom C.g atoa N g5xed (Mahon, 1977).

Fourthly date used for costing nitrogen fixation ue;e ob-
taiced by measuvrements of respiration of derzched nodules or
freshly excised segwents cof nodulated roof (see Table 3, item 4).

The validity of each cf the spproaches mentiocned gbsve must

be questioned, Couparisens based oa gpeasurements from nodulated

and non-nodulated plants assume strict comparability fn all
respects save those relating to the assinmilation of nitrogen.
This condstion is ravely if ever echieved, For imstance roat
systems assimilating nitiate are usually larger than their onodu-
lated cownterparts and the morphology end physiclogy of thely
shoots may alsc differ quite radically (see Bownra, 1970; Minchin
& Pate, 1973). Indeed unless combined nitrogea i1s applied at
the same rate as that at which symbilotic coonterparts are fixing,
and unless the application of combined nitrogem is delayed
untii N fixation has scarted, it Ls aluoat faevivable that very
different patverns of growth will resuit in the two sets of
plents. Furthernmore a propertion of the nitrogen ebscrbed by

nitrate-fed plants ts likely to be reduced photosyntheticaliy in




the shoots ot essentially ax cost in terms of &ATP end reductant
from respiration. It i3 then petently uanfair to ¢ompare carbom
economies of nodulated and uon-nodulated roots in terms of teotal
nitrogen gssimilation.

Direct wmeasurements cf vespiratory output from detached
nodules or segments of nodulated rocte sufifer the cbvious dis-
advantage that wounding wffecis, starvation effects, or loss of
nitrogenase activity following detachment of the nodule are
1ikely to coorlicate the Zssue. Also, almest Iavariably, the
tespirat ion studies are wmade in air, fn which any capscity which
the root nodules might have to £fix casben diox{de would not be
effestively dizsplayed, TIhis {3 comgidered in detail later ca.

Finally, in copnection with our own studies (Iable 3,
item 5) several critfctams apply. Firstly, the use of rooring
media containing organic matter is precluded for respivatisn
studies on Intact root systems since rhizosphere micro-organisms

might decompose components of the organic matter and thes con-

tribute ‘extrs’ coz to that released from csrbom of plant origin.

This rules our studies sfmulating plant performance in soll.
Secondly, problens of roots becoming pot bound during growth
will apply, just as fu any pot culture work, Thic applies par-
ticulazly to & tep-rooted speclas such as lupin, in vhich roots
mey penetrate for over 1.5 metzes and exploit a soil volume of
100 ~ 200 lfsres, compured with & volume of only 11 litres in
the containers used for respirationm study. Thirdly, the aystem
£a1ls to distinguish betueen CO, released from living tissues

2
and that resulting from microbial deconposition of rost leachates
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or decaving root tissues. Judging from the very low content of
non-living organic matcer present {n the rootisg mediem of
fruiting plants, decompositicn of dead tissues ¢r root and
nodule must be very effective under the conditions of the gas
flow system. Cousequently a substantial contribution of COZ
from micto-orgenisms is to be expectad., Of course vhen uaiag
eilica send as potting mediun this 002 uust have beea dertved
from photosynthetically-f4xed cartion, albeit largely that
eym':hegizr-.ad at an earlier time in growth.

The most important criticism of our rvespiration studies
relates to the techaique for estimating the soparste contriba-

tion of nodules and xoots to the respiratory cotput of the whele

part as mcasured by the gas flow : Pettenkoffer system. #s men~

ctfonad eariler, this 1s accouwplished by measouring che respiration

of freshly~detached nodules aud supporting roots, and using the
wasses and specific activities of ceapiretion of these organs
to apporticu the coz efilux of the whole nodulated ccot systes
between nodule and root cooponens. The requisite seasure-
ments of respiraticn of detached ncdeles and voot carr'y the
fnherent disadvantages mentioned earlier, although the swm of
the coz output from nodule and root In mest instences matched
reagonably well with the 2fflux frem the whole nodulated reot.
7. THEORETICAL RESPIRATION COSTS FOR RITROGEN FIXATION IN
LEGUME NODULES.
Studies feeding 15}!2 to dersched noduies or fsolated

bacteroids (e=e Bergersen, 19713 Dilwerth, 1974), sugpest that




amwoniz i the first stable product of nitrogen Zixation. Tim
stolchiomerry of ATP utilfzatfen during reductior of nitrogen has
not been clearly defined but from published valuee for isclated
nitrogenese & ATP wolecules per 2 1s regarded as e average
estimate {Diiworth, 1974; Dixen, 19753 Burris, 1578). The well~
docuxented requirement of nodules for oxygen, the values ¢f 1 or
slightly peeater than 1 for the respiratory quotient of detrached
nedules (Allicon et al, 1940; Bergersen, 197)) and the pzescuce
of tricarboxyiic ascid (TTA) cycle enzywes with an au:;’sxxdizable
cytocheore systea in bacteroids (Bergersea, 1971), beat evidence
that oxidative ghosphorylation aight be the principsl source of
ATP for the nitrogenase.

txmonia produced in nitrogen fixarion 4g assimilated into
organic compounds by specific ammonia aesiailacory enzymes
{(Miflin and Lea, 1977). The significant levels cf NABH-depend-
ent glutemate synthasel;gluzamine synthetase in extracts of
nodules of an amide-produciug plant (Zupirnus (Fsbertson et al,
1975)) and urelde-producing plants {Vigna, Phaseolus {Atkins
ot a2, 1978 (in press})) suggests that there may bea & comson
toute for ammenle assiaslation regardiess of the classes of
secondary products which may subsequently ferm.

The situation in amide-produciag legwmes, such as Lupinus,
Vicia, Pisum, and Trifolium (sce Pate, 1977), fs8 deplcted in
¥ig. 9. Anino acids are shown as forming by aminc trapsferasa
teactiong with keto acids, glutamine directly from glutsaine
syathetase, and sspasragine by a glutamine -, ATP - dependent

asparsgine synthetase, as descostrated for extracts of lusin




uodules by Scott, et al {(1976).

The picture 13 much less clear for ureide-producing legumes,
although 15}32 feeding studies prove that allantoin and allastoic
acid ave formed iu nitrogen fizaticn (Matsumoto et al, 1977;
Atking et al, 1978). These cozpoumds might form as in animsl
tissues by aerobic degradation of purines, (Reinbothe & Mothes,
1962). Alternstively ureide synthesis might be accowplished
frow glyoxylate and urea as suggested by Bollard (1959). These
hypothetfcal pathways are illustrated in Fig. 10. The purine-
based pathway pictures tws Cathon atews of the puripe rving
coaing from glycine and two from formyl groups (labelled “C1" in
¥ig.10). One nirrogen atcm is provided from glycine, tuo Oy
transfer of the amide~N of glutamioce &nd the fourth donated frow
aspartate. The regeneration of sspartste could e achieved dy
reversal of aspartase, slthough there is no evidence ¢f such z
system in nodules. It is echown in Fig. 10 as an axinc transfer
to oxalacetate formed from fumarate via walate and genersting
NATH., ' Xanthine oxidase, ucicase and allantoinzse, enzymes
capable of aerobic bdbreskdoun of the purines, have baemn denom-
atrated in nodule extracts of saybean (Glycine max){Tajima &
Yamamoto, 1975} =<owpea {atkinsg, et al, 1978) and Pbhaseclus
vulgaris (Atking & Rainbird, vapublished).

The slternative route for urelde synthesic (Fig.19)
utilizes the well-known gesctioes of urea synthesls from arginine,
and the hypothetical cendensation of ures with glyoxylate by

reversal of the degradative purine pathway. Yozyues active In
1

ke

this condensarion have yet to be demonstrated, although




lzbelling studies cn fungi and higher plancs {see Bellard, 1959)
fudicate that urea and glyozylste might be precuvscrs cof
allantoin.

Our costiang of the synthesis of nitrogenous corpounds gaa~
evated {n nodules {Tzble &) hae assumed that the veguivements
of synthepis for ATP ard reducing pover are as shown in Figs 9
end 10. Twe further assucptions are umade 3 -

1, ATP + AMP E 2ZATF > 2 50P

2, v + B - nast oz 3 ame

{1e the P/2¢  ratfs of cxidative phosphorylation 1s 3}
Proceeding on this basis the amino-N of aminc acids and
the amino-R of amides are sceo to each cost the eguivalent of

4 mol ATP per mol Nd, incorporsted, the amide-N of glutamine

3
1 ATP, and the amide~N of asparsgine 3 AIP. The cost of urelde
synthesis is estimated as 3 wol ATP per mol LE incorpersted in
ureide N, regardless of wvhether the purice or ureafglyoxylate
pathuay is being utilized. However, it should be ncoted that
certain hypothetical reacticns of the urea/glyoxylate pathway
can not be costed so that the ATP reguirements of this pathway
may well have been underestimated.,

The ATP requirewent in synthesis of the nitrogencus
coupounds formed iz astrogen fizotlon of & sgecies tan them be
calculated on the assumptisn that sclutes are generated in the

propertions evident from analysis cf xylem sap (Table 1). Re-

levant data for vigra, Lupinus and Pisum &re illustrated a8

Sitem A of Table 4. The cverall costs of assiuilsticn of

ammonfa 4nto organic solutes turn cut to be very similar despite




major differences fu compoaition of fixarion products of the
species. Rowever, the use of ureides for assimilating N4 ad
trensporting nftrogen gives a slightly better economy in terns
of ATP consusption, than were msperagine used for these purposes

(Table 4A).

Jtem B of Table 4 provides zn estimate of the asount of

0&')2 1ikely to be generated in asssimflation of “2 tuto amino com-
pounde. A requirement fs assumed of 3 e and 6 AT? molecules
per molecule of m13 produced by aitvegenase (Figs 9 ang 1C),
&0 that 3.5 mol (?-02 would be evolved per mol Nuz reduced, if
ATP and veductant were provided by eugar oxidarien via the Eobden-
‘Myerhof glycolytic pathway followed by TCA cycle metabolism and
oxtdative phosphorylaticn., A similar source of ATP is assumed
to be used assimilating ammoala into amino coupounds, and thia
in costed for each species 1a terus of co2 outpyt using the ATP
requirements fndicated in itew A of Table 4. The totel (:‘02
efflux from the vodele associated specifically with nitrogen
fixation (lcwest entry, Table 4B) is then csuputed by addition
of the requitements for nitrogenase and for awacnia zssimilatiom.
A further loss of 602 aight be essoclated with the
formation of keto acids or any other precurscrs of the nirrogen-
ous solutes shown in Fig.9 and 10. Assuming that these cosmpounds
were generated within the nodule, rather than being provided
as translocate from the shoot, qxidatlm: of sugar iz the nodule
would be required to generate these carbon skeletons. Bowever,

since this would costribute enerpgy for ss=imiletion cof mitrogen

ft s not conaidered ts rzpresent an additional item in the




respiractory budget ci N assimilation.

A final element in the nodule's reapiration relates to
growth and malarenance., Here we use values suggested for higher
plant tissues by Penning de Vries et al (1974), z2ad Penntng de
Vries (1975), nemsly 0.2 3 602 evolved per 1 g dry asttar syee
thesized iu growth, and 30 mg glucose respived . p dry ce:ter"’
day-l in maintenance respiration (Sfee Table &C).

The total costs of nitrogen fixation in terms of coz efflux
are shown in Tzble 4D as the sun of itens for nitvogenase

activity, for RH, assiwvilaticn, and for respirstion im growth

3
ané maintenance ¢f the nodule. The values cbtaimed turn cut to
be very similar for the three species, 4.64 molecules caz - per
atom nitrogen fixed in Vigna, 4.78 (same wnits) In  Lupinus,
and 4,74 in Pisum. The nitrogensse regulrement of 3.5 molecul
(;02 par atonm ffzed 48 in each case the largest item of the
nodule's respirastion budget, smownting te 73 -~ 75% of the est-
lmated output of COZ.. Assimilation cf ammonia foto anino con-
pounds, ia the next largest ftem (=quivalent to 22 - 247 of the
nodulets (:O2 outpu;), whilst the respiratory requirenents for
maintenance and growth of the nodule gccomt for omly 3% of the
ectimated net output of coz.
8. THE DISCREPANCY BETWEEN THEORETICAL AND OUSERVED co,

OUTPUT FROM LEGUME NODULES.

For each of the spesies we have studied chserved rates of

(.',02 effluz from nodules are conaiderably less than that exe

pected from theoretical conslderations (¢cf date of Tables 2 sad &).

Thus, for Vigra unguiculata the experimentally-obtained value ia




=

26.

1.3 wolezules (202 per stvm N fixed, compared with a theorstical
valye of 4.5 of the sawe urits, For Lupinus albus comparable
valuee are 2.0 (cbserved) engd 4,8 {theoretical), and for Pisum
sativum 1.7 {observed) and 4.7 (theoretical). Thas, either tne
theoretical assumptions have overestimated the energy rejguige-
ments of nitrogen fixation, or the observed gesecus efflux from
the nodule grossly undevestimates the asctual release of Cﬁz in
tespiratory metabolisa of nodule tissues.

Probably the least certain component of the theoreticel
estinstes 13 the ATP requirement for nitrogenaze (Dixom, 1975).
Indead the measured requizements of the lsolsted enzyme fac ATP
may well be a gross overestiwmste of in vivo consumptiom. This
would be the case were the structural configuration necesssxy
for function of the enzyme system in the livirg bacterial cell
to be ma%ntained withcut contingous stabilizatica involving ATP
hydrolyeis (Thorneley & Eady, 1973; Dilworth, 1%74).

The cost in terms of C utilizatfon wmight also be reduced
were some of the ATP required for witrogen sssimilation to be
generated by a mechanfism other thzn decarboxylation of TCA cycle
acida, According to Dixon (1972) nodules whose bacteroids ahow
bydrogenase asctivity exhibit an oxygen requirement 35% lower
than those lacking hydregenase. The oxidstica of hLydrogen pro-
duced by nitrogenase might thevefore be an effective nechanisa
for AP syanthesis in the acdule (Dixon, 1972).

As mentioned earlier in connection with zhe carbon budgets,

evidence exists thar nsdules are capable of €0, fixaticn {Minchin




& Pate, 1973; Lawrie & Wheeler, 1375; Chriateller et ai, 1977},

The lazge phosphcenolpyruvate (PEP} carboxylase activity of

nodules (Christeller et al, 1977), and the observatisn thac

their pyravate kinase is inhibited by KH: (Perecson & Evass,

1977}, suggeste that C02 fixaticn might be related to nftrogea

fixation by providing oxalacetate. This would effect sn ana-

plerotic dnpur fur simuitsnecus gensration of a-keto acids &nd
reductant by the TCA cycle.

The extent to which fixnation of (:02 might osccur is indicated
for nodules of Lupinus angustifolius by the studies of Chrizteller
et al (i?77). Their data, based on rates of CZHZ roduction and
1"002 fixatiwm, suggest a maximum rate for nodules of the species
of 0.8 nolecules (:O2 per ator ¥ fized, If the fixed 602 were
derived entirely fros tissue respiraricn and at a rate stoichio-
merric wich the TCA cycle's cétalyt.!.c requirement for oxalacetate,
1 wolecule of coz would be conserved for esch molecule of amide
synthesized (fe 0.5 xol €9, . mo} Nﬁ;l). In zddirtion to thie
involvenent oxzlacetate might be uged for synthesis of nmalate.

Our studies yeing Lupinus albus show that xyica bleeding sap of
detached nodules ccntains malate at approximately 20 oi, in a
proportion roughly equlivalent to 1 molecule malete per 3.3
moieculeg of amino compounds exported from the nodule, This

finding, and the observation that xylem ssp of nodulated rosts of
Plsum sativum hes its espariate, asparagine and wslare lsbelled with
“c efter 1"'C()z has been fed to the gas spuce of the voct eysten
{Pete, mpublished data), supporte the hypothesis that fixatiom

of caz into C',‘ corpounds uight be an iwportant sspect of nedule




econony, at least fn those leguwes evporting smides end calno
scids from their nodules. The ixplications of walate syathssis
ia temms of the fonic balance of the nodule amd its exported
products, temaing te be evalueted.

Finally, there &s the possibility that sowe of the 002
teleaged from nodule tissues might lsave the vodule thtougﬁ th;“
zylem as dissolved carbon dioxide oy bBicarbenate. An earlier
fublication (Minchin & Pate, 1973} fo.und thiz to bz fnsigpiflcent
. in the overall Co2 loae of nodules of Pisum sstivum. OCOur nore
recent obsezvations on the levels of CBZ 8nd ncos' in freshly
collected xylem exudate from nodulated rotte substantiate this
conclusion for Luplnus albus.

To aummarize, theve exists a puzzliag gnomaly between ob-
served and theovetically.predicted rates of coz efflux from
nodules. The discrepancy would be considexadly reduced were
nodules to engage in conservation of respired 002 by weans of
their PEP carboxylase systew, and werve wechanfis®s othar than
sugar ox{dation to provide ATP for nitrogenase function., Lt is
clear that it wiil not be posaible to sppreciate fully the basic
gtrategles of nodule functioming until the ATP requirement for

functioring of nitrogenase has bzen understood.

9. THE PROTOSTNTHETIC COST OF PROTEIN PRODUCTION IN THE AWNUAL
LEGME.

The valug of legume crops stems principally froms the pro-
tein which they produce in seed or above-ground vegetative bilo-
waes, 30 !t 46 of considerable Interest to asscss how efficiently

they ferm these claszaof protein {rom net photeaynthate,




The studies presented here alles these asssssments to be made
for pot-groum plunts of Lupinvs albus and Vigna uwaguiculate
under cioscd aanupy conditicns in glasshouvse culture, They
therefere are iilrely to provide soxe generel Indicaticn of the
conversion ratings likely to obtain under comparable seasonal
aod putritional cenditfons 28 & field erop. Since the cultivacs
studied ere vsed as greem manare or forage crops as well as for
grain prcduction, it seemns apprcpriafe to frame the calculations
In terms of protefin syzthestized in sbove ground vegetative parts
by the time of harvest as a green crop, or at plant maturity on
the busis of protein accunulated by eecds. Relevant data aze
fouad ia Tadle 5.

By the tize of peak content of nit:ogen in vegerative
parts (79 days {n cowpea, 35 days in lupin) cowpea had expended
17.2 g ser photosynthate {2xpressed as carbohydrate) per gran
of protein accumulated in abaove ground parts, white lupia 24.7 g
carbchydrate per gram pretein, By plant maturity the coaversicn

efficiencies vto seed protein were 32.5 g met photosynthate . g

protein'l for coupesr, 31.0 g . g-l for lupin. It would be

interesting to zee how other cultivars and gpecles perform iIn.
these respecta, especlally those culiivars eelected for high
yield of seed.

It 15 perhaps surprising to find for these tvo legunes
efficiencies of only 4 to 5.81 for cooveision of net phetosyn-
thate to vegetative protein, snd only 3% for the cosparsble
conversion to seed protein. However, at present there sre no

strictly coeparable studies on other crop plauts, lezume or




nca-legume, so it is not pussidle to say how representative the
valuee obrafved are for cultivated piants as @ vhsle, ler alone
how close they might be to the maximun attaingbl: by the most
efficient of cur protein yiclding crops. The decisisa on
whether ar oot to expand world usage of legumes for protein pro-
duction might well rest ocn the basis of such coungarative
MELTULEnINTS,

The present data suggest that symbiotic nitrogen fixatisn
is not, of its cwa, a particularly costly ftem in the utfliza-
tion of photosynthate by pulse legumes., An understasding of

their effectiveness in producing protein requires sssessment of

all aspects of plaust performance, especially, it would seew, the

yvespiratory losses of plant parts and the proczsseg Involved in
the mcbilization of nitrogenous stlutes to fruits and seeds.
These studies and the relevant comparizons with nea-legunincus
epecies should provide interesting case historiea of the econouy

of functioning of crop plants.
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1. Couposition of pitrogenous frnerica of xylem
gap from three grafn fegumes!

Vigna Lupinus Pisum
unguliculata albus sativum

Zof N
amdino acids

glutamine
aspsragine

uresdes?

. g atem . g atoa }

C: N of xylea
sap? 2.5

Average coapcsition from cnelyges of sawples of
xoot bleeding ssp collected over the growth cycle.
Allentoin + sllanteic acid.

Calculated using urefdes = IC : 1 M3

asparagine = 2C : 1 N; glutepine = 2.5 € : 1 N;
amino acids = 4C ¢ 1 N {(the valuc for sapsrtute,
the najcr xylem awino acid in the threa species)




Punctional ecenomy of carbon and mizrvagen in modules
of three gradn legemes.

Species vigna

unguicalata

Perfod of growth

N fixed
N exported

C uaed in exporr of R3

C lost aa coz !3 mcdale
respliracion.

G incorporated into

nodule wass.

Totel € requircmcat of
nodole 3459

1

g atom . g atom

Toesl € required/H

Lixed 3.23 5.12
¢ exported/N exported 1.60 2.7%
€ respired/N fixzed 1.27 2.02

1. Spans vegetative growch zad early fruiting.

' The 9«day period in vegetaiive growth hmeéiatély before
flower fnitiation.

3. Estimated £rom the sucont of N exported and the € : R
ratic of xylem sap (Table 1).
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TABLE 4. Theorstical estimates of ATP cosmsuzpticn and CO) productis: by

nicrogen~fixing nodules of three grain laguaes

Vigna Lupinus Pisum
&. ATP requirements for synthesis of o;— mel ATP.mel Nﬂz—;
ganic solutes of nitrogen from Nﬁs
aming acidse 0.40 0.84 O.48
glurzanine-aning 0.20 0.24 0.30
~amido 0.05 0.06 0.08
aspsragine-aning 0.20 1.34 1.26
~amido a.15 1.01 0.55
vreide - 2,10 - 0.30
Total cost for Nﬂ3 assimilation 3.10 3.49 3.37
B. €0y output assoclated with nicrogen -
aseimilation? mol €O, . mol NH,
R, reduction o NH3 3.50 3.50 3.50
NH3 incorporation into organic N sol-
utes. 1.03 1.16 1.12
Toral N assimilation cest 4.53 4. .66 &.52
-1
C. CDZ output for growtih and maintenance ool CO2 - mol ﬁﬂa
C loss as c02 in ncdule formaticn3 0.06 0.06 0.11
€ loss as €O, in nodule maincenance’ 0.05 0.06 .  0.01
Total nodule cost 0.1% 0.12 0.12
B, Total CO3 output w0l €02 . mol 983.1

Items B + C 4.64 L.78 4.7%

1. Assumes emino compounds are formed in proportions suggested
from xylem sap analysis (Table 1) and synthetic parhways as
in Pigs. 9 and 10.

2. Calculated as 3 ATP per COy, assuming that the Pf2¢ ratio
of oxidative phospherylation is 3.

3. Calculated using 0.2 g COj produced . g dry wt Syuthesised'l
(Pencing de Vries et a1, 1974).

4. Calculated using 30 ng glucose . g dey matcer’l . day"l {from
(Feaning de Yries, 19757,




TH3LE 5. Coats in tewms of wer phctosynrthate of protein produciica
in cowpaa {Vigra unguicalata (L) Wsip. ov Celoona) =4

white lupin (fupinus albus L. cv Negtra)?

vigna Lapinus

(4} Synthesis of protein fa above~ground
vegetative partal

Producticn of net photooyothate

(g carbohydrate . plaat™) 50.1  65.7
Frotein accumulated in shoot
(g . piant™}) 2.1 2.70

Net photoaynthata c¢onsumed per unit
of protein synthesized
(g carbohydrate . g protem-l) 17.2 24.7

(3) Synthesis of seed proteind

Production of net pbotosynthate

{g carbchydrate . plant—:) 61.8 103.6
Protein accuslated in seed
(g - plant™) 1.90 3.3

Net photosynthete consubed per wit -
of zeed protein synthesizzd
{g carbshydrate . g ptatein-z) 32.5 31.D

> Data for cowpea from Herridge & Pare (1977) znd fer vhite
lupin frow Pate & Harridge {1977).
Measured over the pericd from germinacion to the tinme of
maxiaun nitregen content in above-ground vegetative pasts
{ie at 79 days in Vigna, 95 days iu Lupinus).
3 Productisn of nev rhotosyathate calculizted for couplaste
growth cycle, seed protein messuted & amounts present
tn plants at f¢ll matsrity {ie 120 days after germinaticn
in cwrpea, 135 days in vwhite lupin).




Figure 1. The gas flow-Petteulkcifer system used te meazeze €0
release from intact nodulated zoot systems of legumes.
1. Pump; 2. Sods lime "carbosorh" cowers o remove (093
3. 20-litre pas mixing chanbery 4. Main gassing lines;
§. Pressure release line; 6. Needle valve flow controllers;
7. Needle vaive finz flow concrollars;
8. Perforeted fnlet tube to rooting chavhez;
9, 1li-litre metal contziner with a “gas tight" 1143
10. Silica sand roocting oedium, free of organic matter;
1}. Coarse gravel tu aid édraloage;. 12. Drainage port;
13. Plasticine seal ar stem/lid jumction. 34. Gas cutlet;
15. Pettenkoffer tubes centeining KO to sbscrb respired C053
16. Gas line tc & reference container, vithout plents;
17. Inlet port for application of water and nutrieats.

Figure 2. CO, effiux of intact nodulated rcot systems (B—@)
and the sum of separate measuremente of COp efflux feom Lreshly
detached ncdules and their supporting reot (histograuw).

Lupinus aibus L. <v Neutra plaats duxing vegetative develepumint.

Figure 3. Flow diagram depicting the input, transport and
utilisation of ner photosynthate for three phases in the
development of ncdulated plants of FLupinus albus L. cv Rautra.
Ivems {n the budget are exprossed relative to a rel intake of
100 unitg C by the shoot.

Fipure 4. Flow diagram deplcting the Input, transport and
vtilisation of net photosynthate for three phases in the
developoeat of nodulsted plants of vigrna unguiculata (L) Walp.
¢v Calooma. [tems fn the budget are expressed relative to a
net intzke of 100 units C by tha shoot.

Figure 5. Components of nitzogea fixation in nocdules (&) and
photesynthetic pexformance cf leaves (B) Quring prowth and
development of Lupinus albus L. cv Reutra plants,

Pigure 6. Compenients of nitrogen fixatfon in nodules (A) end
photosynthetic perferzance of leaves (B) during growth and
development of Vigna wnguiculata (L) Walp. v Calcona plants.




Figuze 7. %eaporasl relationships L-iwveen varicus parameters of

noduie functioning and the cailon econeny of laaves, frulte
and roots during larter stagzes of the groush cycle of {4)
Lapinus albus L. v Heutza end (B} vigna ussuiculara (1) Walp.
cv Caloona. The psrecmetere are related to 3 Comon parcmetase
scale on which a value of J100 represents the maxizmum cbsegved
during the 1ife of the plant. ZAbbrevigtiocass: -
N fixsrion ~ raze of accunulstion of fized H;

. net Ps -~ rate of uzt gain of C by shoor in day;
nodule SA ~ rate of ¥ fixation pax unit fresh wt. of acdules;
C to fruits, C ta nodules, C to ncd roots -~ vate of auppiy
to these orgens of C of nat photosynthata.

Figure B, Sources of niircgen for developing fruite of

(£} repinwg albus L. cv Neutrs and (B) vigna vngoicuizta (L)
Walp. cv Calooma.

Figure 9. Pxobable metsbelic pathways for the forsatiom of emino
acidg, and smides in ﬁittugen fixetion of legume voot
nodules, The schexe indicates the requirensats for reduczant
and ATf in yeduction of nitrogen to sumonia, end in the
asaimileticn of sumonia into spacific eminoe compounds.

Figure 10, &lternetive meisbolic pathways for the formarion of
uteides (allentoin snd allantoic gcid) $a nltrogen fizaziou of
legume root nodules., The schemes indicate reguivements for
reductont and ATP? in reduction of nitrogen to awmounie, &nd in
the incarp'cration of svaiznia in ureide synthesis.




Figure 1. The gas flow-Pettenkoffer systea used to wmeasure 602
release from intact nodulasted root syatems of legumes.

1. Pump; 2. Soda lime “carbosorb" towers to remove coz; 3. 20~
litre gas mixing chamber; 4. Main gassing lincs; 5. Pressure
teleage line; 6. Needle valve fiow controllers; 7. Needle valve
fine flow controllers; 8. Perforated inlet tube to rootinz cham-
ber; 9. 11-litre metal container with s “gas tight" 1id;

10. Silice zand rooting mediwm, free of crgenic matter: 11, Coarsz
gravel to aid drainage; 12. Drainaga port; 13. Plasticine seal at
stem/13d junction; 14. Gas cutlet; 15. Pettenkoffer tubes contain-
ing KOHl to sbsorb respired coz; 16, Gas liue to & reference con=
tafner, without plants; 17. Inlet port for application of weter
and nutrients.
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Figure 2. C02 efflux of jatact nodulsted root systens (@—o )
and the sum of separate messurements of Ct'.\:Z efflvx from frechly
detached nodules snd their supporting root (histogram).

Lupinus albus L. ¢v Neutra plants during vegstatlve development.
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Figure 5. Components of nftropen fixation In nodules (A) and
photosynthetic performance of leaves (B) during growth and de-
velopment of Lupinus albus L. cv Neutra plants.
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¥ig.?7. Temporal relationships between various parameters of ncdule
functioning and the carbon econoty of leaves, fruits and roots
during later stages of the growth cycle of (A) Lupinus albus L.

cv Neutra and (B) Vigna unguiculata {L) VWalp. ev Caloona. The
parsmeters are related to a common percentage gczle on which &
value of 100 represents the maximum observed during the life of
the plant. Abbreviations 3 = ¥ fixation - rate of aceuculation

of fixed N; net Ps ~ rate of net gain of € by shoot in day;

nodule SA - rate of N fixation per unit fresh wt. of nodules; C to
fruite, C to noduies, € to nod roots - vate of supply to these
organs of C of net photosynthate.
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AMINO ACID SYNTHESIS AMIDE SYNTHESIS

N N IN
NODULES (3e | -oaip] NODULES
‘:,?!? : ATP g ADP+Pi ATP
glutamine glutamate = glutamine glutamate v~
NADH ~—= NAD AP > AVIPH P
« ketoplutarate  glutamate © agpartate asparagine

t

® anino o keto

aci&is ac;ds L
[ ] e ) ()

Figure 9. Probable metabolic pathways for the formation of
smino acids, and amides in nitrogen fixation of legime root
nodules. The scheme indicates the tequiremen!:s for reductant
and ATP in reduction of nitrogen to ammonla, snd in the
assinmilstion of ammonia into specific amino compounds.

v




TWO ALTERNATIVE PATHWAYS FOR LREIDE SYNTHESIS IN ROOT NODULES

ribose P
, [ 2N ] & 2co,
le-—— glycine 2 amice N 4 ATP
4ATP - of glutamine
) A%

aspartate & .
NADH \} 4ADF

2 carbamyi P 4Pi

\

fumarate

Y o
23spartate
2 RADH
2glutamme Fact
3ADP ) Eaizg
3 P te £ \ e
i /P‘z glutamate 2{umarate 243
> ' PP
l purine 2 urea ’
g riboseP Iveavlate ,___ei >
- glycsy s
uric acid E3e]|Eesm) ;

6 i allantoic zci
allantoin ( N ) ‘ l‘:__:,"ﬁz]

allantoic acid allentoin

Figure 10. Alternative metabolic pathways for the formation of
ureides (allantoin and allantoic scid) in nitrsgen fixaticn of

legume xoot nodules. The schemes indicate requirements for re-

ductant and ATP in reduction of nittogen to a=monia, and in the
incorporation of amponia in ureide synthesis.




