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2.

AB3ÎBACT

Techniques are described for studying the econoay of car-

bon and nitrogen in amrcal nodulated legumes, budgets for

uti l ization oi a«;t photesyathate are construcicd fer covpea

C.f»98a anguitmiêita (L) Wslp,) and white lupin (Luplnus albus L.>,

including expenditure in rcspiration and dry catter accumulation

of plant parts, earbcrt coasurapttoa in growth, respiration end

•trt«nagga-expan of fixed nitrogen by nodules, and the provision

of recent, photosynthate snd earlier-fixed carbon to fruits .

Sources of nitrogen to fruits are defined, and efficiencies

of conversion of net photosynthate to protein of £bovâ-ground

vegetative parts and of seeds are couputdd. Consideration ie

given to the timing of events associated with Ias3 of syabioctc

activity after flowering.

Literatui-e giving estimates of the respiratory requlre-

ffientft of nitrogen fixation by nodules la reviewed. Rates of

respiration of nodules of covpoa, white lupir. and pea {Pisum

fMtivjiu L,) are asfiesscd from a. theoretical vievpeint, basing

tb.e estimates on At? requirements for assiailatJoe of n_ into

njLtrogeiictjs solutes, and published values for respiration COSTS

in plant t issues. Expressed as CO. output pet unit of nitrogen

assimilated, these estissates greatly exceed the esperiaentally-

observÉd CO. exllux of nodules of the specie». This discrepancy

i s cxaained In relation to the capacity of nodules to fix CO,

and the uocetinlnty of the i;> vivo requireiaaat of

for A'/?.

r



l . 1HTR0BUCTÎC5J

Despite greatly increased attention from plant, breeders and

physiologists over recent decadts the pulse and fodder léguâtes

s t i l l qualify saongst the least understood of crop- planes widely

used in agr icul ture . Tuts i s part ly due to the low intensi ty of

research effort cm the group, say in comparison with cereals ,

but i t re la tes «specially to the Inherent, complexities of legume

functioning, part icular ly the I.eguaas' capacities to fix nitrc-gen

eyrabiotically aad to produce forage, and seeds unusually r ich i a

protein .

Our approach over recent years has been to 83semble informa-

tion of a physiological, biochemical and s t ructura l nature oa

t i ssue end organ functioning of selected grain legus&s with thé

general objective of sseessiag how eff icient ly the vhole p.lsat

and i t s parts operate m thann&lling css is i ia tory resources into

protein production. Already available i s Information cfi the

fcllcwing,

1) the translocatoiy arrangements for interchange of assimi-

la tes withir; the p laa t , and the identification of the

organic and inorganic delates mevtag in conductlug e l e -

ments of xyleto aad phloeîa (Atkins e t &i, 1975; Pa te , W76;

Hocking & Pate , 1977),

2} the functional economy cf nodule and nodulated roots , esp-

ecial ly In relation to the efficiency of conversion of

photosynthate from the shoot into anino compounds produced

in nitrogen fixation (Minchin & Pate, 1573; Pate, 1976,

1977),



3) the r o l e of vegecat ivs parts of the shoot la the synthesis»

processing and transport of sss isai iatea dest ined foe cour-

lâhme&t of f r u i t s and se.ed3 (Lewis & Pate , 1973; Pate et «ï i ,

1975; ? a t e , 1975, 19 ?6 ) , snd

4) the functioning of the f ru i t in converting i t s cvn photo-

synthet ic products and the trans locate i t rece iver (crca the

parent plant into food reserves of seeds (Pate e t al. 1977;

Fiinn e t a l , 1977; Atkins e t a.Lt 1977).

A recent extension of t h i s approach has been t o construct

carton snd nitrogen budgets for the whole plant and i t s parts

throughout growth and development, aad chua obtain s p icture cf

hew ass imi la t ion of these two eieasasts l a shoot and root r e -

l a t e s quant i tat ive ly ta tht growth sad product iv i ty of the plane

(Herridge 6 Pate , 1977; Pate & Herrldg*, 1977). This paper sum-

marises our progress and the conclusions we have drawn.

2. EXPERIMENTAL STU0Ï OF THE CAREOS AND Hl?iluG2l ECCHCMÏ 0? 1SE

AtRtCAL NODULATED LEGWE.

For our s tud ies of the carbon and nitrogen balaace of nodu-

lated leguaea, populations of p lants ware grown en minus nitro-

gea nutrient so lut ion io sand «ulcure. The expet înents were coo-

ducted ia n a t u r a l l y - l i t glasâhouses (aider seasonal condit ions

aad at canopy d e n s i t i e s equivalent t o those under which the

epec ies would be aortul ly grown as a crop plant . By use of

evaporative coo l ing , temperatures wJïhîn the glasshouse were

Biaintained at a leve l cAo*e t o that obtaio log outdoors. Using

containers oi r e l a t i v e l y large capacity (11 ft), and allowing

only two pla«!t» per c^âtal>ier$, plant growth vas not severe ly



restricted by voiuae af the rooting scdium. Bech c

possessed 3 l id , with holes through which the shoots grew and

through which oeasured asaoup.ts or water and nutrients were added.

A port la the base o£ the container enabled excess vater to be

drained fro» the rooting Dedlum. The basic coastruction of rhs

container pertaltted gravimetric studies of t respiration loss

ftoav the plants, and allouât! adaptation for study ci the tespita-

tory output of intact nodvj5atôd roots (set below).

The construction of a basic carbon budget for the plants re-

quired ueasurements of carbon gains or losses as dry natter of

pltnc organs, and asseasroer.ts of respiratory and pfaotosynthetIc

exchangee of CO by these saac organs over specific interval»

of the growth cycle. Changes in tarbon, niltogen and diy aatter

were studied by progressive s a i l i n g iron the plsnt population,

using harvests of at le&st 20 piants to reduce sampling errors

due to variation batvecn the planta (see Hsrridge fc Pate, 1977).

Other features ose&aured were fteeb weight of plant parts ond arsa

of leaf le ts . Root ble&ding sap (xylea exudate) waa collected

froa plants at intervals during growtb ar<d assayed for organic

solutes of nitrogen.

Hodificaiiort of the lidded container for treasuring respira-

tory losses from the ncduLâted toot was 63 shewn ia Fig.I . The

base of each atetn was sealed to the l id of the container with

plasticine, and.with tUe baiai drainage port closed,the gas

space of the root could be effectively csaled Crcsi tfct surrounding

atoospherc. Inlet and outlet fôfts (Fig.1) pfercsitted



air to ba passed continuously through the containers, and by

passing the effluent gas ftata the roct through Petiet&offer

cubes containing KOH (see Mir.chin and ?ate, 1973), the respirea

C0« of the nodulated roct system was continuously collected. The

rate of gas i'lcw through the containers was adjusted tc achieve

an average CO» concentration around the roots matching as clcsely

as possible the level of CO. in the rooting œedlca of

plants not ft et up for root respiration studies. The root gas

Space of young plaats showed CO. levels vithln tha range 0.3 -

0.5% v/v. Levels rose to sl ightly In excess of 3Z v/v by the

time the plants had reached fruiting. The grevth and nitrogen

fixation of planta whose roots were enclosed for respiration

was not noticeably different frosa that of unenclosed plante,

and the final yield of dry matter and seed frets plants grown in

the containers was comparable with that encountered In field

plot tr ia ls of the species under similar seasonal and nutritional

conditions.

Two refinements of the gaa Clow system deserve neatlon. Xn

one an infra-red gas analyzer, (1EGA) 1B used to cvocltor CO, Con-

tent of the effluent gas stream (dee Hinchîn et al, 1977), thus

making possible study of «hort-term effects on root respiration,

la the other collections of CO- froa roots *re coablned vi th
î if

pulse feeding of ' 'CO.. to &hocta, thereby enabling the tfcse

course of uf.-llizatj.on of recently-fixed carbon by the nodulated

root to be examine* (P»te U Hcrridge, 1377).

Sight respiration oî ohoot» was tscasured using th* s*ne

plants In which root respiration vas being aoaitoredi this w«s

achieved by enclosing the shoot* In plexiglaaa chaaber» of

tw-
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60, 120 or 170 £ capacity and measuring CO2 release froa the

ahoot by absorption in Pelt enîcaf fer tubes. The (\cv of C02-

free air Into tha charaber was adjusted to achieve a conceatra-

tlcn around the plane as ciesé as possible to that of air. (0-03%).

Efflux of CO2 was «sâSMred i'roa duak to ism and the chambera

removed from the shoot during the photaperlod.

Estlnates of the propottier.al contributions o£ nodules and

root to the respiration of the nodulated rocs vexe asde by en-

closing freshly detached nodules or roots la ssa&ll plexiglass

cuvettes ar.d treasuring their C02 Output over the first hour

following detachtaeat oslr.g A gas saw?ling technique specially

adapted for 1RGA analysis (Atkins & Pate, 1977). Generally the

estimates of respiratory output of the nodulated root tuade by ôvn-

aatlon of the respiration of itt individual detached parts

agreed reasonably veil with the recorded COj output of the nodu-

lated roots of Intact plants as determined by the Tetteakoffer

system (see Fig.2). Similarly, estioateB of C02 cutput at night

froa detached parts of a shoot (eg steas + petioles, leaflets,

and reproductive parts) together yielded a value for respiration

close to that for the night respiration cf the intact shoot.

Accordingly the "net photosynthesis" of the sbaot during

rhe day was determined indirectly as : -

Net photo- C gain aa dry Respiratory Respiratory loss

synthesis. » natter by * los« of C + of C by nodulated

(Met C gain plant parts by «host at root (day+night).

by shoot day end night,

in photo- night,

period)



s.

A further dimension to the carboa budget Involved analysis

of transport liquids of xylas. By relating the C t S ratio of

Kylea exudate tu nitrogen increments of the shoot, estimates

were made of the amount of carbon moving from root to shoot

attached to product» of nitrogen fixation (Kinchin & Fate,

1973, 1974; Herridge & Pate, 1977).

3. THE PARTITIONING 0? P80T0SYKÎHAÏÊ

As examples of our carbon balance studies we sslect data

for two very different species of lagvase, one, the vbite lupin

(Lupinus albas L. cv Neutrs), s tall, tap-rooted species

suitable for growth sa s winter annual in Western Australia, the

other covpea (Vigns ungviculuta (L.) Walp. cv Calooaa), a slen-

der-rooted tropical epecles, grown in Australia ss a susner crop.

Seeds of white lupin are high in protein (33 - 362 by weight},

contain virtually n& starch, and have the cajcr fraction of their

carbohydrate reserve as vail polysaccharides (Atkins et al, 1975)î

thoce of covpea are starchy end of low (20%) protein cooteat

(Berrldge & Pste, 1977). Beth cultlvars studied shewed a low

harvest indez (seed biomaas : peak vegetative bioi&a&s} ia glass-

house culture, and atgîst therefore be regarded as typical of the

many species of legume requiring selection for improvement la

grain yield.

The fate of net phoccsycthatt during gTovth of the two

species «as aa shevn in Figs. 3 and A, it com of each budget

belr.g expressed relative to a net intake of 100 units of

carbon a» net photoeynthace by th& shoot during th« photoperiod.

Cas exchange studies of defoliated planes showed that fruit, atca



9 .

and petioles were at , or close to» CO, coopeasatica point

during the photoperlcd, so those crgaae were pictured e« rslying

entirely oa net phctosynthate of leaflets for dry natter pro-

duction sad saainteaaere of respiration at night.

The ma*or eletaesxt in the flow of carbco consist-id of phloea

traaalocatiort of photosysthate fro» leaflets to other plant parts.

The sasl l atwsmts of cerboa carried ic r.ylea were envisagea as

being related specifically to the export of N.-fixatioa pro-

ducts froa nodules, values for the C ; ft ratio of the xylen sap

being used to coœpute this ccypled fl«w of C aod H (see Table 1,

dad Miachin, 1973; «tacMn S Pate, 1373; Pate, 1S75). Mobiliza-

tion o£ nitrogen frost vegetative to improductive parts vas

assumed to take place by the phlcsm, ar.d the acouat ef carbon

moved by such transport vas calculated en the basis that the

oobillze-J products had 3 C J N racio ainiJer to that of leaf

protein (see Pate i Herrldge, 1977).

Three phases of development vere recognized is the grvwiii

cycle of the two legusss, Phase 1 spanning vegetative growth Lc

the start cf flowering, Phase 2 encompassing floterlng ana the

early development of f ru i t s . Phase 3 the final stage of the l i f e

cycle, dominated by the continued growth cf fruits and particul-

arly by the f i l l ing of »eeâs.

Phase 1 - vegetative growth (?ig.3A, Fig.4A)

Vegetative growth cf ciwpea spanned approximately half of

the l i f e cycle and was a tine when 37Z of the net photosynthate

and 502 of the fixed Ditrogco vere asaitailated. Vegetative

growth of lupin cccupied only one-third of the l i f e cycle and
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accomplished only 62 of £l\e pleat's total net photosynthesis e«d

IIS of the total S iixativiu Despite these differences the two

species showed closely similar patterns of grass distribution of

incasing phetoaynthate during veget&tivs growth. A large pro-

portion o£ the fixed carbon (27 - 30Z) waa invested ia dry Bat-

ter gala of leaflets and hir.ee la Increasing the pnotosyothetic

potential of the plant. Even larger fractions of the correct

photosynthate (S4S la lupin, 412 In covpss) were t tans located to

roots, consuciption in respiration o£ coot and nodules equalling

(cowpea) or exceeding (lupin) the aoiou&ta of carbon entering dry

matter of these organs. Ths percentage cf the plant's net

photoeynthate utilized by nodules vas higher in lupin than in

cowpaa, due to higher expsa.iiture by lupii is nodule respira-

tion, and a greater requirement for carbon ia transport of fixa-

tion products fro» the nodules. The latter feature related to

the higher C : R racio of fixation products of lupin than eovpea

(T&ble 1), s difference discussed at length In a later section

of the paper-

Phase 2. Flowering and early fruiting (?lg.3B, Fig-4B)

This phase, 16 days long ia coepea, 44 days in luplo, «as

when greatest photosynthetic returns of carboa t»ere «&da by the

species. Lupin fixed 62Ï of Its S, cowpea A22, underlioicg

the importance of thiG stage of growth in «stablishiog reserves

of nitrogen. The nodulated root of lupin received 49% of the

plant's nei pbotosynthate, a feature no doubt related tc its

tap-rooted habit and to centInued growth of nodules and root-

lets after flouerIng, The coaparablc figure for c«wpe* v u 34S.
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The diminishing supply of c&rboa tt> the root of cospea resulted

in & progressive widening of i s s to? ; root weight ratio (sea

Herridge & Pate, i977>. Noshiles of lupin received 12% of the

cet photosynthate la th is phase, codules of cotraes S%. These

proportions were less than in Phase X ox the l i f a cycles. £7

contrast, the proportions of net photosynthate ccas^csed la root

respiration Incisasfed frees .Pbase 1 ta Phase 2 , iadicst lsg higher

consuuiptica In ssinccnance of a larger root syatftis* and possibly

an increase In the respiratory activity of saicroflora feeding «a

decaying t issues of the rests .

The earlier flowering ani faster growth of fruits cf covpiia

resulted In « net gain by fruits of 152 of the plant's net photo-

syntbate versus BZ in the case of lupin.

Phase 3 . Seed f i l l ing (?i&.3& end Fig.4C)

The species differed tract osrkcdly during thie phase, tapta

asaiatained trao3locate ta i t s nodulated toot equivale&t to S4Z

of the plant's net photosynthate, vMlac In cowpea oaly 14Z was

diverted Co underground organs. Sitrcgen f lxstica coatixnieâ fez

longer end at higher intensity ia lupin chaa In cowcea- In lupia

27S of the total M fixed over the growth cycle vas assimilated

during &eed £111, in covpea oaly BX. Decline in net photosynthesis

through shedding of leaves started earlier, sad took place sore

rapidly in cowpea them lupin, leading to such ettaller returas

of fixed carbon by the feree; epecies doriag fruittog. Neverthe-

less the proportion of &et photosynthate sovisg to reproductive

org&as wa« higher la cowpea (.762) than in lupin (3BZ) suggest ing

differences becvet-n the species in the c«sp«lftg poacr of f m i t »

for sssltailatts.
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4. ASSÎKïLAÏE SUFKA* /-KO KITROG&l FIXATION

lis tag the sane priaary data fosr the species, coaparieoas

vere extended to the relationships during growth between eyas-

blotic performance and photosynthesis. Symbiotic activity

(Tig- 5A» 6A) was assessed la cams c£ mass of nodules

(g fresh wt , plaat™ }, specific activity of nodules

(qg H fixed » g fresh veight of nodules . day ), end the

relationship bctveen these variables œ-.pressed ns rate of fiz^-

-1 ~1
tlon (?ag X fixed ; plaat . day ), Ccsparable quantities for

évaluât ID g changea with tie*? La photoayntbetic activity (Fig. 53,

6B) were leaf area (dm , plant ), specific activity of leaf

surface In producing oet photosynthate (isg CO^ « om . day ) ,

sud rate of gain of net photosyr.thate by the ehoot

Cg C . shoot" . Asf ).

Rate of nitrogen fixation sad mas3 of nodules per root in-

creased parallel with increases in leaf area and in rate of pro-

ductioD of net photoaynthate by the tvo species, suggesting a

strong measure of dépendesce betveen nodule performance and

photosyathetic activity. Asaiœiiattcm by leaves and nodules

achieved peak specific activities well before flowering,

although early losses of aastcilatory efficiency vere sore tbasa

offset by Increases in «tea or taass of «sslailating organs. Leaf

abscission sad nodule senescence occurred earlier and sore

rapidly In covpea than in lupin, causing a core rapid decline 1»

aseitallatory activity of the forcer species after flowering (see

Figs 5 «id 6}.

The graphical representattend of ?ig.7 provided further de-

tell oa the tiolag of certain key events in the second half cf
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1}

2}

the l ife cycle. The paraaeters depicted vara chose deeded cost

relèvent to declining £SsinilaC£on, end each waft related to a

cccmott percentage scale on which a value of 100 denoted! the nax-

iizuaa in a specific quantity or activity attained during the

growth cycle of the plant-

Several interesting features emerged : -

A déclina la specific -activity cf nodules vas the f l ist

evidence of degeneration of symbiotic performance in the

two species. It coraaenced whilst nodule cacs was s t i l l

increasing and some tiaa prior to the attainment of \stsx-

laua net pbotoajrotheaia.

The quantity «set closely related to declining rate of

nitrogen fixâtica vas the rate at which photosyathetically-

fixed carbon was supplied to nodules. Pixsticn started to

decline soa* tine before the first decrease in rate of car-

bon supply to the whole nodulated roots, suggesting that

once nodule specific activity started to decline the

nodules competed less effectively with roots for translocate.

Declining nitrogen ftsatica in cowpea vss correlated with

Increased diversion of photosynthate to fruits, teplying

that competition froa reproductive orgscs oight have

Halted the assteilatc supply to nodules, this feature

did cot apply to lupin» in vfaich the decline in re.se of

supply of C to fruits occurred earlier thsn the decline

in fixation. In fact trsasloc&tioa of carbon to ftuit»

declined during twich of the tltse whett fixation rate voa

decreasing, the caiboo bedgsta of lupin at this tice

CWg.3C) Indicated that fruits competed saûre with other

3)
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organs of the shoot than with the root, foe photosynthate. Indeed

the mala cCEpetitivt' influence for nodule functioning appeared

to be the dâ&a&ds of the parent root foT respiratory substrate.

5. HIÎROGEH SOURCES TOR FKUIT FILUKC (Pig. 8)

Although cowpea end whits lupin exhibited ssocahat differ-

ent tiaings In the decline of tbair respective symbiotic act i -

v i t i e s , aad bore evidence c-f different relative daraaads for n i -

trogen in f i l l ing of their seeds, the two species showed essen-

t i a l l y similar profiles of supply of nitrogen to their fruits

(Pate & Iierridge, 1977; Herridge sad Fate, 19??}. Accordiag to

the nitrogen balance sheets for this stage of aevelcp&e&t

(Pig.8) fruits ûrw on three auji.n soMrces of nitrogen, currant

fixation In nodules, aiobilizatîon from leaflets prior to l ea:

shedding, usid mobilisation from êtes ead petioles» Current

fixation represented the principal source of nitrogen during

early stages of fruiting; in mid-fruiting oobil izstica froa

leaflets, aad continued nitrogca fixation supplied substantial

amounts of nitrogen; and then, in the final fetage of fruit f i l l ,

iDobilization from stems furnish-3d the major (lupin) or only

fcowpea) source for the fruits . Despite differences in the

relative s izes and timings of the contributions froa these

sources, approximately 60S of the K incorporated into seeda of

both species carte fxoa nodule fixation during fruiting, the

remainder as mobilization froa vegetative parts.

It vouJLd be interesting to knew whether cultivars shoving

higher harvest index and yield of seed protein, vculd show tsore
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efflclent retrieval o£ nitrogen £reni vegetative parts to seeds

than la the cultivate tested here. Earlier and store complete

withdrawal, of nitrogen froa leaves would carry the obvious pen-

alty of destroying photasytahetic proteins of the laaf and heace

restricting the carbohydrate supply for further nitrcgea fixa-

tion by root nodules. This Is en aspect of leguma functioning

noet deserving of study since ic night lead to a prescription of

the physiological attributes conducive to highest transfer of ni-

trogen to grain, A plant which would store large amounts of

fixed nitrogen in its stats before flowering, and which would

draw on stem nitrogen in preference to leaf nitrogen for fruit

filling, would seeci, 8t first sight, to possess feature» pro-

moting a high harves: index for nitrogen. If these character-

istics were combined ulth the capacity to taaimaf,; root and

nodule integrity until the late stages of fruiting, unusually

high yields of protein froa seeds might be obtained.

6. MEASURING THE EFFICIENCY OF CASBOS USAGE IN NODUIES.

The flow profiles of Figs 3 and 4 depict the carbon con-

sumption of nodules as comprising three basic elements, a re-

quirement for formation and growth of the nodule, a requlreseat

for maintaining respiration of nodule tissues and for providing

energy for nitrogen fixation, and * specific requirement for ex»

porting fixation products froa the nodule u> organic solutes of

nitrogen. Table 2 provides data on all three aspects of the

economy of nodules for the three species of legume studied to

far» namely Pisum sativum (Kinchin & Pate, 1973), Vigan

unguicolàta (Hevridge & Pate, 1977) and tupinus &lbua (P*c« «
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Herridge, 1977).

In each 9peclcs the carbon used In export cf fixed nitrogen

cooprised the largest ttea (46 - 52Ï) o£ the osdule'a badget;

respiratory losses amounted to 36 - V>% of the carbca contused,

and th% regaining 9 - 16% vas used for nodule growth. Expressed

it» tertes of gras atoms of C consiaasd per grsa atoa of H fixed

(bottom section of Table 2) ncduies of cewpea turned out to he

considerably more economical In terms of carbon u?age (3-2 g

etca» C . g atoo 8 f4*ed~ ) than those of either lupin <5.1 of

sema units} or garden pea (4.8 o( same units) . The use of

ureides in export of nltt&sett was the major factor la the better

ecanosy of cewpea nodules, but the low value for CO. output per

unit of nitrogen fixed also contributed to the efficiency of the

species. Hodulcs of cowpea had lower proportions of their vol-

ilfije as bacterold-containlDg tissue than nodules of pea or lupin,

and this nay have hsd sons bearing on the apparent differences

in respiratory efficiency In nitrogen fixation. Cowpe* nodules

also showed higher specific activity for nitrogen fixation than

did lupin (Pigs SA and fA), average and maximum specific

act iv i t ies of cowpea nodules being 6.3 aad 8.4 rsg M fixed . g

fresh weight nodules ' . day" respectively, versus S.i and 7.1

o£ the same unite respectively for lupin.

The literature records a nut&ber of attempts to assess the

coat in terns of carbon of nitrogen fixation by leguae nodules.

Table 3 summarizes information frota such studies including, lut

comparative purposes, the data already described here for cow-

pea, pea and lupin.



One experimental approach (.Table 3 , iteû 1) was Co study

dry weight differences between nodulated plants and non-nodulated

plants supplied with <m 'equivalent* anoint ci combined nitrogen,

usually In the fora of nitrate.- Any reduction in dry matter

production by the nodulated plant in comparison with the oon-

ttodulated vas then taken to represent the 'extra' cost in tenss

of phot osynth ate of fixing solecular nitrogen as opposed to as-

8initiating the combined form ci nitrogen. Expressed la these

terms the values obtained varied froa 0. 37co<*.7 g atom C res-

pired . g atom K fixed for subterraseajs clover (Gibson, 1966)

to 5.9 to 12.1 (sane units) for soybean (Alias, 1931).

A second approach (Table 3, i 'ea 2) was to compare the res-

piratory output of nodulated and non-nodulated root systeas of

intact plants «ad from this determine what extra component, tf

any, of the respiration was attributable to nodule». In this

manner, Bond (1941) estimated that 252 of the CO, efflux of the

underground organs of a soybean plant was due to nodular res-

piration. From this he calculated a respiratory efficiency

for nodules of 8.9 g «torn C . g atom S fixed" . A variation on

this approach, used by Hinchin and Pate (1973) o n Ptsum sativum,

was co coapare CO. efflux froa nodulated roots of Intact plaot3

with that of roots of similarly aged non-nodulated plants

supplied with aitrate. When data were expressed in tents of

CO. output per unit of M assimilated l i t t l e difference was found

in the respiratory outputs ci the two classes of plants. In this

Instance non-nork'lated rocîs auet have borne the cost of reduc-

ing much of the nitrate absorbed froa the rooting médius» since
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rsots of PistMn possess sri active nitrate reductas-e systea (see

Oghoghorie & Pate, 1971).

A third class of estissatioa (Table 3 , Item 3 ) , also on

sazivuatjinvolved «sasuresient of the respiratory output of detached

nodulated roots uader conditions ci -varying nitrogen fixing cap-

acity, as estissated by C,H. reduction (Mahon, 1977). It was con-

cluded that th« coiapanent of respiration ltaîccd specifically to

thé K fixation process ol nodules cost the equivalent of 7.9 g

atom C.g atom H fixed" (Mâhon, 1977).

Fourthly date used f&r coating nitrogen fixation were ob-

taïBfcd by measurements of respiration ot decsched nodules es

freshly excised segments of noôulstjid root (see Table 3, Itea A>.

The validity ol each ci the approaches mentlcr.ed ebove most

be quostioned, Cosparisoaa based on s&asureoents fros nodulated

and non-nodulated plants assuaa strict comparability la a l l

respects save those relating to the assimilation of nitrogen.

This condition Is rarely t£ ever achieved. For instance root

systems assimilating n i t ia te are usually larger than their nodu-

lated counterparts and the morphology end physiology of their

shoots nay also differ quite radically (see Bc-uae, 1970; tUachln

fc Pate, 1973). Indeed unless combined nitrogen i s applied at

the same rate as that at which symbiotic counterparts Are fixing,

and unless the Application of combined nitrogen i s delayed

until M fixation hâte scatted. It i s alao3t inevitable that very

different patterns oi growth wi l l result in the two sets of

plants, furthermore a proportion of the. nitrogen absorbed by

nitrate-fed plants i s likely to be reduced photosynthetlcélly in
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the shoots «t essentially r.c- cost in terras of AXP cni reductaat

froai respiration. It i s the» patently unfair to c:-uipare carbon

econoaies of nodulated and non-nodulated cooes in te ras c.f tet al

nitrogen assimilâtton.

Direct neasureaents cf respiratory output frcs detached

nodules or segments or inxlul&t&d roots suffer the obvious dis-

advantage that wounding «ffects , atarvatica ef fects , or loss of

nitrogenaee activity following tJetachcent ai the nodule are

likely to cossplicate the issue. Also, alsost iaveiiably, the

respiration studies are 3>ada in air , in vhich any capacity which

the root nodules night hava tct f ix carbon dioxida would noc be

effectively displayed. This Is considered in detail later on.

Finally, in cs&nection with our ova studies (Table 3 ,

Item 5) several cr i t ic i ses apply. First ly , the use of rosti&g

oed£a containing organic matter i s precluded for respiration

Studies on intact root systeas «Xnce rhizospbere siicro-orgsF-isos

night deconpose co&pcnenvs of the organic matter and thus con-

tribute 'extra* CO, to that released îcom csrfoon of plant origin.

This rules out- studies simulât lag plsnt performance ia ao i i .

Secondly, prcbletss of roots beconing pot bound during growth

v i l l apply» Just «9 in any pat culture work., th i s applies par-

ticularly to « tep-rooted spseies such as lupin, In which roots

tt&y penetrate for over 1.5 metres aid exploit a soil volume of

100 - 200 l i t r e s , ccapaced with a volume of only 11 l i tre* in

the containers used for respiration study. Thirdly, the syetea

f a l l s to distinguish between CO, released froa l iving tietue*

ana that resulting ft en nticrobial decoMpoùition of to&t
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oi decaying root tissues. Judging froa the very low content of

non-living organic ta&tter present in the root lag xsedica of

fruiting plants, decomposition of «lead tissues er root and

nodule must be very effective under the conditions of the gas

flew system. Consequently a substantial COP tribut ion cf CO-

f:;cra micro-organises is to be expected. Of course when using

silica eanâ as patting tsedlvo this CO. oust have been derived

frca photosynthettcally-flxed carbon, albeit largely that

synthesized, at an earlier tisne iii growth.

The «tost important criticism of our respiration studies

relates to the technique for estimating the separate contribu-

tion of nodules and toots to the respiratory output of the whole

part AS measured by the gas flow : Pettenkoffer eystes. As sen-

cfoned earlier, this is accomplished by treasuring the respiration

of freshly-detached nodules and supporting roots, and using the

masses and specific activities of respiration of these organs

to apportion the CO. efflux of the whole nodulated rcot systess

between nodule and root cocrponents. The requisite: ssftature-

ments of respiration of detached nodules and root carry the

Inherent disadvantages mentioned earlier, although the sua of

the COL output frca nodule and root in oc-st instances «matched

reasonably well with the efflux frca the whole nodulated rcot.

7. THEORETICAL KESI'IRATIOK COSTS FOR HITROGES FIXÂIK» IH

LEGUME N0DUL2S.

Studies feeding N, to decacbed nodules or isolated

bacterolds (eee Bergersen, 1971; Eilvorth, 1974), suggest that
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aœiûonie Is the fitsi stable product of nitrogen fixation. The

Btoichiotsetry of ATP util ization during reduction of nitrogen has

cot been clearly defined but fross published values for isolated

nitrogenase A AT? oolecules per 2e is regarded as en average

estimate (Dllvorth, 1974; Dixcn, 1975; Burrls, 1576). The v e l l -

doctssented re'juireaent of ucdvleo for oxygen, the values ci 1 or

sl ightly greater than 1 for the respiratory quotient of detached

nodules (Allison et a i , I960; Bergersen, 1971) and the

of tricarbcxyiic acid (TCA) cycle eazyuas with an &ut.Àxldîzsbl«

cytochrome system in bacterolda (Bcrgersea, 1971), best evideace

that oxidative phosphoryïaîioc sight b« the principal source of

ATP icr the nltrogenaoe.

Amaocia produced in nitrogen fixation Is assimilated iazo

organic cc-cpounda by upecific aasaor.ia ass îs i l scor/ enzyaes

(Miflin aad U&, 1977), The significant levels o'i HAEB-depeod-

eot glutamate eynthaae/glutâasine synr.hatese in extracts cf

Doâules of an aaide-produciug pleat {Lupmas (Eobertsco et a l ,

1975)) and utelde-produttng plants {Vigza, Phaseolua (Atkins

et *1, 1978 (in press})) suggests that there nay be * ccaxsoa

route for aajficnia aâsiallattan regardless of the classes of

secondary products which nay eubsequent ly fera.

The situation in arside-produciag legv«aee> such as tupiaus,,

Via», Pisua, and TrifoXiuai (see Fate, 1977), i s depicted in

f i g , 9. telnet acids ar& shewn as forating by aninc transferase

reactions with keto acids, glutaaine directly frosi glutaaine

eynthetase, and aeparaglne by a glutaair.e - , ATP - dependent

aaparegine synthctass, ac detssostrated far extracts of lupin
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nodules by Scott, et ai (1976),

The picture is much less clear for ureide-produciag legusaes,

although 15N2 feeding studies prove that allantoin and allaatolc

acid are fonaed In nitrogen fixation (Katsutaoto et ai , 1977;

Atkins et al, 1378). these compounds might for» as i& animal

tissues by aerobic degradation of puxlnes» (Reinbothe & Motbes,

1962). Alternatively mreide synthesis might be accomplished

from glyexyiate end ureâ as suggested by Bollard (1959)• These

hypothetical pathways are Illustrated in Fig. 10. The puriae-

based pathway picture» two carbon atcas of the purice ring

casing ire» glycine and two froa foray1 groups (labelled "Cl" i s

Fig.10). One nitrogen atoa i s provided from glycine, two by

transfer of the amide-B of glutaalne and the fourth donated frets

aspartate. The regeneration of sapartate could be achieved by

reversal of aaparraaa, although there Is no evidence c£ such s

eystea in nodules. It is shown in Fig. 10 as an aziso transfer

to oxalacetate formed frctn fuuarate via nalate aid generating

NAIH. Xaathine oxidase, ucicase and allantoiasse, enzymes

capable of aerobic breakdown of the puriaaa, have been deaon-

atrated in nodule extracts of soybean {Glycms o«x)(Tajiaa &

ÏEjismcto, 1975) cowpea (AtTtlaa, et al, 197S) and Pbaseolus

vulgazis (Atkins & Rainbird, vsipublished).

The alternative route for ureide synthesis (Fig.10)

utilizes the well-known reactions of urea synthesis frca «rgtnine,

and the hypothetical cendensatioo of urea with glyoxylate by

reversal o£ the degradatlve purint pathway. active to

Cthis condensation have yet to he deoonstrated, although C
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lebelling studies en fungi and higher plan» (see Bollard, 1959}

indicate that urea and glycxylste aight be precursors cf

allantoicw

Our costing of the synthesis of nitrogenous compounds gaa-

erated la nodulea (Table 4) has assumed that the requirasevus

of synthesis fot ATP aad reducing power are as shewn in Figs 9

10. Two further assumptions are oade : -

1. ATP • AMP ï 2 ATP **• 1 S&V

2. 8AK1 + H • SAD 3 AIP

(ia the P/2e~ ratio of cxidativa phosphorylacion Is 3)

Proceeding on this basis the aaino-N of amino acids and

the aalno-H of ealdeis are seen to each cost the equivalent o£

4 mol ATP per col KH tiwjrpozst&d, the onlde-N of glutasinc

, and the amide-N of aspaisglae 3 AIP. The cost o£ ureida

synthesis i s eettaated as 3 uol ATP per sol NH, incorpersted in

urelde S, regardless of whether the purine or urea/glyoxylate

pathway is being ut i l ized. However, i t should be noted that

certain hypothetical reactions of the urea/glyoxylate pathway

can not be coated so chat the ASP requlretaents of this pathway

nay well have been underestlasted.

The ATP requltettent in synthesis of the nitrogenous

coopoutids formed 1= nitrcgen fixation of a species can then be

calculated on the assumption that solutes are generated in the

proportions evident froa analysis c£ xylea sap (Table 1) ; Re-

levant data for Vigr.a, Luptnus mi Pisum &rt i l lustrated as

itea A of Table A. The overall coats of as3toHatIon of

into organic solutes turn cut to be very sini lar despite
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major differences la composition of fixation products of the

species. However, the use of ureides for assimilating NH. aad

transporting nitrogen gives a slightly better econoxy in tersss

of ATP consumption, than were asparoglne used for these purposes

(Table 4A).

Item B of Table 4 provides an estimate of the aaount cf

00, likely to be generated in assimilation of tl_ Into aml&o com-

pounds. A requirement is assumed of 3 e acd 6 ATP coleculêa

per molecule of NH« produced by nitrcgea&ae (Figs 9 and 1C),

so that 3.5 aol CO would be evolved per mol KH, reduced, it

ATP «ad reductant were provided by sugar oxidation via the Eabden-

M/erhof glycolytlc pathway fclloved by TCA cycle œetabolis» and

ox.ldative phosphorylat icn. A similar source of ATP is assuaed

to be used asslttiiating ataactiia into assiao compounds, and this

i» coated for each species la teras of CO, output using the AT?

requirements indicated in ltea A of Table 4. The total CO,

efflux fro» the nodule associated specifically with nitrogen

fixation (.lowest entry. Table AB) la then computed by Addition

of the requirements for nitrogenase and for ass&onia assimilatioa.

A further loss of CO» sight be essoci&teâ with the

formation of fccto «cids or eny other precursors of the nitrogen-

ous solutes ehcvn in Fig.9 and 10. Assuming that ihese cospounds

were generated within the nodule, rather than being provided

M translocate froa the shoot, oxidation of sugar 1 B the nodule

would be required to generate these carbon skeletons. However,

since this would contribute energy for tssitailatlor. cf nitrogea

It It not considered ta represent, an additional itea in the



respiratory budget of N assimilation.

A final element in the nodule's respiration relates to

growth and n-.slatenance. Here we use values suggested for higher

plant tissues by Penning de Vriss et al (1974), and Peaaing de

Vries (1975), naaely 0.2 g CO- svoived per 1 g dry a&ttsE syn-

thesized in growth, and 30 mg glucose respired . g dry e*tter~

day" in maintenance respiration (sas Table 4C).

The total ccsts of nitrogen fixation in terns of GO» efflux

are shovn ia Table 4D as the sua of itess for nitrogeaase

activity, for KH. a8simllail.cn, and foe respiration in growth

and maintenance cf the nodule. The vsXues obtained turn out to

be very similar for the three species, 4.64 oolecales CO- . per

atom nitrogen fixed in Vigrsa, 6.78 (saas units) in Lupinus.

and 4,74 in Piswa. The nitrogenese requireoer.t of 3.5 nclecules

CO- per atom fixed is in each case the largest itea of the

nodule's respiration budget, «mounting to 73 - 7SZ of the est-

imated output of C0^- Assimilation c£ ancoala loto aaino COK-

pounds, is the next largest itea (equivalent to 22 - Z$E of the

nodule'« CO, output), whilst the respiratory reqaire&ents for

maintenance and growth of the nodule account for m\lj 32 of the

eetinated net output c£ CO..

8. THE DISCBEPANCY BETOEEÎl 1BE0RETICAL ASD OSSERVED C02

OUTPUT FROM U&UKS NODULES.

For each of the speciea we have studied cbserved rates of

CO- efflux from nodules are considerably less tban tfcst ex-

pected frcta theoretical considérations (cf data of Tablas Z and 4).

Thus, for Vignà unguiculsza tha torperlnentally-obtained value 1»
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1*3 molecules C02 per etia» K fixed, compared with a theoretical

value o£ 4.6 of the saœe ucits. Tor Lttpinus albus comparable

values are 2.0 (observed) end 4,8 (theoretical), and for Pi sum

satlvwa 1.7 (observed) and 4.7 (theoretical). Thus, either the

theoretical assumptions have everestimated the energy require-

ments of nitrogen fixation, or the observed gaseous efflux fros

the nodule grossly underestimates the actual release of CO in

respiratory uetabollsa of nodule tissues.

Probably the least certain component of the theoceclcel

eatlostes ia the ATP requirement for nitrogenase (D*.xcn, 1975).

Indeed the measured requirements of the Isolated er.zyoe foe ATP

nay well be a gross overestimate of in vivo consuoption. This

would be the case wece the structural configuration necessary

for function of the enzyms systen Jn the living bacterial cell

to be maintained without ccnrir.uous stabilizatica involving ATP

hydrolysis CThorneley & Eady, 1973; Dilwocth, 1974).

The cost In terms cf C utilizatioa might also be reduced

were sons of the AT? requited for nitrogen assimilation to be

generated by a mechanise) other than decarboxylation of TCâ. cycle

acids. According to Dixon (1972) nodules whose bscteroida show

hyJrogenase activity exhibit an oscygea requirement 352 louer

•Chan those lacking hydrcgenase. The ox id at tea of hydrogen pro-

duced by nitrogenase night therefore be an effective oech-rolsa

far ATP synthesis in the nodule (Dixon, 1972).

As mentioned earlier in connection with the catboc budgets,

evidence exists that nodules are capable of CO, fixation (Kinchin
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& Pate, 1973; Lawrie & Wttfcelex» 1975; Chrlsteller et al, 1977),

The îarge phosphoefcolpyruvAte- (PE?) carboxylase activity o£

nodules (Cbristelier et a l , 1977} and the observatisa that

chair pyruvate kin&se. i s inhibited by HH, (Fetecssa & Evans»

1977), suggest» that CO fixât ton ai&bt be related to aitrogea

fixation by providing oxalacetaie- This would effect &a aaa-

pierotic input for simultaneous generation of a-Vato acids end

reductaat by the TCA cycle.

The extent to which fixation cf CO, sight occur Is indicated

for nodules of iupinus anyustifolius by the studies of Christeiier

et al (1977)• Theic data, based oa rates of C,K_ reduction and

ilfC02 fixation, suggest a ataxtmum rate for nodules of the spec Les -

of 0.8 aolecules CO, per atom M fixed. If the fixed C02 were

derived entirely iroas tissue respiraiioo and at a rate 3toxchi*-

taetric vi*b the TCA cycle's catalytic requiteaont for ox&iacetate,

1 nolecule of CO. would be conserved for each nolecule of aside

syatbesiaed (Xe 0.5 sol CO, . mol NH " ) • In sddltion to this

iavolveaent oxslocetate might be used tor synthesis of mal&te.

Our studies ueing Lupinus aZbus show that zyl«a bleeding sap of

detached nodules ccatain* talate at approxiaately 20 a&S, in a

proportion roughly equivalent to 1 noleculs nalate per 3.3

molecules of salno compounds exported fron the nodule. This

finding, and the observation that sylem sap of nodulated roots of

s&tiwm bta Its espartate» osparogine and toalete labelled with

14C After CO- h*3 been fed to the gas sp&ce of the root eysten

(Pete, ttnpublishtd data), supporte the hypothesis that fixation

of CO» into C, cospAufids tûight be an itcportant aspect of nodule

14
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economy, at lease in tbo&e léguasse, expert leg sslâes end

acids from their nodules. The Implications of calate eyathssie

la terms of the ionic balance of the notiule and its exported

products, reoainjf to be evaluated.

Finally, there is lha possibility that eoara of the CO,

released froa nodule tissues stight leave the uodule through the

xylera as dissolved carbon dioxide ox bicfirbcuace. AD earlier

publication (Kinchin & Pate, 1973) found this to be insigci£ic«st

In the overall CO- 1036 of nodules of Pisua sstlvum. Cur acre

recent observations en the levels of CO, «ad HCO ~ Is freehly

collected rylem exudate fcoa aodulateâ roote substantiate this

conclusion fc: Lupinus albus.

To ouœnarize, theve exista s puzxltag nnosaly between ob-

served ana theoretically-predicted rate* of CO, efflux £ron

nodules. The discrepancy would be considerably reduced «are

nodules to engage, in conservation sf respired CO, by neans of

their PEP carboxylase system, and were uechanissa other chaa

sugar oxidation to provide ATP far tiittogenasc Euactioa. It Is

clear that it will r.ot be possible to appreciate fully the basic

strategies of nodule functioning until the ATP requirement for

functioning of nittogenase has bses understood.

9. mz pBOTOsraramc COST OF ÏEJODUCÎIKÎ IH TBS

Ihe v«iuo of legune crops atcas principally fro* the pro»

teln which they produce in «eed or above-ground vegetative bio-

eass, »o i*. 16 c£ considerable interest to assess haw Efficiently

they fern these claasesof protein frost net photc&ynthat*.
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The studies presented here allow- these assessments Co be tsade

fot pot~growa plants of Lapinvs a Jims sad vtgaa upguiculata

under clobcd casvpy conditions in glasshouse culture. They

therefore fire likely to provide saxs general indication of the

conversion ratings likely to obtain under ccœparable seasonal

aod nutritional conditions ea a field crop. Since the cultivais

atudied ere used as green manure or forage crops as veil «s for

grain production, it aeeas appropriate to frame the calculations

in terms of protein systb.es lzed in above ground vegetative part3

by the ttoe of harvest a» a green crop, or at plant su:turity on

tfce tasia of protein accumulated by aecda. Relevant data are

found in Table 5.

By the tia.e of peak content of nitrogen in végétative

parts (79 days in covpea, 95 days in lupin) cswpea had expended

17.2 g net photosyntbate (expressed as carbohydrate) per gran

of protein accumulated in above ground parts, white lopin 24.7 g

carbohydrate per grata protein. By plant ciaturity the coa vets ion

efficiencies to seed protein were 32.5 g net pbotosynthate . g

protein for cewpea, 31.0 g . g for lupin. It would be

interesting to see how other cultiva» and species perfora in

these respects, especially those citltivars selected for high

yield of seed.

It is perhaps surprising to find for these tvo leguaes

efficiencies of only 4 to 5.82 for conversion of net phctosyn-

thate to vegetative protein, end only 3X for the comparable

conversion to seed protein. However, at present there are no

strictly corp&table studies on other crop pleats, legume or
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values obtained are for cultivated planta os a whole, l e t alone

hear close they night be Co the laaxtevai attainable by the most

efficient of cur protein yielding crops. The decision on

whether or cot to expand world usage of legutnes for protein pro-

duct ioa night well rest fia the basis of such comparative

taeasuresencs.

The present data suggest that symbiotic nitrogen flsatioû

i3 cot , of i t s ovn, a particularly costly Iteu in the uti l isa»

tioa of photosynthate by pulse legtsses. to understanding of

their effectiveness in producing protein requires assessment of

a l l aspects of plaat perfornance, especially, i t vould seem» the

respiratory losses o£ plant pazts and the processes involved in

the ocbilization sf nitrogenous solutes to fruits and seeds.

2hes<£ studies and the relevant comparisons with non-leguataous

species should provide interesting case histories of the ecctunay

of functioning of crop plants.
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1. Coapcsltioa of oitregcssova f.-.astioa of xyiea

sap frem three grain legunsea*

astlno acids

glutaalne

aspsragine

uteides2

C : N of xylea

eap3

figna

ungruicuiata

10

10

10

?0

8

1.5

Lupistus

elbaa

% of H

21
12

67

HD

atom . g atoa"*

2.5

PSsun

sativiw

12
IS

63

10

2.2

1 Average composition from cc«Xyces of sas?les of
coot bleeding asp collected ovez the growth cycle.

2 Allantola + alla&tcic acid.
3 Calculated using ureides • 1C : I X ;

asparagine » 2C : I N ; glutealne « 2.5 C : I N ;
emdno acids « 4C : 1 H (the value for a^psttsttt,

the najcr xylea moino acid in the thrca epecîes)
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TABLE 2. Functional ecenoay of
of three grain ieguses.

sad oi^rcgen to nodule»

Species

Period of growth

H fixed

H exported

C used ia export of M

C lost as CO, 5l nodule

respiration.

C incorporated into

nodule mass.

Vigaa

ungui cti J-àta

O-781

726

70S

96$

769

253

Lapinas

aibus

days

0-941

œg.pîeae""
788

761

Œg.plant"

178»

1372

298

Ita.
satiwst

21-Sû2

27.3

25.S

53.2

40.4

18.4

Total C requlcemeat of
2011 3459 112.0

Tctsl C required/H

fixed

C expoxted/t) exported
C respired/N fixed

3
1

1

.23
.60
.27

g acoa .

S
2
2

g atoaf

.12

.74

.02

4.78
2.43
1.73

1. Spans vegetative growth end early fcuiting.

2. The 9-day period In vegetative growth ijaoedistely before

flower initiation.

3. Estimated froa tbe aucune of H exported and the C : M

ratio of xylen sap (Table 1).
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TABLE 4. Theoretical, ascxnates of ATP consumption aad CO2 production by

nitio&en-f ixir.g nodult-s of three grain

Vtgna Lupinus Pisam

A. AT? requirements for synthesis o£ or-

ganic solutes of Bitcojjen from NH,
i ~

amlno acids
glutaraine-ataino

-amido
aspsragitte-ajcino

-aznido
ureide

Total cost for NH, assimilation

B. C0> output associated with nitrogen
2assimilation

R~ reduction to NH-

NHj incorporation into organic H so l -

utes.

Total H assimilation ccst

C. CO- output for growth and maintenance

C loss aa CO- in nodule formation
C loss as C02 in nodule maintenance

Total nodule cost

D. Total COj output

Iteœs B + C

mol

0.40

0.20

0.05
0.20

0.15

2.10
3.10

isol

3.50

1.03

4.53

mol

0.06

0.05
0.11

siol

4.64

ATP,iaei Ml

0.84

0.24

0.C6
1.34

1-01
-

3.49

CO, . mol

3.50

1.16

4.66

CO, . taol

0.06
0.06
0.12

CÛ2 . mol

k. 78

3

0.48

0.30
0.G8

1.26

0.95

0.30
3.37

_ i
MIX *

3.50

1.12

4.62

C.ll

0.01
0.12

4.74

1. Assumes emino compounds are forised in proportions suggested

froa xyletn sap analysis (Table 1) and synthetic pathways as

in Figs. 9 and 10-

2. Calculated as 3 AT? per CO2, assuming that the P/2e~ ratio

tot oxioative phosphoryiation is 3.

3. Calculated using 0.2 g CO2 produced . g dry wt synthesised
ag de Vries et AI, 1974).

4. Calculated using 30 fog glucose , g dry matter" . day" (from
(Penning de Vries, 1975).



S. Coats in teitss if set pactaayrithate <>£ protein proa

in ctwpso (Vifima urjwicalaEa (>,) Wsip. cv Calooaa}

white lupin {Uipums âXbus t. cvNeutra)1

(A) Synthesis of protein ia above-ground

vegetative parts2

Production of net pbotwsyotbate
(g carbohydrate , plaat" )

Protein accumulated in shoot

(g . plant"1)

Net photoaynthate conevwasd per unit

of protein synthesized

(g carbohydrate . g protein )

l'igna

50-1 66,7

2-91 2.70

17.2 24.7

(H) Synthesis of seed

Production of net photosyntbate

iS carbohydrate . plant" )

Protein accumulated in seed

(g . plant"1)
Net photcaynthtte consigned per

of seed protein

(g carbohydrate . g proteiiT )

61.8 103.6

1.90 3.34

32.5 31.0

Data for cewpea frcta HerrX^ge & Pace (197?) £nd fcr white
lupin from Pate & Hsrridgc {1977).
Measured over the period frca gerainatioa to the time of
maximum nitrogen content in afcovc-ground vegetative parts
(ie at 79 days in Vlgna, 95 days ia Iapinu»;.
Prorfuctiiu of nst photoayûtbttte calculated for complete
growth cycle, seed protein cesaured «a aisoosts present
in plants at full «aasarlty {ie 120 days after gersainetics»
in cwpee, 135 da/a ia white lupin).



Figure 1. The gas tlow-Petieukoffet sy3tea used to m«a3ore CO*

release from intact nodulated soot systems of legumes.

I. Faropj 2. Soda Usse "carbosorb" towars co reisove C02>

3. 20-iltre gas mixing ch&sber; 4. Hais gassing lints;

5. Peessure release line; 6- Needle valve flow controllers;

?. Needle vaive fina flow conerollers;

8. Perforated inlet tube to tooting chamber;

9. 11-litre metal canta-insr vith a "gas tight" lid;

10. Silica sand tpc-cisg oedlura, free of organic tnatter;

II, Coarse gravel ta aid cralaage;. 12. Drainage port;

13. Plasticine seal at ste.T./lid junction. 14. Gas cutlet;

15. Pettenkof fet tubes containing KOH to absorb respired COjî

16. Gas line te a reference container, without pleats;

17. Inlet pott for application of water and autrients»

Figure 2. COj effiux of intacc nodulated rcot eyete&s ( ( 5 — O )

and the sum of separate measurements of CO2 efflux fccna

detached nodules and their supporting rcot (histograu)•

ail>U5 L. cv Ueutra plants durir.g vegetative

Figure 3. Flow diagram depicting the input, transport and

utilisation of net photosynthate for three phases m th»

developaeat of ncdulated plants of Lapirtus albas L. cv Hautra.

Items in the budget are expressed relative to a net intake of

100 units C by the shoot.

Figure 4. Flow diagram depicting the input, transport and

utilisation of net photosynthate for three phases io the

development of ncdulcted plants of Vigna tinguicuiàta (L) Walp.

cv Caloor.a. Iteets la the budget are expressed relative to a

nee intake of 100 units C by the shoot.

Figure 5. Components of nitrogen fixation in nodules (A) and

photcsyathetlc p&xfcr&ance cf lecvcs (S) during growth and

develoynent of lupxnaa dlbus L- cv Keutra plaatt.

Figure 6. Ccapcncnts of nitrogen fixation in nodules (A) end

photocynthetlc perfors<snce of leaves (£) during groutb «nd

development of Vigna ungulaul&ia (L> Wd)p. c? Calooûa plants.



figure 7. ?saperai relstisnshlps h^tveen various parameters of

nodule functioning snd the cai'ton economy of leaves, fruit*

and roots during later stages oi the grcan-.h cycle c*£ (/.)

tiipinus aJtbuf t- cv Hsutis end (ï>> Viçiîc; ussuiculata (L> Walp-

cv Caloona. The peresetere ate related to a coœaoa parcn;C££e

scale en which a value of 109 represent» tha cazisua observed

during the l i f e of the plant. Abreviscicas; -

H fixation - rate of aecwsuiatioa of fixsd H;

net Fs " rate of ast gain of C by shoot in day;

&odulâ SA - rate of S fixâttea pat unit fresh v t . of

C to fruits , C to nc^'jles, C to ncd roots — rate cf

to these organs of C of nst photosynthatc.

Figure 8. Sources of nlircgea for developing frules of

(A) Uspinas albus 1. cv Neutra and (B) 7içia unyuicuiâtâ (ï.)

ttalp. cv Calowîa-

Figure S. Probable aetsbclic pathways; for the formation of «slno

acids, arid sffiides in nstrogea fisetion of leguae root

nodules. The schca& iadicatea the requirement» for reductar.t

«id ATT in reduction of aierogen to saaoaia, end i s the

asaieiilcticn of ssssszaia into specific ûtsinft cespouad*.

Figure 10- Altercetive EStaboilc pathways for the forosrioa of

uteides (allar.toln and allantoic acid) la nitrogen fixation of

leguae root nodules. The scheaeo Indlcstc requireafints for

Eeâuctdnt and AT? lft reduction of nitrogen* to anasoni*, «ad in

the incorporation of ssœoai.9 in ureidc synthesis.
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Figure 1. The gas flew-Pettenkoffer syseea used to measure CO.

release frost intact nodulated root systems of ieguaes.

1. Pump; 2. Soda lime "carbosorb" towers to rénove CO ; 3. 20-

litre gas nixing chamber; 4. Kain gassing lines; 5. Pressure

release line; 6. Needle valve flow controllers; 7. Meedle valve

fine flow controllers; 8. Perforated inlet tube to rooting cham-

ber; 9. 11-litre aetal container with « "gas tight" lid;

10. Silice sand rooting medium, free of organic natter: 11. Coarse

gravel to aid drainage; 12. Drainage port; 13. Plasticine seal at

stem/lid junction; 14. Gas outlet; IS. Pettenkoffer tvbes contain-

ing K0ÏI to absorb respired CO.; 16< Gea H u e to e reference con-

tainer, without plantt; 17. Inlet port Cor application of water

«Ad nutrients.



20 30 40
days after sowing

50

Figure 2. CO. efflux of Intact nodulated root nysteaa ( « — — • )

and the SUB of separate siee9urercent8 of CO, efflux froa freshly

detached nodules and their supporting root (hietograre).

Lupinus albas \,. cv Heutra plants during vegetative developoant.



«S

i

c;

<



o

i

* *>

o. >

"S S
8 3

•"• *a *»
** **

1 II
S I I
o. r» o
S «M «M

» 3 -e "o O»< 5 *>
« 8 .
O *
•H «M >
fi. O "H
V *J

lu Xi

U «I
!» M

«*. n. jot



.photosynthesis'/ °\
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Figure 5. Components of nitrogen fixation In nodules (A) and
photoayntheeic performance of leaves (B) during grovth and de-
velopment of Lupinus alhus L. cv Nfutra plants.
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20 40 60 80 100

days after sowing

Figure 6. Components of nitrogen fixation in nodules (A) and

photosynthetic performance of leaves (ft) during growth and

development of vigna ungulculata (L) Walp. cv Caloon» plants.
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Fig.?. Tenporal relationships between various parameter* of ncdule

ftficttoning and the carbon economy of leaves, fruits and toots

during later «tages of the growth cycle of (A) Lupinus albus L.

cv Neutra and (B) Vigna unguicvlati (L) Walp cv Caloor.a. The

parameters are related to a conur.on percentage «cale on which •

value of 100 represents the naxtaun observed during the life of

the plant. Abbreviations : - H fixation - rate of accumulation

of fixed N; net Ps - rate of net gain of C by shoot in day;

nodule SA - rats of K fixation per unit fresh wt. of nodules; C to

fruité, C to nodules, C to nod root» » rate of supply to these

organs of C of net photosynthate.



Figure 8. Sources of nitrogen for developing frulto of

(A) Lupinas albus L. cv Neutra and (B) Vlgnm ungvicvlata (L)

Ualp. cv Caloon*.



AMINO ACID SYNTHESIS

IN

NODULES

ADP

glutamine

NADH

ATP

glutamate

-6ATP]

AMIDE SYNTHESIS
IN

NODULES

«* ketoglutaratc glutamate

* ammo
acids

-1 ATP

•tketo
acids

ADP+Pi

__— çiutamine

ATP

ATP

çûrtamatc "*-

AMP+Pi

aspsrtate

t

1
-4ATPJ

Figure 9. Probable tcetabolic pathways for the formation of

snlno acids, and amides in nitrogen fixation of leg-oaa root

nodules. The scheme indicates the requirements for reductant

and ATP in reduction of nitrogen to anmonia, and in the

assimilation of ammonia into specific atnino compounds.



TWO ALTERNATIVE PATHWAYS FOR UREIDE SYNTHESIS !N ROOT NODULES

ribcse P

4 ATP

[* 2 NH3 or 1
! 2 amide N I
[_ of gUilanftinej

2 C O 2j 32j 3-
j f

4 ATP

| *• r ibose P

uric acid

altontoin

albntoic acid

2 carbamy} P

> 2ttKnarate

» 2PPi
2 urea

glyosylate o\

aSantoic acid

«tlEntom

Figure 10. Alternative metabolie pathways for the formation of
ureldes (allantoin and allantoic acid) In nitrogen fixstic» of
legume root nodules. The schemes indicate requirements for re-
ductant and ATP In reduction of nitrogen to asaonla, and In the
Incorporation of annum la in tire 1 de synthesis.


