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SUI4MARY

Maintenance respiration refers to energy production for processes other than

the synthesis of ¡rew ceìl nraterials, and it follows therefore that as the energy

requirements of maintenance processes increase, the quantity of carbon allocated

to growth is likely to be proportionately decreased. l,Jhilst the quantitative

relationship between respiration (dark C0, efflux) and growth has been extensively

studied, considerably fewer studíes have attempted to quantify the energy require-

ments of the maintenance processes and experiments reported in this thesis were

intended to obtaÍn further information on the nature and jntensity of the

maintenance processes in some crop legumes (field bean, chickpea, lucerne, Pêê

and kidney bean).

Experiments were conducted using whole plants (grown in a naturally light
glasshouse at 20oC) and mature leaves (p'lants were grov,rn for 20'40 days in a

controlled environment room at ZOoC). Whole plants were used to compare main-

enance coefficjents calculated using three different methods, and also to investigate

the relatjonship between the respiration rate during starvation and plant dry weight.

The dark respiration of mature field bean leaves was studied to determine: (i) the

pattern of respiration of attached and detached leaves during a proionged dark

treatment, sjnce this treatment has been used to estimate maintenance respiration,
(ii) the source of carbohydrate for respiration during the dark treatment, and

(iii) whether leaf senescence occurs during the treatment.

The three methods of measuring the maintenance component were: (i) to allow

the C0, efflux to decay in prolonged darkness to an asymptotic value which is then

taken to be the maintenance value; (ii) to plot the dark C0, efflux as a function

of net C0, uptake over a range of irradiances and take maintenance as the dark

efflux when the net C0, uptake is zero; (iii) to pìot total C0, uPtake as a

function of the growth rate and take maintenance as the COt efflux when the growth

rate is zero. The maintenance coefficients so calculated for field bean, chick-

pea and lucerne using methods (i) and (ii) were similar; however coefficients

calculated using method (iii) r^rere significant'ly higher (p.0.05). Method ('i)

was considered to provide the best estimate for maintenance because there was less

opportunity for growth processes to contribute to C0, efflux. Method (ii)
resulted in estimates for maintenance respiration which contained C0, efflux due

to phìoem loading of assimilate'in the leaves and therefore there was greater

opportunity for structuraì growth. These latter processes (phloem ioading and

structura'l growth) were considered to contribute to a greater extent to C0, efflux

when the maintenance coefficient was determined using method (iii).



It is concluded that method (i) gives minirnal estimates of the maintenance

requirements, but has the advarrtage of being simple and amenable for the mass

screening of plants if those vlith a 'low'maintenance respiration are to be

i denti f i eci .

Maintenance respiration consurned the equivalent of 2% of the dry weight

per day in field bean, chickpea and lucerne. The growth efficjency (Yn) was the

same for all species (0.09 t 0.01) and was unaffected by the method of calculation.

There t,úas a linear relationship between the respiration rate of whole pìants

after 48 hours in the dark, and: (i) the dry weight, (ii) the total nitrogen

content, and (iii) the organic nitrogen content. These relationships are inter-
preted to mean that protein content vras being maintained during starvat'ion.

The respiration rate of whole field bean pìants was essentia'lly constant

during a 12 hour night. Defoliation and removaì of leaves from the assimilation
chamber at the beg'inning of the n'ight removed 20-30% of the dry weight yet hardly

affected the respiration rate of the remaining plant parts immediate'ly foìlowing
defoliation. The respiration rate subsequently declined linearìy with time.

This result is interpreted to mean that phìoem loading of sucrose in the leaves

maintains a constant flow of assimilate to the 'sinks'of the rest of the plant.

The rate of dark respiration of mature field bean leaves was dependent upon

the irradiance levei during the prev'ious photoperiod. Studies on the pattern of
change in dark respiration 'in prolonged darkness revealed the following:

Dark respiration was essentia'l1y constant during the normal 12 hour

night and there was a rapid loss in leaf dry weight during this
period.

After 12 hours, the respiration rate decayed to anasymptotic value

at about 24 hours.

The gas exchange quotient (ul C02/vl 0r) remained above 0.90 for
60 hours when leaves were detached at the end cf the photoperiod.

llhen attached leaves were measured, the quotient was above 0.90

during a normal (12h), but subsequently decljned in a comp'lex way,

which indicated that protein was being oxidised.

The energy cost for phloem loading and sucrose synthesìs were calculated from

the Iiterature to be equiva'lent to 0.05279C respired/gC translocated. The experi-
mental value, based on the difference in the respiration rate of mature leaves

ciuring the normal night and after 60 hours darkness was 0.0560gC/gC. The

maintenance respiration rate determined on leaves detached at the beginning of the

night was 52.2 mg gìucose (g dry weight)-l Z+h-l whilst the rate for attached

(i)

(ii)

(i i i )



leaves after 60 hours of darkness was 18.2 mg g'lucose (S dry weight)-l Z+¡-l.

The latter figure is concluded to represent energy requirements for the maintenance

of cell ion concentrations and for proteìn turnover. The former also'includes the

cost of sucrose synthesis and phloem loading.

Most of the starch accumulated in mature field bean leaves during the

photoperiod was mobilised during the n'ight. So'lubìe sugar loss was rap'id durÍng

the normaì night, but the equivaient of between 30 and 50% of the sugar present

in the leaf at the end of the photoperiod was retained within the leaf vacuoles

and was abìe to provide carbon for leaf maintenance during the prolonged dark

treatment.

Measurements of chlorophy'lì and protein were made on mature field bean

leaves during 60 hours darkness. There was no measurable decline in leaf

chlorophyll (on an area basis) and there was a graduaì increase in the concentra-

tion of insoluble and total protein. The concentration of the soluble prote'in

and RuBPC remained steady with time ín the dark, suggesting a smaìl ìoss in RUBPC

which may have been respjred. Photosynthetic C0^ assimilatjon resumed when

leaves were re-illuminated wi¡¡r zôo ut.i t-'r-t Ír rna.ruals of 12 hours during

the 60 hour dark treatment. However the rate of assimilation at this irradiance

declined after leaves had been in the dark for 12 hours. There lvas no evidence

of senescence in mature field bean leaves until after at least 48 hours darkness.
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V/AITË II.1ST¡TLJ i'I
LIIJRARY

CHAPTER I GENERAL INTRODUCTION

Since James (1953) published his book 'Plant Respìrat'ion', a censiderable

amount of new information has been gained about respiratory metabolìsm. A'lthough

dark respiration was, at one time,'largely viewed as a'black box'which lead to
an ínevitable dissipatìon of organic molecules previous'ly gained during photo-

synthesis, it is now recognised as a process which contributes to crop growth in
a very positìve sense, for the reason that respiratory metaboìism produces two

different kinds of product, ATP (the energy currency of the p'lant), and carbon

skeletons (which form the units from which more permaneni ceì1 constituents are

assembled), and each are essential to plant growth. A by-product of respiration
is COr. The main biochemical pathways of carbon and energy metabolism are well

established, Vêt the role of respiration in the grow'uh physio'logy of crop plants

is still inrperfect'ly understood. It is nuw the responsibiiity of the crop

physioìogist to quantify the relationships between rates of respiration in cells
of a variety of plant organs, and levels of crop productivity.

Evolution of current thinking on the relationsh'ip between respiration and

growth, appears to have been influenced in three main ways. Firstly, Beevers (196.|)

emphasized the connection between respiration and energy production, not only for
growth, but aiso for maìntenance of existing structure. Secondìy, Pirt (1965)

developed an anaìysis which enabled the energy requirements for growth and

maintenance to be quantified in bacterial cujtures. Thirdly, the concept of basal

metabolism, which was well established in the fieìd of anima'l phys'iology, was

appreciated as being relevant to the concept of maintenance in plant physio'logy

(McCree 1970).

'Maintenance respiration' refers to energy production for processes other than

the synthesis of new cell materials and it follows therefcre, that as the energy

requirements of maintenance processes increase, the quantity of carbon allocated to
growth is proportionateìy decreased. In higher plants, the maintenance processes

are thought to involve mainly: (i) tf¡e maintenance of cell protein which is subject
to continual turnover; and (ii) the maintenance of ion concentrations across cell
membranes (Penning de Vries 'l975a).

Animal physioìogists (e.g. Blaxter 1962) and microbioìogists (e.g.

Stouthamer 1979) are more cognizant of the functional relationship between respira-
tion for growth, and respiration for maintenance. In fact, recent developments in

the concept of growth and maintenance respiration in higher pìant physiology can

be credited largeìy to the researches of microbioìogists. It was Pirt (1905) who

analysed the relationship between the specific grovlth rate (u) and the yieìd of

1
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biomass (Y) when bacterial cultures were grown in the presence of a limiting supp'ly

of energy substrate. The ptot 1/Y against l/u'invariabìy gave a straight'line of
slope 'm' (a maintenance coefficìent) and intercept l/Vn (u growth coefficient).
Pírt was the first to provide a unified conceptual approach to growth and

mai ntenance "

In the wake of Pirt's analysìs, McCree (1970) quantified C0, influx and

efflux from growing plants with an empirical equation, in which respiratìon was

expressecl as a function of carbon assimilation and pìant mass. Thornley (1970)

explained this equation in terms of growth and maintenance coefficients, and for
the first time, higher plant respiration was put on a quantitative footing. Penning

de Vries et aL. (1974) and Penning de Vries (1975a) calculated growth and mainten-

ance requirements from a knowledge of biochemical pathvrays and the results they

derived were:onsistent with results obtained using gas anaìysis. This served to
give the concept of growth and maintenance theoretical credence.

As a resuìt of these, and more recent studies, we now have a greater awareness

of the role of respiration in higher plant growth. Our knowledge of how the

intensity of maintenance processes affects growth, is however, sti'11 ìacking.

l'laintenance requirements can be determined experimentally when growth is considered

to have ceased. However while microbio'logists have recourse to the technique of

controlled, such ,methodology is not appropriate for the culture of higher plants.

As a consequence, it is extremely difficult to supply substrate to a pìant at such

a rate that growth does not occur. Moreover, plants often have considerable carbo-

hydrate reserves from which to draw in times of substrate limitation.

Animal physiologists starve their subjects in order to stop growth and so

obtain an estimate of basal metabolism. This technique was tried, and used to

estirnate maintenance in higher pìants by McCree (1970,1974). Calculations of the

growth efficiency emp'loying this technique to quantify maintenance (Silsbury 1977)

yielded numbers consistent with those computed from proximate analysis following

the method of Penning de Vries et aL. (1974). This resuìt gives credence to the

belief that the rate of C0, efflux during starvation quantitatively estimates the

intensity of maintenance processes. For this reason, the starvation method was

extensiveìy used in the present study, which was initiated as a contribution
toward understanding the quantitative relationship between respiratjon and

maintenance processes.

Following the introductory chapters (Literature Review - Chapter II, and

Materials and Methods - Chapter III), the thesis is arranged to deal with

maintenance respiration on two levels of organisation. The first level, that of
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the whole pìant, is examined in (Chapters IV and \'), whilst the second ievel, that

of the mature leaf, is covered in (Chapters VI, VII and VIII).

In Chapter IV, energy expenditure for protein turnover and foi^ maintenance of

ionic concentrations, are discussed as causative factors in the relationship be-

tween the starved rate of dark respiration and dry weight which was estab'lished by

McCree (19i0). In addition to confirming thìs relationship, it was found that

respiration was also a function of the organic nitrogen (protein) content of whole

pìants, which suggested that protein turnover was the maior energy consum'ing

process of maintenance. Results of experiments ott roots and shoots, showed that

rates of protein turnover in roots and shoots separate'lY, ffiôJ be quite different.

In Chapter V, a comparison of methods of determining the maintenance

coefficient, is made since the starvation method, which has been widely=sed, has

been criticised on the grounds that such a treatment is quite dissimilar to'normal'
grolving conditions. Three methods were used:

(i) the starvation (steady state) method, in which the rate of CCt evolutíon

following about 48 hours in continuous darkness is assumed to represent

maintenance resPi ration ;

(ii) the dynamic method, in which maintenance respiration is determined as

the rate of C0, efflux when net carbon assimilation in the light is zero;

and

(iii) the gross uptake method, in which the rate of carbon consumption when

the growth rate is zero, is taken to represent maintenance respiration.

The latter method (which is based on Thorn'ley's (1970) balance equation)

yieìded specific rates of maintenance respiration which were significantly h'igher

than rates determined by the other methods. These rates were also higher than

values for total maintenance requirements calculated by Penning de Vries (1975a)

which were based on theoretical maintenance energy requirements. The other two

methods gave essentially equivalent results which were comparabje to Penning de

Vries' estimates.

The methods are assessed with a view to determinìng which coefficient best

reflects the magnitude of the maintenance processes. It js concluded that the

assumptions made, regarding the processes which contribute to growth and maintenance'

largely determine the choice of the 'true' maintenance coefficient and in the

present study, the starvation method was favoured. It was also found thai the

maintenance coefficient and the growth efficiency were similar for all of the three

nitrate fed legume species tested (field bean, lucerne and chickpea) regardless of

the method used. A debudding treatment, whìch caused thickening of stems and
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petioìes resulted Ín a ìower organic n'itrcgen content of kidney bean and tobacco

plants and a s'ignificant reduction ìn the rate of maintenance respìration.

The first set of experiments conducted on mature'leaves, reported in

Chapter VI, sought estimates of maintenatrce respiration from direct measurement of

the rate of C0, efflux according to Penning de Vries (lgZSa). Preliminary experi-

ments in which C0, efflux was monitored over a 60 hour period of darkness revealed

fjrst, that the rate of respiration varied with the leveì of incident irradiancer

and secclnd, after 12 hours dark (the rrormal night), a rapid decay jn the

respiration rate, which stopped after a further l2 to 24 hours. In contrast,

leaves which. had been detached inrnediately following the photosynthetic period,

exhibited a constant rate of C0, efflux for 36 hours. Other differences between

attached and detached leaves are deta'iled within the chapter, but it is concluded

that following the photósynthetic period leaves possess a respiratory component

additional to the nlaintenance component arising from the energy requìrements for
protein turnover and maintenance of ion concentratìons, tthich is hypothesìsed to

support sucrose synthesis and phloem 'ìoadìng'

Aspects of carbon metabolism in starved mature leaves are investigated in

Chapter VII. The topic addressed was the source of carbon for respiration during

starvation. McCree (1970) suggested that the decay in whole pìant resp'iration,

which occurred 13-14 hours into the dark period, was due to the dep'letion of a pool

of assimilate, and the swìtching from one pool to another. The data shovred that

during the 12 hour night following irradìation, starch and soluble carbohydrate

were exported from the mature leaves. After 12 hours in one experiment, and 24

hours in another, the rapid decline in soluble carbohydrate had stopped, and the

subsequence disappearance of soluble carbohydrate was at a much lower rate. The

biphasic pattern of consumption suggested that respiratory substrate was derived

initial]y from a metabolic pooì and subsequentìy from a storage (possibly vacuolar)

pooì. This interpretatìon supports the hypothesis enunciated by McCree, however

there was also evidence that amino acids derived from protein breakdown also

served as a respiratory substrate during the prolonged dark treatment.

The maintenance of protein content during the proìonged dark treatment is the

subject of investigation in Chapter VIII. Studies on wheat and barley have re-

vealed ìarge losses of soluble protein within 2-3 days of a dark treatment

(l,littenbach 1978, Peterson et aL.1973). In view of the conclusions drawn earlier,
regarding the role of respiration in maintaining the protein content of pìant

tissue, it was thought prudent to assay for leaf protein in order to verify that

protein was indeed, being maintained. No significant decline in the concentration
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of soluble protein (including RuBPC) or insoluble protejn was detected within 48

hours of a dark +-reatment. However, the fact that the RUBPC concentration

remained constant during this time i.e. RuBPC and the dry weight both declined to

the same extent, SUggested that RuBPC served as part of the respiratory

substrate in the leaf. Moreover, the ability of the leaf to assimilate C0,

became impaired during 60 hours of darkness. It is concluded that whilst
maintenance of non-RuBPC protein occurred, RuBPC itself was apparently not maintained.

Chapter IX consists of a generaì discussion of the processes contributing to
the maintenance requirement, methods used for the measurement of the maintenance

requirement, and the consequences of maintenance for the growth of the plant.
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CHAPTER II LITERATURE REViEl.l

TNTRODUCTION

Green plants absorb radiant enerEy by the process of photosynthes'is and

store it in the chemical bonds of organic molecules (principaì'ly carbohydrate).

The subsequent conversion of these molecules ìnto plant cell protopìasm is termed

biosynthesis, and involvêS re-eçrca\or3 metabolism, in which some mclecules serve as

the substrate and others serve as the energy source. Thus, respiration has a

dual function: (i) to provide carbon skeletons for the rvhole range of units from

rvhi ch cel ì consti tu ents are assembl ed , and ( i i ) to prov'icie energy for the

synthesis of these units.

This literature review is arranged ìn three parts. The first deals with the

pathways leading to C0, evoìution; the second, with mitochonclrial electron

transport pathways; and the third, with the growth and maintenance concept of

res pì rati on .

PATHWAYS OE CO EVOLUTION
2

Patluays of Heæose Oæid.a.tíon

The princip'le pathways of hexose-phosphate oxidation are shown in Figure 2.1.

Swrose Storchj
GI ucose-l - P

6-Phosplrogluconole

Þ'*
r.rcrJe-1,6

r,¡J"-P

3-erro=pr'J9ty."rot"

enospno"Jotpr,.,ì*,"

Rrbulose'5-P
-ciP

Oxoloocelo re -J
\ 

pyruvote

Molote |-'COt
Acetyl-CoA

Oxoloocetote Ci

Asportote

Molote

ru-iror"

5uccrnole

lrole

)on,tot"

trJ,r,.otu

,A...-..-.---*COz
< -Ketoglulorote

Succinyt-coaACQ

FIGURE 2.1. Prìncipal reactjons responsibìe for the respiration of carbohydrate (from ap Rees 
.l980)
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gtrWgLasiÊ_

During gìycoìysis, one molecule of g'lucose is oxidised to pyruvate with the

net synthesis of two molecuies of ATP (adenosìne triphosphate). Two molecules of

carbon dioxide are evolved by the pyruvate dehydrogenase-catalysed conversion of

pyruvate to acetyl-CoA, if this step is operable, and two molecules (net) of NADH,

are produced, which if oxidised in the cytochrome pathway, are equivaìent to 6

molecules of ATP (assuming the P/0 ratio to be three). Gìyco'lytic enzymes are

located main'ly in the cytopìasm, but they a'lso occur in the chloropìast, s'ince

starch degradation to triose-phosphate is usually uía gìycolysis.

the oæidati.^e pentose phosphate pathua?l

This pathway branches from glycolysis and is an alternative pathway for
glucose-6-phosphate oxidation" For every six molecujes of glucose-6-phosphaie

entering, five may be recycled with the production of six molecules of carbon

dioxide and l2 molecules of NADPHT.

The pathway is not usualiy closed (i.e.it does nct normaììy recycle) except

possibly in chloroplasts when starch mobclisation is inhibited (Stitt and Heldt

tg8l) or when there is a high demand for intermediates for biosynthesis, and

instead, the triose-phosphate formed as an intermediate is shuttled back into the

glycotytic pathway (ap Rees l9B0). Ap Rees (1980) considers there to be no con-

vincing evidence that the NADPH2 generated in the oxidative pentose phosphate

pathway is oxidised in the respiratory electron transport chain, although it may

be oxidised by soluble oxidases e.g. ascorbic oxidase, and phenol oxidase

(Beevers l96l). Thus within the ce'I1, there is a potential for considerable carbon

djoxide evolution which is not assocìated with ATP synthesis.

the tz'iearboryt Lic acid cueLe

Pyruvate may be converted to acetyl-CoA which Ís then fed into the tri-
carboxylic acid cycle. Alternatively, g'lycolytic phosphoeno'lpyruvate can be

carboxylated by phosphenolpyruvaie carboxylase to yield oxaloacetate, or, pyruvate

can be converted to malate by malic enzyme. Both oxaloacetate and malate can

enter the mitochondria by means of exchange transporters located in the mito-

chondrial membranes (l,lìskich l9B0), and then serve as substrates for the tricarboxy-

lic acid cycle. During each revolution of the cycle, two molecules of carbon

dioxide are evolved in addition to the production of three molecules of NADH2, one

molecule of FADH' and one molecule of ATP from a substrate level phosphorylation.

l.lhen one nlolecule of hey.ose is oxidised, the cyc'le rotates through two revolutions

ìn which six pairs of electrons are conserved jn six molecules of NADHZ (equivalent to

1g molecules of ATP) and four pairs in two molecules of FADH' (equivalent to four



B

mojecules of ATP). In addition, tvlo substrate level phosphorylations occur for a

final total of 24 ¡nolecuìes of ATP synthesiseci, with four molecuies of carbon

dioxide being released.

In summary, for every molecule of gìucose compìete'ly oxidised, the potential

exists for the synthesis of 38 molecules of ATP and six molecules of C0, if the

g'lycolytic pathway is used, but additional C0, evoìution can occur if the branch

to the oxidative pentose phosphate pathway is employed.

)ther Pathuays rnu^oLüed in Carbon Dioside EuoLution

Davies (1973) proposed a 'pH stat'in which phosphoenolpyruvate was carbo-

xyìated by phosphoenolpyruvate carboxy'lase to produce oxajoacetate which was then

converted to malate. These reactions consume hydroxide ions vlhen the cytoplasmic

pH increased above about pH 7.2. At lower pl1 values (below about pH 7.0) ma'lic

enzyme was considered to decarboxylate malate to pyruvate with the production of
both carbon dioxide and hydroxide ions. Raven and Smith (1976) envisaged this
'stat'as being invoìved in nitrate assimilation in species which reduce nitrate
in their shoots. þlalate, synthesised in the leaf in response to hydroxide ion pro-

duction during nitrate reduction, 'is transported to the root uia the ph'loem. The

malate is decarboxy'lated to pyruvate, the hydroxide ion released reacts with carbon

dioxide to form the bicarbonate ion, and the latter is exchanged at the root
membrane for further nitrate, thus maintaining e'lectrical neutrality and raising
the pH of the external solution. This scheme has been criticised recentiy by

Deane-Drummond (1982), who did not find the expected alkalinisation of the mediurn

during nitrate uptake by barley seed'lings. She has suggested instead, that
hydroxide ion release is associated with nitrate reduction rather than with

nitrate uptake.

If jn fact a mechanism involving spatial separation of COr-assimilation and

C0r-reìease not involving carbohydrate metabolism does exist in some plants, then

both the amount of carbon dioxide fixed by photosynthesis in the leaves and the

amount evolved in root respìration rvill be over-estimated when root and shoot gas

exchange are measured separately. When gas exchange is measured on whole plants

there will be no net carbon dioxide uptake in those p'lants which transport and

decarboxylate all malate derived from shoot nitnate assimilation. However, not

all plants transport and decarboxylate malate arising from nitrate assimilation.

There is also evidence for carbon dioxide uptake by root nodules associated

with carboxylation of phosphoenolpyruvate to provide oxaloacetate for tricarbo-
xyl'ic acid cycle activity during intense n'itrogen fixat'ion in soybean (Coker and

Shubert lg8l). Such carbon dioxide uptake would result in lowered net carbon

dioxide evolution and thus the underestimation of dark respiration.
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Considerabìe potentia'l for carbon tlioxicle release associated wjth biosynthetic
reactions arises in the pathway ìeading to pentan synthesis for producing hemi-

cejlulose and pectin in wheat leaves. Tlris pathway was found to release 40% of the

total l4C labelled gìucose applied, and was due to the decarboxylation reaction
converting UDP glucuronic acid to UDP xylose (see ap Rees l9B0).

MITOCHONDHTAI. ELECTROÌI TRANSPORT PATHWAYS

During conventional respiration reducing equiva'lents in the form of NADH,

and FADH, generated in the tricarboxylic acid cycle are oxidised in the cytochrome

pathway and ATP is synthesised (Figure 2.2). Addition of cyanide, which bìocks the

tIGURE 2.2. Probable respiratory pathways of pìant mitochondria (frorn Day c¿ at. 1980).

terminal cytochrome oxidase, severely depresses oxygen uptake. However, in many

tissues (the most extensively studied are the spadix of Ant¡n macuLatz¡n and aged

potato slices), the mitochondria show oxygen uptake which is resistant to cyanide,

and in this circumstance oxygen uptake can be accelerated ìn much the same way as

when the electron transport chain becomes uncoupìed. Indeed, it is generaìly

accepted that the cyanide resistant pathway is non-phosphorylatíng (Day et aL.

ì980). hlilson (1980) disagreed, as he could detect ATP synthesis in the presence

of cyanide. He has also shown that calcium uptake could be maintained by mung bean

mitochrondía in the presence of 660 pM potassium cyanide.

The mociel of electron transport devised by Bahr and Bonner (1973) envjsages

the cyanide resistant pathway (also called the alternative pathway) as branching

fr:om the conventionai cytochrome pathway at ubiquinone ('Q' in Figure 2.2). These

authors also consider that the branch pathway becomes operatìve on'ly when the

electron transport capacity of the cytochrome chain is exceeded. Although the

identity of the alternative oxidase is unknown, some inhibitors, such as the sub-

stituted hydroxam'ic acids (e.g. SHAM), have been identified, and when applied

together with cyanide, often compìetely inhibit oxygen uptake. The appìicatíon of

SHAM by itself may inhibit respiration, but although this may show that the
alternative pathway is present, it cloes not prove in uiuo operation.
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To date, â role for the alternative pathway is pureìy speculative. Palmer

(1976) suggested that the alternative pathway functions to enable operation of the

tricarboxylic acid cycle when the energy charge is hìgh, (presumably during

periods of high carbon inflow and when carbon skeletons, and not energy, are rec¡uired).

Day et aL. (lgg0) suggested that carbon input to the cycle is maintained by

the accelera.tion of glycolysis, possìb'ly by way of a 'Pasteur Effectr, by ìowering

the cytoplasmic energy charge. However, the alternative pathway is expected to

engage when the cytop'lasmic energy charge is high, and since the energy charge has

not been observed to change very much despite marked changes in metabolism or

metabolic conditions (Wiskjch l9B0), the means by which gìycoìysis is deregu'lated,

is unknown. Lambers (1979) has proposed that the operation of the alternative
pathway in roots occurs when the roots are supplied with more carbohydrate than is

required for storage, growth and maintenance. Although it has attractions this
model does not propose a mechanism for the switch from the conventional to the

alternative pathway. Control of this switch is ìmportant since the pathway is
hypothesised to be an energy "overflow" mechanism, and whilst the alternative
pathway is operating, the cytochrome pathway is saturated (i.e.producing ATP) and

the tricarboxyìic acid is also fulìy operational, both features beìng character-

istic of a cell with a high demand for energy and carbon skeletons. A better
model for energy dissipation would involve the deletion of phosphorylat'ion sites

on the cytochrome pathway.

THE CONCEPT OF GROWTH AND MAINTENANCE RESPIRATTON

ilis toz"ùaL Introducti on

Two major coilections of work serve as the historical roots for the deveìop-

ment of the maintenance concept; the work of Blackman and Parija (1928) and Kidd

and tjest (1930) on fruit storage, and that of F.G. Gregory and coiìeagues on

respiration and protein metabol ism.

The classic studies of mature fruit respiration conducted by Blackman and

Parija', and Kidd and West were aimed at investigating factors whjch led to
premature ripening and the consequent decay of stored app'les. These workers were,

in effect, seeking to regulate 'basal' or 'maintenance' respìration. Temperature

was found to be the major regulato¡", and when combined with reduced oxygen concen-

trat'ion and elevated carbon dioxide concentratìon, respiratíon could be held at a

low rate, fruit carbohydrate u,as co¡rserved, and tissue damage was minimal.

Another interesting phenomenon which arose durìng these studìes was the

'cìimacteric', a phase of rapÍd C0, evolution lvhich persisted for about one week,

and was associated vrith the ripening of fruits (such as app'les, pears and

bananas) which had been stored at temperatures above 10oC (fia¿ and West 1930).
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The agent responsible for the clirnacteric was subsequentìy'identified as ethylene
(Gane 1937 ). Potato tubens vrere also found to exhil¡'it a respiratory
climacteric upon treatmenl with eth-v'lene (Solomos and Laties 1975). Interest-
ingly, cyanide also triggered the clirnacte¡ic in potat.o tubers and the ethyìene-

induced climacteric was fourrd to be cyanide insensitive. Solornos and Latìes (1976)

suggested that for ethy'lene to stimulate respiratjoil, the cyan'ide resistant pathway

must be present. Nevertheless, Theologis and Laties (l97Ba, b) found that the
pathway was inactive at the height of the climacteric ìn fruit sìices and in aged

cyanide resistant slices of bulky storage organs. The implication is, that aìthough

the potential for cyanide resistant resp'iration exists during fruit ripening,
climacteric respiration represents ful'ly coupled respiration.

Gregory and Sen (1937), studìed protein and carbon metabol'ism in acuteìy
potassium starved barley plants and observed that a high respiratory rate was

associated with high ìevels of amino acicls in the tissue, and suggested that a

protein cycle was in operation. In this cycìe, am'ino acids derived from degraded

proteinweredeaminated and the carbon residue respired, and in this way jt was

envisaged that the rate of C0, reìease should reflect the rate of turnover of the

protein cycle.

This work was compìeted by Richards (1938) who showed that a quantitative
relationship existed between dark respiration and protein content, and suggested

that a given rate of C0, evolution could maintain a given quantity of protein.
Such a statement impìies that respiration supplies energy for protein synthesis

to compensate for continuous degradation, a belief common today (Huffaker and

Peterson 1974), a'lthough the notion of a protein cyc'le is no longer strongly
supported, at least not during normal grovrth.

This brief historical summary outlines important fa.cits of the concept of
maintenance and growth respiratjon vrhich have recumed in more recent times, namely

the role of temperature, the role of the cyanÍde resistant pathway, and the re-
latjonship between respiration and the maintenance of protein content.

Reeent DeueLopments in the Concept of Grouth and Maintenance Respiration

More recent developments, which have addressed the same problems as outlined
above, have derived from investigations on whole p'lants. Many studies on crop

growth (particularly that of clover) show that the crop growth rate (determined by

dry matter harvesting) increases until an 'optimaì' leaf area index is achieved

(usually at canopy closure when the ieaf area index is three to four), and that at

higher leaf area indices, the grorvth rate decl'ines (e.g.Davidson and Donald 1958

and Fukai and Siìsbury 1976)" Furthermore, Stern and Donald (1962) observed that
the 'optímum' leaf area index increased with írradiance level. Other studies
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using gas analysis, show no such 'optimumr, but rather, a 'critical'leaf area

index (McCree and Troughton 1966 and King and Evans 1967), jn whiclt gt"oss carbon

dioxide uptake is maximal at canopy closure, and thereafter, changes very littìe
with increasing ìeaf area index. Dark respiration shows a simílar variation.
This observation lead McCree and Troughton (1966) to conclude that pìants adapt

their respiration such that the rate of resp'iration remains a constant proport'ion

of the gross carbon dioxide uptake. In addition to this constant relationship
McCree (l970 ) fou nd (i n graph'ica'l p'l ots of respi rati on agai nst gross carbor¡

assimilation) tfrat when the gross assimilation rate was extrapoìated to zero,

larger pìants had a higher (basa1) respiration rate. When he combined these

observed relationships, McCree derived a two component mode'l of respiration:

where:

t( is an efficiency (dimensionless), c is a rate constant (o'imension = time-l)

The best fit tc this data was obtained when k = 0.25 and c = 0.015.

Thornley (lgZO) poìnted out that this two component model was of the same fortn as

that used by Pirt (1965), who measured growth efficiency and maintenance in bacterial

cultures. Pirt, measured the yie'ld of bacteria per unit of substrate at different
specif ic gror,rth rates (i .e. substrate I imited grovrth) and obtained the relationship:

+ 1

YG

where: yield of bacteria (g dry vreight (g substrate)-1)
specÍfic growth rate (g g-1 lr-1)

maintenance coefficient (g substrate (g dry weight)-
growth efficiency (g dry weight (g substrate)-1)

1 I

Thornley (ì970) extended Pirt's analysis to derive the equation:

R = kPg+cW
R = total respiration (gcOz 

^-2 
z+n-l)

Pg = gross carbon dioxide assimilation (9C0, m

tl = dry weight (gcO, m-2)

24h-r)-2

m

u

I
T

Y

u=
m=
V=
tl

h )

where:

which is in the same form as the McCree equation. McCreê.!s.'k'r¡Jas recognised as
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being a function of the grcwth ef'fic'iency, whilst'c'I'tas a maintenance coeffic'ient.
Conversion of the constants 'k' and 'c' into the more theoretical'ly nreaningfuì terms

'YG'and'm'respective'ly,is easily achieved (e.g.Hansen and Jensen 
.l977, 

McCree

and Silsbury i97B).

More recent'ly, Thornl ey (1977 ) analysed growth and respi rati on i n a si i ght'ly

different rvay. In his rnodel (Figure 2.3), Thornley put forward the more reaìistic
view that resp'iration draws on a supply of stored substrate to provide energy and

carbon for growth only (growth of degradable and non-degradable structur^es). A

Gross pholosynlhelrc
tole, Po

Respirolion rcle, Æ

t- Y-

Grow lh

r-
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role conslonl, f,

FIGURE 2.3. l'lodeì for respiration, growth and maintenance (frocr fhornley ì977)

decay constant is assigneci to the degradab'le structure, and the degradation products

are converted back into available substrate in the storage pooì. Although main-

tenance is not included in the model the processes which result in degradation can

be interpreted as giving rìse to a maintenance requirement. The present model has

no provision for wastage respirat'ion (Thornley ì971). Senescence could in part be

accounted for by the breakdown of degradab'le structures and should therefore be

included in maintenance. McCree (1982) modified the model sl'ightly by in-
cluding in the storage component a provision for both starch accumulation and

degradation which resulted in a better correlation between observed and calculated

rates of carbon exchange by stands of white ciover.

Ba¡:nes and Hole (197S) concluded that the Thorn'ley model was mathematicalìy

compatible vrith the earlier two compartment model of McCree (1970) if the degrad-

able structure was proportional to protein content, rather than being dependent

on þross carbon assimilation as assumed by Thornley(1977). The analysis of Barnes

and Hole also confirms the iciea that a maintenance requ'irement is necessitated by

the breakdown of the Cegraclable structure. In addition to confirming the traditional
two component mode'l of respiration, Barnes and Hole consider the Thornley nrodel to
provide a formal theoretical basis for that view.
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The Ilndez,Lying Sígnificanee of the Grouth Efficiency and l,laintenance L'oefficient

The concepts of growth and maintenance were given a biochemical bas'is in the

work described by Pennjng de Vries et aL. (1974, growth efficiency) and Penning de

Vries (.l975a, maintenance).

grouth effieienclt

In the first publication a method for calculating the theoretical efficiency
of biosynthesis using quantiþtive biochemistry was described. From a knowledge of
the composit'ion of the biomass, the amount of growth substrate (gìucose in this
instance) conserved in that biomass, attd the amount respired in providing energy,

the growth efficiency could be calculated using equations describing the formation

of each compound synthesised by the p'lant. Factors characterising the conversion

of substrate to end product are: the rpioC,rction value'; the'oxygen requiring
factor't and the 'carbon dioxjde productìon factor'. These represent: the

weight of end product; the we'ight of oxygen consumed; and the weight of carbon

dioxide produced; each divided by the vreight of substrate required for carbon

skeletons and energy production. The magnitude of each factor varies with the

end product formed. Thus for carbohydrate, the value ís 0.87, for organic nitrogen

compounds, 0.48, and for ìipid 0.36, (Penning de Vries 1972). Therefore, as the

level of reduction increases from carbohydrate to lipid the weight of substrate

respired to provide the energy requ'ired for synthes'is increases.

Substrate requirements for energy production are largely determined by the

P/0 ratio wh'ich, for the purpose of the calculations, was set at three. Any value

between two and three hardly affects calculation of the'production value' in
rapidly growing plants, a'lthough the ratjo becomes more critical with declining
relative growth rate, when there is a greater energy demand for maintenance.

There is a good agreement between values for the growth efficency calculated

using this quantltative biochemical approach (0.7 - 0.8),and estimates obtained

from gas exchange analysis (Penning de Vries 1972). This result is considered

to provide a formal biochemical basis for the growth efficiency. More recentìy,
McDermitt and Loomis (l9Bl) have proposed a method of calculat'ing the growth

efficiency from an elemental analysis of the products. This method 'short-cuts'
that of Penning de Vries et aL. (.l974) and gives highìy comparable results.

The numerical value of the growth efficiency is independent of temperature

over the 'normal' range likely to be experienced by a fieìd cr"op and the magnitude

of the variation Ín the efficiency is quite small for vegetative pìants (faUle 2.1).

Thus although higher temperatures increase the rate of respiration, the ønount of

carbon respired to produce unit biomass remains unchanged un'less the composition of



15

TABLE 2.1. Literature estim¿tes of growth efficiency (Va, S S-l) at
temperatures (oC). d i fferent

Spec i es Temperature YS Reference

Subterranean cìover

Subterranean clover

lJhi te cìover

l,/hite clover

Dr¡arf beans

Lalíun naltiftorunt

Loliun ntltiflorarn

Grain sorghum

Sunfl ower

Sunfl ower

Sunfì ower

l4a i ze

Pi¡us tacda

?0

30

20

30

20-25

20

20

30

l0

20

30

0. 69

0. 75

0.75

0.74

0.75

0. 78

0.77

0.71

0.76

0.75

0.75

0.6s

0.64

Silsbury (ì979)

llcCree and Silsbury (.l978)

llcCree (ì 970)

HcCree and Silsbury (1978)

l4oldau and Karoìin (ì977)

Hansen (ì978)

Hansen and Jansen (1977)

Uilson eú cz. (1980)

Szaniavrski and Keilkiewìcz (l9BZ)

Szaniawski and Keiìkiewicz (l9BZ)

Szaniawski and Keiìkiewicz (.l982)

Penning de Vries ex c7..(1974,

Chung and Earnes (ì977)
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the new bion¡ass is altered. A high rate of respiration is therefore not necessarì1y

negative with respect to plant growth, but may instead, reflect a high rate of bio-

synthesi s.

.0¡e problem wjth the interpretation of the growth efficiency wh'ich is still un-

reso'lved, arises from the observation that the Shoot converts substrate'into biomass with

greater efficiency than does the root (Hansen and Jensen 1977; Hansen 1978, 1979;

Lambers et aL. 1979; Szaniawski l98l; Szan'iawski and Keilkiewicz 1982).

Lambers et aL. (1979) have suggested that energy derived directly from photosynthesis

may result in a high growth effjciency in shoots, and that the possession of wasteful

respiration (the alternative, cyanide resistant pathway) contributes to a low

efficiency in roots.

the maintenanee eoefficient

In his second publication, Penning de Vries (.I975a)surveyed the ìiterature to

calcuìate the energy and substrate requirentents for maintenance in leaves. He

found that in the main, energy would be expended in protein turnover at (7 - 13 mg

glucose (g dry weight)-L Z+n-L) and in maintaining ion concentratíons at (6 - i0 mg

glucose (S dry weight)-I Zqn-l) However, in contrast to the calculations made for
the grorvth effic'iency those made for the energy requirements for maintenance are

of necessity crude, since accurate estimates of protein turnover and rates of
ionic fluxes in higher pìants were not ava'ilable. The appreciable variation in
the estimates could be attributed in part, to differences in the biochemicaì compo-

sition of the material from which the information was drawn. In addition, the

calculations for maintenance of ionic fluxes apply during darkness and may under-

estimate the overalì energy requirements, s'ince there is clear evidence from Graham

and Bowfing (1977) that during shoot irradiation additional energy is expended to
increase the eþctrical potentia'l difference across root membranes. In contrast to
the energy requirements for protein turnover and the maintenance of ionic fluxes
energy expenditure for membrane maintenance was not considered to be high (ca.

ì.7 mg g'lucose (g dry weight) -7 zqn-I).

Despite the rather arbitrary assumptions and omissions these calculations
nevertheless provide numbers in reasonable agreement to those obtajned from measure-

ments made using a variety of techn'iques and suggest that protein turnover and ion

fluxes do Índeed contribute to the bulk of the energy expended in maintenance.

EæpenímentaL Deternrinatíon of Gt'outh øtd MaLnbertan ce Coeffieients

The recent confirmation of the uti'lity of the two component models of
respiration recommends their continued app'licatÍon for the purpose of determining

growth and maintenance coefficients. In addition to the Thornley (ì970) model, two

further models, as presented by McCree and Si'lsbury (1978), are readily applicable
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to r,rhole plant carbon exchanEe. Carbon exchange is continuousìy recorded and

integrated over 12 hour periods to obtain daytime and njghttime totals (D and

N respecti vely) .

Thornley's balance equatjon may be written:

^s 
- llYelt^l+^sm

which is the equation of a straight tine of sìope 1/ye (the reciprocaì of the

growth efficiency) and slope 
^Sm. 

The maintenance coefficient "m" is calculated:

m where t^l is the dry weight in C0, units. The dependent

variable is ¡W, and the independent variable, ¡S. Using McCree's (1982) notatÍon,

where N is a negative number, AS is in the input of subtrate carbon,calculated as

D-N, and the ciaiìy accumulation of biomass carbon is calculated as D+N. It is

important to note that this anaìysis js based on 24 hour totals of carbon exchange

and refers to growth at constant temperature (20oC) and 12 hour day length.

The dynamic equation of McCree and Silsbury (1978) is written:

N gD + h,

in which 'g' is a function of the growth efficiency (YG = ffn) unO 'h' is
maintenance efflux. The maintenance coefficient 'b' is calculated b = "/W.

the

The steady state equation (McCree and Silsbury 1978) is written:

[rl = kD+(l+k) cl^l

where'k'is equaì to'g'above and the term (l + k) cW, is the maintenance efflux.
If Nm = cl^l, where Nm is the 12 hour total ClZ efflux after about 48 hours darkness

when the rate of C0. efflux is constant, then the maintenance coefficient'c'is
tlm ¿

caìculated c = î.

The relationsh'ip between the various maintenance coefficients is represented

in Fi gure 2.4, which is a plot of the 12 hour nightÍime C0, eff'lux against the

corresponding daytime uptake. The maintenance efflux is determined by extrapolation

from the desired x- and y-axis coordinates, to the ordinate. The coordinates are

determined as follows: in the Thornley equation, maintenance is determined when the

daily (24 hour) accumulation of biomass carbon is zero (i.e. D + N = 0),and the co-

ordinates are(D (¡Sm/2), N (¡Sm/Z)). In the dynamic equation, maintenance is

estimated as the C0, efflux when the daytime carbon accumulation is zero (i.e. when

D = 0),and the coordinates are (0, N). in the steady state method, maintenance

respiration is determined in prolonged darkness, but is represented in Figure 2.4

as the efflux (Nm) when the assimilation (Dm) is equal (but opposite in sign) to the

rate of efflux after approximately 48 hours dark (i.e. when Dm = Nm) and the co-
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The magnitude of the coefficients (which are represented in the table

accompanying Figure 2.4) can therefore be ranked thus, m > 2b r 2c, and poses the

question, which is the 'true' maintenance coefficient?

Asswnption Made in CaLeuLating Gz,outh qnd Maíntenance Coeffíeients

(1) It is imp'licit in the McCree-type analysis that over a 24 hour period,

respiratory substrate production and consumption are in equilibrium, since the

carbon balance equation does not provide for storage. Evidence in support of this
assumption arises from the observation (McCree 1970) that shortly after a 12 hour

night, if the p'lant is not irradiated, respiration begins to decay rapidìy. This

decay impjies that substrate has beconre limiting for growth. At low temperature

(e.g.lOoC) nighttime assimilate consumption may be reduced, leading to carbo-

hydrate accumulation over the 24 hour period (McCree and Sjlsbury l97B) which can

cause an uncoupling of the reìationship betureen daytime carbon uptake and nighttime

carbon efflux (Moìdau and Karolin .l977).

(2) In the dynamic and steady state nrethods, nighttime carbon loss is assumed

also to represent daytime carbon loss. This subiect has been debated for some time,

and some authors are adamant that dark respiration is inoperative (Mangat et aL.
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1974) or paÌ,tìalty inhibited (Lambers et aL.1979) during the light, whilst others

conclude that dark respiration does continue in the'light (Chapman and Graham 1974).

It is important that the two aspects of respiration (carbon skeleton pro-

duction and energy synthesis) be separated since v¡hilst oxidatìve phosphoryiation

may be blocked during photosynthesis (adenine nucleotides shuttled from the chjoro-
plast, are supposed to inhibit electron transport through the mitochondrial cyto-

chrome pathway by establishing a high cytoplasmic ATP/ADP + Pi ratio), the mito-

chrondria are the source of keto acids which cannot be synthesised in the
'chloropìast. The tricarboxylic acid cycìe should therefore be operationaì

duri ng photosynthesis.

However, the inhibition of mitochondrial ATP synthesis during photosynthes'is

cannot be now assumed in view of the findings from the two recent studies by Dty

and l^liskich (1982), and Stitt et aL. (1982), which severe'ly test the view that the

ratio ATP/ADP regulates oxidative phosphorylation. It is stilj conceivable

however that other factors reguìate oxidative phosphorylation during photosynthesis

in photosynthetic celìs, but the situation is now far from clear.

Another viewpoint in this argument arises from an analysis at a higher level

of organisation, the organ (leaf) level. Two points need to be discussed, firstly
leaf structure, and secondly, sites of growth. The most important conclusion from

the study of Jeìlings and Leech (igSZ) was that a large proportÍon of the cells
within a leaf are non-photosynthetic. They calculated that in wheat, barìey and

oats, the vascular tissue comprised between 30-40% of the cells, the epidermis I0%

and the mesophylt 50-60% of the cells. These numbers, certainìy'infer that dark

respiration occurs in cells of the'leaf, during the ìight even if only in non-

photosynthetic cells. In fact, since translocation of ass'imilate from the leaf is
usually faster during the light than the dark (Geiger and Batey 1967, Pearson 1974,

Ho and Thornley .l978, Chatterton and Silvius 1979), the phloem companion cells (or

transfer cells where present), which provide the "push" for long distance trans-

location (see Giaquinta l9B0), must a'lso be operating faster in the light than the

dark. It is unìikely that energy for phloem loading is supplied directly from

photosynthesis (uia triose phosphates) since sucrose is synthesised in the cyto-
pìasm and this is the usua'l form of carbon which is exported from the mesophy'll

to the companion cells.

The second point to consider is that assimilate production and consumption

usua'lìy occur in separate parts of the p'lant. Young developing shoot buds and

roots rely on assimi'late imported for growth and these tissues respìre during the

. light and the dark, although root respiration nray be higher during the'light (e.g.Farrar

l98l), but not necessarily (e.g. Challa 1976, Veen l9B0). This apparent effect of
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light can sometimes be explained in part, by d'iurnal temperature variation.
philst assimilate export from the leaf may be higher in the ìight than the Cark,

the finding 6f Fondy and Geiger (1982),that ìmport into developing sink leaves at

night was similar to that during the day, is particularly interest'ing and

supportive of the basic assumption that non-photosynthetic'sinks'respire at the

same rate during the lìght and the dark.

Consideration of these two po'ints,'lead to the conclusion that dark respìra-

tjon during the ìight can be higher than during the dark (on a whole plant basis),

and that methods which resort to calcu'latjon of growth and maintenance coeffìcients

during the clark are like'ly to give minimal estjmates of the intensity of the

maintenance procqsses.

(3) Since the instantaneous rate of C0, efflux in prolonged dark (in the stead-v

state method)'is integrated over 24 hours, it is assumed that maintenance is

constant during a 24 hour period. Thig may be a simplifjcation, because Ryle et aL.

(1916) determined from an analysis of 'OrO, efflux, that maintenance varied

between 2 and I0% of the total efflux over the first 24 hours of measurement. It
should be pointed out, however, that there is little evidence that an analysis

based on the kinetics of'OrOrrelease does in fact, reflêct the underìying pro-

cesses of maintenance. It has already been cited, that root transmembrane potential

is higher du¡ing the'light than the dark (Graham and Bowling ì977), although it
could be argued that this energy expenditure be debited to growth rather than

maintenance, since the higher transmentbrane potential during shoot irradiation is
expected to reflect jon uptake for growth. This latter example also points to the

difficulty in deciding whether energy expenditure for ion uptake should be

attributed to the growth or maintenance processes.

(4) Finally, it should be noted that photorespiration does not affect the ana'lysis,

since net carbon assimilation is measured and photorespiration is therefore taken

into account in the overall carbon balance.

Metors Affecting the Maintenanee Coefficient

Increase in temperature increases the rate of maintenance respiration.

McCree and Silsbury (1978) calculate u QtO value of l.85 for subterranean clover

whilst a vaiue of ?.2 was obtained for radish (Lopes t979) and for both white clover

and sorghum (McCree 1974).

Changes in daylength produce inconsistent results. Hansen and Jensen (1977)

found no consistent relatìonship between the maintenance coefficient and dayìength

(B to l6 hour day), whilst Lopes (1979) and McCree and Kresovich (.l978) found a
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slall, but posit'ive relationship. McCree and Kresovich suggest the correlation is

due to the higher growth rate oi¡tained when the daylength is'longer and is to be

expected, since maintenance costs and metabolic activity are probably lirlked.

Conflicting results are obtained when water stress is imposed. lllilson et aL.

(.¡980) observed a decline in the rnajntenance coefficjent with increasing soil

water deficit, whilst Moldau et aL. (198t) found the majntenance coefficient to

increase, and suggested this to be an adapt'ive response.

Schwarz and Gale (1981) found that the rate of maintenance respiration of
pìants which were tolerant of mild salt stress (Xanthiun stvumazium, Atr"LpLeæ

haLirrus and Phaseolus uuLgan',s) to increase when the nutrient solution conta'ined

a higher than'normal'saìt concentration. There was no increase in the respiration

rate when saìt was added to the nutrient solution of ZeamaAs, a salt intolerant

species. Schwarz and Gaie concluded that the salt stimulated increase in the

maintenance resp'iration rate enabled the former pìants to tolerate salt stress.

The wide variety of environmental conditions experienceci during growth do not

permit any general conclusions to be drawn on possible differences in maintenance

requirements arising from species characteristics. However, McCree (1974) found

the specific maintenance rate of white clover to be higher than that of grain

sorghum when both were supplied with nitrate.

Inconsistencies in the Concept of Maintenance

(1) Some difficulty in the interpretation of maintenance arises because a strict
definition is 'lacking. Penning de Vrjes (1972) defined maintenance as 'processes

to compensate for the degradation of existing structures and organisation. Re-

synthes'is of hydro'lysed proteins is likely to be a part of maintenance processes,

but also dry matter accumujation on one level of organisation may sometimes be

seen as a part of maintenance on a higher 'leve'l , e.g. the formation of a new leaf
on a plant when it replaces a lost one'. In another pub'lication, Penning de Vries

(1975a) considered that maintenance respiration 'refers to the carbon dioxide that

results from protein breakdown, p'lus the carbon dioxide produced in respiratory
processes that provide energy for the maintenance processes'.

From the first definition, the level of organisation to be considered is

left to the experimenter. Thus when comparing ma'intenance respiration rates from

sing'le leaves with rates from whole pìants, swards or crops, it is not surprising

that quite large variatìons (Penning de Vries 1975a) are observed. If, for
example, shoot maintenance includes leaf senescence and leaf clevelopment,

emergence and elongation (i.e. growth), the value for maintenance'is expected to
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be higher than is the maintenance of fully expanded leaves onìy, since the specific

respiratjon rate of grow'ing tissue is very much higher than that of mature tissue
(Robson ancl Parsons lg8l). In addition, this first definition ca¡¡not be accommo-

clated in the model of Thornley (1977), since this model does not consider any ìoss

of the non-degradable fraction, as for instance, when a leaf senesces and abscises.

Cìearly, the model needs modification to allow for this aspect of senescence, and

very recent'ly McCree (1982) had to incorporate death of the norr-degradable fraction
into his computer simulations when attempting to apply this model to carbon ex-

change of white clover. Should the model incorporate senescence, it would be more

consistent with Penning de Vries' defin'itìon. However the connection between

maintenance and senescence (in terms of the growth and maintenance concept) seems

obscure, and points to c¡ne of the major difficulties in applying the concept uziz.

which processes are associated wìth synthesis, and which with maintenance.

The second definition is also difficult to reconcile with the ThornTey model,

since it concerns carbon dioxide release onìy, i.e. complete oxidation of carbo-

hydrate is assumed for energy production, with no provision for carbon skeleton

synthesis. For example, when amino acids from degraded protein cannot be

recycled because they are transported from an organ or are further oxìd'ised,

additional substrate must be consumed for carbon skeleton production if the level

of protein is to be maintained.

The uncertainty surrounding the view that C0, evolution is soìely due to

respiratory processes leading to energy production, has aìready been highlìghted

in the first section of this literature review.

(2) The bases of expression of maintenance rates are inconsistent. Expression

per unit dry weight can lead to variations in the rate due to differences in

chemical composition of the material, and expression on a carbon basis may be more

appropriate. Some authors suggest that since a large proportÍon of maintenance

arises from protein turnover, respiration would be more accurately explained by

relating maintenance to protein content (e.g. Barnes and Hole l97S). This belief
is held by many authors a'lthough there is, as yet, no evidence to support the

view, for the reason that Penning de Vries (1975a) divided maintenance costs more

or less evenly between energy requirements for protein and ionic gradient

maintenance. The substitution of protein content for dry weight in the McCree

(.l970) equation (Barnes and Hole 1978) was mainly for mathematical reasons, and

relatÍng maintenance to protein content could be misleading if part of the proteìn

is in a storage form wh'ich turnsover only very slowly (l'ladison et aL. l98l ). It is

interesting to note that in the microbioìogy literature, maintenance is still
presented on a dry weight basis.
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Thesc inconsisterrcies spell out the obvious weaknesses in our knowledge of
the unclerly'ing causes of the ¡naintenance requjrement and point, to the need fcr
more data on rnaintenance resp'iration and a greater concentration on those under-

lying processes and their control. l,Jhilst there has certainìy been an increase

in information on the former point since the pub'l'icatjons of Penning de Vries,

very little attention has been given to the latter.

PtactícaL AppLications of the Grouth and Maintenanee Coneep-b in PLant Science

(1) Crop growth models. The idea of an 'optimal' leaf area inCex created

prob'lems for crop modellers, since if respiration was taken to be a function of leaf
area and vras therefore relative'ly constant after canopy closure, the lower shaded

ìeaves appeared to be parasitic upon the rest of the p'lant. With the knowledge

that respiration is a lÍnear function of carbon assimilation and mass, t:rêFe wâs

a great inrprovement between the crop yields observed, and those calculated by

model simulations. Many of the more recent crop models now include growth and

maintenance components of respiration (e.g.Wann et aL. l97B; llodges et a7.. 1978;

Sheehy et aL. 1979, 1980). In addition, the concept has been used successfr-rììy

by I'lcCree (1970,1982) to quantify carbon dioxide exchange by white clover plants.

(2) Improving crop yield. The general agreement between calcuiated values of

the growth efficiency and those arising from observation (see Table 2.1) suggests

that plants usua'lìy synthesise bìomass with maximum efficiency, and therefore there

appears little scope for improving crop yield by breeding forimproved efficiency.
In addition, as discussed previously, a higher effic'iency may indicate the

synthesis of biomass of relatively low energy content.

In contrast, crop model simulations consistently show that final yie'ld is
sensitive to the maintenance component of respiration (e.g. Sheehy et aL.1979,
.l980, 

Hunt and Loomis 1979) and this suggests that improvement in yield may be

accomplished by breeding plants with lower maintenance requirements, as'long as

the competitive ability of the plants is not impa'ired. Recent studies by l,lilson

(1975,1982, l^lilson and Jones 
.l982) 

and Robson (1982a, b) show that selection
lines of LoLíunperenne possessing 'low' rates of mature'leaf respiration (which

is equated with low maintenance) do indeed produce greater dry matter yields after
simulated grazing, than do lines in which mature leaf respiration is 'fast'.
Moreover, no major differences in chemical composition between the two lines are

apparent. So far however, ne'ither the competitive ability of the'slow'respiring
line nor the biochemical reasons for the dry matter yieìd Cifference, have been

ascertained. I'levertheless, such initially promising results again poìnt to the

need for a greater understanding of the ma'intenance processes and thejr control,
and also point to the reai prospect of increasing dry matter production of a

pasture grass through practica'l app'lication of the concept of gror,lth and maintenatlce.
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CONCLUSTON

It is clear that the biochemical pathways of carbohydraùe oxidation are

well established. Hexose phosphate, the usual carbohydrate substrate fot" dark

respiration, is oxidjsed in the sequence of reactjons encompassing glycoìysis

and the tricarboxy'lic acid cycle. Reducing equivalents clerived from the tri-
carboxyìic acid cycìe, are, in turn, oxidised in the mitochondrial electron

transport pathway with concomitant ATP synthesis. As a result' C02 is released

du¡ing the oxidation of hexose phosphate, and 0, is consumed in the terminal

oxidation of NADH2 in the electron transport pathway. Although this describes the

essence of dark respiration, C)Z evolution also arises from hexose phosphate o.ri-

dation uia the oxidative pentose phosphate pathway, and oxygen consumption is also

dependent on the activity of the alternative electron transport pathway.

trnfortunately, the extent to which these two latter pathways contribute úo

respiration in uíuo are, as yet, impossible to assess. Nevertheless considerable

evidence indicates that respiration measurements can be greatly influenced l¡y the

activity of these, and other pathways which involve C0, and 0t exchange.

Although C0, evoìution may reflect the partic'ipation of pathways not iinked

to energy production, it is usual to assume that C0, exchange is representative

of the intensity of energy producing reactions, and on this basis, the rate of

dark C0, efflux can be partitioned into growth and maintenance components.

Maintenance respiration refers to energy production for processes other than

synthesis, and is expected to include such activities as maintenance of protein

content (since proteins are subject to continual turnover) and maintenance of íon

concentrations across cell membranes.

Aìthough the individual chenrical reactions, and their regulation are

irnportant determinants of growth, it is the ability of the plant to integrate

these reactions under a wide range of environmental conditions, which determines

the adaptability and competit'iveness at the lvhole plant or crop level of organi-

sation. The growth and maintenance concept seems to be one way in which to

investigate the integration of biochemical reactions. Incorporation of growth and

maintenance coefficients into models of plant and crop growth, have'inrproved the

predictive ability of these models, and in the case of the Thornley (1977) model,

suggest physiologìca1 reasons for the variation in majntenance energy requ'irements.

The revjew therefore points to the need to estimate growth and maintenance

coefficients (which are the factors which quantify the growth and maintenance

processes), and to ana'lyse the extent to whìch they represent the underiying re-

actions. It seems that a greater knowledge of the part'itioning of carbon between

growth and maintenance processes may lead to an understanding of, the reasons for
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yield increase, not only in terms of seed or fruit, but also of vegetative leaf
matter, which is so essential for the improvement of crop and animal production.
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CHAPTER III MATERIALS AND METHODS

PLANT CULTARE

Seed of the folìowing'legumes, field bean (vieía faba cv. Fiord); chickpea

(Cicey az.Lentinun, an unnamecl line originating from Greece); field pea (piswn

satíuum cv. 1^Jhite Brunswjck) and Lucerne (lødicago satíua cv. Hunter River)' were

obtained from colìections at the t.laite Agricultural Research Institute. Seed of

kidney bean (ehaseoLus uulgatis cv. Hawkesbury Vlonder), and tobacco (nicotíana

tobacewn cv. l^lhite Burley) , were obtained commerciaììy.

Seeds of uniform sjze were surface sterilised in 50% (v/v) ethanol, washed

overnight in water, a¡d sown singìy in l5 cm diameter, or l5 x l5 cm square

pìastic pots. Lucerne communities were established in simi'lar pots by sowing'in

a 7 x 7 matrix wjth two seeds at each site (i.e. 98 seeds per pot). The rooting

medium was .'gil Dry', which is normal'ly used for rembving spiìt oil from garage

floors. It js a fritted c'lay of high porosity and water holdjng capacity (van

Bavel et aL. l97B) which has proved ideal as a rooting med'ium for plant growth.

Follorving emergence, seed'lings were selected for uniformity and pìaced in eìther

a temperature controlled glasshouse (ZOoC) and experienced natural irradiance

and dayìength, or in a growth room set at 20oC with a 12 hour day provided by high

pressure sodj um vapour ì amps g'i vi ngrsel ected I evel s of_photosynthetì ca1 ìy actì ve

radiation ranging from 1500 umol m-'s-'to ì60 umol m's'.

Except where specìfied, each pot was irrigated daily with 500 ml of dilute

nutrient solution (fa¡le 3.1) contain'ing nitrate \ea 7.5 mM), and at no stage

were the 1 egumes supp'l i ed wi th nodul at'i ng bacteri a . Al t pì ants grew wi th no

symptoms of necrosjs or nutrient defic'iency.

TABLT 3.1. Elementaì compositjon of the nutrient solutjon used for plant growth

Nu tri ent Concentrati on
( rnt4 )

Nu tr i ent Concentrati on
(uM)

KN03

ca(No3)2.4H20

HSS0O.7Hr0

KH2P04

FeS0O.7Hr0

EDTA Na,

H3803

HnCl,.4Hr0

ZnS0O.7Hr0

CuSOO.5Hr0'

NarHo0O.2Hr0

2.52

2-50

r .00

0-50

72

64

46 -2

9.1

0.76

0.3?

0.50
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WHCI,E PLANI' GAS EXCHANGE

Carbon exchange was measured by plac'ing a p'lant jn a 30 litre perspex

assimìlation chamber irradiated from above by a 400 I'l'Metalarcr ìamp. The

photon flux density'incident on the upper inside face of the chamber was 700

pmol m-2 s-1 (400-700 nm) as nreasuned by LI-COR'172 quantum meter and sensor

(Larnbda Instruments Corporation, Lincoln, Nebraska). The incident irradiance
could be altered by placing nylon mesh screens over the chamber.

Air for the chamber was provided by a small compressor v¡h'ich pumped outsjde

air through a 200 litre drum, over a humidifier, and to the chamber uia a mass

flow controller (Tylan model FC-202 with model R0'14-200 readout box, Tylan

Corporat'ion, Torrance, Californja) at a maximum flowrate of 25 i min-l. The air
entered the chamber under slight pressure, through a l'ine of inlet ports, and

was forced past a heat exchanger and over the shoot by a small fan. Exhaust air
was ven',ed to waste. Two air streams were drawn for gas analysis; one sample

for reference was taken from the air line before the mass flow contro'lìer, the

other for analysis, came from inside the chamber. These streams were led to an

ADC Series 225 infra red gas analyser (Analytical. Development Company, Hoddesdon,

Eng]and), using PVC ( 'Tygon' ) tu¡ing at a max'imum flow rate of 500 ml min-l. The

analyser vras operated in djfferential moCe and was calibrated da'i1y using gas

from a compressed air cy'linder. Air from the cylinder was, in turn, calibrated
by comparison with concentrations of COZ in Nr generated by two cascading

l,lösthoff gas mixing pumps (l,lösthoff, Bochum, Hagenstasse).

Continuous recording of the analyser outpurt by a chart recorder (Omniscribe,

Houston Instruments, Austin, Texas) permitted calculation of gas exchange rates.
Air flow rates through the chamber were adjusted to allow a maximum dep'letion of

_1
20 ul COZ 1'. Air temperature within the chamber was monitored continuously
r.l'ith copper-constantan thermocouples p'laced under the upper and lower leaves, and

was maintained by circulating water from a thermostatical'ly controlled water

bath, through the heat exchanger. Dewpo'int temperature measurements taken

during the light period were close to lSoC. The air temperature was 20"C.

LEAF GAS EXCHANGE - INFNA RED GAS ANALYSTS

A small brass chamber (10 cm x 5 cm x'1.5 cm) with a glass lid uras used for
leaf carbon exchange measurement.

Air was suppf ied from a compressed cy'l'inder and was hum'idified by bubb'ling

through a tube containing 0.5 M HC1 which was secured in a thermostatically
controlled water bath set at 200C. The air was then divided jnto two streams,

one passed to the chambey" uia a flow meter and then to the analysis tube of the
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ADC gas anatyser, whilst the other went to the reference tube of the anaìysen,

also uia a flow meter. The flow rate to the ana'lyser was adiusted to 500 ml min-l.

T'he temperature inside the chamber was continuousìy monitored using copper-

constantan thermocouples and was maintained by conditìoning the incoming air, atìd

by c'irculating water from a water bath, through the base of the chamber.

Attached leaves were accommodated in the chamber by remov'ing a snall section of

the rubber seal from between the lid anci chamber top,'inserting the leaf, and

seal i ng the peti oì e r^r'i th pì asti cì ne .

When this equipment was used to measure net carbon assimilation, additional

temperature control ulas achieved by a small flowing water screen placed between

the chamber and the light source. Irradiance t{as supp'lied by a 150W tungsten

bulb which permìtted 200 pmol r-2 r-1 incident on the upper inside face of the

chamber. Ai¡ ftow through the chamber was increased to one litre per minute.

LEAF GAS EXCHANGE - BY T/]ANOMETRY

Gas exchange quotients (ul C0r/v\ 0r) were determined by conventional mano-

metry (Umbreit et aL. 1957). Paired leaflets were pìaced in separate flasks wìth

KgH in the centre well (for 0, uptake) or without KOH (for total gas exchange).

Carbon efflux was calculated assuming 02 uptake per unít fresh weight to be the

same in the two vessels. Each measurement was repìicated five times. Gas

exchange was linear for at least 70 min, and rates of C0, exchange were simìlar

to those measured using infra-red gas ana'lysis. The bath temperature was 20"C.

PLATIT ANALYSÏS

Dry Weight

Dry weight was determined after drying material at 85oC in a force-draught

oven, or after freeze-dryins (-40oC, 0.013 kPA) for 48 hours.

Leaf Az,ea

Leaf area was determined gravimetricaìly.

ChLorophyLL

Chlorophyll ø concêntratjon vras determined from the absorbtion of B0% (v/v)

acetone extracts at 750,663 and 645 nm according to Arnon (1949).

Cazbon Content

Carbon content of dry plant tissue was estimated on ground material (lmm screen)

using t.he wet oxidation techn'ique of l^Jalkley and Black (1958). This tecitnique,

adopted because of the s'implicity of the measurement, has a tendency to under-
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estimate the carbon content (l'{o 1976). Ho suggested a correct'icil factor of 1.04 -
.l.07 for tomato, and the average va]ue,1.055, was adopted ìn the present studjr.

The uti'lÍty of the l.Jalkley-Bìack method vlith correction, was proven by construct-
ing a carbon balance using three small field bean pìants. 0f four com¡rarably

sized seedlings taken from the 2OoC g'lasshouse, three were clried and we'ighed to

estimate the inìtial dry weight of the fourth, which was placed in an assimilation
chamber and irradiated for 12 hours per day. For 20 days, the da'iìy carbon

increment was calculated and accumulated to give an estimate of the final dry

weight in terms of C0, units. l'he p'lant was then dried, wejghed and the carbon

content determined using the corrected lnlalkley-B'lack wet oxidation methcd. The

experiment was repeated three tirnes in total. The final dry weight, when con-

verted to C0, units, agreed with the final vreight determined by gas exchange to

rvi thi n 5%.

Nítrogen Content

Total nitrogen content and organic nitrogen v¿ere determined jn whole plant

studies (Chapters IV and V). Total nitrogen was determined by a nrìcro kieldahl
method after pre-treating a powdered sample overnight with 30% (w/v) saìicyfic
acid - sulphuric ac'id mixture (Eastin 1978). Recovery of added nitrate was better

than 98%. Hippuric acid was used as the standard.

Ammonia in the digest was measured us'ing either an automatic analysing system

(Technicon Autoanaìyser, Technicon, New York) whjch emp'loyed a colourimetric

reaction (the formation of a blue'indophenol complex following reaction of ammonia

wjth sodÍum phenate and sodium hypochlorite), or by steam distillation into boric
acid, and titration against potass'ium hydrogen di-jodate.

Nitrate, in ground plant tissue, was estimated potentjometrical'ly after
extraction into alumjnium sulphate solution (Baker and Smith 1969). l'he method

empìoyed a nitrate electrode (Orion model 93-07) and double iunction reference

electrode (Orion model 90-02) whjch were coupìed to an Orion Research model 7014

digital meter (Orion Research, Massachusetts).

0rganic nitrogen was calculated from the difference betlveen total nitrogen

and nitrate nitrogen, and uJas converted to crude prote'in by the factor 6.25.

Protein Assay

The Lowry assay (Lorvry et aL. 1951) was employed for protein determ'ination

in the two single'ìeaf experiments (referred to as experiment one and experiment

two in the text). HovJever, different attributes of leaf prote'in were measured in

each experiment.
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mel;hods used i.n eroez.íment one

All protein extracticns were carried out on ice and at temperatures less

than 4oC duri ng cen tri f'ugati on .

so:lubl e protei n

Powdered freeze-dried leaf material (tO mg) r,ras ground with sand in a mortar

containing 2 m1 of grÍnd'ing buffer. The grindìng buffer consisted of 0.2M Tris-
HCl, 2. 5 mM Na EDTA, 5 .0 mltl mercaptoethanol and 6.0 ml'l MgCl,, pH 8.0. The

suspension was filtered through nylon cloth and the filtrate centrifuged for 20

minutes at 25,000 x g. Following centrifugation, 0.1 ml of the upper phase was

added to 3.9 nrl water and i.0 ml 60% (w/v) trichloroacetic acid (TCA). The sample

was allowed to stand for 30 min before centrifugation as above. The supernatant

was decanted, the centrifuge tube inverùed upon absorbent paper to remove ail
solution and the precÍpitate dissolved'in 0.4 ml 0.5M Na0H. From this solution,
0.2 ml was assayed for soluble protein (in dup'licate) according to Lowry et a7...

(tgSt) w'ith Bovine Serum Albumen (g.s.n. Sigma 44378) dissolved in 0.5M NaOH as

the standard.

insol ubì e protein

Follov¡ing the first centrifugation the upper liquid phase was decanted, and

the soljd residue was resuspended in 1.0M NaOH and heated in a boiling water bath

for 90 mjn. The tubes l'rere then removed from the water bath, cooled, and 0.2 ml

assayed for insoluble prote'in (in duplicate) as before except that the standard was

BSA dissolved in 1.0M NaOH.

total protei n

Total protein was calculated as the sum of soluble and insoluble prote'in

RuBPC

Ribulose l, 5-bisphosphate carboxylase/oxygenase (nugpC) was purified
according to the method of Thomas and Huffaker (l9Bl) and quantified using the

procedure of rocket immunoelectrophoresis (l,'leeke 1973).

puri fi cati on

Fresh field bean leaves were ground vrith sand using mortar and pestìe in
grinding buffer (described under 'Soluble Protein'neasurement ) in the ratio l0 ml

per gram fresh weìght. The buffer also contained 0.5% BSA and I% po'lyvínylpyrroli-
done. The homogenate was filtered through nyìon cloth, centrifuged (25,000 x g for
'15 min), the upper phase brought to 35% saturation with ammonium sulphate and then
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centrifuged aga'in. The upper pha.se was then brought, to 60% saturat'ion with

ammonjum sulphate. The precipitate, which was recovered by centrìfugation, was

djssolved'in 1C rirl 0.05M HTPES buffer pll 7.8 containing 2.5 mM EDTA, 5.0 mM

mercaptoethanol and 6.0 mM MSC1', and loaded onto a 50 cm x 3 cm column of
Sepharose 68 r'rhich had previous'ly been equilibrated with column buffer (O.OZN

HEPES, 1.0 nrM EDTA, 1.0 mM mercaptoethanol and 3.0 mM MSC1', pH 7.8). Fractions

containing the enzyme were qualitatively determ'ined by rocket immunoelectrophoresis,

pooìed, and app'lied to a 30 cm x 2 cm column of DEAE cellulose (Whatman DE 32)

equilibrated with column buffer. The column was eluted with a 400 ml grad'ient of

2,5 - 200 mM ammoniu¡m sulphate in column buffer. Fractions conta'ining the enzyme

were poo'led, brought to 60% saturation with ammonium sulphate and frozen at -15oC

or dippecl into l'iquid nÍtrogen and stored frozen in v'ials at -600C.

Purity of the preparation was verified by the observation of the two bands

characterjstic of the large and small subunits fol'lowing sodium dodecylsulphate-

po'lyacry'l ami de ge'l el ectrophores i s . Enzyme concentrat'ion was determi ned by the

Lolry method following precìpitation in 12% ICA.

antibody production

Purified enzyme solution (t.S ml) was added to 1.5 rnl of Freunds'compìete

adjuvant, and 0.5 ml of the míxture was injected intramuscularìy into the hìnd'legs

of each of three whjte rabb'its (supplied by the Central Animal House of the l{aite

Agricu'ltural Research Institute). After two and four weeks the rabbjts were

injected aga'in, except that the enzyme was mixed with vegetable oil and the

injection was subcut.aneous. Five weeks after the initiaì 'innoculation, the rabbits

were bled from an incision in a major vejn of the ear. The blood was allowed to

congea'l, the serum decanted and allowed to congeal again. Following the second

decantation, the serum was centrifuged, the upper (serum) phase removed and

dispensed into vials, and stored at -150C.

rocket immunoel ectrophoresi s

Sìab ge]s (Agarose A, Pharmacia) were made by heating aliquats of stock gel

((t% v/v) in Tris-barbitone buffer) until djssolved, cooling to 50oC and adding

100 ul of rabbit serum. The solution was careful'ly mixed and poured into a mould

(which measured 70 mm x 70 mm x 1 mm) and allowed to solidify. After removal from

the mould twelve 3 mm djameter wells were punched from the gel, five wells were used

for standarcls whjlst seven were used for samp'les. (lhe tris-barbitone buffer

consisted of 0.1M Tris-HCl, 0.1M sodium barbitone and 0.02% (w/v) sodium az'ide,

pH 8.6, wh'ich was djluted in the proportion 30 ml buffer to 70 ml water for use).

The wells were loaded with 2 ul of purified enzyme díluted jn Tris-
barbitone buffer or 2 ul of sampie takên from the supernatant (prev'iously

assayed for soluble protein),and jmmecl'iate'ly subiected to electrophoresjs.
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tlectr"oplloresis wâs accompì ished t'ry placing two slab gel plates inside a

two compartment perspex bo>l containing Tris -barbitone buffer.
Filter paper wicks connected the gel to the buffer at each end, and the cornp'lete

unit t+as run withjn a refrigerator at 133V for 10 hours. Aft.er e'lectrophoresjs

the gels were soaked in 0.9% (w/v) NaCl for four hours, rinsed r¡rith water,

covered with fi'lter paper, soaked in absolute ethanol and dried in an oven at 70oC

for one hour. The geìs were then stained with Coomassie Blue (1.25 g Coomassie

Brilliant Blue R-250 (Sigma),454 ml 50% (v/v) ethanol,46 ml glacìa'l acetic acid,
filtered through Whatman No.1 fiìter paper before use) for one hour, destained

(75 ml g'lacial acetic acid, 925 n1 5.4% (v/v) ethanol ) for 30 min and dried.

The concentration of RuBPC in the samples were obtained by reference to the

peak he'ights of the standards.

methods used ín ewerLment tuc

Total protein only was determined from 10 mg of powdered, freeze-dried leaf
material lrhich was first clarified of chlorophyll by extract'ion overnight'in 6 ml

AO% (v/v) acetone at 4oC. (Eze and Dumbroff I gBZ). The samp'le was then centr''i-

fuged, the acetone-chlorophyìl mixture decanted, and the colourless residue was

suspencled in 10 ml 0.1M NaOH containing 1% (w/v) SDS (BDH Chemicals, Dungey and

Davies 1982). Protein was solub'ilised overnight (12h) at 80oC in pyrex tubes

capped w'ith glass marbles. The solution was then cooled, thoroughly mixed'

allowed to settle (in a 30oC water bath) and 0.1 ml was taken for prote'in assay

(in trip'l'icate) according to Lowry et aL. (1951). The standard was BSA dissolved

in 0.1M NaOH and I% (w/v) S0S.

Staneh lrieasuz,ement

This method was adapted frorn Haslemore and Roughan (1976), Haissig and

Dickscn (1979), and Clegg (1956).

søwLe preparation

Ground freeze-dried tissue (tO mg) was freed of protein and soluble sugars

by three separate extractjons in 5 ml BO% (v/v) ethanol for one hour at 800C.

Between extractions, samples were centrifuged and the ethanol supernatant decanted

and pooled for analysis of soluble carbohydrate at a later time. The decolourised

residue was oven dried overnight, wetted with 1 ml B0% (v/v) ethanol, then 2 ml

water was added, the tubes capped w'ith glass marbles and placed in a boifing water

bath for one hour to geìatjnise the starch. The tubes were then cooled and 1 ml

0.214 acetate buffer (pH 4.5) aclded, followed by 0.1 ml purÍfied anyloglucosidase,

the tubes capped with glass marbles and incubated for 24 hours at 55oC. Samples

vlere then diluted to 10 rnl with water, mixed, and 0.5 ml taken for glucose assay

(in dupl icate).
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Soluble starch standarcis were run with the samp'les. Standard (2 mg ml-i)

was prepared by ethanol extraction of soluble starch (BDH Chemicals) as aLrove.

The starch was dried at 60oC, ground to a powder with a mortar and pestle, and

100 mg was djssolved in 20 ml wa+"er and heated in a boiling water bath until

translucent. The solution was then cooled and diluted to 50 ml with tr'ater.

Standards (contain'ing acetate buffer) were prepared to gÍtre 0 - 40 uS starch in

a final volume of 0.5 ml. Preliminary tests revealed 100% starch recovery from

standafds after six hours. incubation with amy'log'lucosidase.

øruLoq Lue o s i das e p relt az'ati on

Amylog'lucosidase from Aspez.giLLus niger, (gDH Chemicals) lvas freed of reduc'ing

sugars and coloureds by diluting 20 ml with an equal volume of water anc subiect'ing

the solution to a series of acetone precipitat'ions at -150C until the final pre-

cipitate (collected by centrifugation) was colourless. The precipitate was

dissolved in mjninlal water and freeze-dried. (-40oC, 0.013 kPa) for 24 hours.

The power was stored dessicated at -15oC. Active preparation was obta'ined by

dissolving 15 mg'in 25 mM sodium citrate (pH 6.0) and storing at 40C.

gLucose assalt

Glucose concentrations were estimated by m'ixing 0.5 ml sample, or 0.5 ml of

gìucose standard containing 0 - 40 ug glucose in dilute acetate buffer, with 4 ml

Sigma enzyme-co'lour reagent and incubating the mixture in tubes capped tl'ith

g'lass marbles at 37oC for 30 min. The enzyme-coloun reagent contajned gluccse

oxidase, peroxjdase and o-dian'isid'ine dihydrochloride (Sigma Chemical Co.,

St. Loujs, M0, Technjcal Bulletin 510 (1-78). The absorbance at 450 nm was read

within an additional 30 min and the gìucose concentratjon in the samp'les was cal-

culated from the linear regression derived from the standard curve. The

calculated g'lucose concdntration was corrected by the factor 0.95 wh'ich arises

because 0.95 g starch yields 1.0 g glucose upon hydrolys'is.

SoLubLe Cat'bohy drate Measurement

pooled ethanol extracts from the starch analysis were reduced to a final
volume of 4.5 ml by evaporation in a 90oC water bath. Sampìes were then cooled,

0.5 ml LO% (w/v) neutral lead acetate added, ancl stored overnight at 40C. Next

day the samples were centrifuged and 0.1 ml of the upper phase was taken ('in

triplicate) for analysis by the phenol sulphuric acid technique (DuUois et q.L.

1956). A sucrose standard (gO mS ml-1) was diluted in B0% (v/v) ethanol and lead

acetate to give 0 - 40 ug sucrose in a final volume of 0.1 nrl. Sucrose concen-

trations in samples were calculated from the regressjon equation fitted to the

standards.
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CHAPTER IV INTIRRELATIONSHIPS BETWETJN RESPI RATION
IN PROLONGED DARKNTSS, DRY I^JEIGHT AND

NITROGEN CONTTNT

TNTRODUCTION

As described in Chapter II, I'lcCree (lgZO) found the rate of C0, efflux from
whÍte clover plants after about 48 hours in the dark, to be proportional to the
plant dry wejght. This rate of ef'tlux, when incorporated into a two component

equation for dark respiration, was subsequently interpreted as descrjbing the
intensiiy of maintenance processes (Thornley .l970).

The maíntenance requirement can be considered to arise because of the
occurrence of protein degradation and the necessity to maintaín ion concentrations
across cell membranes at specified levels (renning de Vrjes 'l975a). However,it.is
difficult to reconc'ile this view with the relationship between respÍratjon and dry
weight noted above. It is more likeìy therefore, that respiratjon is related to
some attribute of the dry weight, such as the protein content. of the tissue, but
may be so for two different reasons. The first of these may be the catalytìc
activity of the enzymatic proteins. The second is that respiration provides energy
to maintain the level of protein. This latter hypothesis is exam'ined in the
present chapter by placing plants in the dark for 48 hours and measuring the degree
of association between the rate of C0, efflux at this time and the nitrogen content
(total nitrogen, nitrate nitrogen and organic nitrogen) of the pìant tissue.

When respiration measurement on whole plants had been completed, the roots
were separated from the shoots and the specific rates of root and shoot respiration
determined separateìy using several pìants. This treatment was prompted by the
findjng that the specific root respiration rate was higher than the shoot
respiratjon rate in several species of senecio (Lambers 1g7g). Lambers explained
tltis phenomenon as due to the presence of wasteful (alternative pathrvay) respiration
in the roots. However, Lambers (1980) showed that the alternative pathway became

progressively less active over a l6 hour n'ight, which impìies that after 48 hours
of darkness, the pathway should be inactive. Therefore, if the alternative
pathway is inactive the specific rates of root and shoot respiration should be

similar after 48 hours of darkness. The objective of this part of the study was to
test this hypothesis.

IIETHODS

Plants were grow¡r in the zOoC glasshouse and subsequentìy transferred to the
assimilatjon chatnber in the laboratory (for details refer to Chapt.er III) and

exposed to two days of high irradiance (ca 700 ynol r-2 ,-1) before be'ing left in
the dark until the C02 exchange rate declined to an asymptotic value (about 48 hours).
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This steady state rate of efflux was takcn to be the maintenance respìration

rate for whole plants. This rate was noted and then the roots lvere severecì from the

shoots of several pìants and the C0, exchange rate measured separate'ly on each

part in order to determine the relative contrjbution of the root and shoot to

the total efflux.

When these measurements of carbon exchange had been comp'leted root nlaterial

was washed free of rooting medium and together with the shoot ntaterial was oven

dried, wejghed, ground through a 1 mm sieve, and analysed for total nitrogen,

organic nitrogen and nitrate as descrjbed'in Chapter III. Rates of carbon exchange

were calculated on a daily (2a hour) basjs.

RESULTS

Whole PLant StudLes

A relationship between starvatjon respiration rate and dry weight he'ld for

each of the species tested (field bean, peâ, chickpea, lucerne and tobacco), and

furthermore, the rejationship was common to all the species (figure 4.i). In

addition, when plant resp'iratjon rate was plotted against the organjc nitrogen

content of the tissue,a common, direct relationship was found (tigure 4.2). A

strong relationship was aìso apparent when total nitrogen content was taken a.s the

dependent variable, and Ín this instance, the regression was:

where:

Y

Y

X

= !32.3X-1.8 ,2 = 0.78, n = 50

= rate of carbon efflux after about 48 hours dark (mgC 24h-

= total nitrogen content (mg N piant-l)

1 -ip'lant

Repiration was also related to nitrate content but the variance explained was

conparatively ìow (r2 = 0.23, n = 4B).
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Root azd Slioo b Studies

root øtd shoot v.vsvi:¡:atíon in proLonoed dnrlcness

0f i5 observations mads the specific rate of respiration rvas greater in the

root than ihe shcot on 10 occasions (taUle 4.1). The pot and rooting mediurn

(following root removal) were replaced in the gas exchange chamber to assess the

contribution of mjcroorganÍsms within the rooting medìum to root respiration, but

no C0, exchange was detected at the flow rates used in these experiments.

T/\BLE 4.1. Comparison betr¡een specific rates of root ðnd shoot m¿intena
estimated for fieldbean, tobacco, pea and chickpea. Resuìts were obtaìn
h¿d been kept ìn the dark for betwcen 48 and 60 hours. Units are mgC02
24h-1. t indicates data where shoot m¿intenance is greðter than roòt ñra

respi rati on.

Spec i es Root mainten¿nce

nce respir¿tion
ed after pì ants
(9 dry weight)-l
intenance

Shoot maintenance

Field bean

Toba cco

Chi ckpea

37.08
26 .01
16. M
38-30
43.34
33 .73
13.71 nean : 29,74

18.t4
8. 0.1

16.69r
27 .43
28-63

47 -96
44.46
31 .53
I9.16 mean:35.78

20.97
15.34t mean:19.32

6.48
2r.?4
14.98
22.19t mean : 18.25

19. l7r
26.91 mean : 23.04

45.22+
32.47 rnean:38.85

Pea 18.19
65-97 mean : 42.08

42.45
48.25 mean : 45.35

nítnoqen coneentTation in l,oots ætd shoots

Concentrations of nitrogen components uJithin the root and shoot fractions
are shown in table 4.2. Total nitrogen concentrations were simiìar in root and

shoot compartments of the legumes, but in the roots a large proportion of the totaì
nitrogen was'in the form of nitrate. Nitrate concentration was very much lower in
the shoots. In contrast, shoot total nitrogen was higher than root total nitrogen
in tobacco plants, and nitrate concentratjon was hìgher in the shoot than the root.
The distribution of nitrate ions within the plants probably reflects the major

sites of nitrate reduction.

TÀ8Lt 4.2. Concentr¿tions of tota'l nitrogen, organic nitrogen and nitròte nitrogen (Z dry rleiqht)
in roots and shoots of le-oume specics and tobacco pìants kept in d¿rkness for between 4B and ú0 hours
Y¿ìrres are neans together with the standard error.

Spec i es root
Totaì H 0ro¿nic l,l liitrðte N

shcot root s hoot root s l¡cc'.

Leounes 4.lD: 0.19

2.91 -_ 0.t2

4.50: 0.17

3.7? : a.24

3.01 : 0.22

2.62 : D.ll

4.03: 0.14

3 .05 : 0.19

l.l4 : 0.10

O.?9 : A.0l

0.1E : 0.10

0-67 : Ò.)-?'Iob¿ cc o
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DTSCUSSION

The respiration rate of whole field bean, chìckpea, Peâ, lrtceY'ne and tobacco

pìants, measured between 48 and 60 hours of darkness, l{as highly correlated with

the dry weight of tjssue, as found by McCree (1970) for white clover.

If the strength of this relationship (as indicated by the value of the

coefficient of determination) is the sole crìterion on which to base concìusions,

then the dry weight determines the rate of starved (maintenance) resp'iration.

Howeveç, correlations do not establish cause and effect, and 'it is di'fficult to

comprehencl why respiration should be related to the dry weìght, since the bulk of

the tissue is in the form of carbon compounds (e.g. carbohydrates, cellulose,

lignin) whjch requ'ire little, if any ma'intenance.

As suggested Ín the Introduction, it is probable that maintenance respiration

is related to the protein content of the t'issue. The close c.orrelation between

resp'iration and crude prote'in content (organíc N x 6.25) is evidence for th'is

conclusion, particuìarly since the ordinate intercept (figure 4.2) is close to zero.

However,in order to answer the question posed in the Introduction concerning the

cause of the relationship between respiration and protein, turo further po'ints need

attention. First, a proportjon of the total leaf protein is in the form of RUBPC

(Huffaker l9B2) wh'ich 'is a photosynthetic - and not a resp'iratory, enzyme. Second,

the shoot constitutes the greater part of the total dry matter (around 75% of the

total for all species in these experiments). This means that a large proport'ion of

total shoot prote'in comprises RuBPC. Collectively, all of the above evidence

strongly support the vjew that respìration provides energy for protein ma'intenance

rather than the vjew that respiratjon was dependent on the protein conteni because

of the cataìytic activity of the protein. However, the fact that the slope in

figure 4.2 is not unity, and that respiration'is h'ighly correlated vrith the total
nitrogen content and is also correlated with nitrate-n'itrogen content, suggests

that respirat'ion for the maintenance of ion concentrations has a confounding

influence on the relatjonship between the maintenance respiration rate and the

organ'ic nitrogen content. During the dark, when nitrate reduction in the shoot is

un]ikely to be substantjal (Aslam et aL. 1979), ni'urate may have an important

influence on respiration because the ions are usual'ly concentrated within a storage

(vacuole) compartment (Asfam et aL. 1976; Shaner and Boyer 1976) and are likeìy to
require energy expenditure to maintajn that concentrat'ion grad'ient, since

apprec'iable leakage can occur (Jackson et aL. 1976). l^lhen the magnitude of the

regression coefficient for the relationships between resp'ilil-jot and organ'ic

nitrogen (r42.+ *g#frg N)-1) and total nitrogen (tzz.¡ tsôT?*g N)-1) are compared,

it js clear that the maintenance of protein is more expensjve than is the mainten-

ance of a mixture of proteÍn and njtrate containing the equ'ivalent nitrogen

concentration. This calculation suggests, but does not prove, that during starvation
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the maior component of ma'intenance is concerned with proteìrr turnover. The element

of doubt ar'iscs because these results apply tc vlhole pìants, and it js likeìy that
the relative intensity of nlainienance processes jn roots and shoots differ. For

examp'le, since roots are continuous'ìy exposed to nutrient solution, maìntenance

of ion concentrations may be higher in the roots than in the shoots.

Upon examinaticn of the rcot and si'¡oot nitrogen data for legumes (taUt e 4.2),
it was tempting to specuìate (with the assumption thai the alternative pathway is
inact'iv,e), that energy expenditure to maintain ion concentions in roots was the

cause of the high specific rate of root respiration (ta¡le 4.1). However, the

specific rate of root respíration was also generalìy higher than the shoot

respiration rate in tobacco, despite the fact that the nitrate concentration uras

lower in the roots. Thjs information, together with the observatjon that organ'ic

nitrogen (i.e. protein) concentration was also lower in roots than jn shoots of
tobacco, suggests that the h'igh rate of root resp'iration may be exp'lained by a

faster turnover o'f'proteín in the roots. Therefore, a comparison vúas made of
calculated protein turnover rates for whole piants (data from the regression in
figure 4.2) and for mature field bean leaves (data from Chapter VI). The turnover
rates (which are the maximum potentia'l turnover rates) were calculated as follows:
assumi ng that the total C0, effl ux after about 48 hours of darkness represents

carbon derjved solely from proteÍn, the average respiration rate calculated from

the regressjon ín figure 4.2 (142.4 mgC g N-l 24h-I), and the prote'in-specific
respiration rate in Chapter VI, can be computed to a loss of protein, with the

knowledge that one gram of protein contajns 0.544 g carbon (Cnalla .l976) and that
one gram of nitrogen is equivalent to 6.25 g proteìn. -l-he turnover rates so

calculated were 4.7% 24r-1 fo. whole p'lants, and 5.0% 24h-1 fo. mature leaves.

These data do not support the hypothesis, but the idea should not be totally dis-
regarded, since whilst this calculation may enab'le an estimate of the maximum

turnover rate, it does not impart any informatjon on the ín uiuc turnover rate.
Using data from tables 4.1 and 4.2, the rate of shoot proteìn turnover was calculated to Þe 3.8% o-1, whilst the
rate for root protein turnover was 7.8% o-7. These data support tne hypothesis,

An alternative expìanation which may account for the high specific root
respiration rates arises from processes associated with root nitrate reduction.
Nitrate reduction is very slow (Asl am et q,L. 1979) or absent (ttaif et aL.l982) in
the shoot during the dark. There is little reason to doubt that this also holds

when a. prolonged dark treatment is 'imposed, since transpirat'ion and therefore
nitrate transport to the shoot, would be neglig'ibie. Therefore, nitrate reduction-

linked malate synthes'is jn the shoot, and decarboxylation in the root (Raven and

Smith l9i6) is unlikely to contribute significantly to the C0, effìux. Hov/ever,

it is possible for root nitrate reduction to proceed, at the expense of stored
carbohydrate, because nitrate is continua'lìy supplied in the nutrient solution.
If root nitrate reduction occurs, C0?- ef1'lux could arise, in part, from the

operation of the oxidative pentose phosphate pathway, wh'ich is the probable source
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of reduc'ing equ'ivalents for the enzyme nitrite reductase, located jn che root

plastids (Emes and Floler 1979), Measurenrent of the root gas exchange quot'ient

could be instructive, since if the value of the quotient was about unity, the

oxidative pentose phosphate pathway would be impljcated, but in addi'bion, organic

nitrogen accretion would also have to be proven. Unfortunateiy, such measurements

were not nrade in the present study.

Qne further reason for the lower specific shoot respìratjon rate under these

experimental condjtions which has been previously overlooked here and elsewhere

may be attributabje to the amount of stem tissue. Stem tissue can constitute a

considerable proportion of the total shoot bjomass, but is likely to respire at a

very 10wer specific rate than ís the leaf tissue. The effect of the stem tissue

may therefore be to contribute to an overall reduction in the specìfic rate of

shoot respiration.

CONCLUSTONS

The rate of C0, efflux after a pro'longed dark treatment is related to the

proteìn content of the tissue, but this efflux is ljkely to contain a component

of respiration assoc'iated with the maintenance of ionic concentrations 'in the p'lant,

in addition to a component wh'ich suppì'ies energy to maintain the tissue prote'in content

The alternative resp'iratory pathway js assumed not to contrìbute to

respiration after 48 hours dark, but the specific root respiration rate is still
generally higher than the shoot spec'ifìc rate, and this could be due to the

operation of the ox'idative pentose phosphate pathway'in the roots' possib'ly for
nitrate reduction or to protein turnover being faster in roots than in shoots.

Both of these points highlight the necess'ity to quantify the intensity of

the individual maintenance processes.
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CHAPTER V APPLICATION OF T}1E CONCTPT ()F GROI.JTH

AND MAiNTEI'IANCE TO CROP PLANTS

INTRODUCTTON

In the present chapter, three methods of apportioning C0, exchange into
growth and maintenance components are conpared. The three methods are:
(i) allorving the C0, efflux to decay in prolonged darkness to an asymptotic value

which is taken to be the maintenance value; (ii ) us'ing the 'y'-ax'is intercept
fronl a'plot of dark C0, efflux as a funct'ion of net C0, uptake determined over a

range of irradiancs'i .e. when tlie net C0. uptake is zero; (ii'i) using the 'y'-axis
intercept of a pìot of total C0, uptake as a function of the growth rate i.e. when

the growth rate is zero.

Due to the s'implic'ity of measurement, the starvat'ion method (method (i)),
has been extensive'ly emp'loyed to estjmate maintenance respiration (e.S. McCree 1970,

1974; McCree and Si'lsbury l97B; Jones et aL. 1978; S'ilsbury 1979, Chapter IV of

th'is thesis). l4cCree and Si'lsbury (.l978)have prevìously shown that the starvation
method and the dynamic method (method (ìi)), give essentia'l1y equivalent results
for the maintenance coefficient in subterranean clover. However, the starvat'ion

method can be critic'ised on the grounds that a prolonged dark treatment could

result ìn C0, fluxes which are not a normal feature of plant growth under average

growing conditions (thornìey 1977,' Robson and Parsons l98l). For this reason, it
may be more satisfying to estimate the intens'ity of maintenance processes whilst
the pìant experiences 'normal' light and dark cyc'les.

The objectives therefore were to examine the variabifity both between and

within each method, and to assess the extent to which the values from each

technique represents the 'true' maintenance value.

METHODS

Growth and maintenance coefficients were determined from the relationsh'ip
between daytime carbon assimilation and nighttìme carbon efflux. l.lhole plants

(field bean, lucerne and chickpea) 10 - 50 days after emergence were indivjdually
removed from the temperature controlled glasshouse and placed in the assim'ilation

chamber (see Chapter III for details) and subjecteC to an irrad'iance level of
-2 -'l700 umol r-t r-r and temperature of 20oC for three days to establish steady state

carbon production and consumpt'ion. The irradiance was then progressively reduced

each day for four days by placement of a serjes of nylon mesh screens cver the

chamber. The lowest irradiance level experienced by the p'lant was about 100 umol
_, _1

m-' s-'. Subsequent'ly, the irradiance was gradually increased to the original

level by da'i'ly removal of the nylon screens. The pìant; was kept for two days at
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the h-ighest ìrradiance (700 rtmol ,n-?- ,-t) before the chamber uras darkened witir
'light-proof cloth and the gas exchange was traced until the rate of efflux becanle

constant, which was usua.lly betweer¡ 48 and 60 hours of darkness.

Additionaj plant specìes (pea, kidney bean and tobacco) were used to
determine rnaintenance requìrements according to the steady state method onl.y

(descrìbed belolv) and these plants did not experÍence the varÍable'light regime.

Instead, followìng removal from the glasshouse, individual pìants were placed'in

the ass,imilatjon chamber (under the same conditions as described above) for three

days to establish steady state carbon production and consumptiono and then the

chamber was darkened until the rate of C0, efflux became constant.

The growth efficiency (Yn) was calculated from the growth coefficients ('g'
and'k') whicii were determined from the dynamic and steady state anaìyses

(described below) for compai"ative purposes, and also for the reason that Yn has a

biochemical ìnterpretatjon. Rates of maintenance respìrat'ion derived from the

dynam'ic and steady state analyses were converted into daìly (2a hour) rates in
order to gìve them the same units as the maintenance coefficient'm' derived from

the gross uptake method.

CaLcuLatíon of Grouth and MaíntenØtce Coeffieienis by the funønLc Method

Values for het carbon uptake during the light (D) and carbon efflux the

following night (N) obtained by vary'ing the daily irradiance level (as above), were

used to calculate the growth and maintenance coefficients by finear regression

according to the;dynamic nethod of McCree and Siìsbury (.l978):

N gD+h

frf = ìntegrated nighttime carbon efflux (g C0, Izh
D = 'integrated dayt'ime carbon influx (g C0, Izh
g,h are constants

1
where: pì ant

pl ant

-i)
-r)-1

Following the method of McCree and Sjlsbury (.l9i8) 'g' is a function of the

growth efficiency (Yn) where:

Yc = +;+ g coz (s coz)-

and'h' is the maintenance efflux. The nraintenance coefficient'b'was calculated

þ = + ms co, (g coz )-r zqn-l

where'W'ìs the dry weight in C0, unit,s.
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Carbon exchange was represented on a whole plant basis rather than as specific
rates, since leaf expansion was generally slow under the experimental condjtjons and

the relationsh'ip between D and N essentja'lly linear (the degree of assocjatiorr

between D and N that was required before subject'ing the data to analysis, was

arbitrarily set such that 12 t 0.70). The dry we'ight vras requ'ired in order to
caìculate the spec'ifjc rate of maintenance respiration, and lvas estimated when D

was approx'imately zero, by back-calculatjon fronr the final biomass and the sum of
the daily rates of synthesis.

CaLcuT.ation of Gy,outh and MaintenØtce CoeffíaLents bg the Steady State Method.

The Steady State nlethod requ'ired that measurement of net C0, uptake (0) and

C0, efflux (lt) was made at two time^periods, during and immediately fol'lowing a

day of high irracliance (700 umol *-2 r-1), rnd after 4.8 hours in continuous darkness

when the efflux had decayed to a constant value. At this latter time period carbon

uptake was taken to be equal but opposite jn sign to the efflux (i.e. -Dm). This

efflux is denoted as Nm.

The.growth and maintenance coefficjents were calculated by the method of

McCree and Si'lsbury (1978) :

, N-NM g Coz (s coz)-l

Since Dnr Nm, k was calculated:

where: = i ntegrated nightt'ime eff I ux (g C0, 12h

= integrated daytime influx (g C0, Izh

k D - (-Dr)

k

N

D

I plant-1)
1 plant-1)

Nm = 12 hour rate of C0, eff'lux after about_48 hours dark

(g cOz 12h-l plant-1)

k = constant

The growth efficiency (YU) was calculated:

1 1k
Y

2G

The maintenance respiration rate was taken to be the value of the term

(l + k)cl.l, where Nm = cl¡J, and the maintenance coefficient'c'wê.s calculated:

r;T gc0 (s coz)

c = ff ms Co, (s cgz)-I zqn-I

'l{' is the dry weight in C0, units.where
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CctLcuLation of G.r,outh cvtd Mainl;enance CoeffLeients by the Gross Uptakz Method

If the'input of substrate carbon (¿S) is caìculated as the sum of D arrd N

and the growth rate as the di'f'ference between the two (nl,l), then the coefficients
can be deternljned by linear regression using the Thornley ba1ance equat'ion

(Thornley 1976), so-called, the 'gross uptake method'. The balance equat'ion is

wri tten:

1
AS

where: AS =

Al¡l=
Y^=

b
ASm =

/v
^l^J

+ ¡Sm
G

daiìy 'input of substrate carbon (g C}r 24h'

dai'ly growth rate (g cO) z+n-

grorvth efficÍency (g COZ (S C

maintenance respiration rate (g C}r 24h-

_1
pìant t)

pl ant- 1 
)

2)-r)

1

1

0
1 -1p'lant )

The value for the growth efficiency (Y6) was determined directly fromrthe slope of

the regression lìne, whilst the maintenance coeffjcieni 'm' was calculated:

m = + ms C0, (g c0z)-1 z+r'-1

where' 'l^l'ís the dry we'ight in C0, units, and was determìned when ¡W = 0, bY

back-calculation as described for the dynamic method.

RESULTS

The Maintenqnce CoeffícLent

The three methods gave differing est'imates of the majntenance coefficient
(taUle 5.1). An anaìysis of varjance on the coeffjcients expressed on a carbon

basis (the coefficients calculated on a dry we'ight basis are included for
comparative purposes) revealed: ('i) within the field bean and lucerne data, there

was a sign'ificant effect (at the 5% and 1% level respect'ively) of the method of

calculation, and in both species the coefficient determined by the gross uptake

method ('m')rilas significantìy higher than the other coefficjents; (jj)maintenance

coefficients for chjckpea were not s'ignificantìy different, a'lthough the mean value

for'm'was cons'iderab'ly higher than the mean values of the other coeffic'ients;
(iii) species effects on maintenance coefficients were not significant, regardless

of the method of calculation; and (iv) within the steady state data, coefficients
calculated for k'iclney bean and tobacco were signjficantly lower (at the l% level )

than the coefficients determined for the other species.
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TI1BLE 5.1. Estim¿tes of m.-rintenancc coefficients for several species obtained us.ing the thrce nlel¡odsdescrìbed ln the 'Hethods'section. All values were obtained at zooc. Tabulatcd vàlues are meanstoqether with the standard orror, and coefíicients determined from ãach ntettoà iiò. iìåià-¡ä.", lucerneand chickpea) are presented in tr,c columns. D9!9 il.olroÃ-(ì)-u.ã coeffjcienir.*p.ãr-oã-pcr unit co2

il:i]il!li:i;lllidii,älis^i Íï-1',0[g,i:,)-1.Í:n;:],,:::,;1,:!;;;.:l ::lri:,iii¿,;Í:,i;:i:íji:"l:j.;lÍ:steady stôte analysis onl_v.

Spec i es Steady state '2c'(i) (ii) 0ynamic'2b'
(í) (ii¡ Gross uptake 'm,(i) (ii)

Field bean

Lucerne

Chickpea

Pea

Kidney bean

Toba cco

16 .38

19 .48

21.67

20. 50

13.36

14.59

l -?7

I .55

1 .61

I .99

1. -10

L.72

21.35 r l.4t

24.71 x 2.12

28.65 r 2.03

26.53 ! 2.37

16.51 t 1.59

17.89 r 1.93

18.37 r 3.59

21.55 t 1.80

19.63 t 3.87

25.09 r 4.94

25.79 t 2.02

25.54 t 4 .61

28.66 i {.65

29.14 t 2.03

27.84 t 3-96

-?S.69 1 6.38

35.82 t 3.09

35.30 r 4.62

+

+

+

+

+

The Groath nfficiency

The ciata presented jn table 5.2, show that all methods gave essentjalìy the
same result wlten efficiencies were compared within and between species. An

analysis of variance confirmed this conclusion. The overall mean (t SE) was

0.69 r 0.01.

TABLE 5.2. Estimates of the growth efficiency (y^) tor fieìdbean,'lucerne and chickpea plants obtained usìng the thËee methods
described in the Methods sectìon. All values were deternlined at
200C. Values are means together wjth the standard error.

Species Steady state Dynarnic Gross uptake

Fieìdbean

Lu cerne

Chickpea

0.70 1 0.02

0.72 ! 0.03

0.68 I 0.02

0.67 ! 0.02

0.69 r 0.04

0.64 1 0.01

0.72 r 0.03

0.71 I 0.03

0.66 1 0.01

DTSCUSSION

The Maíntenance Coe fficient
0n the basis of the discussion of maintenance coefficients presented in

Chapter II (figure 2.4), the geometrical relationship between the coefficjents
should permit a ranking in order of magnitude where m > 2b > 2c. This order was

found in the case of field bean and lucerne but not in that of chickpea, because

the data for this specÍes were too variable. However, even jn the latter" the
mean value for'm'h/as still considerabìy h'igher than the mean value for'?b'
and '2c' (taUle 5.1).
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Significant differences betr^Jeen the coef'ficients'2b' atrd'2c' were not

apparent, although the coeffjcients should nct have the satne value since the rate

of C0, efflux associated with'b'was determ'ined wlten D - 0, whereas the efflux
assocjated wjth'c'was determined when D < 0. For practical purposes it is
concluded that'2b'and'2c' yield coefficients wh'ich ôre essentiaily equal in

ma gn'i tud e .

Whilst '2b' and '2c' ulere determined vrhen the daily growt.h rate 'is negative,

the coeffic'ient'm'was in contrast, determined when the growth rate tvas zero, and

where D > 0, and th'is expìa.ins why'm'was higher than the other coeffic'ients. The

quest,'ion which must now be asked is which coefficient (jf any) is the'true'
maintenance coefficient? In answering this questiott, jt is lclgical to reconsider

the definitions of maintenance enumerated ìn Chapter II, and to discuss the extettt

to which the various coefficients m'ight sat'isfy the requirements of the definitions.

The coefficient'm' seems consistent with the first definition rvh'ich

referred to the resynthesis of hydro'lysed protein and the replacement of an

abscised or dead leaf, as maintenance processes, since the replacement of an

abscised leaf results in no net increase in the weíght of bíomass. McCree (1982)

was able to slow the growth rate of white clover pìants sufficjently, so that the

growth rate vlas onìy slightly pos'itive for a period of over 3 weeks. He is of the

view that the coefficient 'm' represents the 'true' maintenance coefficient.
However, the rep'lacement of a dead leaf could also be construed as synthes'is.

Although the pìant may be maintaining a constant we'ight of biomass, synthesis

processes occur to produce new leaves. Should synthesis processes occur to

repìace degraded protein wjthin the same leaf, then such synthet'ic activities
should properly be termed maintenance. This interpretation can be extended to

consider Thornl ey's (1977 ) nrodel (f igure 2.3). The model provides for breakdown

of degradable structure (e.g. prote'in in a leaf ), and the recyc'ling of the products

to storage, which could be a pool wÍthin the leaf, or in another part of the pìant.

If the storage material does not supply substrate for resynthesis of the degraded

structure in the same leaf, then that leaf r^lill senesce. If substrat.e is suopl'iecl

to the same leaf, then the leaf will be ma'intaineC. Leaf majntenance- in thÍs utay,

is imp'lied in the model . However, in his app'lication of the model , McCree (1982)

included provisicln for senescence, and this situation opetls up the possib'i1ity for
breakdown products be'ing recycled for the growth of new leaves (or other organs).

Put more simp'ly, McCree's analysis refers to the maintenartce of a constant aeighl;

of biomass rather than maintenance of the eæisting biomass.

If carbon balance experiments are conducted using young plants in whjch

senescence is not a comp'licatjng factor, then it could be argued that'rn' is an

estinlate of the true maintenance coefficjent. An addjtional reason why the
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magnitude of 'm' 'is greater than that of '2b' and '7.c' ccruld then be attril¡uier1 to
the fact that the latter coefficients were determined on the basis of nighttime

COZ losses on'ly and may therefore underestjm.rte the true maintenance energy re-
quirement. One could equally argue, perhaps, that'm' is of greater magn"itude

because it consìsts of e component of wasteful (aìternative patlrway) resp'iration
(Lambers et aL. ì979). Unfortunate'ly this possibil ity 'is ìargeì.y hypothetìcaì ,

and it has yet to be conclusively proven that alternative pathway respiratjon is a

normal feature of plant resp'iration.

The coeffÍcient'2b'may also contain a component of respiration associated

w'ith growth. Although'2b'is determined when the net C0, uptake jn the iight'is
zeyo, stored carbon could be used for growth durjng the following n'ight. Horrrever,

the decreasing irradiance regime of the dynamic test is expected to deplete t.he

level of reserves such that little growth'is expected. In deterrn'inìng Lne co-

efficient'2c'it is assumed that the prolonged dark period has exhausted the plant

of readi'ly accessible carbohycirate and that grcwth has ceased, jn tlris respect

it is not surprising that'2c'and '2b'are of similar magnÍtude.

It has already been stated that the coefficients '2b'and '2c'are derived

when the growth rate is negative, but this need not be an argument to eljmjnale
these coefficients from consideration as maintenance coefficienß, since during

a normal night the growth rate is also negative. It is therefore unfortunate thaL

carbon'bio*urr is taken as the measure of structure, because in additjon to
degradable and non-degradable structure, biomass carbon also includes sto¡ ed carbo-

hydrate which is the substrate for growth and energy production. Carbon loss

through respiration, even in proìonged darkness, could come from the carbohydrate

rather than the structure poo'I. Structural material should be the basis used to

define the ma'intenance coefficient but this is a difficult unit to measure.

Similar views have been expressed by Penning de Vries et aL. (1979).

In his second definition (Chapter II), Penning de Vries (1975a) considers

that maintenance refers to the C0, arising from protein breakdown p'lus C0, produced

in respiratory processes that provide energy for the maintenance processes. This

definition refers only to C0, evolution, which presumab'ìy is a result of the

compìete oxidation of protein (amino acid skeletons) and carbohydrate. The co-

efficients '2b' and '2c' appear to satisfy this defjnition, since they represent

coefficients of which growth ìs probab'ly not an important component.

It is clear that the magnitude of the coeffic'ients ìargely depends on the

assumptions nlade, most particuìarly in respect to which process are ascribed to

rnaintenance and which to synthesis. There is currently. no clearly defined concept

o'F what nraintenance really rcpresents. If ma'intenance respìration js assumed to
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represent )"espiration which provides ener'gy to nra'intain the protejn content and

ion concentrations within each indiv'iciual organ of a p'lant, then the coeffjcient
'2c'most lìke'ly satìsfjes thjs assumpt'ion, pr"ov'idinç: that senescence'is not a

comp'l'icating factor in the measurement of the C0, exchange ra'üe. Ideally, a

maintenance coefficient should represent energy product'ion for the majntenance of

exist'ing structure, and not ma'intenance of a constant wejght, since a constant

lveight can be maintained despìte the abscision of a dead leaf, and the growth of

a new leaf.

The coefficient'2c'has the advantage of simplicity of measurement, but it
should be recogn'ised that the magnìtude of this factor depends upon the lengt.h of

the dark perioci,for the reason that'it usually takes between 36 and 60 hours of

darkness before the C0, exchange rate beccmes constant. As the coefficient is

determined in the dark it'is'likeìy to represent the minimum maintenanee require-

ment. It is considered unl'ikely that energy costs for redistribution of ntaterials

from mature leaves to growing points would be of significance in the short terrn'

Quite c1ear1y, we are still not in the pos'it'ion to state categoricaì'ly which js

the'true' maintenance coefficient.

Some of the reasons why the rate of C0, efflux in prolonged darkness reflects
maintenance energy requirements, were discussed in Chapter IV, but there'is some

additional evidence which suggests that this rate of C0, efflux'is related to the

maintenance processes. For example, Silsbury (1979) showed that acety'lene

reduction (a measure of dinìtrogen fixation) declined after subterranean clover

plants had experjenced 13-14 hours of darkness. Within 24 hours of darkness, the

C0, efflux rate had attained an asymptot'ic value, and dinitrogen fixatjon had

ceased. This evidence suggests that dinitrogen fixation is a grov,rth process and

that the rate of C0, efflux follow'ing 24 hours in the dark, represents maintenance

resp'iration. Recently, Gons and Mur (1980) measured growth and maintenance in the

green alga Scenedesmus pnotuberans, and found that specific maintenance rates

determined by growth analysis (Pjrt .l965) were equirralent to those rates determined

by incubation in prolonged darkness. Finaily, the 'starvation' method has been

wjdely used for many years to estimate basal metaboljsm, in the field of Anjmal

Physiology (Blaxter 1964)

Values for the steady state coefficient '2c' (taUle 5.1) are consjstent with

the calculated maintenance requirements for leaf tissue pub'lished by Pennjng de

Vries (1975a). His values are: l9-34mgC0, (g dry weight)-L zqn-I for the total

maintenance requirements, which is partitiorred into the requìrement for protein

turnover (to-tg mg C0, (g riry weìght)-I zqn-l)an¿ for the ma'intenance of ion con-

centrat'ions (g-ts rg ã0, (g dry weight)-l Zqn-l).The whole plant maintenance

requirement shor-lld be somewhat less than the calculated total requirement, s'ince
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the latter refers to leaf tissue contajnìng 4iá nitrogen, whereas clveralì pìant
proteìn quality and concentra't"ion are likely to be dif'l=erent fronr these attributes
in the leaf.

The Grouth Effi.eíency

The analysis presented in Chapter II provides reasons why the three methods

should g'ive equivalent results, and thjs is borne out experimentally not only in
this study, but alsoin the study by McCree and Siìsbury (1978). Since'k' is the

same sl'ope as 'g', it seems that the d'irect relat'ionship betleen D and N extends to
negative values of D. Holever the constant'k'is calculated as the sìope between

on'ly two points, and one of these po'ints is determined by the coordinates (-0, lt)

where N = -D,and N,in turn is determined as the rate of C0, efflux in prolonged

darkness. Thus, it is assumed tfiat -D ìs an uptake equal to, but opposite in sign

to the rate of efflux in prolonged darkness. There is no experimental erridence

for thjs view, but because'k' and 'g' are equa'I, this view appears justjfied.

The mean growt,h efficiency (0.69) is close to the value (0.65) calculated for
maize supplied with nitrate and sulphate (Penning de Vries et aL. 1974).

Effect of Speeies

The overall sinrilarity of the growth efficiency for field bean, lucerne and

chickpea,'implies that the chemjcal compositions of the plant biomass of these

species are similar. This conclusion is supported by results of carbon and

nitrogen analyses, but is also indicated by the similarity of the majntenance

coefficients. The data for pea (taUle 5.1) also suggested thatthe biomass conrposit'lc

of this specìes was comparabìe to that of fieldbean, lucerne and chickpea, It
appears that the energy costs for growth and maintenance of tissue is depencierrt on

the compositÍon of the biomass, rather than on the species and furthermore, the

growth conditions are a more important determinant of biomass composjtion than is
specÍes difference pev se.

The tobacco and kidney bean plants had been subiected to a debudding treatment.,

and as a result of the persistent removal of developing buds, the stems of these

p'lants became thickened and fibrous. The organic n'itrogen concentration of the

tissue was (3.3%),which was much lower than the organic nitrogen content of the

other legumes (4.5%),and the maintenance requirement per unit of dry matter was

corresponding'ly lower. Assuming the organic nitrogen content to accurate'ly ref'lect
protein content, these data clearly point out the'importance of the protein content

in determining the maintenance energy requ'irement in whole plants.

In all intact, vegetative plants,betvreen l0 and 50 days after emergence, therc,
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lvas not a significant change in the b'iomass coÌnposjtion, nor in the specific rate
of maintenance respiration" S'ilsbury (1979) a]so found little change jn the

maintenance coefficient of vegetative subterranean clover communities between

48 and 76 days after sowing.
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CHAPTER VI DARK RESPIRAI"ION îF MATURI: LEAVES

DURING PROLOI.IGED DARKI'IESS

INTRODUCTTON

As described in Chapter V, estjnrat'ion of the ma'intenarrce requ'iremettts in

growjng plants, is not a simpìe task. Penning de Vries (1975a) suggested that

maintenance respiration could be measured djrectly on non-growing attached orgens

when transport had ceased (between six and 24 hours jn the dark for leaves), or on

mature non-transportìng organs, for example leaves detached from prev'ious'ly

irrad'iated plants. These suggestions have been adopted in the present study.

In addition, measurements were extended beyond 24 hours jn order to exam'ine re-

spiratory changes r^rhich may have arisen during the nlea.surenlents on lvhole p'ìants

outlined in Chapters IV and V.

.Attempts were also made to alter rates of leaf metabol'ism by expos'ing the

leaves to various treatments e.g. 'high'and'loui'irradiânce, debudding and altera-
tion of the nutrient supply. 'High' irradjance treatments (Huffaker l9B2) and

debudd'ing (MoncJal et aL.1978; Van Staden and Carmj 1982) were designed to jncrease

leaf protejn concentration. Variatiotrs in irradjance and nutrient supp'ly were

imposed to al ter carbohydrate accumul at'ion 'in the I eaves . ' Low' i rradi ance coup'led

with three times the normal concentration of nitrate (i.e. 22.5 mM) was intended to

deplete the leaf of carbohydrate, whilst a'high' irradjance in the absence of

nitrate, was intended to force the accumulatjon of carbohydrate within the leaves.

The object'ive of these treatments was to estimate maintenance respiration of mature

leaves with nomina'l1y djfferent maintenance energy requìrements. Mature leaves

were used because the C0, efflux from these leaves, shouìd not be contaminated w'ith

the C0, efflux arising from biosynthes'is.

METHODS

Gnouth Tz,eatments

Two experiments us'ing fjeld bean plants were conducted under two irradiance

regimes, so cal'led 'high' 'irradiance and 'low' irrad'iance, in the growth room at a

temperature of 20oC. It is irnportant to note, that where the terms 'low' and 'hìgh'
irradiance are used in the present, and subsequent chapters they refer to the con-

trastjng irradiance treatment of separate experiments'in which p'lants were grovln and

it is not intended that they be interpreted in an absolute sense.

In experiment one, planis were grown for 21 days after emergence and the
'l'ight flux density on the second mature leaf was 600-750 umoi 

'n-2 
r-1 for the 'h'igh'

light, and 300-500 umol ,n-2 r-1 for the'low'ìight treatrnent. In experiment, two,

plants were grown for 30 days after ernergence and the i'ight flux densìty on the

fourth nrature leaf was 1100-1300 umol m-2 s-1 for" the 'h'igh', and 600-800 umol m-2 s-1
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for the 'lo:,i' light trea+.nnerrt, respect'iveìy.

Respiratìon measurements were also ¡nade on leaves from debucided plants

(experiment three), jn whìch the stem above the fourth mature leaf was removed.

Plants were grown as in exper iment two (high irradjance t.reatment) except that seven

days before the measurements, pìants were debudded and half the pìants pìaced under

a lower irradiance (160 umol r-2 r-1) whjlst the other half continued to experience

the high irradiance treatment (1100-1300 pmoì r-2 r-1). In a further experiment

(experiment four), plants were grown as in experiment two (hiSh irradiance treatment)

but three days before respiratory measurements were made, the plants were divìded

into two groups, one receiving no nitrate in the nutrient solutioll (the forrrth

mature leaf continued to experìence the h'igh irradiance 1100-1300 umol ^-2 
,-1) whilst

the other group received three tímes the normal nìtrate concentrat'ion of 7.5 mM (anci

the fourth mature leaf was exposed to a lower irradiance (160 umol *-2 r-1).

Plants providing the souì ce leaves for detached leaf experiments (exper"iment

five) were grown as in experiment one, except that the second mature ieaf received

highe¡irradìance (1100-1300 pnrol l.n-z ,-1¡. The same conditions were empìoyecl to

grow one group of plants to provide attached leaves for gas exchange quotient anaìysis,

whilst another groltp. was grown 'in the temperature controì'led glasshouse (set at ZOoC)

anrl received natural radiation levels, which approached about 900 umol *-2 r-1 ut

mid-day. A summary of the treatments is given in table 6.1.

T^BLE 6.1. Summary of plant treatments. lrradiance units: prncl t-2r-1.

Expe r i nrent
No.

Days after
emcrgence

Grovrth
irradiance

Treatment
i rradiance

Speciaì
conditions

0ebudded

Debudded

no ll0,

22.5 ml4 N0,

Detached leaves

I

I

2

?

3

3

4

4

5

2t

2t

30

30

30

3C

30

30

2t

750

500

I 300

800

1 300

i 300

I 300

I 300

1300

600 -

300 -

ll00 -

600 -

1100 -

t100 -

ll00 -

1100 -

1100 -

600 - 750

300 - 500

1100 - 1300

600 - 800

1100 - 1300

160

1100 - 1300

160

r100 - 1300

Procedtn es

At the end of the nor'¡nal day,30 plants were removed from the growth room and

placed in a darkened growth cabinet or a small tight-proof incubator, both of whjch

were set at 20oC. If detached leaves were required for measurement they were

excised, floated on vrater and placed in the incubator. Inrnediateìy foljowing re-
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moval from t'he growth room, five pìants (or five leaves) per treatnrent were

selected for gas exchange measurement (tíme zero). At subsequent 12 hour intervals,
further sets of f'!ve plants or leaves were selected. Since only one leaf chamber

v¡as available, COZ exchange measurements from five leaves, ì{ere made sequentially
in t'ime although measurements us'ing the l,larburg manometers were made simultaneously,
since 12 vessels were in use. Detached leaves were blotted dry before being encìosed

in the chamber, and for all ieaves, approximately 30 min was requ'ired for steady

state C0, exchange to be achieved.

Atter gas exclrange measurement had been completed, a leaf was weighed and its
ìeaf area determined before being frozen in liqu'íd n'itrogen and stored at -150C untjl
freeze-dried 1-+0oC,0.013 kPa for 48 hours). After dryìng, leaves were weighed again,

ground tc a polder with mortar and pestìe, dried under vacuum (-+OoC, 0.013 kPa for
12 hours) and -,tored in screw cap g'lass vjals at -15oC until required for arralys'is.

RESULTS

The ReLationshíp betueen Dark Respíration and PrevLous Irr,adianee LeueL

Two experirnents weie conducted to obtain the data given in table 6.?, which

shows the rate of dark respiration of jeaves at the beg'inn'ing of the njght, to be

cìoseìy related to the ìight flux density (i.e.carbon assimilation) experienced

during the prevÌous day.

TAgLt 6.? - Relationship betleen irradiance level
(umoì m-25-l¡ anC the mi:an (t stancJard errór) rate
of dark respìration of attached mature leaves, at
the beginning of the fol ìowing night.
(nrg C0, (g dry vreight)-r h-l).

ExperimenÈ
No.

I rrad i ance Dark Respìration
Ra te

l.4B t 0.1

?.20 t 0.3

2.59 i 0.2

2.73 t 0.4

Leaf Respír,ation in PnoLonged Darkness

effeet of prevLous irradíance

Figure 6.1 shows typ'ical results of respiration measurements at 12 hourly inter-
vals over a period of 60 hours. Dark respirat'ion (per un1t area) renrained steady over

the first 12 hours (tfre 'normal' night), but subsequently decìined during the fol'low'ing

24 hours untjl a new, lorver, steady rate of gas exchange was attair¡ed after 36 hours

I

2

2

300 - 5ú0

60c - 750

600 - 800

1100 - i300
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of darkness. The overall pattern of the resp'iratory decay for attached mature

leaves (f igure 6.1) is very sim'ilar to that obsenved lvhen whole p'lants are subjected
to the same treatment (McCree 1970)
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FIGURE 6.1. Time course of dark respiration of
grown under high irradiance (1100:1300 umol m-2s
standard errors, and where mìssìng are contained
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the fourth mature, attached field bean leaves. uhich were oreviousìy-l );@, or iow irradiance (600-800 vmoì m-2s-1); 9. Bars' represeni
vrithin the symboìs,

o

When changes in the dry weight of a leaf were examjned, it was found (figure 6.2)
that during the normal night, a marked decrease in weight occurred. This was

associated (figure 6.1) with a stable rate of gas exchange exp!essed on an area basis.

effeet of Leaf detachment

Figure 6.3 shows the pattern of respiration in leaves which had been detached

from the parent plant at the end of a 12 hour day and floated on deionised wateì.
There was no decay after 12 hours in the dark, but a small decay occurred after 36

hours in the dark. This was also observed in other detached leaf experinlents (data

not shown). There was l'ittle difference between the respiratjon rate of attached,
and det.ached leaves, duri ng the normal n'ight.
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To ens'rre tlra'f the detached leaves viet.e not clehydrai;ing, fresh- and dry weiglris

were me(lsured and compared rvitlr sinriiar data for attached leaves. The resu'lt.s

(tanle 6.3)show that clehydration h'as not a factor jnfluencing the respiratjon of de-

tached I eaves .

IABLE 6.3. lest of the effect of detacllment on water content (frcsh weiqht- : dry lreight rat-io)
of leavcs incubated for up to 60 hours in the dark. There were five replicates for the CetacheC
leaf trc¿tment and two repìicates for the attached leaf treatnent. Values are ncans t<lgethe.r
with standard errors. Unìts are mg.

Tinre i n
dark (h) res we

Attachcd I eaves
we

Detached I eaves
rrc-fFwei0hT--0ry r.'eight -RìTìã

0

t2

24

J6

48

60

42.5

43.4

48.0

16. 7

38.0

1B .9

103.9

72.9

5l .5

54 .3

77 .3

36 .6

10. r

10.0

1.4

16.0

3.5

2.3

6.9

8.4

oo

B.B

9.0

9.6

63 .8

50. I

42.0

24.0

4 0.0

26.0

74.9

64 .6

75.7

61.7

55 .8

45. r

t 7.5

l7.l
t 5.1

t ?.2

: 4.0

! 2.5

7.4

o,

9.1

9.0

9.4

8.9

721 .s

614.5

506 .4

479.2

701 .7

353.4

+

+

+

+

+

555. B

5?6.9

690.6

553. I

535.0

399. 5

+

+

+

+

+

+

effect of debuddína

The pattern of respiratory decay for attached leaves from debucÍded pìants which

were previous'ly exposed to a 'high' irrad'iance for seven days (figure 6.4) uas

simiìar to that observed for leaves grown in experiment two (fìgure 6.1). Ther'e was

a constant rate of C02 efflux during the 'normal' 12 hour night after which the rate

rapid'ly decljned'for 36 hours. A contrastjng pattern was observed after leaves had

been moved to a'ìovr' irradiance following debudding. The rate of dark respiration

i4/as not constant during the norma'l night, but instead, decì'ined rapidly and attaineC

a ìolver steady state after about 24 hours of darkness.

It is noticeable that the steady state rate of gas exchange'in the'high'
irradiance treatment is higher than that observed in other experiments in v¡hich

leaves were exposed to a simj'lar photon flux density (e.g.figures 6.1,6.3 and 6.5),

and this could have arisen either because there was a higher protein concentration in

the leaves, whiclr necessitated a higher energy demand for maintenance, or because the

ìeaves were thicker and conta'ined a great.er mass of respirÍng material. Although the

first possibil'ity was not tested, the second possibility is consistent wjth the

observation that the leaves from the'high' irradiance treatment were consÍderab'ly

thicker than leaves from the other treatments. For example, the average specjfic
leaf weight during the final 24 hour perjod of the h'igh irradiance treatment was

865 mg dm

300 mg dnt

-2
-2

, compared w'ith 590 mg dm-2 for the low irradiance treatment and about

for leaves grown ín experiment two (figure 6.2).
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"o 
hìgh

irradiance (1100-l3CO umol n-Zs-l);@, o. ìow ìrradiance (160 lmoì r-2s-1);O. Experir,.,ent three. Points aré means
of tvro replicates, except for the points at 48 hours (ìow irradiance curve) and at 60 liours (both curves), where poin+.s
represent meôsuretnent on sìngìe ìeaves. 0n oiher points, bars represent standard errors and where missÍng, are
cont¿ined vrithin the symbol,

effect of aLterLnq the nitz,oqen suppLu

When piants vrere exposed to 'high' irradiance, and nitrate was v"ithheld from

the nutrjent solutiorr, the pattern of dark respiration of the attached leaves

(figure 6.5) was similar to that previously observed (t'igure 6"1). When p'lants were

supplied wjth 22.5 mM nitrate and exposed to 'low' irradiance, there was a gradual,

ljnear decline in the resp'iration rate of the mature leaves when the plants were

placed in continuous darkness. There was no rapid decay in the respiration rate

following the'normal' night, and during the fjrst 24 hours of darkness, the loss in
ìeaf dry r^/eight was calculated to be onìy 26.4 mg dm-2. The corresponding dry weight

loss from leaves of the h'igh 'irradjance treatnlent was 87.1 mg dn-Z. There was little
difference in the rate of C0, effìux between the treatments after 48 hotlrs of dark-

ness, aìthough the rate of efflux was marginally higher in the high'l'ight treatment.

o
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errors, and v¿here-missing are contained within the symboì.

the qas auotient

Figure 6.6 shows results obtaíned us'ing attached leaves from plants grow'ing ìn

the temperature controlled glasshouse (lower curve), the growth room (centre curve),

and using leaves detached from plants v¡hich rvere previously growing in the grolth

room (upper curve). The gas exchange quotient (ul C0r/v1 0) varied'in the same

manner for both sets of attached leaves, and declined from a value around 0.90 to

0.78 and 0.69 (centre and lower curves, respectiveìy) at ?-4 hours, increased and

then decreased agajn after 48 hours. No such variation occurred Ín detached leaves,

and the value of the quotient remained above 0.90.

These values reveal possible changes 'in respiratory substrate from carbohydrate

to protein after 12 hours of darkness when leaves remained attached to the p'lant' but

the detached leaves appeared to continue to ov.idise carbohydrate for at least 60 h.

CaLcuLation of the Energy Requír'entent for Sucz'ose Tnanspot't

As noted prevíously, decay jn the respirat'ion rate of mature leaves, when p'laceci

in pro'longed darkness, was not expected. However, the observation (figure 6.1) that

the decay was more pronollnced vrhen there was a marked decl'ine in leaf dry weìght

during the'normal'night, suggests that leaf respiration provides energy to load

o
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sucrose into the ph'loem. If was therefore decided to calculate the energy require-
ment for sucrose transport. The calculations(illustrated for one example in
appendix I) are made using clata from experìments one and tvro. Respiration meesure-

ments vrere derived frorn data such as those in fjgure 6.i wh'ilst the quantities of
carbon translocated were observed from data to be presented in Chapter VII" The

energy requirement was calculated in two ways: in the first, the total respjratjon
over the first 1.2 hours r^,as assumed to contribute to ph'loem loading whilst jn the

second, the difference between the respiration rate at 12 hours and 60 hour.s, was

assumed to represent respiration for loading. Thus mature ìeaf respiration was

divided into a loading and a basal (maintenance) component. The results (taUie 6.4)
show that energy costs differ according to the method of calculation, but when the

second method is used (column (ii)), the results are less variable.

CaLcuLation of 'bhe Maintencrnce Requi.z,ement foz, Mq.tuï,e Leaues

Data from all fíi,e experimenis using attached and detached mature field bean

leaves are shown in table 6.5. The rates of maintenance respiratjon of attached

leaves (taken after 60 hours of dar"kness) were hardly affected by the treatmerits but

0
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TABLË 6.4. Calculated energy requirernents for loading the
phloenr with soluble sugars in the mature ìe¿ves of ficld
bean plants. Two experimen:s Here run, eaclt at two ìevels
of irradiance. The calcuìations vrere made on the l¡asis of
the total respiration rate of the leaves durìng a 12 hour
night (coìunrn (i)), or on the basis of the difference be-
tween thc respìration rate during a 12 hour night, anrJ the
rate after 60 hours of darkness (coìumn (ii)). Unjts are
gC respired/gC transported. Sur,rnary vaìues are nean,
itandard error and coefficient of variation (i).

Exper iment
No.

Irradiance
umol nr-2s-l

Energy
(i )

requ i rcnrent
(i i)

2

2

600 -

300 -

lt00 -

600 -

750

500

I 300

800

0.0503

0 .0503

0. r050

0 .09s0

0.0750

0. 014

39 -7

0.0502

0 .0502

0. c640

0.0580

0 .0560

0.003

t2-o

me- I

s.e.

c.v.

were noticeably lower than the rates determined on detached leaves (taken after 12

hours of darkness). The average values for attached leaves on a dry v/eight and a

protein basis correspond to'18.2 mg glucose (g dry weight)-I Zqn-l and 68.0 mg

glucose (g protein)-1 24h-1, respectively. The correspondìng average values for
detached leaves are 52.2 mg glucose (g
(g protein)-1 z+r,-1.

dry weight)-I Zqn-l and 200.8 mg glucose

TABLE 6.5. Maintenance respiratìon of attached and detached field bean leaves, determined
after 60 hours (attached ìeaves) and zero hours (detached ìeaves) at 200C. Aìj treatnents
(indicated in short-hand) are fuììy described in the l.lethods section. I'ie¿n values are
given together with the standard error for five leaves. hrhere no error tern is appàrent,
v¿ìues were calculated from the.rate of respìratìon per unit of d!"y matter assurning the pro-
tein concentration to be ?6.4'l (the mean value of tissue from experìnent t and 2. -Respiration

is.on a dry vreight basis (mg C02 (g drv v¡eight)-1h-1) or a protein basis (mg Coz (g prbtein)-l
h-r). Experiment 3 w¿s the debudding experiment whilst experiment 4 ìncorporatëd èhanges iá
the.nitrate suppìy. HL and LL refer to 'hi9h' and 'ìor.r' irradiance treatments, respeðtìvely.

Attached I eaves
lrffiiãtìõnper:

g dry vreight g protein
l'lainten¿nce respiration per :

g dry vreight g pro+.ein

Detached 
.ì 

eaves
Treatment

HL Expt I

LL Expt I

HL Expt 2

LL Expt 2

HL Expt 3

LL Expt 3

HL txpt 4

LL Expt 4

I .04

0.62

1.51

1.20

1.16

I .16

1.25

0. 94

r 0.33

r 0.14

r 0.14

t 0.08

t 0.10

t 0.12

r 0.09

r 0.10

4.53 I 0.74

2.63 r 0.18

4.41 t 0.7?

4.47 t O.46

4. 46

4.46

4 .81

3.62

HL

HL

HL

3.76 t 0.45

2.70 t 0.21

3.11 t 0.20

14.46

10.38

11.96

llean 1.11 4.t7 3.r9 12.27
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The maxiniurn pot.ential turnoyer rate of 'leaf prote-in can be estimated if it is
assutned that the resp'iratjon rate represenL.s carbon efflux soìely from prote'in de-

gradation. If the carbon content of proteìn is 54.4% (Challa 1975), the nra'intenance

rate of attached leaves represents a turnover of 0.05 d-' (S0.2 rng protein (g pro-

tein)-1 24h-L) whi'lst for detached leaves the turnover rate is 0.15 d-I (trtl.6 rng

pr"ote'in (g protein)-l zqn-r).

DTSCUSSION

The resp'iration of mature fjeld bean leaves can be separated into two components

in the iamu manner as can be done for whole pìants, i.e. after a 'normal' 12 hour

night of more or less stable rate of C0, efflux, the dark respirat'ion falls during
the next 24 hours, to au asymptotic value. This pattern in rnature leaves tJas un-

expected, sìnce such leaves are, by defin'ition, not growìng. However, the pattern
as described, shows there to be a'constant' (or basal) component (which can be

measured after about 24 hours of darkness) and a'variable'component of respirat'ion
(which'is quantified as the difference between the rate of C0, eff'tux at the begìnn'ing

of the night, ancl the rate after a further 24 hours in the dark). The initiaì'ly h'igh

rate of respiration associated with the loss in leaf we'ight, strongly suggests that
respiration jn mature leaves in addition to provìding for leaf maintenance, also
suppìies energy for assimiìate export. Sovonick ei aL. (1974) and Geiger and

Sovonick (1975), antongst others, have shown that phìoem loading is an energy depencien+"

process, and jt is poss'ible to cost this process lvith a knowledge of both the rate
of respirat'ion, and the amount of carbon translocated. As shcwn jn table 6.4, the
cost depends on whether the respiration rate during the'normal' 12 hour n'ight is
used, or whether the difference between this rate and the rate after 60 hours of
darkness ís used for the calculations. It seems logical to exclude the'constant'
component from the calculation because the magnitude of this component is independent

of the magn'itude of the variable component (tanle 6.4). This analysis reveals that
on average, 53.6 mg of carbon is respired irr the export of one gram of carbon in the
form of sucrose (i.e. 0.0536 gC/gC). Thjs value is considerab'ly lower than the cost
calculated for tomato by Ho and Thornley (1978, 0.22 gC/gC), but is comparable with
the value for barley leaves determined by Hitz (1982,0.08 gclgc). l4uch lower rates
(O.Ol4 SClSC) were computed by Sovonick et aL. (1974) and Konror (cited by

Schapendonk and Chal I a I 980) .

The theoretical cost of assimilate loading can be calculated if ph'loem loading
(i.e. movement of sucrose from the free spô.ce to the companion cell cytoplasm)
requ'ires one molecule of ATP per molecule sucrose transported (Penning de Vries 1975b).

One molecule of ATP is equivalent to l/¡g rnolecules of glucose (assuming complete

oxjdatjon) and one molecule of sucrose ìs equivalent to two molecules of glucose
(since hydrolysis of sucrose yields a molecule each of glucose and fructose, and

the latter are readily interconverted by the enzyme, hexose phosphate jsomerase.
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The cost or loading one nrojecule of sucrose, in terms of glucose, -is then calculated
1to be '/38 /2 = 0.0132 gC/gC. Furthermore, ìf the synthesis of one mojecule of

sucrose r"equires three molecules of ATP (Penning de Vnies 1975b), this cost js
calculated to ¡e 3/gg /2 = 0.0395 gC/gC, and the sut¡ of these costjngs, r^ihìch

accounts for sucrose synthesis and loading into the phloern, is 0.0527 SC/SC, a value
which is very close to that deterrnined in table 6.4, column (ii¡ (O.OSOO SC/gC).

These calculations provide very strong evidence for the separation of mature

leaf resp'iratìon into two components, in which the energy requ'irement for sucrose
synthesìs and loadjng is costed to the'variable'component of leaf resp'iration. The

magnitude of the'constant'component can be determ'ined by pr'o'long'ing the dark treat-
ment for a further I? to 24 hours and is likeiy to large'ly represent the energy
requ'irements for maintenance of protein content, and the ma'intenance of ion concerì-

trations within cells.

Such a division of mature leaf respjration was impfied by Ho and Thornley
(1978). They induced changes in night respiration and translocatjon by daììy
chang'ing the photon flux dens'ity incident on mature tomato leaves. A linear regression
equat'ion incorporating the dark respiration rate and the rate of translocation re-
vealed that respjration accounted for 22% of the carbon translocated, plus 1.1% of
the leaf weight. They Ínterpreted this result in terms of a transport dependent

respÍratory component, and a 'maintenance' component.

The reasons for the wide variation in 'transport' cost is not known, but
differences in methodology, and perhaps species, could be responsible for some of it.
In regression analysis, the participation of 'extraneous' processes (nitr"ate
reduction or, fluxes of hexoses or ions across cell membranes for exampìe) wh'ich may

be dependent on one or other of the variables incorporated in the regression, can

markedly affect the quantitative relationship between the variables. Although the
results presenied Ín this Chapter were not obtajned by regression analysis, the
latter criticjsm js still valid. However, the conclusions drawn are consistent w.ith

the good agreement between the theoreticalìy deternrined and the experimental values
obtained for the costs of sucrose synthesjs and ìoading.

The treatments app'lied had only a minor effect on the pattern of dark respìration
of mature field bean leaves when conditions during the light perìod were conducive
to the accumulation of high concentnation of carbohydrate. For example, the data for
experìment one (not shown) and experiment two (figure 6.1) show the respÍr'at'ion rate
to be essentialìy constant during the normal night. Challa (19i6) also found the
respiration rate of mature attached cucumber leaves to remain constant during the
night wherr leaves had accumulated considerable carboh3rdrate reserves during the
previous day (when plants were grown in'spring'con<ljt'ions) and furthernlore, he
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found the rate to decline during t.he nigirt l',riren plants tvere growit in 'vlinter"
conditions, which lead to the complete export of al'l prevìousìy accutnulated carbo-

hydrate fronl the leaf before the end of ihe night. Thjs latter pattr:rn of leaf
respìration wô.s also found ìn the present study, as shown'in figure 5.4 ('low

irradiance curve). in figure 6.5, there ìs a very small decay in the leaf respiration
rate in the low imadiance treatment, and only a smal l change in the 'leaf Cry weight

during the first 24 hours in the dark. 0n the basis of Challa's data, these results

suggest that the 'ava'ilable' carbohydrate (chloroplast starch and soluble sugars

within the cell cytopìasm) was exported before the end of the normal night in the

low irrä¿iance treatments shown in figures 6.4 and 6.5. Chat,terton ancl Sjlvius (1981)

found the programm'ing of chloroplast starch a.ccumulation to be'independent of the

photon flux density within the range; 320-640 pmol t-2 ,-1, but the present results,
together vlith those of Challa (1976), suggests leaves have a l-imited abjlity to

adapt their rates of starch accumulatjon a:,J degradation to the length of the

photosynthetic period, when the irradiance level is relaiively low. In figure 6.4,

the'low'jrracliance is 160 umol-2 s-1, whilst in Challa's study the'low'irradiance
_) -2 -1was 30 l'J m-', or approxìmate'ly 120 umol m - s *.

The debudding treatment appeared to increase the thickness of leaves rather
than the n'itrogen concentration as had been desired. Previous expel^iments Lrsing de*

budded plants (Chapter V) showed the root and shoot tissue to become more l'ignified
and the concentration of n'itrogen fractions (organic nitrogen and nitrate nitrogen)

to be lower than'in plants which remajned intact. Therefore, it is pcrss'ible that
following debudd'ing, the demand for reduced nitrogen is lowered and the roots may

act'ively exclude nitrate and/or there may be an efflux of stored nitrate from the

root into the nutrient medium (e.g. Pearson et aL. l9B1). Consequently, the absence

of reduced n'itrogen (or nitrate) may expìain why there vJas no accumulation of proteìn

within the mature leaves. Alternatively, the pr"otein concentration may have been low

because the recentiy assimilated nitrate v¡as incorpora'ted into the protein of the

emerging axillary buds, rvhich lvere continually removed. The high rate of respiration
of the leaves of both irradiance treatments after 36 hours of darkness (figure 6.4)

is therefore likely to be due to the greater vreight of respiring tissue within unit
area(i.e. higher specific leaf area), rather than to a higher protein concentra.tion

of the leaf tissue, since high irradiance can stirnulate the formation of addjtional
layers of palisade parenchyma in the leaves (Sa'lÍsbury & Ross 1969).

The removal of nitrate from the nutrjent solutjon, and the exposure of the leaves

to'high' jrradiance (figure 6.5) was intended to force the accumulation of non-

structura'l carbohydrate. It was anticipated that decay in the resp'iration rate in the

dark rr,oulcl be clelayed untìl after 12 hours, since the absence of NOJ was expected to

reduce the 'sink' dernand for carbohydrate. The decay occurred at 12 hours hotvever, as

in the previous treatments. Thus, it seems that most of the carbohJ'drate accumulated
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during the light, v¿as mob'ilised from the'leaf by the end of the followjng night
despite the imposed treatmenl. It Ís possible tha'L nitrate previously stored wjthjn
the stem and root tÍssue, ntay have been rnobilised during the period ol'njtrogen
'starvation' to provide a 'sink' for the exported carbohJ,clrate. Nevertheless, there
is a suggestion from the data for the'h'igh' irrad'iance treatnlents in fjgures 6.4
and 6.5, that decay in the respÍration rate was no'b compleLed until abor¡t 36 lrours
of darkness. The decay in the resp'ination rate of both treatments in figure 6.1,
was essentially comp'lete in 24 hours. Whether or not the'high' irradiance curves
in figures 6.4 and 6.5 represent a real change jn the pati-ern of leaf respiratjon in
prolonged darkness, can only be elucidated by additional replication and more frequent
measurement than used here.

The pattern of change in the gas exchange quotient (figure 6.6) js difficult to
interpret. The low value of the quot'ient lur a+,tached leaves after 24 hours jn the
dark, suggests that protein was oxídised. Ii is possible that upon exhaustion of
the pool of exportable assint'ilate, the supply of hexose was insufficient to suppor"t
the respìration rate, wh'ich necessiÈat.ed the oxidation of arnino acids until carbo-
hydrate became availabie either from vacuolar release, or from the translocation of
sucrose into the leaf from elsewhere in the plant. The gas exchange quotient should
then return to uniùy but this ìs approached only by the growthroom-grown plants.
After 36 hours the data suggest the continued oxiclatjon of prote'in and/or'l'ipid.

An alternative explanat'ion for the low value of the gas exchange quot'ient at
24 hours could be the incompìete oxidation of amino acids whjch would result in a

value of 0.7 (James 1953), and the jncrease at 36 hours could be due to compìete
oxidatiofl, t0 NH, and C0r, which would increase the quot'ient to a value between 

.l.0

and I .3.

It is assunred that cell wall hydrolysis and oxidatjon of the resulting glucose
was no't, the reason for the high va'lue fon the gas exchange quotient at 36 hours. It
is also unlikely that assimilate was transported into the mature leaves, s'ince the
whole p'lant was placed in the dark, aithough the movement of carbohydrate jnto mature
leaves has previous'ìy been reported. Quinlan and Weaver (1969) were able to force the
import of carbohydrate when they increased the 'sink' strength of a mature vine leaf
by shading it. Thrower (1977) showed that'import into mature leaves of Brassica
paz'achínensis can occur during the rosette stage of growth, but not when the plant
beo¡mes eiongate. Whatever the cause of the changes in the gas exchange quotient, the
data suggest there to be metabolic differences between attachecl and detached leaves.

Although the detachment of a leaf removes the assìmilate sink and eljmjnates
long d'istance transport, the protracted hígh initial rate of ciark respìration, for up

to 36 hours (f.igure 6.3), suggests that sorne transport conrponent is presr:nt in such



Respiratìon rates of attached and detached leaves ( 26.64 and 76.56 mg C0, (S d.wt)-l 24 h-1, respectiveìy)

are greater than whole plant respiratìon rates shown in table 5,1, steaoy state method

(21.3s mo cO2 ( s d.wt)-1 24 h-l). These data show that the assumptìon made by l^Jilson (1975), that

specìfìc respiratory rates of mature leaves to be equal to the specìfic maintenance rates of whole plants,

is not valid.
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lear¡es. The accumulation of radiocarbon label in veins of leaves, recentiy fed

labelled C0, and then detached from the p'lant, has prevìously been observed (e.g.
Eschrich and Burchardt 1982; Hartt and Kortschak 'l964; Leonard and King 1968)

and th'is suggests that the veins may serve as a sink for carbohydrate, and that
sugars are accumulated within the veins agaìnst a concentrat'ion gradient (i.e.
load'ing is actíve). Such actíve loading would account for. the high respirat"ion rate
over the first few hours of detachment, bub the reasons for the prolonged hìgh

respiration rate is more puzz'ling. Three suggestìons are put forward. First,
follow'ing detachment, leaf starch probab'ly degrades at a nruch slower rate than when

it js attached and the carbohydrate exportd. Under these circumstances, considerable
quant'ities of C0, may be evolved from the oxidative pentose phosphate pathway which

is functjonal in the chlorop'lasts (Stitt and lleldt l98l ). As a resul+. of the

operation of th'is pathway, NADPH, can be generated, and reduce ferridoxin z.¡ia NADP

reductase. F¡rrjdoxin can, in turn, reduce 02, N02 or H+ irr the process termed

'chìoroplast respirat'ion' (Kow et aL. 19BZ). The high va'lue of the gas exchange

quotient coulC arise as a consequence of chlorop'last respiration. Second, g'ìucose

and fructose may accumulate in the leaf cell cytoplasm, and may require eneigy for
compartmentat'ion, probably within the vacuole (Guy et aL.1979), Third, it is
feasible that the high carbohydrate avajlab'ility may stimulate efflux of n'itrate from

leaf vacuoìes by generating a sink for reductant and thus stjmulating resp'iration.
Holever, Aslam et aL. (1976) found that light was necessary to stimulate nitrate
efflux from the (vacuolar) storage pooi of etiolated barìey leaves, and that
exogenously applìed g'lucose could not replace the light effect. Clearly, the isolatjon
of the leaf from the plant has produced a functjonal change in leaf metaboljsm and

has transformed it from a constitutive organ responsible for the synthesis and

transport of sucrose to the rest of the p1ant.

The d'ifferences in metabolism between attached and detached leaves detailed
above, therefore impìy that caution be appl'ied jn interpreting the rate of C0,

evolution from mature leaves in terms of majntenance resp'irationÍ fhu effectl of
these differences can easiìy be recognísed by the degree to which experimental values

for maintenance in detached leaves, deviates from the values calculated by Pennìng Ce

Vrìes (1975a). Total maintena,nce requirements of leaves were calculated to range

between 13 and 23 mg glucose (g dry weìght)-l zqn-I, whjlst ùhe experimentalìy
determined values were 18.2 mg gìucose (g dry weight)-I Zqn-L for the attached leaves

(after 60 hours of darkness) and 52.2ng glucose (g dry weight)-I Z+n-I, for cletached

leaves. Figure 6.3 shows there to be little difference jn the respiration rate of
attached and detached leaVes during the'normal'night. The total nraintenance energy

requirements computed by Penning de Vries (lgZSa) are exceeded by the requ'irements

determined from experìmental measurement. The main reason for the d'iscrepency is due

to the fact that the energy costs for sucrose synthesis arrd phloem loading are not

included in Penning de Vries'calculations. If leaves are detached from the parent
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plant, this does not eliminate the loading component of respirat'ion becarise sucrose

can be accumujated wjthin the veins of the leaf. Moreover, detachnrent may ceuse

changes i n cel I metabol i sm, as outl i ned earl jer.

The maintenance cost attributable to protein turnover calculated by Penn'ing de

Vries (lgZSa) ra.nged between 7 and i3 mg glucose (g dry weight)-l Zqn-1 values whjch

are also exceeded by those from experimental measurement of the rate of C0, efflux
from leaves during a pro'longed dark treatment. Two expìanations for this djscreparrcy

can be,invoked. Firstly, the calculated costs rnay underestimate the t.rue rate of
prote'in turno,¡er for two reasons: ('i) the calculat'ions assume that ali proteins
turnover at an average rate of I0% per day when i t i s 'l ì kely that the rate of turn-
over will vary with environmental condjtions; and (ii), present techn'iques are not

suitable for the derivation of absolute rates of turnover, since an extended'incuba-
tion js required to obtain suffjcientiy large changes in prote'in content, and as a

consequence techniques are biased tolvard measuring tur'nover of proteins with low

turnover rates (Dungey and Davies l982). Second'ly, respiration conrprises components

concerned with maintenance of ion concentrat'ions and for membrane maintenance; in
addition to a component due to protein majntenance. Discrimination between these

explanations will depend on more accurate estimates of protein turnover than
presently avai'lable.
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CI-IAPTER ViI. CARBOHYDRATE EXPORT AND SOURCES OF

SOI.UBLE St'GARS FOR I"EAF RESPIRATIOi\
DURING PROLONGED DARKNESS

INTRODUCTION

McCree (1970) suggested that the decay in the rate of dark resp'ii"ation of
clover plants which occurred after 12 to 14 hours in continuous darkness was due

to the dep'letion of one pool of photosynthate and the switching to another. It
is conceivable that the fjrst of these pools is the leaf starch which has

accumul'ated during the normal day. The evidence for this view arises from the

publ'ications of Chatterton and Silvius (lglg) and Challa (1976) lvho jnvestigated

leaf starch synthesis in the fight and degradation in the dark in soybean and

cucumber, respectively.

Chatterton and Silvius found the rate of starch accumulation to be'inverse'ìy
related to the length of the dai'ly photosynthetic period. Furthermore, plants

grown jn a seven hour photosynthet'ic period partitioned a h'igher proportìon of their
da'i1y foliar accumuiation into starch and sugars (90%) than d'id pìants grourn'in

a 14 hour photosynthetic period (60%). Both Chatterton and Silvius (1979) and

Challa (1976) found that the starch reserve was essentia'lìy deplet,ed by the be-

ginning of the subsequent photosynthetic period and these observations prompted

Chatterton and Silvius to propose that leaf starch accumula'bìon is a programmed

process and not s'impìy the result of a ljmitation in translocatìon. Their data

aìso suggest that the decay in plant respiration noted by McCree may be related to
the dep'letion of the leaf starch.

In Chapter VI, the resp'iration rate of mature field bean leaves v¡hich had been

kept in prolonged darkness, was found to decl'ine rapidly once the loss in ìeaf dry

weight had stopped. Challa (lgZ0) also found the resp'iration rate of cucumbei

leaves to decline at the end of the night, at the time when starch exhaustion was

imminent. The genera'l concurrence in the decline in both mature leaf, and whole

pìant respiration noted in these prev'ious studies, suggests that the decay irr whole

pìant respiration rnay be due at least in part, to the decay in the respiration rate
of the nrature leaves. An alternative interpretation, and one which js more con-

sistent rvith the growth and majntenance concept of respiration, is that folìow'ing

the depletion of leaf starch, the rate of substrate suppìy for growth and energy

productì on i n the rest of the pì ant becomes f inri t'ing. Experiments contai ned

within the present chapter were designed t.o allow differentiatjon between these

two hypotheses.

The second poo'l referred to by McCree (1970) has been suggested to constitute

the pool of soluble sugars, which are compartmented jn vacuolcs within the cell
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(Lopes 1979). Lopes nrade this suggestion a1=ter he found that rad'ish'leaves

contained appreciable levels of soluble carbohydrate at ti¡e end of a 60 hour dark

treatment. This inrp'lies that when maìntenance respiration is determined as the

rate of C0, efflux.rfter about 48 hours darl<ness, respiration is reljant on the

soluble sugar pool within the vacuoles as the sole source of substrabe. However,

a prerequ'isite for the acceptance of this postulate ìs that a pooì of carbo-

hydrate of sufficient size to suppclrt the observed rate of respirat'ion must be

present" This point js also examined'in the present study in relat'ion to mature

fiel d bean I eaves .

METHODS

To elucidale the reason for the decay in plant respiration mature leaves

(containing the stored starch) were removed fronr plants and continuous record'ings

of the rate of C0, exchange from the defol'iated plants(stem, petiole, root and

leaf buds) were made for up to 60 hours of darkness. Field bean plants were

grown at 20oC'in a grcwth room, wjth the upper leaves receiving between 1300 and
_2 -11500 umol m's'of phot.osynthetìcaìly active radiat'ion for 12 hours per day.

Forty days after emergence, sing'le p'lants were p'laced in a darkened ass'imjlatjon

chamber (see Chapter III for details) at the end of a 12 hour day. Since onìy one

chamber was available, experinrents were run sequentially'in time. Fol'lowíng place-

ment in the chamber, plants were subjected to a defoljation trea'Lment, in which

all the fully expanded leaves were trimmed from the plants and removed from the

chamber. This treatment was carried out at one hour or ll hours into the dark

period, whilst the control plants remajned intact.

The pattern of starch degradat'ion and the size of the soluble carbohydrate

pool in the leaves were determined in two experiments, the details of which are

reported in Chapter VI. Briefly, plants for experiment one were taken 2l days

after emergence and pìacecl in contjnuous ciarkness for 60 hours at 20oC. Fjve mature

attached leaves were then subjected to respiratìon measurement every 12 hours from

the end of the normal duy, frozen in liquid nitrogen and freeze drjed. In

experiment two, the same procedure was followed, except that pìan'us vlere taken

30 days after emergence, and the fourth mature leaf used for respiratory. measurement.

Tissue rvas weighed, ground to a powder with a mortar and pest'le, re-dried and stored

in scy'ew cap g'lass vials until ana'lysed for 80% ethanol-soluble carbohydrate (as

sucrose) using the phenol sulphuric acid techn'ique. Starch jn the ethanol-

insoluble res'idue v¡as estimated after hydrolysis with amy'lcglucosidase and deter-
mination of the result'ing g'lucose w'ith gìucose ox'idase-peroxidase-dianjsjdjne

dihydrogen chloride reagent. Full detajls of these analyses are contained in

Chapter III.
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RESULl'S

TIie 'Iíme Course of hhole PLant Carbon Eæcliange FoLLourittg Defoliatíon

The characteristic decay in the respiration rate folìowirrg the normal 12 hour-

night is clearly sl¡oln by the control treatment in fjgure 7.1.
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, When all the mature leaves were removed from the plants after one or ll hoLrs

of darkness, the rate of C}Z efflux from the remaining roots, stems and immature

leaves rapidly declined. In these young pìants defoliation removed between 20

and 30% of the dry weight, yet immed'iate'ly follorving defoliat'ion the respiraiion
rate of the remain'ing p'lant was hardly affected. The reason for the small effect
of leaf renoval was due to the fact that the respiration rate of the mature leaves

was on'ly a smalì proportion of the total resp'iration, and this is illustrated by

the fol'lowing data. It should be noted however, that the respiration rat-e of the

leaves from defoliated pìants was not measur'ed, but such measurements were made

in experinlent one, and the data are presented here. The respiration rate of the

whole p1ant, and subsequently, the respiratìon of the second mature leaf, was

measured at the beginning of the night. The average spec'ific respiration rate for
five plants rvas cleterm'ined to be 13.5 mg C0, (g dry rveight)-l h-1 whilst the
correspondìng rate for the leaves was 2.2 ng c0, (g dry weight)-l r,-1. The average



dry weight of the pìants was 0.62 g whilst the average vre'ight cf al'l ihc mature

ieaves on each plant was 0.26 g. The contribution of the leaves to the total
pìant resp'iration rate can nou¿ be calculated if it is assumed that all the mature

leaves on each pìant respire at the same specifjc rate. This contribu'tion is
calculated thus:

leaf respiration 2.2 m CO
-1 -1d.wt h x 0.2.6 d.wt

x'100%
plant respíration 13.5 mg C0, (g d.wt)- h- x 0.62 g d.wt

= 6.8%

Therefore ìeaf respiration accounted for about 7% of the total plant respiration
immediately following the photosynthetic period in this experirnent. In another

experiment, the proportion was calculated to be 70.5%, and these figures shorv that
respiration js more intense in the grow'ing po'ints, such as the shoot buds and the
roots than in the mature leaves, during the early growth of these fjeld bean p'ìants.

The Time Course of Carbohydrate Concentration ín the Mature Lean:es

In experiment one, starch accumulation was highest in leaves which had

previously been exposed to the highest imadiance (figure 7"2), There was a con-

siderable decline in the leaf starch concentration over the normal 12 hour" n'ight,
but starch was not exhausted until sometime between 12 and 24 hours of darkness.

The upper line jn figure 7.2 nay be misleading in this context, because the leaves

were not sampìed at the 24 hour t'ime period.

The levels of solubìe sugars (figure 7.3) similarly dec'lined very rapid'ly

over the first L2 hours of darkness, but thereafter declined at a steadier rate.

There uras little difference ìn sugar concentration between leaves of the two

irradiance treatnrents after 12 hours.

In experiment two, the decline in starch (figure 7.4) was comparab'le to

that in experiment one (figure 7.2) and starch had been comp'letely mobilised wjthin
24 hours of darkness, but the rate of soluble sugar'loss (fìgure 7.5) appeared to

continue at a high rate for the first 24 hours. However, it is probabìe (on the

basis of the pattern in figure 7.3) that the soluble sugar concentration fell to

a.bout 50 mg (g dry weight)-'jn both curves soon after the 12 hour sampling time.

Thene was no measurable loss between 24 and 36 hours, but thereafter the sugar

concentration declined in the low irradiance treatment but increased slìghtly'in
the high irradiance treatment.
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TTte Carbohyfuate PooL fot' Leaf Respiratíon

The size of the pool of soluble carbohydrate potentially avai'ìable for leaf

respiration was calculated, and is shown in table 7.I. The figures are based on

the sucrose concentration and the resp'iratjon rates of leaves 60 hours after

darkening. The data show that the sucrose pool (converted to g'luccse units) which

waspresent after 60 hours,was sufficient to last a further four to sjx days,

provided that the rate of resp'iration ciid not clrange.

DISCUSSION

A]though the dark respiration rate of the mature leaves (Chapter VI) arrd the

whole plant (figure 7.1, control treatment) decay concurrently, this does not mean

that the decay in whole plant respiration, which occurs 72-14 hours into a dark

period,'is caused by the decline in the resp'iratjon rate of the mature leaves.

The evidence for this, is that immediate'ly following defoliation, the rate of C0,

efflux from the pìant did not fali to the ma'intenance rate. This did not occur

for the reason that only a sma'|1 proportion of the total respiration was attrìbutable
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IABLE 7.1. Respiratìon rate after 60 hours of darkness, size of the sucrose pocl
(in gìucose units) a¡rd the ìife of that pooì, calculated for ¡¡ature field bean
le¿ves from two experiments, each run at two irradjance levels. Data are nleans
of fíve repìicates, Units: ìrradiance, rool m-2:-l; re¡piration rate mg CC2 (9
dry weight)-1 24h-r and mg gìucose (g dry rveiglrt)-l Zq¡r-t¡ pool sìze, mg glùcose
(9 dry weight)-I; pooì life, days (24h).

Experi ment
No: I rradi ance

Respiration rate:
mrc-0r-miffucose

Pool life in
days

Pool s i ze

t

I

2

2

600 - 150

300 - 500

1100 - 1300

600 - 800

72

56

144

oa

4.2

5.5

Êo

I .04

0.62

I .51

I .20

t7 .o?

10.14

24.70

19.64

to the mature leaves. The 1ow spec'ific resp'iration rate of mature tissue compared

to meristematic tissue (Robson and Parsons lg8l) and the small proportíon of the

plant biomass'in the form of mature leaves, were both contributing factors.
Nevertheless, the leaves accumulated high concentrations of non-structural carbo-

hydrate during the photosynthetic period, and the translocation of this carbohydrate

to the grovring pojnts in the plant ensured that the rate of biosynthesis in the

'sink'organs (roots and shoot buds), r{as not limjted by substrat.e during the 12
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hour rri ght.

nìght.
This js'implied fro¡n the constant rate of C0, efflux durìng ihe normai

The linear decline in the rate of C0, efflux. follov¡ing'leaf removal at.'the

beginn'ing of the night (fjgure 7.1) ìmp'lies that th'is treatment had the effect o'i
jnducing a ìim'itation in the supply of substrate fot'biosynthesis. The rcason

for this is not immedjately obvious, since following the photosynthet'ic period

there should have been consjderable soluble carbohydrate withjn the transport.

pathvrays of the p]ant, as Geiger and Batey (1967), l-lo and Thornley (1978) anci

Pearson (1974) have clear'ly shown that the rate of carbon export from the leaves

in the light ís more than double the rate in the dark. Fondy and Gejger (1982)

found the rate of carbon'import to the sink leaves of sugar beet pìant.s to be

similar during both lìght and dark, and this suggests that the rate of carbor¡

supply to the sìnk crgans ìs reguìated. It was therefore expected, that follorving

defoliat,'ion at the beginnìng of the night, the rate of C0, efflux would be buffered

by the carbohycirate within the transport pathways and would ther'efore remair¡

steady for at least a short time (say 1 - 2 hours). However, the rate of CC,

efflux on'ly remained constant during the 12 hour night, when the mature leaves

remained attached to the plant, and this suggests that the mob'ilÍsed leaf carbo-

hydrate must'push' the assimilate already in the transport pathways (as a result
of carbon assimi I ation i n the I ight) to the si nk organs. Thi s 'push' ca¡r be

generated during the loading of sucrose into the ph'loem companion cells of the leaf
(or transfer cells'if present) and the sucrose can origìnate either from

synthesis during the previous photosynthet'ic period, or from the degrading starch.

Followjng dep'letion of the assimilate contajned with'in the transport pathtvays,

grourth and nespiration of sink organs'is maintained during the night at the expense

of sucrose derived from leaf starch degradation. These'ideas are consistent with

the obserr¡ations on cucumber'plants which were noted by Cha'l1a (1976). He found

the respiration rate of the roots to be essentiaìly constant during a 24 hour

perÍod when plants were grown in 'spring'conditions, whilst a marlced d'iurnal

pattern of root respiration was observed when plants were grown ìn'winter'
conditions, where the respiratjon rate declined during the last 4 hours of the n'ight.

The leaves of'spring'grown plants vlere found to respire at a constant rate during

the night and the concentration of leaf starch attained a mininrum value at the end

of the night. In contrast, the resp'iration rate of leaves of'winter'plants
declined during the n'ight, and leaf starch was exhausted approx'imately 4 hours

before the end of the n'ight.
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The genera'l pattern of starch and solub'le sugar mob'ilisation from the

mature leaves of field bean p'lants seems to be established. There is a rapid

tra¡slocat'ion of starch and solubìe sugars ciuring the normal n'ight, but not all
of the starch'is degraded, and a h'igh proport'ion of the soluble sugar fraction
also remains. The small quantity of starch lvhich survives translocatÍon during

the normaì n'ight may be exporteci during the first hour or tvlo of the subsequent

photosynthetjc period (Pearson 1974). Unfortunately, the lea.ves were not sampled

for starch and sugar anaiysis at more frequent'intervals and the precìse pattern

of mobi,lisatjon of these compounds is not obvious. Nevertheless, the published

eviclence (Gordon et aL. l9B0; Fondy and Geiger 1982) suggests that at the

beginnìng of the night the sucrose concentration declines first and must fall to

a critical concentration within the leaf before the starch is degraded. it ma.y

take from one to two hours darkness before starch degradation proceeds, and this
time interval is probably dependent upon the concentration of sucrose withjn, and

its rate of translocation from, the leaf.

The mechanism by which sucrose can regulate the ciegradation of leaf starch

is not known for certain, but direct regulation is unlikely because sucrose'is
present in the cytoplasm and vacuole (Outlaw et aL..l975), whjlst starch is contained

within the chloroplast. The most likely mode of regulation is an indirect one, in

which inorganic phosphate has a major role (Herold l9B0). In pea chloroplasts,
starch breakdown is predominaterìy uia starch phosphorylase act'ion (Stitt et aL. l97B),

an enzyme which requires inorganic phosphate in order to fu¡rction. The product of

starch degradat'ion is triose phosphate wh'ich can be exported to the cytoplasm uiq.

the phosphate translocator in exchange for further inorganic phosphate. If
inorganìc phosphate is not available for exchange as, for example, whelt the'level
of phosphoryìated compounds is high, then starch breakdown is jnhjbited. When

sucrose is synthesised and exported, inorganic phosphate is released, and may then

exchange for additional triose phosphate and perm'it starch degradation.

The data in figures 7.2 to 7.5 inclusive, reveal that the soluble sugars

formed the rnajor part of the non-structural carbohydrate pool in the leaves at the

end of the dajly photosynbhetìc period.' For example, when the concentrations of

starch and sucrose, determined at the beg'innìng of the dark treatment, are con-

verted in'Lo the equ'ivalent carbon concentrations, the ratios of sucrose to starch

in experìment one are: 5.8 for the low irradiance treatment, and 2.8 for the high

irradiance treatment. Thc corresponding ratios for experiment two are: 2.4 and

2.I for the low and high irradiance treatrnents respectively. Howeveq since the

sucrose concentratioir withjn the leaves is rela.t'ive'ly constant after 12 hours of

darkness (experimen'l one) or 24 hours of darkness (experiment two), it seems

reasonable to expect that the sucrose concentrations at these t'ime periods (in the

respcctìve experiments) reflects the concentration of sugars compartmented in the
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vacuoles, s'ince cytoplasmic sugars should have been ejther resp'ired or trarrslocated.
If it is further assumed that there was no ¡ret sugar accumulatjon into tl-re leaf
cell vacuoles during the pievious photosynthetic perìod, the ratjos of sucrose to
starch can be recalculated on the bas'is of cytoplasmic sugars and chloroplastic
starch, both of which are the products of photosynthesis cjuring that l'ight period.

The ratjos reduce to: 2.8 and 1.6, for experinlent one (lor^r and hish irradjance
treatments respect'ive1y), and 1.7 and 

.l.5 for experiment two (lolv and h'igh

irradiance treatments respectively). Huber (1981) found the sucrose to starch ratio
to be s'pec'ies dependent. Isolated cells or protoplasts frorn several crop spec'ies

were penn'itted to ass'imilate tOr}rfor 
20 minutes and the rat'ios of sucrose to

starch produced were determjned to be: 0.8 for peanut, 1.0 for tobacco and soybean,

5.0 for wheat and 5.4 for barley. The present. data for field bean is more con-

sistent with the ratios found for the dicotyìedonous plants studìed by H'rber"

However, these ratios are calculated on the basjs of the daiìy accumulation of
starch, and the instantaneous concentrat'ion of sucrose after vacuolar sucrose and

translocated sucrose have been taken into account. During the l'ight'it'is
possible, as has been determjned iÌ'ì sugar beet leaves (Fondy and Geiger l9B2), that
the sucrose concentration must increase to a threshold value in the leaf (or

specificalìy within the cytoplasm) before starch a.ccumulation can beg'in. The

sucrose concentration rvithin the ìeaf may then remain constant and'in equjljbrium
with the rate of translocation. However,to be certaín of these events in field
bean it is necessary to anaìyse leaves for soluble carbohydrate and st¿.rch concen-

tration during one or two diurnal cycles.

Following the translocat'ion of the sugars from ihe leaf during the normal

12 hour night, there were still hjgh concentratÍons of soluble sugars rema'ining

within the leaves. It was estimated (assuming the sugar present in the leaves at
the 12 hour time period to be contained in the vacuoles) that the vacuoles

contained 50% of the sugar present in the leaf at the end of the photosyntheiic
period in experiment one (low irrad'iance treatment). The proportion was abouL 30%

in experiment two. tllith this, and the foregoing 'information, consideration cen

.now be given to the source of carbohydrate for leaf respiration during the normal

n'ight and the extended dark period.

In experiment one and experiment two leaf respiration durìng the normal night
was calculated to consume between 5 and 9% of the non-structural carbohydrate

within the leaf in the form of starch and'cytoplasmic'sugars. There can be

little doubt that soluble carbohydrate was the substrate o>ridised durjng this
time, and this conclusion is supported by the high value (greater than 0.9) for the

gas exchange quotient wh'ich was noteci in Chapter VI.
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During the 48 hour interval from the 1.2 hour to t.he 60 hoirr" sampì ing perìod,

the pool of soluble carbohydrate wjthin the leaves (whjch is assunrecl to be con-

tained within the vacuoles) was of sufficient size to suppo,.t the measured rabe

of nraintenance r^espiration of the mature leaves. Furthernrore, the carbohydrate

pool present at the 60 hour time period was of sufficient capac'ity to support the

measured respjraticn rate for a further four to sjx days (tanle 7.1). '[his did not

mean tha.t sucrose derived from the vacuole was the onLy substrate for respìratjon,
but rather, that the leaf conta'ined a pool of sucrose urith the potent.ial to
support the observed resp'iration rate. l,J,hat is not known, is whether the rate of
trarrsfer from the vacuole to the cytop'lasm and the nritochondria was sufficient to
support the observed rates of respiration during the pro'longed dark perìod.

Certain'ly, the decline in soluble carbohydrate concentration in figure 7.3 (both

curves) and in figure 7.5 (low irradiance curve) is consistent rvith thjs vjew.

Challa (lgZO) shorved that leaves of cucumber plants grcwn under't^/inter'conditioris
were compìetely free of soluble carbohydrate by the end of a 16 hour night. This

suggests that if sucrose was stored in the vacuoles of this plant, then transfer
across the tonoplast lvas t¡nrestricted. Also in support of the view that stored

sucrose can be mobilised and respired, Farrar (1980) argued that the decay in the

respiration of uhoLe pLøtts represents a change from a 'mobile' pool to a 'storage'
pool of carbohydrate, and not necessarily a change from growth and ma'intenance

respiration, to majntenance respiration on'ly. In relatìon to svritch'ing from grourth

to mainùenance respiration, Farrars'idea is not valid in so far as nrature leaves

are concerned, since mature leaves are not growing and do not possess 'growth'
respirat'ion. In terms of whole plants, Farrars' assertion cannot be challenged

for two reasons. F'irst'ly, roots and shoot buds may have continuecl access to carbon

which has been stored within the stem or root, and secondly, meristematic tissues

continue to respìre at a faster rate than mature tissues, even after B0 hours of
darkness (Robson and Parsons l98l). Nevertheless the proportion of tissues which

may continue to grow during the pro'longed dark period is like1y to be very smo.ll.

There is one po'int of evidence which does not support the hypothesis that
vacuolar sugars serve as the only substrate for respiration in starved leaves.

The data jn figure 7.5 (high irradiance curve) shows that a s'l'ight increase in
soluble sugar concentration occurrecl after 36 hours of darkness, and this can only

be explained as if it is assunred that the loss in dry we'ight was due to the

respiratjon of a substrate other than the soluble sugar fract'ion. Furthermore, the

gas exchange quotient data presented'in Chapter VI (fìgure 6.4) aìso suggested that
soluble sugars were not the onl.v substrate respìred. Carbohydrate is the usual

respiratory substrate (ap Rees l9B0) and if some other sul,'strate is oxidjsed, this
ìmp'l'ies that carbohydrate'is either unavailable, or that the rate of supply is in-
sufficjent to satisfy the energy requirements of the cell. It seems that durìng a

proìonged dark treatment'in some 'instances (as ind'icated in figure 7.5, high
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irradiance curve) the rate of supply maJ/ be insufficjen'i;, and,as will be discussed

on Chapter VIiI P.uBPC could be the sou!"c.e rrf adC'itÍonal resp'iratory substrate.
Clearly the evfdence for the view that onl¡y vacuo'lar-derived sugars support
respira.tion inmature leaves during a proìonged dark treatment (Lopes l9i9) is
inconsisteni, however'it Ís without doubt that a proportion of the sugars which

have survived translocation from the leat can traverse the tonoplast and subse-
quent'ly undergo oxidation for energy product'ion.

To summarise, the continual export of carbon from the mature leaves serves

to maintaiñ the input of carbon to sinks elservhere in the plant and therefore when

whole plants are placed in darkness for longer than about 1.2 hours, the rate of
respiration decays, due to the dep'letion of starch from the mature leaves. Within
the leaves soluble carbohydrate from the cytoplasmic compartments of the leaf
serve as the substrate for resp'iration during the norma'l night, and stored sugars
(located in the vacuoles) can be used as a source of resp'iratory substrate during
an extended dark period. In some instances an additìonal substrate may need to
l¡e oxidised.
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CHAPTTR VIiI VARIATiON iN TIJE PROTTIN CONTENT OF

MATUR,E LEA.VES DURING PROLONGED DARKNESS

.TNTRODUCTION

In Chapters IV to ViI, calculations were made in which it was assumed that
the rate of C0, efflux dur''ing a prolonged dark treatment reflected respiration
primarily for the maintenance of protein. However,no djrect evìdence in support
of this view has yet been presented, here or elsewhere. Data in Chaptel VII
'indicatethat protein may be a source of C0, when field bean leaves are kept in
prol onged darkness.

Studjes using whole wheat p'lants (Wittenbach l978) and detached bar'ley leaves
(Peterson ei oL. .l973) 

revealed a large loss jn leaf soluble protein within 2 - 3

days of a prcìonged dark treatment. Furthermore the photosynthetic enzyme ribulose
bisphosphate carboxylase/oxygenase (RugpC) was the major prote'in degraded'in these
stuciies, accountirrg for 90% of the soluble prote'in lost from barley ìeaves, and B0%

of that lost from wheat leaves. RuBPC normally constìtutes betleen 40 and B0% of
the total soluble prote"in in leaves of C-3 spec'ies (10 to 20% in C-4 spec'ies),
depending on the growth conditions.

Resuits of the t'ime course ana'lyses of RuBPC loss during pro'longed darkness

by Peterson et aL. (1973); Peterson and Huffaker (1975) and l.Jittenbach (1978)

showed that the loss of RUBPC paralled in many respects, the decay in whole plant
respiration (jllustrated in figure 7.I). This observation suggested that during
the final stages of the dark decay the leaves may respìre amino acids derived
from prote'in breakdown as suggested in Chapter VII, and specifically from RuBPC

prote'in. it is the object'ive of the present chapter therefore, to determine the
extent to which RUBPC protein may be respired in the leaves of field bean plants
during a prolonged dark treatment.

METHODS

Two major experiments were conducted as described in Chapter VI. Briefly,
fielcj bean p'lants for experiment one were grown for 2i days after etnergence. The

light flux densities on the second mature leaf were: 600-750 umol r-2 r-1 fo¡^ u

'high 1Íght.'treatment, ancl 300-500 umol m-2 r-1 for^ a'low light'treatment. The

photoperiod was 12 hours, anC the temperature was 20oC day and night. At the end

of a normal day (12 hours of ljght) 30 plants were p'laced in the dark for up to
60 hours, and at L2 hour intervals, five plants were taken for resp'iration measure-

ment on the attached second mature leaf. Following this measurement, the leaf was

detached, the leaf area determjned and the leaves frozen in liquid nitrogen and

stored at -15oC until freeze-dried. Dried material was weighed, ground to a powder
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and re-dì"ied. Soluble protein concentration was determineci by the Lowry nlethod

(Lowry et ctL. l95l) follov¡'ing extraction jn Tnis-HCl buffer" RuBPC was quaniified

h;r rocket immunoelectrophoresis of an aliquot of the soluble proteìn e;<tract.

Insolubìe protein was determined by the Lowry method, following extraction in hot

lM Na0l-1, and total prote'in concentratjon was calculated as the sum of the soluble

and the insoluble fractions. The method of analysis are described in detail'in
Chapter III.

For experinlent two, plants r,Jere grown for 30 days after emergence. The I ight
flux density on the fourth mature leaf was l100-1300 umol ,n-2 r-1 for the 'high'
ancl 600-800 umol *-2 r-1 for the'low'light treatments, respecbively. The

temperature was 20oC day and n'ight, ancl respiratory measurements were macle as for
experìnrent one, except that the fourth mature leaf was used. Dried, grounC tissue

was subjected to analysis for total protein on'ly, whìch was extracted jn 0.1þl l{a0H,

conta'in'ing l% SDS, for 12 hours at BOoC. Protein concentratÍon was determined

using the Lowry assay.

Chlorophy'l'l measurements were made on leaves rvhich remained attached or were

detachecj fr^om the parent plant and kept jn the clark for up to 60 hours. Tv;o

separate batches of plants were grown as in experiment one except that the second

mature leaf received higher irradiance (1100-1300 umol r-2 r-1). At the end of

a normal day, whole plants from one batch vrere placed jn a darkened incubator set

at 200C, whilst leaves were excised from another batch of pìants, floated on water

in plastic boxes, and then p'laced in the ìncubator. At 12 hour jntervals fjve of

the detached leaves were frozen jn liquid nìtrogen and stored at -15oC until freeze-

dried. Drjed leaves were then ground with a mortar and pestle and l0 mg was

extracted in 80% acetone. The extract was assayed for chlorophy'll according t.o the

method of Arnon (1949). Follow'ing excision from the parent p'lants at 12 hour

intervals, 'attached' leaves were frozen in iiquid nitrogen and freeze-dried.

Djscs were punched from the dried leaves which were then ground, extracled with

B0% acetone and assayed for chlorophyll as above.

In order to determine the effects of prolonged darkness on the photosynthetic

apparatus a batch of 30 plants were grown as for experiment one. At the end of

the norma'l day plants were pìaced in a darkened incubator for up to 60 hours.

At 12 hour intervals five plants were removed from the jncubator, and the net .

carbon assimilatjon rate of the at.tached second leaf of each plant deterniined

upon exposure to an irrad'iance of 200 lrmol t-2 ,-1.

RESULTS

IlLte Time Counse of I'eaf ChLorophyLL Content

Changes jn chlorophyll a content for both attached and detached leaves during



81

60 hcu¡"s of darkness are shown jn figure 8.1. The induction of se¡escence js
sometines accompanied by the loss,of leaf chlorophylì, however it 'is clear frcm
figure 8.1 that no loss occurred in these experiments. An analysis of vai^iance
indicates that the chìorophyì1 a content in the attached'leaf treatment .is signi-
ficantly higher (p.0.01) at the zero and 36 hour time periocis than at the other
sanrpling times, but the reason for this difference is rrot kncwn. l'here is also a

sign'if icant difference (P . 0.00.l ) between the treatments, and the chlorophy'lì
concentraË'ion may be h i gherin the 'attached ' than the ' detached ' treatment due to
the combjned effects of variation between the two batches of pìants and the rnethod

of analJisis. Ch]orophytl content in the'attached'leaves was determined from leaf
discs punched from Ínterveinal areas, whilst the analysis on detached leaves was

made on a jeaf powder containing ve'ins, whìch could effective'ly reduce the amount

of chlorophyll conta'ining material taken for analysis.
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FIGURE 8.1. Tirne course of the chlorophyll a concentration in attached; @, and detached; Q, mature ficld be¿n leaves
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Ihe Time Couz,se of Leaf Proiein Concentration

soLubLe proteín

The concentration of soluble protein appeared to remain faìr'ly constant through-
out the 60 hour dark period (figure 8.2). An anaìysis of varjance confirms this
conclusion and furthermore, indicates that therewereno differences between the
treatments. The protein concentratjon appeared to 'increase after 12 hours of

0
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darkness in the high ìrradiance treatment, however leaves initialìy had a high

starch content (Chapter VII) which effectiveìy 'diluted' the protein concentratìon

at the f irst per"icd of measurement.
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The time course of RuBPC concentration is shown in figure 8.3. Desp'ite the

ìarge variation in the data for the lovl l'ight treatment at 36,48 and 60 hours,

therevrâStìo evidence for a decline in the concentration of thìs protein in pro-
'longed darkness. Thjs view is supported by an ánalysis of variance, þ/hich in

addition, revealedthat therewasa sìgnìficant difference (P.0.01) between the two

treatments. A difference is not surprisìng, but the fact that the concentration of
RuBPCwas h'igher in the leaves of pìants grown under low irradìance than in thè

leaves exposed to the hish irrad'iancewas unexpected. Freidrich and Huffaker (1980)

reported that the proportion of the solubìe protein in the form of RuBPC was about

BO% in barley leaves growlr under an irradiance of 550 pmol n'2 r-1 compared to 50%

in leaves grown uncler 400 umol m-2 s-1. As shown'in table 8.1, this trend is not

apparent in the present results.
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The reason for this unexpected result is not known, however it is possibie

that the ìong term storage of the hìgh irradiance tissue (which was stored at

-150C for one month after completion of the respiratory measurements, freeze-dried

and stored at -15oC for a further eight months) was a contributing factor. During

such long term storage, proteases may have degraded the RuBPC protein specifically'
or some modification to the actjve sites may have reduced the immune response of

the antibody to the anticlen. Since the solubìe protein concentrationwas the sanle

in both treatments (itwes expected to be hjgher ìn the high irrad'iance treatment)

the degradation of RuBPC to amino acids by proteases may be the best explanation.

The low jrradiance samples were processed soon after completion of the measurements

(two weeks), and the proportions of RuBPC to the soluble prote'in (taUle 8.1) are

of the expected magn'itude. The concentrat'ion of RuBPC determined in the'low'
irradiance mater;al should therefore be accurate. This result illustrates the

need for rap'id processing of plant material following retnoval from the p1ant.

ínsoT,ubLe protein

Variation in jnsolubìe protein concentration js shown in figure 8.4. There

has a gradual increase in concentration v¡ith tirne in the dar^k whjch wâs 5ign'ificant
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TABLE 8.1. RußPC concentration as ô percentage of both the soluble
protein, and the totaì protein content of nralurp field Lre¡n leavcs
grown under high-irradìance (600-750 umoì m-¿s-l) or ìow ir;^adialrcc
(300-500 pmoì m-Zs-l). Vaìues are means tcgether with the st-andarC
errors.

Time in dark
( hours )

Hiqh irradiance Lou irradi ance
soì ubl e totaì soì ubl e totå I

0

t2

24

36

48

60

l? ?

4.9

5.8

I3.l

18. 9

7.2

30.5 1 6.1

29,9 ! 7 .7

23.8 ! 8.4

30.3 I 9 .4

24.3 ! 7 .5

17.9 r 3.5

16.9 I 1.3

13.0 I 5.5

16.9 t 5.7

13.6 I 3.7

46.0 1

38.l r

31.4 !

46.3 1

42.5 !

31.6 t

24.7 = 5.1

21.11 5.6

19.3 1 4.8

29.1 I 13.0

23.6110.2

15.6 i 6.3

(p.0.01), but there was no difference between the treatments. The insoluble
protein fracticn represents mainìy membrane bound and other structuraì protein,
and the increasing concentration noted was consistent wjth the v'ievr that dry
weight loss was from some alternative carbon source.
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totaL protein

There was also a significant increase (p. O.Ot) in the total protein con-

centration with time in the dark (figure 8.5), but surprising'lyo therewasno

effect of ìrradiance level. Indeed, the light treatments were originaìly
introduced in order to evaluate the effects of altered protein concentration on

maintenance respiration, and it'is possìble that this result arose either because

the ìight treatments were not sufficiently different, or because the second leaf
was more dependent for its development on seed n'itrogen reserves rather than on

current'ly reduced NOJ.
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FIGURE 8.5. Time course of total protein concentration in the seçond mature field bean leaves. Experiment Qne,
Leaves were previousìy exposed to-hìgh irradiance (600-750 rmol m-2s-1);(p, o. lov¡ irradiance (300-50b umoì m-zs-i¡'9,
during growth. Bars represent standard errors. LSD[.05]= 37.

A second experiment was therefore designed, which incorporated more con-

trasting irradiance regimes and older pìants. The fourth mature leaf was chosen

for study and there was additional replication. Since the data from experiment

one showed no decline in protein concentration from the soluble or

insoluble fraction only the total protein was assayed in experiment two. The
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data (f¡gure 8.6) largely confirm the prev'iorrs results. There was a significant

effect of time in the dark (P.0.001), and in addition, the expected difference

in prote'in concentration between the light treatments was realised (P < 0.001).

Moreover, in accordance with the higher irradiance regimes used, the concentration

of the total protein was considerably higher in experiment two than was the case

in experiment one.
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FIGURE 8.6. Time course of total protein concentration ìn the four[h 4ature field bean leaves. Experiment two.
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The protein concentration appearedto increase after 12 hours in the dark in

the high light treatment (figure 8.6), but thiswas undoubtedly due to protejn

'dilution'by the high ìeveì of starch in the tissue immeCiateìy following the

photosynthetic period, as explained previously. Subsequent to the 12 hour time

period, there was no change'in protein concentration. In the low light treatment,

therewasa significant, but gradual increase in protein concentration for up to

48 hours in the dark, but contrary to the previous results from experiment one,

therewasa rapìd loss of protein during the ensuing 12 hour period.
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TheoretíeaL P't otein Degrada.tion Rates

The data for maintenance respiration from table 6.4 were used to calculate
a potential rate of protein loss and the theoretical maximum life of ìeaf protein
which could be expected if the respiration rate represents C02 loss sojeìy from
protein, and that the respiration rate continues unabated until all protein is
degraded. The results (table 8.2) showed that the caiculated rates of protein 'loss

would account for the loss of between 8.5 and 17.4 (mean : 72.5) mg protein
1 Zqn-l. Losses of this magnitude are not apparent upon inspection(s dry weìsht)-'

of figures 8.5 and 8.6, and the decline in protein concentration after 48 hours

darkness in the low light treatment (figure 8.6), urasfar greater than could be

expected if carbon residues resulting soleìy from protein degradation were respired
(the observed decline was ca 50 mg protein (g dry weight)-l in a 12 hour perìod).

TABLE 8.2. Average leaf protein content, calculated rate of protein ìoss and

theoreticaì protein life for mature field bean leaves. The second mature ìeaf
was used for measurements in experìmental one, whilst the fourth mature leaf
waS used in experiment ttvo. I'leasurements were m¡de after 60 hours of darkness
Pìants were grown ìn tvro experiments and. in each, ìeaves vrerenexposed to con-
trastino'irrádience reqimes. Units are:' i¡radia¡cc, umol m-Ás-r; protpin .
contentl mg leaf-l; piotein loss, mg leaf-r 21h-Iand ng (9 dry vreìght)-¡ 2fr;
protein life, days (24h).

Experi ment
No.

Irradi ance
Prote i n
cont ent

Protein loss per unit:
leaf g d.wt

Protein life
in days

IB

3l

?0

l9

1

?

2

600 - 750

300 - 500

1100 - 1300

600 - 800

16 .0

13.8

19.5

2?.7

0. 87

0. 44

I .03

I .19

t7 .4

8.5

t2.7

l?.4

Reeouery of Photosynthesis Aftez, a ProLonged Daz,k Tz,eatment

At 12 hour intervals after darkening (including the first hour), attached

leaves were exposed to an irradiance of 200 ¡rmo'l r-2 s-l and the net carbon

assimilation rate was recorded when a steady state had been achieved. The results
(figure 8.7)$or.led there to be no significant decline in the rate of net carbon

assimilation with time in the dark, if the rate at zero tjme is taken as the

reference. There was however, a significant effect (P . 0.01) of time in the dark.

The rate of net C0, assimilation increased fol'lowing exposure to fight after the
'leaves had been kept in the dark for 12 hours, and thjs rate v.as maintained at a

uniformìy high value for between 12 and 36 hours'in the dark. After 36 hours

darkness, therewas a rapid decline in the ability of the leaf to assim'ilate COt

upon re-illumination.
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DTSCUSSION

Measurements of the total protein concentration in mature field bean leaves

during a 60 hour dark treatment, revealed there to be no significant decline in
protein concentration for the first 48 hourS However, for the concentration of
both the soluble protein and the RuBPC protein fractions to remain constant with

time in the dark,despite there being a gradual loss in dry weight (due to

respiration),indicates that both protein fractions declined at the same rate as

the decline'in the dry weight. This suggests that carbon residues from the

degradation of RuBPC could have been utjlised in respiration. In addition to
serving as a substrate for respiration another possible fate for amino acids

derived from RuBPC degradation is their translocation from the leaf to other parts

of the p'lant. Indeed, RuBPC is considered to be a major source of carbon and

nit,rogen for the growth of develop'ing tissue during senescence of mature leaves.

However apart from the data in figure 8.6 (low irradiance curve), where the rate
* Tnur" was also no sìgnificant difference in the amount of protein per unit leaf throughout this period (data not

shown ) ,
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of protein loss after 48 hours darkness was far higher than the loss calculated on

the basis that the protein uras respired, there v'Jas no evidence for the translocation
of protein from the leaf previous to the 48 hour time period in any experiment.

The data in figure 8.7 clearly show that following 12 hours of darkness the

ability of the leaf to assimilate C0, was impaired. It is equa'lly cìear, that at
time zero the rate of net carbon assimilatjon was depressed. This may have been

due to stomatal cìosure, but unfortunately, measurements of stomatal conductance

were not made. Another exp'lanation may be that the accumulated starch and

soluble sugars caused feed-back inhibition of photosynthesis (Neales and Incoll
.l968). Although the evidence in favour of thjs hypothesis is still equivocaì,
there is increasing evidence (Setter et eL..l980, and references cited therein),
that the reduction in photosynthetic rate observecl in source-sink manipu'lated

systems, which may lead to the accumulat'ion of non-structural carbohydrates, is
effected by stornatal closure. However, the potentiaì tc assimilate C0, was in-
creasingly lowered subsequent to the 12 hour time period, and this observation is
consistent with the idea that the quantity of RuBPC had declined. A less like'ly
explanation for the progressive reduction in the ability of leaves to assimilate
C0, with t'ime in the dark is that the ch'loroplast membranes were degraded,due to
a gradua'l increase in the concentration of the jnsoluble proteÍn fraction
(fÍgure 8.4). In addjtion, hjittenbach (1977) has shown that membrane permeability
vras maintained in leaves of wheat seedl'ings for periods of up to five days of
darkness and could be extended to eight days with cytokinin treatment. Lem et aL.

(.1980) found that dark incubation of field bean leaf discs for up to 96 hours, haci

little effect on both the quantity or quality of fatty acids in the major lipid
fractions. Interestingly, current opin'ion is that proteases, which may be specific
for RuBPC, are located within the ch'lorop'last (Nettleton, Bhalla and Dalling unpub.

1983), suggesting that RuBPC can be degraded without the breakdown of the

chloropìast membrane, and without concomitant loss of chlorophylì.

The loss of RUBPC in these experÍments was sufficiently small to have had no

measurable effect on the total protein concentration (figure 8.5), and the data'in
figure 6.2 showed the dry rveight ioss to be very small. In addition, the data in
figure 8.2 show the rate of prote'in loss to be considerably lower than the loss

calculated by assuming RuBPC was the sole source of carbon for respiration.
Co]lectively, these observations support the conclusion drawn in Chapter VII, that
a substrate in addition to carbohydrate may contribute to the C0, efflux when

ìeaves are kept in pro'longed darkness. This additional substrate appears to be RuBPC.

Therefore, whilst maintenance of non-RuBPC protein seems to occur during a short dark

period,RuBPC seems to degrade. Whilst the maintenance of non-RuBPC is inferred frotn

the present data clear evidence for this viewpo'int was presented by Peterson and

Huffaker (iSZS1.
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The degradation of RuBPC should not be surprising, since if the plant is
kept in pro'longed dark it becomes heterotrophic. Leaves contain a consicierable

store of carbon and nitrogen in the form of RuBPC (25% of the total 'leaf protein

content in the low irradiance treatment, table 8.1), which is a photosynthetic

enzyme no ìonger required,and it seems reasonable to expect th'is protein

to be preferentially degraded either to provide substrate for enengy production or

to enable the translocation of carbon and nitrogen from the leaf to points where

these elements are in demand for growth. If it'is considered from the vielpo'int
that the leaf and/or plant is adapting to a changed env'ironnrent (cont'inual darkness),

the loss of RuBPC protein should not be alarming, since it seems that RUBPC can

fulfil the role of a true 'storage prote'in' as suggested by Huffaker (1982). In

the absence of amino acid translocation . the oxidation of amino acids is
expected to contribute to resp'iration for cell maintenance.

Several published reports also illustrate the ability of pìant maierial to
maintain the protein content within the tissue during brief periods of darkness.

For example, Goldthwaite and Laetsch (1968) recorded the retention of chìonophylì

and protein 'in Rumeæ sp. leaf discs for up to tr^ro days, and Dungey and Davies (1982)

found no measurable loss of protein from barley'leaf segments floated on water for
60 hours. Peterson and Huffaker (1975) showed that only a mjnimal loss of non-

RuBPC protein occurred from barley ìeaves during 72 hours of darkness, whilst there

was no loss in RuBPC activity until after 30 hours darkness (Peterson et aL.1973).
l.littenbach (.l978) found that senescence in wheat seedlings was completely reversible

during the first two days of a dark treatment, and Vonshak and Richmond (1975)

showed that 14C-leucine incorporation into isolated tobacco leaf chloropìasts,
extracted from leaves and stored in darkness, was reduced by 4A% after two days

of dark, but was unimpaired if the leaves had been treated with kinetin. Van Staden

and Carmi (lggZ) showed that leaves of decapitated Phaseolus uuLgarLs retained 75%

of their soluble protein over an eight day dark period.

These studies show that a short period of darkness does not inevitabìy'lead
to senescence, but rather, that leaves are able to maintain a level of protein;
to reverse the train of catabolic events; and to initiate anabolic reactions when

light is provided. The ability of attached leaves to recover from a dark perioC of

short duration may be due to the suppìy of growth factors from the parent p'lant

which stimulates synthesis of degraded protein. The calculations in table 8.2

indicate that considerable protein degradation was possible, but since prote'in loss

was very small, synthesis must have also occurred, i.e. prote'in was turning over.

A growth factor such as a cytokin'in produced in the roots (Carmi and Koller 1979)

could promote protein synthes'is in shoots for a short time after darken'ing, but the

restricted transpiratjon over a proìonged period of darkness rnay reduce the rate of

cytokinin transport to the leaves leadìng to net protein degradation as e result of
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the synthesis cr activation of proteases (Peterson and Huffaker 1975). However,

whilst cytokinins may have an important role in maintajning protein synthesis' they

may not be the ultimate governing factor since attached mature leaves of f'oLíwn

temuLentwn kept in a C0r-free atmosphere stjll ìost protejn and chlorophyll even

though they were exposed to líght (Lloyd 1980).

The data presented in thjs chapter illustrate that no major change in protein

content occurred in field bean leaves during 48 houns of darkness, and thjs suggests

that the steady state rate of C0, efflux from attached leaves is a reasonable

reflection of the intensity of the maintenance processes in the absence of the

assimilate loading component of respiration. The sing'le instance vrhen a rapici

loss of protein occurred cautions against proìcnging the dark treatment much

beyond 48 hours.

From an ecoìogìcal point of view, a short period in the dark may not reduce

plants to a state far from normafity, since this treatment can be compared to the

experience of one or two cloudy days in the field. Under this circumstance, the

incident irradiance coulcl be lower than the compensation level and require the

mobilisation of stored carbohydrates to enable continued growth. Cìearly, there

can be no advantage to the p'lant in init'iating senescence processes under such

conditions. Perhaps one quaìitative difference betleen complete darkness and low

irradiance is that the latter treatment may provide the low level energy require-

ments for phytochrome mediated morphogenic processes, however,the importance of

such processes in the short term are un'lìke'ly to be important.
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CHAPTER IX GENERAL DISCUSSION

The objective of the present study was to obtain experirnental data for the

maintenance requirements of some crop legumes. The need for 'uhese measurements

ari ses for three ma'in reasons. F'irst'ly, the I imi ts on the theoret j cal mainten-

ance requirements calculated from basic data by Penning de Vries (1975a), are

broad and experimental data are needed to verify the calculations. Secondly,

synthesis respiration is sometimes calculated as the difference between the total
respiration and the maintenance resp'iration, and it is therefore essential for
estjmates of the latter to be accurate, although more recentìy, the growth

efficjency has been determined dÍrectly by appìjcatjon of the Thornìey balance

equation (Thornley 1976). Th'irdly, there is a need to monitor progress jn

breeding pla,rts with 'low' ma'intenance respiration, since selection lines of

LoLiun pey'enne, possessing 'low' rates of mature ìeaf t'espjration, were found to

have superior rates of dry nratter production than did lines with'high'mature leaf

respi rati on (Wi I son I 975 ) .

This final discussion is organ'ised in four parts. The first is an appraisal

of the methods for measuring maintenance resp'iration and it is argued that although

the steady state (starvation) method g'ives estimates of maintenance which are

minimal vaìues, the method'is not an abstraction from real conditions. In the

second part, it'is argued that the resp'iration of mature leaves should be included

as a part of'maintenance'rather than allocated to synthesis. The third js a

discussìon of the sugar pools available for growth and rnaintenance respiration.
The fourth is a brief discussion of modifications to plant processes which may

improve the quantity and quality of harvestable product.

METHODS FOR THE MEASUREMENT OÍ II,IAINTENANCE RESPTRATION

Three methods of measuring the maintenance component of C0, exchange were:

(i) to allow the C0, efflux to decay in pro'longed darkness to an asymptotic value

which is then taken to be the maintenance value (the steady state method); (ii)
to plot the dark C0, efflux as a function of net C0, uptake over a range of
irradiances and take maintenance as the dark efflux when the net C0, uptake js zero

(the dynamic method); (iii) to plot total C0, uptake as a function of the growth

rate and take maintenance as the C0, efflux when the growth rate is zero (the gross

uptake method).

The magnitude of the maintenance coefficient was dependent on the defin'ition
of maÍrtenance adopted. Values were generally 'lowest for the steady state nlethod

and highest for the gross uptake method. The dynam'ic method generally produced
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i¡rtermediate values, and'fhis order is expected from the geomet,ricai relationships

shown in fjgure 2.4.

It usually took about 48 hours in the dark before the rate of C0, efflux
became stable, when employing the steady state technique. Clearly, if there were

differences in the rate of maintenance respiration during the light and the dark then

these di f'f,erences coul d not be el uci dated us'i ng th'is approach , and evi dence i n

Chapter Vi showed that the respiratory component aris'ing from mature leaves and

associated with sucrose synthesis and phìoem ìoading, disappeared after 24 hours

in the dark.

For the dynarnic method, maintenance respiration was assumed to represent

the rate of C0, effiux when the net daytime assimjlation of C0, was zero. A

further assu;rption, that the rate of C0, efflux was the same during the l'ight as

in the dark, vras a.lso made. As discussed in Chapter II, this issue nemains

contentious, although the recent study by Fondy and Geiger (19S2) which showed the

rate of carbon input into a monitored sink leaf of sugar beet to be similar
during the day and the night, and the study by Chal'la (1976) which showed the root

respiration rate to remain constant in cucumber plants grown'in'spring'condÍt'ions,
is evidence that the latter assumptìon was reasonable. However, the evidence that

the respira+-'ion rate of mature leaves is the same during the tight and the dark

remains equivocal.

The fact that the dynamíc method emp'loyed 'normal' diurnal fluctuations 'in

irradiance, and that the maintenance coefficients determined by the dynamic and

steady state techniques were similar, indjcates that the prolonged dark treatment

does not reduce the pìa.nt to an abnormal condition as suggested by Robson and

Parsons (199.l). Instead, this result indicates that both methods essentiaily
deplete the pooì of mobile carbohydrate which is readi'ly used for growth and

maintenance. The magnitude of the phloem loading component in mature leaves should

therefore be small when the daily assimilation of C02 js zero, and th'is appears to

be the reason that the two methods gave similar results. In an ecoìogical

context, it is highìy likeìy that for part of the growing seasons, crops experience

extended periods of low irradiance either because of c'loud cover or mutual shading.

This could effectively confine the daily C0, assimilation and therefore, the night-

time C0, efflux, to cons'iderab'ly lower values of 'D' and'N'than those rvhich are

commonly imposed in assimilation chambers in the laboratory.

The maintenance coefficient determined using the gross uptake method

represented the specific rate of C0, efflux when the daily accumulation of C0, was

zero. The assumpt'ion was made that the daytìme carbon assimilation and the

níghttime C0, eff'lux were in equilibrium (tnis assumption also applied when the

dynamic method was used), and therefore, that the'total' assimilation, caìculated
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as the sum of the daytime C0, uptake and the nighttime C0, efflux' v'las completely

utilised for growth and maìntenance during a 24 hour period. These assumpt'ions

are required in the appìication of the Thornley baiance equation for the deter-

mination of growth and maintenance coefficients. The sudden decay in the dark

respiration rate when the night is extended beyond l2 hours (figure 7.1) is
consjdered good evidence for the equilibrium between respiratory substrate

production and consumption. The 'gross uptake' maintenance coefficient was

determined when'D'was greater than zero in contrast to the vaìue for'D'utilised
in the dynamic method (where D = 0) and the value in the steady state method

(where D. 0). Although the maintenance coefficient was determined when the daily
growth rate of biomass carbon was zero, growth in structure can occur nevertheless,

since carbon which is accumulated in the leaves during the light can be distributed

to other par:s of the plant during the night. Such growth is also possìble when

the dynamic method is used, but probabìy to a lesser degree because although the

net C02 uptake was zero during the day, there was still a flux of carbon through

the plant. Since daily carbon accumulation is possible in leaves, the'phìoem

loading'component of leaf respiration can also contribute to the overall C0Z

efflux from the pìant. The gross uptake method probably overestimates the 'true'
maintenance requirement because growth of new structure is like'ly to be consÍderably

greater than when the maintenance coefficient is determined by the other methods.

Most of the assumptions made in growth and maintenance ana'lyses are common to

all the methods used, and many may not yet be regarded as proven. Especia'lly

prob'lematical in the analyses, is the assumption that the rate of C0, exchange'in

the light, is the same as in the dark in sp'ite of the obvious occurrence of
processes such as ion uptake and nitrate reduction, which may vary in intensity
diurnally, and which may also utilise photosynthetic energy produced jn the leaves.

It must therefore be stated, that complete confidence in the ability of any

particular method to estjmate maintenance accurately cannot be gÍven. However,

in accordance with the definition of maintenance adopted in thjs thesis, the stead¡'

state and the dynamic methods are judged to give the'best'estimates for
maintenance energy requiremenis in the crop legumes studied.

Although the steady state and the dynamic methocls yield essential'ly identical
estimates of the maintenance coefficient (ta¡le 5.1) tne former method js favoured

for the estimation of maintenance respiration in crop legumes for the reasons that

the technique ìs quick, simple to use and is amenable to the mass screening of
plants with 'low' rates of maintenance respiration (McCree 1974). The method does,

however, give an estimate of the minimal maintenance requirements because the

transport component of mature leaf respiration is no longer present after about

24 hours in the dark (Chapter VI). Further discussion of this is reserved for the

next section.
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An argument that a prolonged dark treatment is not abnormal needs substant-

iating. Penning de Vries (lgZSa) stated that "the term'mai¡ttenance' is confus'ing

in this <<proìonged dark>> situation since the plant does not majntain its structure".
The generality of thÍs statement is not attested by evidence of Farrar (.l980) who

showed that respired carbon orjginated from the structural material of l3 day old

barìey plants only after 48 hours of darkening. Evider¡ce from the present study

strengthens support for the view that at least sonie legumes can maintain the

integrity of their cells during a prolonged dark treatment"

The data in Chapter IV which reveals a strong dependence of the maintenance

respiration rate of whole plants on the organic nitrogen (i.e. protein) content

inclicates that protejn is being maintained in pro'longed darkness.

Furthermore, measurements of protein content in mature leaves (Chapter VIII)
revealed there to be no loss of protein for at least 48 hours of darkness. Barratt
and |i|ooìhouse (1981) calculated the half life of the total soluble protein in the

primary leaves af PhaseoLus uuLgarLs to be about l.9d and should this value be

representative of the half life of the solubìe protein in field bean leaves, then

the solub'le protejn concentration shoujd have been halved afber 48 hours in the

dark if protein maintenance did not occur. Quite clearly, the respiration of

starved plants does in part represent energy production for the majntenance of
protein content. Aditional evidence for the ma'intenance of leaf structure arises

from the observation that field bean leaves were able to assimi'late C0,

immediate'ly upon re-itlumination at any time throughout a 60 hour dark treatment.

Eschrich and Burchardt (1983) a'lso observed the immediate assimilation of C0,

upon re-ÍllumÍnation of maize leaves following a 48 hour treatment. Furthermore,

there was not a rapid ìoss Ín RuBPC from leaves of field bean as htas found when

young barley pìants were placed in prolonged darkness (Peterson and Huffaker 1975).

Mature attached field bean leaves were found to contain su1'ficient soluble

sugars to support respiration throughout 60 hours of darkness, but the data in

figure 6.6 suggests that amino acids (probab'ly derived from limited RuBPC breakdown)

can be respired. It can not therefore be assumed that soluble carbohydrate was

the sole respiratory substrate in leaves kept in pro'longed darkness, but the con-

tribution of protein to C0, efflux during this period appears to have been small.

{he-

It is concluded that the minimal estimates of¡maÍntenance requ'irement

obtained in prolonged darkness were determined for 'viable' p'lant tissue. This

energy requirement approximated to the equivalent of 2% of the dry weight per day

in field bean, chickpea and lucerne p'lants grown at 20oC and this experimental

figure is consistent with the value for the total maintenance requ'irement determined

by Penning de Vrjes (lgZSa) based on the theoretical energy requirements for proteìn

turnover and for the maintenance of cell ion concentrations.
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MATURE LEAE P,ESPIRATION AS F.EPRESENTATIW OF THE N|TENSITY OF THE MAINTENANCE
PROCESSES

In thís thesis, maintenance respiration refers to energy production for
processes other than the synthesis of new cell materjals. The synthesis which

occurs within a particular orqan to maintajn the status quo i.e. to maintain a

given level of prote'in and to maintain'ion gradients across cell membranes, can

be considered as a maintenance cost. The replacement of a senescent leaf does

not satisfy this definjtion, but the synthesis and loading of sucrose, a transport
sugar, is consistent with the definition because new cell materials are not
synthesised. It is therefore proposed that the respiration rate of mature leaves

be part'itioned into a'variable'component, dependent upon the rate of sucrose

synthesis and export, and a 'constant'component, which is likely to be 1ar,geìy

dependent on the rate of protein turnover, and the energy requ'irement for maintain-
ing ion concentrations

ThÍs view of maintenance departs from that proposed by Penning de Vries
(1972, 1975b) who considers that phìoem joading ìs a'synthetic'processr pFê-

sumabl-v because sucrose is the substrate for growth. The theoretically defined
grou,th coefficient (Ye) there'fore includes the cost of loading the phloern w'ith

suffìcient sucrose for the synthesis of unit biomass. Aìthough phloem loading Ís
incorporated into the theoretical constant Yn, eæperimentaL measurements of the
maintenance coefficient þ,y the dynamic and gross uptake methods) also include a

component associated with phloem loading. The loading component contributed a

variable amount to the C0, efflux depending on the method used, anci this
influenced the choice of the maintenance coefficient. The data produced in
table 6.2 showed the resp'iration rate of mature leaves to be dependent upon the
incident irradiance and Ít was subsequent'ly found that a 'high' ìeaf respiration
rate was associated v¡hich 'high' rates of carbon export from leaves. The close
correlation between the expected contribution of resp'iration associated wíth phloenr

ìoading and the order of rnagnitude of the various maintenance coefficients
(2c <2b.m) is the basis for the above view, that phloem loading contributes tc
the maintenance coefficient, and should therefore be considered a maintenance process.

Sucrose which is exported from mature leaves can serve as the substrate for
growth, but is also utilised in maintenance of cells along the transport pathway

and ín'sink'organs. Sucrose may also be stored in roots and stems. Thereforeo
in order to reconcile the theoretical energy requirements for growth with the
experimentally determined growth requirements, the experimenta'lìy measured

respiration rates of translocating leaves should be separated'into components for
phìoem loading of sucrose for both growth and maintenance processes which occur
outside the mature leaves, and into a component for nra'intenance processes which
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occur withjn the mature leaves. Holever, if mature 'leaf respiration is
partitioned in this way, the energy expendi'Lure fcr phloem loading of sucrose

destined for maintenance of tissue outside the leaves is not accounted for in
either 'growth' or 'maintenance'. This omission is considered sufficient cause

in itself to group the components of loading together under the label of

'maintenance' processes.

If the respiration rate of translocatjng leaves is partitioned as impìied by

Penning de Vries (1975b) into growth and ma'intenance components, then the

connection between growth respiration in mature ieaves and biosynthesis, ìs

difficult to envisage in the detached leaf experiment (figure 6.3). As shown in

figure 6.3, the respiration rate of both the attached and the detached leaves was

essentiaììy the same after the first 12 hc..rrs in the dark, yet because the detached

ìeaves were separated from the growing tissue in the pìant, there could be no

synthesis, since mature leaves do not grow.

The two component view of mature leaf respiration is simjlar to that put

forward in a new model for energy-limited and energy-sufficient growth recently
published by Pirt (1982). In this model, which refers to microbial growth yields,
Pirt puts forward the view that maintenance consists of a constant term and a

growth rate-dependent term. The latter term could not be fulìy explained but P'irt

suggested it to be important when some factor other than energy supp'ly limits growih.

The growth rate-dependent term was supposed to diminish with increase jn the specific
growth rate, but if such a model is interpreted in terms of h'igher plants, then the

growth-rate dependent term (associated with ph'loem loading) should increase with

growth rate, since a higher growth rate generaì'ly demands greater carbon export

from the I eaves.

Thornley's (1977) modeì avoids the inclusion of the fixed maintenance require-

ment (dependent on dry weight or protein content) demanded by previous growth models.

The two component model bF rn. r'espiration of mature leaves introduces a reason for
a variable maintenance energy requirement dependent on the growth rate (McCree and

Kresovich l97B and Penning de Vries 1975a) although there is a further reason for
a variable maintenance demand, which is that a higher growth rate may stjmulate the

synthesjs of proteìns with different rates of turnover. The incJusion of the

processes associated with the synthesis and loading of sucrose could also explain

the observation that experimenta'l1y determined rates of main'uenance respiration in

leaves exceed the values calculated on the basis that protein turnover and the

mairrtenance of ion concentrations across cell membranes are the only processes

contributing to the maintenance requirement (Penning de Vries 1975a) and a'lso the

high rates of leaf respiration which were experimental'ly determined by Penning de

Vries (.l975a, his table 3). The fact that the respiration rates of mature leaves
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determined during prolonged darkness Âte cùnsistent with the estimates calculated

from basic data by Penning de Vries (1975a) is support for the idea that the

respiration rate observed during a proìonged dark treatment reflects the energy

requirements for protein turnover and the maintenance of ion concentrations.

However, whilst the energy costs fot sucrose synthesis and phloem loading can be

determined experimentally, the present methods do not allow discrirnination of

energy requirements for each of the other maintenance processes, and thjs is a

topic of concern.

SUGAR POOLS T'OR GROWITH AND TLATNTENANCE RESPIRATÏON

Leaves have the capacity to almost completely export the dai'ly accumulation

of starch during a 12 hourr nÍght. Thus, leaf starch accuntulation appears to be

programmed (Chatt-erton and Silvius .l979) so that sufficient starch is present

within the leaf by the end of the photosynthetic period to support the continued

growth and respiration of 'sink'organs during the fol'lorving n'ight. The capacity

of leaves to adapt their raies of accumulation to that of expor'u'is l'imited

however, as indicated by the exhaustion of non-structural carbohydrate from

cucumber leaves before the end of the night (Cf¡alla 1976), and the pattern of

rapid decay in the leaf respiration rate during the normal night in certain low

irradiance treatments (figures 6.4 and 6.5). Normally a residual amount of

starch rernains vrithin the leaf folìowing export during the night, and may be

degraded the follor,ring day if the irradiance is very low or vrhen pìants are placed

in extended darkness.

Subsequent to the complete dissolution of starch and the export of cytop'lasrnic

sucrose sometime after 12 hours in darkness, cons'iderable quant'ities of sucrose

remain within the leaves of field bean plants, presumably located within the

vacuoles. This storage pool contained between 30 and 50% Ëå¿ thu sugar present

in the leaves follorving a photosynthetic period and it js unììke1y that sugar is

transported from the'leaves to the remajnder of the p'lant after about 24 hours in

the dark, since the specific'leafweiEht (figure 6.2) and the concentration of

soluble sugars (figures 7.3 and 7.5) remain essentially constant, or decline only

very s'lowly after this time. Thjs means that fol'lowing starch exhaustion, leaves

have a storage poo'l from which to draul respiratory substrate for maintenance in

times of stress (e.g. lon irradjance or inhibited C0, fixatjon due to water stress).

The roots and other sink organs probably have their own sugar pools for maintenance

and the p'lant can therefore be separated into several compartments on this basis.

The ability of leaves (and other organs) to store sugars within vacuoles may be an

important attribute which enables them'uo tolerate short periods in prolonged

darkness (or other stresses which inhibit C02 assimilation), since no loss jn

protein occurred from field bean leaves wh'ich contained considerable sucrose during

48 hr¡urs darkness, tvhjlst leaves of cucumber p'lants grown in'winter'conditions
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(Challa 1976) ìost protein during the last four hours of a l6 hour n'ight when

the soluble sugar pool was exhausted. Hittenbach (1977 ) and Peterson and

Huffaker (1975) found considerable loss in chlorophyll and prote'in from leaves

of young wheat and barley pìants respect'iveìy, when plants were pìaced in pro'longed

darkness. It is likely that in such pìants, leaves had not developed ihe capac'ity

to accumulate sucrose, but at the same tilne, it is unrealisiic to expect leaves to

maintain a protein complement designed to enable growth during the light' when

pìants are kept in the dark.

THE ALTERNATIW PATHT^IAY HYPOTHESLS ATIID PROSPECTS FOR BREEDTNG ILOW'

MAINTENANCE PLANTS

The cause of the djfference in the specific resp'iration rate between roots

and shoots (Chapter IV) remains enigmatic and the subiect needs more at';ention.

During'normal'dìurnal changes in irradjance, roots may perform funct'ions (e.g.

nitrate reduct'ion, Ìon uptake), products of rvhjch are destjned for the shoot.

For this reason the roobshow a higher rate of spec'ific respiration. However,

cluring starvation these additional processes should not be a promirrent feature of

root metabolism since the translocation of sucrose from the shoot will be sub-

stantially reduced and there will be very little flow of water from the tooi.

The alternat'ive pathway hypothesis does not explain the higher rates of root.

respiration observed during starvation (Chapter IV) and there'is still no conclusive

evidence that the pathway operates ín uiuo, although the capacìty for cyan'ide

resistant oxygen uptake is undoubtedly present. A recent report by Rust'in et aL.

(1983) proposes a role for fatty acid peroxy rad'icaìs in the cyanide resistant

pathway of plant mitochondria. The hypothesis has a great deal of merit because

it does not require the presence of the aìternate oxidase (which continues to

evade identification), yet can account for the effects of the various inhibitors

of the alternative pathway. Th'is hypothesis supports the contention of Goldstein

et aL. (l9Bl) tfrat the alternatjve respìratory pathway is not a 'true' respiratory

pathway. Nevertheless, the alternative pathway and its contribtttion to

respiratiorr is unlikely to be disposed of as an untenable hypothesis yet, and

considerable ínterest in the'involvement of the pathway in'high'and'lolv'
respiring lines of LoLiwn perenrle is presently being shown by research groups in

the United Kingdom and Europe. If it should be discovered that wasteful

respiration is a normal feature of higher plant growth and is due to there be'ing

more energy available than can be used'in growth, maintenance and storage, then a

clear need to increase'sink strength'by breeding will be demonstrateC.

perhaps the best prospect for improving yieìd by reducing ma'intenance energy

requirements is by the reduction or eljminatjon of the synthesis of prote'ins or

products with no physio'logicaì role. A particuìar1y interesting example of the
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synthesis of unnecessary proteins is given by Rees and Bekheet (l9BZ) who found

that the aìgae PhaeodactyLun tz"icorytutum and TetnaseLmus su,bcondiformis accumulated

between seven and 30 times the normal amount of urease when cultured in the absence

of nicke'I. Aìthough urease is a normal constituent of the cell protein in these

organ'ismso nickel defìciency induced the accumulaùion of non-functional urease,

and this suggests that sinrilar over-production of proteins may occur when agri-
cultural crops are grown in soils deficient in nutrients.

Adams and Rinnie (1981) discussed the production of unnecessary prote'ins and

referred specífical'ly to the many seed proieins such as urease, g-amylase, lectjns,
proteinase inhibitors and proteinases, all of which seem to be dispensible i.e.
they are proteins which can be eljmìnated without detriment to the competitive

ability of the plants.

Maintenance processes permit adaptation to environmental changes such as

sa]inity (Schwarz and Gale l98l) and water stress (Moldau et; aL. .l980) by maintaining

ion gradients across cell membranes or altering the cell enzyme cornp'lement. It is

therefore necessary to ensure that reduction in the maintenance energy cost does not

inhibit the abiljty of p'lants to adapt to such changes in environment. For example,

Robson et aL. (unpub.1982) reported that the superiority of a 'slow' respirìng

line of LoLiwn per,enne was mainta'ined onìy when nitnogen supply lvas aciequate.

Agricultural grasslands are frequently defjcient in tt'itrogen and Robson et aL.

suggest this to be a reason for the widespread presence of'fast'respiring lines
i n grass popu'lations.

Breeding for higher growth etficiency (Yn) would be of benefit in some

instances, for exampìe the production of alternative energy sources such as ethanol

from grain. For the purposes of food production either for human or animal con-

sumption, lower growth efficiency may be desirable (i.e. higher protein gra'in),

but the prob'lem of y'ie'ld reduction arises possibìy because of the high energetic

cost of protein synthesis (Penning de Vries et aL.1974) but also because of the

corresponding increase in the maintenance energy requÍrements, part'icularìy when

the prote'in js of a non-storage form with a high turnover rate. Protein quality

cou'ld also be improved, but such improvement would not affect the growth efficiency
(Penning de Vries et aL. 1974).



APPENDIX I CALCULA'ÌION OF TIIE ENERGY REQiJIREMENT

FOR PITLOE¡I LOADIIIG I¡¡ MATURE LEAVES

wÀlÏE il',{s]11u'¡t:

LIBRARY

Calcuìation of the enery requirement for ìoadìn9 the phloem with soluble carbohydraie in the mature leaves of field

bean plants was accompìished in two ways, In the first, the loading.ornponent of resplrùtion was deteiemined on the

basis of the total respiration rate of leaves during a 12 hour night (denoted aR). In the second' the basis is the

dlfference between the average rate of respiration during the 12h night, and the rate after 60 hou¡"s of darkness

(denoted bR). The calculation shown beìow refers to the high irradiance treatment of experiment two, and is determined

on a ìeaf area basls. The calculations made for experiment one were on the basis of the whoìe leaf, since leaf areas

were not deterrnined. Nevertheless" tire method of calculation was the same. The energy requirement is calcuìated in

unlts of gC respired/gC transported.

Hours in the dark

T=0hours T=12hou

Sucrose concentration mg ( ¿*) -1

10i

9B

0.3255

31.899

6r .25

II
0. 3255

3.5805

3.7595

65.010

I
2

3

4

s
2

160

0.4307

68. 91 2

130. 02

74

0.4 307

3l.87r8
33.4654

163.435

= 105.2 + 98.475

= 1.07

Specific leaf weìght g dm

'[otaì sucrose mg dt-2 1t

5. Starch concentration Í¡g (S.dw)-f

2. Specific leaf weight g dm-z

6. Totaì starch'r9 dm-2 (5 x 2)

7. Glucose equìvaìent starch mg dm-2

x2l
Glucose equìvaìent sucrose mg dm-

2 (¡) r r.sz

(6) x I .05

8. Totaì glucose *9 dm-z (4 + 7)

Now: tR = 9.3518 mg gìucose d^-2 rzh-
bn = 5.6G46 mg gìucose dr-2 l2h-
cw¡ = (8 (r = o¡¡ = 163.485 m9 9l
dwr = (s (T = rz)) = 65.olo rng ql
e¿l.l = 98.475 mg glucose dm-z
f t = gs.tzg mg glucose dm-2

-)ucose dm -
-2ucose dm -

The energy requirement using aR is calculated:
uR+T

9.3518:89.123 mgC/mgC

0.105 sCl 9C

The energy requirement rsing bR is c¿lculated
b^. *K; I

= 5.6646 +89.123 mgC/mgC

= 0.064 scl sC

The carbon balance can be checked.

The dry weight loss over 12 hours (2.[T=0] - 2lI=l2l) = 0-4307 - 0.3255

0.1052 g dm-z

Assuming the dry weight loss to be in the form of glucose (40UC), the weight loss over 12 hours

= û.1052 x 0.4 x 1000 x 180/72

= 105.2 mg glucose dm-z

lhe calculated weìght loss (¡li) = 98'475 mg gìuçose dm-z

Measured weight loss / caìcuìated weight lcss

a'fhe
b Th.
c The
d 

Thu
e 'Ihe

f Th.

average respiration rate during the I2 hour night.

respiration rate calculated as the difference between aR, and the rate calculated after 60 hours of darkness

initíal weight (T=0 hours) of carbohydrate in the ìeaves calculated as the gìucose equivalent.

finaì weight (T=12 hours) of carbohydrate in the ìeaves calcuiated ôs the glucose equivaìent-

di ff erence between l,lt and rr,lt'

quantity of gìucose transloiated calculated as T = ¿t,l - aR.
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APPENDIX II THESIS DEFENCE

This section is included as required by the Examining Corunittee

in order to defend certain philosophical beliefs I possess and which

are contained within the Thesis. Criticisms of these beliefs by one

of the referees centres largely on parts of Chapters II, V and IX.

Dr. McCree disagrees with the emphasis I have given to determining

the intercept values on a plot of the 12h nighttime C02 efflux versus

the 12h daytirne C02 input, and my pre-occr4ration with questioning

which of these values represents rtrue t maintenance respiration. The

referee is of the opinion that the purpose of dividing respiration into

growth and mainten¿mce requirenents is to nodel daily carbon balances

of whole plants. However, it is ny opinion that the growth and

maintenance interpretation need not be used to predict daily carbon

balances. For exam¡1le, McCree (1970) sinply divided respiration into

tvro coÍrponents, one proportional to carbon assimilation, the other

proportional to the weight of bionass . In this way, McCree was able

to model respiration quite well. It was Thornley (1970) who made the

interpretation of McCreefs equation in terns of growth and rnaintenance

respiration.

In the Thesis, I envisaged the purpose of dividing respiration

into two components as being of help in the interpretation of the

underlying causes of the maintenance energy requirement, since as pointed

out on page 23, there is evidence that low maintenance is associated with

greater dry rnatter yields after simulated grazlng (Wilson L975). 1

belíeved this finding to warrarit a study of the factors rmderlying

maintena¡ce (refer final paragraph on page 24) and perhaps this was

nisunderstood by the referee. Before such study can be contemplated, we

need an operational definition of naintenance, and as outlined on page 21,

the generally accepted authority on the subject, (F.W.T. Penning de Vries),
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has published contradictory and confusing definitions. Futhermore, an

exanination of the nethods for calculating maintenance experimentally

seened logical, particularly since the various intercept points represent

different rates of carbon exchange, and therefore, different naintenance co-

efficients. A survey of the literature revealed a lack of coincidence

between the theoretical and experi¡nental rates of maintenance respiration.

Accordingry, an interpretation of the various coefficients seemed

necessaly.

I believe that experinental neasurements of rnaintenance need to be

tied to a theoretical franework, and since there is a clear argument for

neasuring naintenance energ-y requirements of crop plants, I believe the

emphasis given to consideration of the ttruet maintenance coefficient

to be extrenely relevant and that the discussion is not tnisplacedr" For

the purpose of modelling daily carbon balances of whole plants, r agree

with Dr McCree, a definition of maintenance is not necessary.

A second point of contention arises from ny use of D and N. Dr. McCree

aPpears to justify criticism of ny use of these characters on the grornds

that the constraints required for their use (equal day and night length,

and equal day and night temperature) do not apply in Inaturer. These

specific conditions applied in the study and therefore criticisn of D and N

in this instance is, I believe, r:njustified. However, I acknowledge that

the recording of the temperature during experinental measurements was

omitted (see conection required on page L2 (a),) , and this may have confused

Dr. McCree. The argunent that such environrnental conditions do not exist

in nature is trivial. In fact McCree and A¡nthor (1935) employed a

constant day (30oC) and constant night (10o, 20oC or 30oC) temperature

in their experiments, and it is a rare event in nature that the temperature

is constant throughout the entire day or the entire night.McCree (19g2)
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also used L2h day length and 25o constant temperature. The majority of
laboratory measurements designed to elucidate the underlying causes of
metabolism, are conducted in artificial environment under artificial
conditions. Mechanisms are usually the same irespective,of enviromental

conditions, but the latter can certainly influence the extent to which

mechanisms operate. I agree with Dr. McCree that changes in procedure must

be introduced when diurnal temperature fluctuations occur, but such fluctuations
greatly conplicate interpretation of the maintenance coefficient. As pointed

out on page 18 et seq the equivalence of respiration ïates in the light and

the dark is not proven, and therefore Dr. McCreers statement that gross p

must be determined by switching off the light during the daytime, especially
if the tenperature is changing diurnally, nust not be accepted as definitive.

The referee then questions my use of the rsteady state' method

terninology. This tenninology was taken directly from McCree and Silsbury
(1978) as stated in the Thesis. Although McCree and Silsbury obtained

data in arclosed cycler, they obtained further steady state data when

plants were subjected to high irradiance and continuous darkness. This

second procedure was also used in the Thesis (as described on page 42).

The 'dynamic' method terminology was also adopted frorn Mccree and silsbury
(1978). The terminology used in this Thesis serves as a label, and is not

intended to represent the steady state or otherwise of carbon reserves

during measurement of the CO2 exchange rate. We always assume that steady

state carbon production and consumption is achieved during a 24 hour peri-od.

Moldau and Karolin (1977) noted that net carbon accumulation over 24 hours

can cause uncoupling of the relationship between daytime carbon uptake and

nighttime carbon efflux. such uncoupling was not evid.enced in the present

study' r find Dr. McCreers criticism sonewhat confusing because on the one

hand he refers to method rrl as a'steady state'method., and on the other
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(next paragraph) asserts that it is not a true'steady staternethod.
I continue to prefer to use the terms tsteady staterandrdynamicr as labels

Dr. McCree chooses maintenance to represent carbon exchange when

4W = 0, and suggests that this method is analogous to constant low level
feeding to naintain constant body weight in aninal (or human nutrition)
studies. r have referred to the use of maintenance when aw = 0 in the

Thesis (third paragraph, page 46) and my disagreement h¡ith this view is
presented on page 94. rn addition, r strongly disagree with the above

analogy drawn, since contrary to the case for plants, animals do not lose

limbs or other organs which can be replaced (except of course in the case

of animals such as lizards, where a lost tail may regrow) " rn animals, when

!W = 0, this is true naintenance, but in plants, as discussed in the Thesis, I
believe this includes synthesis as well as maintenance. r suggest this as the

reason why experimental values exceed the theoretical maintenance energy

requirements.

Maintenance requirenents change continuously, particularly when plants
glow' since additional maintainable biomass is being produced. However,

whether maintenance requirements fall as plant metabolic rate declines,

as stated by Dr. McCree is not proven in my opinion. Data of McCree (Igg2,
his figure 5a) showed metabolism (Às and aw) to be quite steady or to
slightly increase over a 28 day period, yet thermaintenance coefficient'
(r do not interpret this coefficient to be a true maintenance coefficient)
rapidly fe1l. To me, this data indicates that maintenance is somewhat

independent of whole plant metabolism, and supports the view that I have

put forward, that the rsteady stater (starvation) method can give a reasonable

estimate of the rtruer maintenance requirenent. I suggest rm, declined in
McCreers study because some of the maintainable biomass (1eaf naterial)
was senescing. As the amount of maintainable biomass falLs, so should the
energy requirernents for maintenance also fall. Furthermore, under 1ow
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irradiance conditions, where the growth rate is reduced (McCree 1982),

rmr may have also declined because the newly synthesised tissue had a lower

specific maintenance energy requirement than the tissue produced in the

high irradiance environment.

In sulrunary, I believe the philosophical argunents concerning the

ftruef maintenance coefficient which I have included in the Thesis, are neu/,

and question our present understanding of maintenance, most particularly in

respect as to how we are to interpret experimentally measured values. When

attempting to estimate maintenance experimentally, we are stil1 taking a

'stab in the darkr, hence the comrnent on page 94rrlt must therefore be stated

that complete confidence in the ability of any particular method to estimate

maintenance accurately cannot be given"tt This comment was made because although

the steady state (starvation) method gave results consistent with the theoretical

values, I realise that this nethod can lead to accelerated senescence,

particularly of leaves which are already beginning to senesce. The data in

Chapter VII show that healthy field bean leaves did not senesce (i.e. did not

rose chlorophyll or protein) until at least 48 hours in the dark,

The starvation method, which was useful when applied to the crop legumes

studied here, may not be a universal method for estimating maintenance. Indeed

I cannot forsee a universal method being developed in the near future.




