
«}] 

substrate utilization and respiration 
in relation to growth and maintenance 

in higher plants 

F.W.T. PENNING DE VRIES 

N08201.571 



substrate utilization and respiration 
in relation to growth and maintenance 

in higher plants 

F.W.T. PENNING DE VRIES 



SUBSTRATE UTILIZATION AND RESPIRATION IN RELATION 

TO GROWTH AND MAINTENANCE IN HIGHER PLANTS 

F.W.T. Penning de Vries 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD 

VAN DOCTOR IN DE LANDBOUWWETENSCHAPPEN, 

OP GEZAG VAN DE RECTOR MAGNIFICUS, 

PROF.DR.IR. H.A. LENIGER, 

IN HET OPENBAAR TE VERDEDIGEN OP 

VRIJDAG 21 DECEMBER 1973 DES NAMIDDAGS OM VIER UUR 

IN DE AULA VAN DE LANDBOUWHOGESCHOOL TE WAGENINGEN 



STbLUNJiJt 

- I -

leerboeken iter plantenfyaiologie beaehrijven p.cvoonlijk bet begrip 

"fotoajmthete" te eng a l t tie venting van koolhydraten uit kooleuur en 

water ottder invioed van l i ch l . liet ia beter "fatoeynlheae" ce defi-

nieren *U de too van a l le ayntheaeproceaeen die onder onvloed van 

lichc in de groene plant gebeuren, en dan de verachillende onderdeien, 

te weten de reductieve koolcuuraaaiedlatie, de nitraatreductie en 

bijbehorende proceaaen, en de ayrtthese van diverae polyeeren, afsoo-

derlijk aan te duiden. 

(dit proefschrift) 

- 2 -

Bij bet bestuderen van adesrtalinp, van planten behoort in veel grolerc 

•ate dan tot nu toe §c«vo«m ia, nadruk te wordcn geleed op haar func-

tionele karakter. 

(dit prf^eCachr I ft) 

- % -

De anelheid van haterotrofc groel van een plant of orgaan Van eenvou-

dig en noo deatructiaf worden afgeteid uit stttingen van de adrchalinpa-

snelheid. 

(dit proc(achrift) 

- 4 -

Met is niet aogelijk raaseti van de belangrijkste landbouwgewaaaen te 

kveken die hun aasiailaten efficienter benutten voor bioayntheae dan 

de huidige rassen. Het ia wel xinvol te zoeken naar planten die 

lagere onderhoudakoeten hebben dan de beataande planten, of te proberen 

een verlaplng van dexe kosten te bewerkstelligen. 

(dit proefechrift) 
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Voor kandidaatspractica fysiologie biedt het experimenteren met 

simulatiemodellen vaak grotere mogelijkheden dan het doen van 

proeven met reele objecten. 

- 6 -

Simuleren is de beste, en toch goedkope leidraad bij het bestuderen 

van het verloop van processen binnen een betrekkelijk afgesloten 

geheel, dat in grote trekken bekend is. 

- 7 -

Veel rekencentra zijn nog niet ingesteld op klanten die geen belang 

stellen in de werkwijze van de computer. 

- 8 -

Planten die zijn opgegroeid in klimaatkamers bij een lichtintensiteit 
____ _ 2 — — . • - — — — — • • 

van minder dan 300 W m zijn ongeschikt voor het bepalen van de in-
tensiteit van processen onder veldomstandigheden. 

- 9 -

0m de gemotiveerdheid voor het verlenen en ontvangen van steun aan 

arme landen te bevorderen, is het noodzakelijk de geestelijke afstand 

tussen hulpverlenende en hulpontvangende groepen te verkleinen. Hier-

toe kunnen het uitwisselen van personen en het mogelijk maken van 

informatieve, goedkope reizen belangrijk bijdragen. 

- 10 -

Leidinggevend personeel is als enzym-eiwit in een levende eel: beide 

zijn duur om te vormen en te onderhouden, het aanpassingsvermogen van 

de eenheid waartoe ze behoren is mede afhankelijk van hun "turnover", 

en wanneer de groei stilstaat leidt opeenhoping van inactieve elemen-

ten tot verstarring en steeds slechter functioneren. 

F.W.T. Penning de Vries 

Wageningen, 21 december 1973 



BEKNOPTE SAMENVATTING VAN DIT PROEFSCHRIFT 

De betekenis en regulering van ademhalingsprocessen in 

planten zijn bestudeerd om vast te stellen hoeveel van de kool-

stof die door fotosynthese is vastgeiegd door ademhaling weer 

verloren gaat. Het grootste deel van de adenihaling van veldge-

wassen is het gevolg van groeiprocessen. Op theoretische 

gronden zijn verbanden tussen groei, substraatgebruik en adem­

haling nauwkeurig berekend. Experimenteel zijn deze ook beves-

tigd. Een ander deel van de ademhaling wordt veroorzaakt door 

onderhoudsprocessen die cellen intact houden. Deze zijn nog 

weinig onderzocht. Daardoor is ook de grootte van de onderhouds-

ademhaling nog niet precies bekend. Wei is een inzicht verkregen 

in de processen die hierbij een rol spelen. 
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Introduction 

The recent development of simulation techniques to study growth of 

field crops actualized the question how much of the carbon fixed by photo­

synthesis gets lost by respiratory processes (1). A coherent picture can 

hardly be constructed from literature data on carbon dioxide production 

and oxygen consumption of different organs in various conditions, and 

certainly none that allows extrapolation to other situations. This study 

tries to answer this question by the investigation of the significance and 

regulation of respiratory processes in plants. Although this problem is 

focussed to higher plants it is of a much broader nature. 

Five groups of processes were recognized in which carbon dioxide 

evolution and oxygen uptake are involved: 

1. Processes related to the biochemical conversion of substrate into the 

compounds found in organisms, or shortly: growth processes. The central 

question is how many grams of carbon dioxide are produced and how many 

grams of oxygen are consumed if 1.0 gram of glucose is converted into 

biomass. The question how many grams of biomass are formed simultaneously 

is closely related, but the answer to the second question does not follow 

from the answer to the first because also water is involved. 

2. Processes related to maintenance of already existing cells and their 

structures. Energy for these processes is provided by respiration. From 

respiration measurements it appears that the intensity of maintenance 

processes in plants is low compared to animals and micro-organisms. 

In many situations, however, these processes do consume an important 

fraction of the assimilates. 

3. Processes related to active transport of organic compounds across cell 

membranes and in phloem vessels. Nearly all substrate for growth is 

transported because substrate production usually does not occur in 

growing cells. Watertransport is a passive process, which active 

regulation requires very little respiratory energy. 

4. Processes without usefull outcome. A considerable fraction of the carbon 

dioxide evolution in plants has often been ascribed to "uncoupled 

respiration": a process without any (known) use. It is pressupposed 

for this study that these processes are unimportant, and this is 

demonstrated in a few cases. To decide that these processes are also 

absent in other conditions, simultaneous measurements are lacking of 

rates of respiration, protein turnover and ion fluxes across membranes. 
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5. Photorespiration. The calculation of carbon dioxide assimilation of a 

canopy is usually based on the carbon dioxide assimilation light respons 

curve of a single leaf in similar conditions. A possible decrease of the 

rate of assimilation due to photorespiration is already included in 

this curve, and photorespiration is not important any longer for such 

calculations. Because in general photosynthesizing cells do not grow 

and none or little photosynthesis occurs in growing cells, photorespiration 

does not contribute to formation of any other product than sugars and 

amino acids, which amount is known already. 

The energy consumption in other active processes in plants is 

negligible. 

In this way the initial problem is restricted and clarified considerably 

It is now very similar to that of production-microbiologists, but is still 

new for many plant physiologists. 

Methods 

To determine the amount of biomass formed from a certain amount of 

substrate and the concomitant respiration, the "reaction equation" of the 

biochemical conversions may be calculated. For example, if lysine is the 

end product and glucose and ammonia substrates, handbooks of biochemistry 

indicate that in plants this conversion can be represented by the reaction 

equation: 

1 glucose + 2 NHL + 2 NADH2 + 2 ATP -* 

1 l y s i n e + 4 H„0 + 2 N A D + 2 A D P + 2 P . 

Heterotrophic cells obtain the hydrogen (NADH^) and energy (ATP) required 

by oxidation of glucose. The maximum efficiency of substrate and energy 

utilization is always used, so that the total conversion process, expressed 

in grams, is represented by the equation: 

1.000 g glucose + 0.156 g NH3 + 0.039 g 02 •*• 

0.671 g lysine + 0.255 g C02 + 0.269 g H20 

Such equations can be made for all important conversions. To do so only 

a basic knowledge is required of the well known processes that are the 

direct cause of carbon dioxide formation and oxygen consumption. When 

synthesizing complex products the reaction equations of the constituting 

monomers are added according to their relative importance, and cost of 

polymerization are accounted for. In this way a conversion reaction can 
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also be constructed for synthesis of a complex end product, such as biomass. 

The equation contains only weights of glucose, oxygen, minerals, the 

end product, carbon dioxide and water. In addition the active uptake of 

glucose and minerals requires respiratory energy. Finally, the computations 

were extended to include also some processes that require little energy. 

Much of the basic information for such calculations has been obtained 

from micro-organisms, but it seems correct to conclude that differences 

in this respect between various kinds of organisms are unimportant. 

The above calculations can be applied in principle to higher plants, 

because heterotrophic, growing cells are generally separated from autotrophic 

non growing cells. The substrate for growth mostly consists of sucrose 

and amino acids. 

Costs of maintenance processes are calculated from the intensity of 

these processes and their specific costs. The latter concern mainly costs 

of (re)synthesis and are fairly well known, but their intensity has been 

determined only in a few cases. There are also still remarkable few 

measurements of maintenance respiration in plants. 

Conclusions 

A first question is whether the yield of growth processes calculated 

in this way agrees with what is found in plants, or that it is of purely 

theoretical value. A simple experiment by Kandler (2) answers this. He 

grew maize embryo's in darkness at 27 C in a petri disk with a nutrient 

solution containing glucose and nitrate, and determined the weight increase 

of the embryo's and the amount of glucose consumed over a five days 

period.Oa basis of an estimate of the composition of the biomass synthesized 

a simplified calculation of how much glucose is required theoretically 

for synthesis is made (table 1). In addition to 66 mg glucose needed for 

the synthesis of 47.5 mg dry matter, uptake of glucose and minerals 

consumes the energy of 3.7 mg glucose. Maintenance of the material already 

formed consumes 2 to 5 mg glucose, so that the total glucose consumption 

is calculated to be 71.5 to 74.5 mg glucose. This is almost identical to 

the experimental result (75.4 + 2.4 mg). The ratios of the volumes of 

carbon dioxide and oxygen involved in the calculation (1.35-1.29) and the 

experiment (1.2 + 0.1) also agree fairly well. It is therefore concluded 

that the reaction equation derived from basic biochemical data reflects 

reality at least under good growing conditions,and that enzymatic conversions 
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and transport processes in plants occur at almost maximum efficiency. 

Because the cost of synthesis and transport are independent of temperature, 

the result is almost independent of temperature. 

Table 1. A calculation of the amounts of glucose, C02 and 0„ involved 
in synthesis of 47.5 mg of maize plant in darkness. Meaning of 
the columns: (1) weight increase in mg of the fraction considered 
(only "total" and "nitrogenous compounds" have been observed), 
(2) amount of the fraction considered, in g, formed from 1.0 g of 
glucose, (3) mg glucose required for biosynthesis, (4) amount of 
CO., in g, released during conversion of 1.0 g of glucose into 
the fraction considered, (5) mg C0« released, (6) amount of 02, 
in g, required for conversion of 1.0 g glucose into the fraction 
considered, (7) mg 0 2 required. The figures in the columns (2), 
(4) and (6) are standard values. 

fractions of the 
biomass formed 

carbohydrates 

nitrogenous compounds 

organic acids 

lignin 

minerals 

lipids 

total 

(0 

32.6 

5.6 

3.0 

2.4 

2.4 

1.5 

47.5 

(2) 

0.826 

0.404 

1.104 

0.465 

0.330 

— 

(3) 

39.50 

13.85 

2.71 

5.16 

4.54 

65.76 

(4) 

0.102 

0.673 

-0.050 

0.292 

0.530 

— 

(5) 

4.02 

9.35 

-0.14 

1.51 

2.41 

17.15 

(6) 

0.082 

0.174 

0.298 

0.116 

0.116 

— 

(7) 

3.23 

2.42 

0.81 

0.60 

0.53 

7.59 

A computer program has been formulated to execute these detailed 

calculations. A sensitivity analysis indicated that the rough chemical 

composition of the end product (as indicated in table 1), and the form 

in which nitrogen was supplied (as nitrate or ammonia), have the most 

effect on the amount of biomass formed and the respiration. Much less 

important are more precise data on the composition of the end product 

(such as the amino acid composition of protein), cellular compartmentation 

of processes, maintenance cost of used enzymes, and even the efficiency 

of oxidative phosphorylation between 100 % and 50 % of its maximal value 

is of minor importance. Consequently a simplified scheme was derived 

to calculate the reaction equation of conversions (3). 

The above calculations need not much change if applied to autotrophic 

plants: only the synthesis of many nitrogenous compounds consumes amino 
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acids and sucrose instead of glucose and minerals, and cost of active 

transport has to be included. The transport cost for translocation over 

short distances is probably mainly that of passing membranes of the cell 

and phloem vessels, but transport over many meters may be much more 

expensive. There is also an important difference: in most agricultural 

crops the majority of nitrate reduction occurs in the leaves in the light. 

If the light intensity is in the light saturated part of the carbon dioxide 

assimilation light respons curve, the rate of carbon dioxide assimilation 

is limited by the rate of carbon dioxide diffusion into the leaf, and 

because then more energy is available in the green cell due to the high light 

intensity the other energy requiring processes do not decrease the carbon 

dioxide assimilation. This is important especially for an expensive process 

such as nitrate reduction. For this reason nitrate reduction in field crops 

consumes much less energy from assimilates than is expected from its high 

reduction cost in darkness. Also other processes can use energy that has 

not been fixed in assimilates, but these are usually less important. Mainly 

due to nitrate reduction energy absorption by leaves is often 5 to 15 % highei 

than is expected according to the reaction: carbon dioxide plus water plus 

light energy gives glucose plus oxygen (4). 

Since formation of biomass from assimilates causes a predictable 

carbon dioxide production, it is possible to determine non destructively 

the rate of growth by measuring the rate of respiration. This is confirmed 

by experiments in which substrate utilization, respiration and growth of 

whole plants is known, as for example in constant conditions in the light, 

where the rates of carbon dioxide assimilation and of growth (and therefore 

that of dissimilation) are related. A comparison of measured and calculated 

ratios of assimilation to dissimilation of young plants of various species 

at some temperatures demonstrates that also these plants utilize their 

substrates at the biochemically maximal efficiency (4). It seems thus 

impossible to increase the efficiency of plants in this sence by plant 

breeding. 

Maintenance processes require an unimportant amount of energy in 

rapidly growing tissues, i.e. at a relative growth rate of 0.3 g g day" 

or more, but a considerable fraction in other cases (3,5). Measurements 

of maintenance respiration indicate that these processes consume about 

1 to 4 % of the weight of the dry matter in the form of carbohydrates 

per day. Knowledge of the individual maintenance processes indicates that 

the main part of it is used for continuous breakdown and resynthesis of 
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proteins, while another important fraction is required to maintain ion 

concentrations in cells. To determine the amount of substrate required 

from the calculated energy consumption in these processes it is essential 

to know the efficiency of oxidative phosphorylation. However, due to 

technical difficulties this information is still very limited in plants. 

The intensity of protein turnover, and therefore its cost, probably 

depends on the metabolic activity of the cells, which may be expressed as 

the daily carbon dioxide assimilation. The cost of maintaining ion 

concentrations depends mainly upon the environment. The first conclusion 

arises mainly from measurements of the maintenance respiration rate in 

leaves, and the few basic data do not support or oppose this. The second 

conclusion is derived mainly from basic data and was only indirectly 

confirmed. It seems worthwhile to investigate how to reduce protein 

turnover, a process that may have lost much of its importance in present 

agricultural conditions. Unlike increasing the efficiency of synthetic 

processes in plants, which is considered to be impossible, it seems 

feasible to control the rate of maintenance processes, and thus to 

influence the crop yield considerably (5). Cost of maintenance processes 

probably depend on external conditions, such as temperature, salinity and 

water stress, but this cannot be quantified as yet. 

Many minor questions have not been answered because of lack of basic 

data. Probably because the rate of synthetic processes in the investigated 

organ is unknown, quite some unexplained observations remain also. It is 

likely that many of such observations will not be explained before a 

better insight is obtained into the processes and factors that start, 

regulate and influence biochemical conversions and transport. 
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Inleiding 

De recente ontwikkeling van simulatiemethodieken voor het bestuderen 

van de groei van te velde staande gewassen actualiseerde de vraag hoeveel 

van door fotosynthese vastgelegde koolstof verloren gaat door ademhalings-

processen (1). Uit literatuurgegevens over koolzuurafgifte en zuurstof-

opname van verschillende organen in diverse omstandigheden kan nauwelijks 

een samenhangend beeld worden verkregen, en zeker geen beeld dat extrapo-

laties naar andere situaties toelaat. In deze studie is gepoogd de boven-

staande vraag te beantwoorden door onderzoek naar de betekenis en regu-

lering van ademhalingsprocessen in planten. Koewel de vraagstelling is 

toegespitst op planten in deze in wezen breder en van toepassing op alle 

organismen. 

De processen waarbij koolzuurgasvorming en zuurstofopname zijn betrok-

ken zijn in vijf groepen te onderscheiden: 

1. Processen die samenhangen met de biochemische omzettingen van substraat 

in de verbindingen die in organismen worden aangetroffen, of kortweg: 

groeiprocessen. De kernvraag is hier hoeveel gram koolzuur er vrijkomt 

en hoeveel gram zuurstof er wordt opgenomen wanneer 1.0 gram glucose 

wordt omgezet in biomassa. De vraag hoeveel gram biomassa hierbij wordt 

gevormd houdt hiermee nauw verband, maar het antwoord op de tweede vraag 

volgt niet uit het antwoord op de eerste omdat ook water bij de reacties 

is betrokken. 

2. Processen die samenhangen met het in stand houden van reeds bestaande 

cellen en hun structuren. De energie voor deze actieve processen wordt 

door ademhaling geleverd. Uit ademhalingsmetingen blijkt dat de inten-

siteit van onderhoudsprocessen in planten laag is vergeleken bij dieren 

en micro-organismen, maar in veel situaties consumeren deze processen 

toch een belangrijk deel van de assimilaten. 

3. Processen die verbonden zijn met actief vervoer van organische verbin­

dingen door celmembranen en in de vaatbundels. Vrijwel alle substraat 

voor groei wordt getransporteerd, omdat substraatproduktie meestal niet 

plaatsvindt in groeiende cellen. Watertransport is een passief gebeuren, 

waarvan de actieve regulering uiterst weinig ademhalingsenergie vergt. 

A. Processen die geen nuttig resultaat afwerpen. Herhaaldelijk is gesugge-

reerd dat een aanzienlijke fractie van de koolzuurontwikkeling in plan-

ten moet worden toegeschreven aan "ontkoppelde ademhaling": een proces 

zonder enig (herkenbaar) nut. Een uitgangspunt voor deze studie was dat 
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dergelijke processen niet van belang zijn, hetgeen in enkele gevallen 

ook werd aangetoond. Het is nog onzeker of deze processen nooit optreden, 

maar om dit vast te stellen ontbreken vooralsnog gelijktijdige waar-

nemingen van ademhalingssnelheden, van eiwitturnover en van ionfluxen 

door celmembranen. 

5. Fotorespiratie. Het is gebruikelijk om de koolzuurassimilatie van een 

gewas te berekenen met de koolzuurassimilatie-licht-respons-curve 

van een blad in overeenkomstige omstandigheden. Een eventuele verlaging 

van de assirailatie-snelheid door fotorespiratie is dan al in deze curve 

verrekend, en fotorespiratie is dus niet meer van belang voor zulke 

berekeningen. Omdat in het algemeen fotosynthetiserende cellen niet meer 

groeien, en in groeiende cellen geen of weinig fotosynthese plaatsvindt, 

levert fotorespiratie geen bijdrage tot de vorming van andere produkten 

dan de reeds bekende hoeveelheid suikers en aminozuren. 

In planten vragen de andere actieve processen een te verwaarlozen 

hoeveelheid ademhalingsenergie. 

Het aanvankelijke probleem is daarmee aanzienlijk ingeperkt en ver-

duidelijkt. Het komt nu sterk overeen met dat van produktie-microbiologen, 

maar is nog nieuw voor veel plantenfysiologen. 

Werkwijze 

Het vaststellen van de hoeveelheid biomassa die in een groeiproces 

kan worden gevormd van een zekere hoeveelheid substraat, en de grootte van 

de bijbehorende gaswisseling, kan gebeuren door het berekenen van de 

"reactievergelijking" van de biochemische omzettingen. Wanneer, bijvoorbeeld, 

het aminozuur lysine het eindprodukt is en glucose en ammoniak het substraat, 

blijkt uit biochemie-handboeken dat deze omzetting in plantencellen kan 

worden weergegeven met de reactievergelijking: 

1 glucose + 2 NH~ + 2 NAIfflL + 2 ATP -»• 

1 lysine + 4 Ho0 + 2 NAD + 2 ADP + 2 P. 2 i 

Heterotrofe cellen verkrijgen de benodigde waterstof (NADH2) en energie 

(ATP) door glucose te verbranden. Bij alle omzettingen is steeds de grootst 

bekende graad van benutting van substraat en energie aangehouden, zodat 

het gehele omzettingsproces, uitgedrukt in grammen, wordt weergegeven 
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door de vergelijking: 

1.000 g glucose + 0.156 g NH., + 0.039 g 0_ •> 

0.671 g lysine + 0.255 g C02 + 0.269 g H20 

Dergelijke vergelijkingen kunnen worden opgesteld voor alle belangrijke 

omzettingen. Van de processen die de onmiddellijke oorzaak zijn van 

koolzuurafgifte en zuurstofopname, en die door diepgaand onderzoek goed 

bekend zijn, is daarbij slechts elementaire kennis vereist. Bij de 

synthese van samengestelde eindprodukten worden de reactievergelijkingen 

van de constituerende monomeren gewogen opgeteld, en polymerisatiekosten 

in rekening gebracht. Ook voor synthese van een gecompliceerd eindprodukt, 

zoals biomassa, wordt op deze wijze een reactievergelijking vastgesteld, 

met als enige termen de gewichten van glucose, zuurstof, mineralen, het 

eindprodukt, koolzuurgas en water. Daarenboven vraagt het actieve opnemen 

van glucose en mineralen uit het medium ademhalingsenergie. De berekeningen 

zijn tenslotte verfijnd doordat ook met weinig energie vragende processen 

rekening is gehouden. 

Veel van de benodigde basisinformatie is verkregen met behulp van 

micro-organismen, maar de conclusie lijkt gewettigd dat deze niet belangrijk 

afwijkt in verschillende soorten organismen. 

Bovenstaande berekeningen kunnen in beginsel ongewijzigd worden toe-

gepast in hogere plahten, omdat als regel heterotrofe, groeiende cellen 

gescheiden zijn van autotrofe, niet groeiende cellen. Het substraat voor 

groei bestaat dan meestal uit sucrose en aminozuren. 

De berekening van de kosten van onderhoudsprocessen geschiedt op 

basis van intensiteit van deze processen en hun specifieke kosten." 

Deze laatste betreffen voornamelijk kosten van (her)synthese en zijn 

redelijk goed bekend, maar hun intensiteit is nog in weinig gevallen 

vastgesteld. Ook zijn er nog opvallend weinig goede metingen van de 

onderhoudsademhaling in planten. 

Conclusies 

Een eerste vraag is of de aldus berekende opbrengst van groeiprocessen 

overeenkomt met wat gevonden wordt in planten, of dat het een puur theo-

retisch maximum is. Een eenvoudige proef van Kandler (2) geeft hierover 

uitsluitsel. Hij liet maisembryo's op een petrischaal met een steriele 

voedingsoplossing met glucose en nitraat groeien in het donker bij 27°C, 

en bepaalde de gewichtstoename van de embryo's en de opgenomen hoeveelheid 
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glucose over een periode van vijf dagen. Op basis van een zo goed tnogelijke 

schatting van de samenstelling van de gevormde droge stof is een vereen-

voudigde berekening gemaakt van de glucose die theoretisch nodig is voor 

synthese (tabel 1). 

Tabel 1 Een berekening van de hoeveelheden glucose, 0„ en CO- die 
betrokken zijn bij synthese van 47.5 mg maisplant in het donker. 
Betekenis van de kolommen: (1) gewichtstoename in mg in de be-
treffende fractie (alleen "totaal" en "stikstofhoudende ver-
bindingen" zijn waargenomen), (2) aantal g van de betreffende 
fractie dat wordt gevormd uit 1.0 g glucose, (3) aantal mg 
glucose nodig voor biosynthese, (4) aantal g C0» dat vrijkomt 
bij de omzetting van 1.0 g glucose in de betrefrende fractie, 
(5) aantal mg CO_ dat vrijkomt, (6) aantal g 0„ dat nodig is 
bij de omzetting van 1.0 g glucose in de betrexfende fractie, 
(7) aantal mg 0„ dat nodig is. De getallen in de kolommen (2), 
(4) en (6) zijn standaard waarden. 

fracties van de 
gevormde biomassa 

koolhydraten 

s t iks tofhoudende 
verbindingen 

organische zuren 

lignine 

mineralen 

lipiden 

totaal 

(1) 

32.6 

5.6 

3.0 

2.4 

2.4 

1.5 

47.5 

(2) 

0.826 

0.404 

1.104 

0.465 

— 

0.330 

— 

(3) 

39.50 

13.85 

2.71 

5.16 

— 

4.54 

65.76 

(4) 

0.102 

0.673 

-0.050 

0.292 

— 

0.530 

— 

(5) 

4.02 

9.35 

-0.14 

1.51 

— 

2.41 

17.15 

(6) 

0.082 

0.174 

0.298 

0.116 

— 

0.116 

— 

(7) 

3.23 

2.42 

0.81 

0.60 

— 

0.53 

7.59 

Behalve ongeveer 66 mg glucose die nodig zijn voor de synthese van 

47.5 mg droge stof, vereisen de opname van glucose en mineralen de energie 

van 3.7 mg glucose. Voor onderhoud van het reeds gevormde materiaal is 

2 tot 5 mg glucose nodig, zodat detotale glucose-consumptie volgens bere­

kening 71.5 tot 74.5 mg bedraagt. Dit is nagenoeg identiek met hetgeen 

experimented was vastgesteld (75.4 + 2.4 mg). De verhouding tussen de 

betrokken volumina koolzuurgas en zuurstof in de berekening (1.29 - 1.35) 

en de meting (1.2 + 0.1) stemmen ook vrij goed overeen. Blijkbaar weer-

spiegelt de van basisgegevens afgeleide omzettingsvergelijking tenminste 

onder goede groeiomstandigheden de werkelijkheid, en verlopen enzymatische 

omzettingen en transportprocessen in planten vrijwel maximaal efficient. 
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Omdat de kosten voor synthese en transport niet van de temperatuur af-

hangen is dit resultaat ook bijna onafhankelijk van de temperatuur. 

De gedetailleerde berekeningen worden uitgevoerd door een computer-

programma. Uit een gevoeligheidsanalyse bleek dat de grove chemische 

samenstelling van het eindprodukt (zoals in tabel 1 aangegeven) en de 

vorm waarin stikstof wordt aangeboden (als nitraat of als ammoniak) de 

meeste invloed hebben op de gevormde hoeveelheid biomassa en de gaswisse-

ling. Van veel minder belang zijn een verdere precisering van de samen-

stelling van het eindprodukt (zoals de aminozuursamenstelling van eiwit), 

de cellulaire compartimentatie van processen, de onderhoudskosten van 

gebruikte enzyraen, en zelfs de efficientie van oxidatieve fosforylering 

tussen 100 % en 50 % van zijn maximale waarde. Een sterk vereenvoudigd 

schema om de reactie-vergelijkingen van omzettingen te berekenen werd daar-

om afgeleid (3). 

Bovenstaande berekeningen zijn vrijwel ongewijzigd geldig voor 

autotrofe planten: alleen synthese van veel stikstofhoudende verbindingen 

gebeurt van aminozuren en sucrose in plaats van glucose en raineralen, en 

de kosten van actief transport moeten worden verrekend (3,4). Bij vervoer 

over korte afstanden zijn transportkosten waarschijnlijk vooral die van 

het passeren van de membranen van cel~ en vaatbundel, maar het is nog niet 

uitgemaakt of transport over vele meters niet veel duurder is. Er is 

echter ook een belangrijk verschil: in de meeste landbouwgewassen vindt 

het overgrote deel van de nitraatreductie plaats in de bladeren in het 

licht. Wanneer de lichtintensiteit in het lichtverzadigde deel van de 

koolzuurassimilatie-licht-respons-curve is, wordt de koolzuurassimilatie-

snelheid bepaald door de snelheid waarmee koolzuurgas het blad in 

diffundeert, en omdat door het vele licht dan nog meer energie de groene 

eel ter beschikking staat, verlopen de andere energie-vragende processen 

niet ten koste van de koolzuurassimilatie. Met name voor een duur proces 

als nitraatreductie is dit een belangrijk gegeven. Om deze reden vraagt 

nitraatreductie in landbouwgewassen beduidend minder energie van assimi-

laten dan op grond van de hoge reductiekosten in het donker zou worden 

verwacht. Ook andere processen kunnen niet in assimilaten vastgelegde 

energie benutten, maar zijn vaak minder belangrijk. Vooral door nitraat­

reductie is de energieabsorptie van bladeren dikwijls 5 tot 15 % hoger 

dan wordt verwacht volgens de reactie: koolzuurgas plus water plus 

stralingsenergie geeft glucose plus zuurstof (4). 
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Omdat vorming van biomassa van assimilaten een voorspelbare koolzuur-

ontwikkeling veroorzaakt is het mogelijk de groeisnelheid non-destructief 

vast te stellen door de ademhalingssnelheid te meten. Dit wordt bevestigd 

door proeven waarin het substraatverbruik, de ademhaling en de groei van 

gehele planten bekend is. Dit is het geval in constante omstandigheden in 

het licht, waar de snelheden van koolzuurassimilatie en van groei (en dus 

die van dissimilatie) op elkaar zijn afgesteld. Een vergelijking van 

gemeten en berekende verhouding tussen assimilatie en dissimilatie van jonge 

planten van verschillende soorten bij enige temperaturen toont dat ook 

deze hun substraat met de biochemisch maximale efficientie benutten (4). 

Het lijkt dan ook niet mogelijk om door veredelingswerk de efficientie van 

planten in deze zin te verhogen. 

Onderhoudsprocessen vragen een relatief onaanzienlijke hoeveelheid 

energie in snel groeiende weefsels, dit is: bij een relatieve groeisnelheid 

van 0.3 g g dag of meer, maar een geenszins te verwaarlozen hoeveelheid 

in andere gevallen (3,5). Admehalingsmetingen wijzen uit dat deze processen 

dagelijks ongeveer 1 tot 4 % van het droge stof gewicht aan koolhydraten 

consumeren. De nog geringe kennis van de individuale onderhoudsprocessen 

duidt erop dat het grootste deel hiervan gebruikt wordt voor voortdurende 

afbraak en opbouw van eiwitten, en dat een ander belangrijk deel nodig is 

om ionenconcentraties in de cellen te handhaven. 0m uit berekende energie-

kosten van deze processen de substraatkosten vast te stellen is kennis van 

de efficientie van oxidatieve fosforylering essentieel, maar voor planten 

is deze door technische moeilijkheden nog beperkt. 

De intensiteit van ewitturnover, en dus de kosten van dit proces, hangt 

vermoedelijk voor een groot deel samen met de metabolische activiteit van 

de cellen, bijvoorbeeld uitgedrukt als de dagelijkse koolzuurassimilatie. 

De kosten van het handhaven van ionenconcentraties hangen vooral af van het 

milieu. De eerste conclusie volgt voorn^amelijk uit metingen van de inten­

siteit van onderhoudsademhaling in bladeren, en wordt door de weinige basis-

gegevens niet ondersteund of tegengesproken; de tweede conclusie volgt vooral 

uit de basisgegevens en wordt slechts indirect bevestigd. Het lijkt zinvol 

onderzoek te verrichten naar het reduceren van eiwitturnover, welk proces 

onder de huidige landbouwomstandigheden mogelijk veel in betekenis 

heeft ingeboet. In tegenstelling tot het onmogelijk geachte verhogen van 

de efficientie van syntheseprocessen lijken er namelijk wel mogelijkheden 

aanwezig om de snelheid van onderhoudsprocessen te beheersen, en zo de 



opbrengst van het gewas belangrijk te beinvloeden (5). Het is waarschijn-

lijk dat de kosten van onderhoudsprocessen afhankelijk zijn van uitwendige 

omstandigheden zoals temperatuur, zoutgehalte van de bodem en waterspan-

ning, hoewel hierover nog niet voldoende gegevens beschikbaar zijn om 

deze mening te kwantificeren. 

Vanzelfsprekend zijn nog veel detailvragen onbeantwoord bij gebrek 

aan basisgegevens. Ook zijn er nog heel wat onverklaarde meetresultaten, 

vermoedelijk vooral omdat de intensiteit van syntheseprocessen in het on-

derzochte orgaan vaak onopgemerkt blijft. Het lijkt daarom waarschijnlijk 

dat veel waarnemingen van ademhalingssnelheden niet volledig kunnen worden 

verklaard voor een beter inzicht is verkregen in de processen en faktoren 

die biochemische omzettingen en transport in gang zetten, reguleren en 

beinvloeden. 
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PRODUCTS, REQUIREMENTS AMD EFFICIENCY OF BIOSYNTHESIS 

A quantitative approach 

1) 2) 3) 
F.W.T. Penning de Vries , A.H.M. Brunsting and H.H. van Laar 

Department of Theoretical Production Ecology, Agricultural University 

Wageningen, The Netherlands 

SUMMARY 

The question of how many grams of an organism can grow heterotrophically 

from only 1.0 gram of glucose and adequate minerals has been put forward 

many times. Only a few attempts have been made to answer this question 

theoretically and these attempts were rather rough. In this paper, it is dem­

onstrated that the yield of a growth process may be accurately computed by 

considering the relevant biochemistry of conversion reactions and the 

cytological implications of biosynthesis and growth. Oxygen consumption and 

carbon dioxide production by these processes are also computed. The weight 

of the biomass synthesized from 1.0 gram of substrate and the quantities of 

gases exchanged are independent of temperature. 

These results are obtained by adding the individual equations describing 

the formation of each compound synthesized by the organism from the substrate 

supplied. The sum represents an equation which accounts for all substrate 

molecules required for biosynthesis of the carbon skeletons of an end-product, 

whose chemical composition is given. It is then calculated how much energy 

is required for the non-synthetic processes which form a part of biosynthesis, 

such as intra- and intercellular transport of molecules and maintenance of 

RNA and enzymes. The additional amount of substrate required to provide 

this energy by combustion is easily calculated. Adding this substrate to 

the amount used for skeleton synthesis gives an overall equation which 

quantifies the substrate and oxygen demand as well as carbon dioxide 

evolution during biosynthesis of 1.0 gram biomass. For example, it requires 

1.34 gram of glucose with adequate ammonia and minerals to synthesize 1.0 

gram maize plant biomass in darkness; during this process 0.14 gram oxygen 

1) Partial fulfillment of a Ph.D. thesis of the senior author 
2) Doctorate student in 1969 
3) Technical assistant 
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are consumed and 0.24 gram carbon dioxide are produced. It has been 

described elsewhere that similar results were obtained experimentally with 

growing plants. 

Such results depend considerably upon the chemical composition of the 

biomass being synthesized and upon the state (oxidized or reduced) of the 

nitrogen source. Other parameters, such as the number of ATP molecules 

required for protein synthesis, the possibility for utilization of 

alternative pathways for synthesis or energy production, the presence or 

absence of compartmentation of synthetic processes and variations in the 

P/0 ratio between 2 and 3, under many conditions affect results of the 

computation less than 10 %. 

Since maintenance of cellular structures is not considered, the 

approach concerns the gross yield of biosynthesis. It predicts therefore 

the dry matter yield of heterotrophic cells from a given quantity of 

substrate at high relative growth rates. 

1. INTRODUCTION 

What determines the actual efficiency of conversion of substrate into 

biomass by living organisms and the maximal efficiency under optimal growth 

conditions is a problem which has attracted much attention. It is a 

challenging question for microbiologists and zoologists since they are often 

confronted with substrate-yield relationships. Many simultaneous measurements 

of growth and substrate consumption have been made, with results expressed 

in weight and energy units. The highest efficiencies reported are about 

30 % to 70 % on a weight basis, and slightly higher on an energy basis. 

One might also try to calculate the efficiency of an anabolic process. 

The pathways by which substrate molecules are converted into the variety of 

end-product molecules found in cells are described in many textbooks, and 

the amounts of energy required for these conversions and for polymerization 

are known. Information is becoming available on the energetics of cytological 

aspects of biosynthesis, such as active transport across membranes and 

maintenance of the tools for biosynthesis (nucleic acids and enzymes). The 

substrate requirement to provide the respiratory energy for these activities 

can be calculated. The sum of the amounts of substrate for material and 

for energy represents the total substrate requirement for biosynthesis of 

an end-product. The total of these biochemical and cellular processes will 

be called biosynthesis in this paper. 
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To simplify the problem of how to calculate the yield of biosynthetic 

processes, only the quantitative relation between substrate and end product 

is of interest, rather than the exact way in which the end product is 

obtained. Thus, order and rate of individual reactions are not important. 

It is a legitimate simplification if the rate of a biochemical reaction 

does not change the stoichiometry of its chemical reaction equation or that 

of others, which seems to be generally agreed in biochemistry. Stimulation 

of synthesis of product A by synthesis of product B does not disturb the 

calculations: then the end product, whose chemical composition must be 

established experimentally in all cases, will contain more of product A. 

Energy consumption for the maintenance of cell structures interferes 

with dry matter production. An estimate of the substrate requirement for 

maintenance processes in plant cells is given in another paper (Penning de 

Vries, 1974b). The term "growth" will be used to indicate biosynthesis 

accompanied by maintenance of cell structures, and corresponds to dry weight 

increase. 

The present paper deals with the theoretical derivation from biochemical 

data of the reaction balance for conversion of substrate into a particular 

product, and with the determination of values characterizing this conversion 

process. Such values are the weight of the dry matter synthesized from 1.0 

gram of substrate and the weight of the corresponding oxygen uptake and 

carbon dioxide production. This study is focussed on higher plants, of which 

cells grow heterotrophically under aerobic conditions. This applies to many 

situations,since even in leaf cells often much growth occurs before the 

cells obtain the capacity to photosynthesize. Synthesis of organic material 

from glucose is considered in detail, but the same approach can be used with 

a variety of substrates. The effect of unfavorable conditions for biosynthesis, 

such as extreme temperatures, water stress or mineral shortage, are not 

considered. 

2. SHORT REVIEW OF RELATED STUDIES 

The first studies about the quantitative relation between dry matter 

production and substrate consumption were performed by Pasteur around 1875, 

by Pfeffer around 1890 and by Rubner (1904). They emphasized the energy 

efficiency of growth. In the nineteen twenties and thirties the relationship 

between dry matter yield and the amounts of substrate consumed was 

investigated in fungi. Tamiya (1932) demonstrated that the heat of combustion 

of the substrate is not a major determinant of yield: the yield expressed 
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in g organisms per unit of chemical energy present in the snbstrnt-P proved 

to be variable. 

From the "molecular formula" of fungi, C0/. H,-„ 0, c N,, Tamiya (1932) 
oo lou 4 J / 

derived that for synthesis of 1.0 gram yeast 1.467 gram of glucose is 

required if all substrate carbon is incorporated in the organism. He 

established experimentally that 2.2 gram of glucose was required per gram 

yeast formed, and concluded that 0.73 gram of glucose was burned to supply 

energy for the progress in the conversions and the activation of compounds, 

for replacement of "lost heat" and for achievement of cellular organization. 

A theoretical basis why 0.73 gram of glucose per gram yeast was respired, 

and not twice or half this amount, could not be given. A distinction was 

made between biosynthetic and maintenance processes, in both of which 

substrate is consumed (Tamiya and Yamagutchi, 1933, see also Terroine and 

Wurmser, 1922). The observed fixed ratio of the number of grammulecules of 

substrate consumed and the maximum dry weight of the microbes synthesized 

from or with it (Monod, 1942; Siegel and Clifton, 1950; Rippel-Baldes, 1952) 

caused DeMoss et al. (1951) to express their results as dry weight of the 

organic matter formed per mole of the substrate utilized. This "molar 

growth yield" is fairly constant for a large number of bacterial species, 

but depends considerably on the chemical nature of the substrate. 

Bauchop and Elsden (1960) expressed the yield of a growth process as 

dry weight synthesized per mole ATP available from the substrate and called 

this the ATP yield (Y ) of the growth process. This was an improvement 

of the gram organism per unit of energy ratio, since the ATP-yield accounts 

for the availability of the chemical energy in the substrate to the organism. 

They demonstrated that this ratio is remarkably constant for a large number 

of bacterial species and substrates under anaerobic conditions, and is 

approximately 10.5 g organism per mole of ATP. The substrates they use 

consisted of a mixture of amino acids and other essentials for cell synthesis 

and some carbohydrate, which provided the energy for all processes but was 

not assimilated. Only the ATP derived from carbohydrate was counted in the 

calculation of Y . In later experiments both lower and higher values of 

Y have been observed in aerobic and anaerobic media (Stouthamer, 1969; 

De Vries et al., 1970; Stouthamer and Bettenhaussen, 1973). Calculating Y 

under aerobic conditions the amount of ATP formed per mole of substrate must 

be known. The P/0 ratio, however, which is of major importance, may deviate 

considerably from its maximum value of 3 in these micro-organisms 

(Stouthamer, 1969). Growth yields expressed in g organism per Joule or per 
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gram-electron available from the substrata are less constant than Y ̂  
atp 

(Payne, 1970), which suggests that the fraction of chemical energy in a 

substrate molecule that can be transferred to ATP is more meaningful for 

biosynthetic processes than its total chemical energy. 

In his book "Plant Respiration", James (1953) described correlations 

of plant respiration with activities and growth processes, but could not 

decide whether respiration is essentially an unavoidable and useless loss, 

or whether it results from useful processes. About synthesis of alkaloids 

and polyphenols he remarked: "it seems little better than an even chance 

that a metabolic reaction occurring in a plant tissue will be of any real 

importance to it". In a review Goddard and Meeuse (1950) state that in 

rapidly growing cells only a small fraction of the energy released in 

respiration is related to growth. Beevers (1961), like Needham (1964) and 

Kleiber (1961) for animals, treated correlations of plant processes and 

activities with respiration and gave a detailed account of the glycolysis 

and the Krebs cycle. Also Thornley (1970), McCree (1970) and Thornley and 

Hesketh (1972) have correlated growth and maintenance processes with 

respiration by mathematical analysis of experimental data. 

Animal husbandry has supplied information about the return of food 

with varying chemical composition in higher animals in terms of increase in 

live weight per weight of the substrate. The maximal yields reported exceed 

0.5 g animal (live weight) per g food, and approach sometimes 0.7, depending 

on the growth rate and upon the type of food and product (Brody, 1945; 

Blaxter, 1962; Needham, 1964). The complexity of the processes accompanying 

biosynthesis, such as digestion, transport and movements, maintenance, and 

the practical problem of measuring the dry matter accumulation in large 

animals has made it very difficult for this discipline to rise essentially 

above an empirical level, except in cases of lactate and fat production 

(Baldwin, 1968; Van Es, 1971). 

A more fundamental approach was used by Gunsalus and Shuster (1961). 

They demonstrated how the ATP requirements may be calculated for bacteria 

growing from a substrate containing all "building blocks", the monomers, 

used in cell synthesis. Forrest and Walker (1971) calculated the amount of 

ATP needed for synthesis of the monomers from glucose and their polymerization, 

but neglected energy required for active uptake of substrate molecules. Both 

sets of calculations predicted maximum Y values of about 30, which is 

approached by the highest values reported in literature (about 24, by 

De Vries et al., 1970). Penning de Vries (1972, 1974a) calculated the dry 
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matter yield of growth in maize, bean and sunflower plants from the 

substrates glucose and photosynthate, probably accounting for all the 

important processes. A good correspondence between the theoretically 

established relative yield and experimental data was shown, indicating 

that the metabolism in higher plants may operate at nearly the maximum 

efficiency allowed by the biochemical scheme. 

3. SOME GENERAL CONSIDERATIONS ABOUT BIOSYNTHESIS 

Or. basis of the assumption that all substrate carbon will be found in 

the end product a reaction balance for a conversion can be written with a 

knowledge of only the molecular compositions of substrate and end-product. 

This procedure has been followed by Tamiya (1932), Chen (1964) and Morowitz 

(196S). The assumption, however, is not correct: not all substrate carbon 

is converted into biomass carbon, and not all biomass carbon comes from the 

substrate, since some carbon is split off as carbon dioxide molecules during 

carbon skeleton reformation, and carboxylation reactions may occur. It also 

gives incorrect answers because it does not consider the energy required 

for conversion, polymerization and other active processes inherent to 

biosynthesis, and thus neglects the substrate required for the production 

of energy and its combustion products. Depending upon the type of substrate, 

product, and conversion reaction, these two aspects may be responsible for 

considerable deviations from the balance calculated using the molecular 

formula (Green cells growing while photosynthesizing are an exception. 

Net carbon uptake and dry matter production are then related, and the exact 

ratio between "substrate", consumption and biomass increase can be calculated 

from the biomass "molecular formula". The situation, however, in which the 

substrate provides carbon and energy is the usual one, and will be 

considered in this paper). 

The procedure followed in calculating a conversion reaction balance 

is summarized below and schematized in figure 1. The summation of steps 

of reaction chains yields an overall balance for the synthesis of a monomer, 

such as an amino acid. Adding the balances of a number of amino acids and 

accounting for polymerization cost gives the balance for a protein. 

Balances for carbohydrates and other substances can be made similarly. 

Ultimately, the substrate demand for the synthesis of aggregates of compounds, 

like living organisms, can be established. 

Glucose is the direct substrate for synthesis of many monomers, but 

during formation of nitrogenous compounds and fatty acids acetyl co-enzyme A, 



Figure 1. A schematic presentation of synthesis of a complex product from 

glucose, including simultaneous non-synthetic processes. Oxygen 

is the only co-substrate and carbon dioxide and water the only 

by-products, v, w, x, y and z represent the number of moles 

involved and a, b, c and d the types. 

v glucose + a + b •> x product + y. CO- + z H„0 + c + d (1) 

c -> b + y2 C02 (2) 

d + Wj 02 -> y3 C02 + z2 H20 (3) 

v glucose + z, H20 -* a (4) + 

(Vj + v2) glucose + WjO •> x product + (yj + y2 + y3> C02 

+ (Zj + z2 - z3) H20 (5) 

v„ glucose + w 2 °9 "*" energy + YA CO
2
 + z4 H2° ^ + 

(Vj + v9 + v3) glucose + (Wj + w2)02 -> x product + (yj + y + y + Y A ) C 0 2 

+ (Zj + z2 - z3 + z^)H20 

(7) 
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pyruvic acid, oxalo-acetate, aspartate and glutatnate (represented by a 

and b in fig. 1, eq. 1) may also be used. By-products of synthesis in an 

aerobic environment are carbon dioxide and water, while other compounds 

may also remain (eq. 1, c and d ). In some micro-organisms and in anaerobic 

conditions reaction by-products consist of partly oxidized molecules, like 

acetate, ethanol, lactate etc. Under aerobic conditions, not fully oxidized 

by-products of single reactions may be used in other reactions (eq. 2, c) 

and those not used are oxidized (eq. 3, d). Synthesis of the intermediates 

which are not a by-product of other reactions (eq. 4, a) completes the 

sequence. Summation of the equations (1) - (4) yields the reaction balance 

for synthesis of the required end-product from glucose with oxygen and 

completely oxidized by-products (eq. 5). Equation (6) represents the 

production of energy consumed in non-synthetic processes related to growth, 

so that equation (7) gives the total of substrate required for biosynthesis 

of this end-product. The final equation represents the most efficient 

conversion possible, given the biochemical machinery. With this equation, 

conversion processes can easily be expressed in terms of grams of glucose, 

oxygen, end-product, carbon dioxide and water. 

An actual conversion balance generally includes ATP and NADH„; these 

are recycling intermediates and are not oxidized to carbon dioxide and 

water. ATP, CTP, GTP, TTP and UTP are taken to be similar with respect to 

their ability to transfer energy. It is supposed that an ATP •*• AMP conversion 

can be replaced by 2 ATP •*• ADP reactions. The dehydrogenase co-enzymes NAD, 

NADP and FAD all transfer protons, but oxidation of FADH_ in the "respiratory 

chain" yields only 2 ATP molecules. Whereas NADH- yields 3; NADPEL is not 

oxidized in this multi-enzyme-complex. The hydrogen of NADH can be 

transferred to NADP only with energy supplied from ATP, but the reverse 

does not yield ATP. For simplification of the calculations and presentation 

only the reactions ATP -*• ADP and NADH„ -*• NAD will be used in this paper. If 

necessary, calculations will be adjusted for this difference. In the pentose 

phosphate pathway NADPH„ results directly from substrate degradation, but 

this pathway is not intensively used in plants (Beevers, 1961). It is 

assumed that all the energy and hydrogen production occurs via the Krebs 

cycle and none in the pentose phosphate pathway. Because of the small 

difference between these two pathways in these respects, the error 

resulting from this simplification is nearly always negligible. 

When the overall reaction balance of a biosynthetic process is 

simplified to its final version in which only glucose and oxygen are 



- 8 

substrate (with nitrogen and sulphur if necessary) and the required products, 

carbon dioxide and water are formed (fig. 1, eq. 7), variables characterizing 

the conversion can be calculated, being the "production value" (pv), the 

"oxygen requirement factor" (orf) and the "carbon dioxide production factor" 

(cpf). These are defined in table 1. Water and heat will not be considered 

separately because mostly their formation is difficult to measure. Pv 

(table 1) resembles Pfeffers' "Oekonomischen Koeffizient" (see Tamiya, 

1932),which represents the number of grams of organism formed per 100 g of 

substrate used, but pv differs from the latter as pv characterizes bio-

synthesis and the processes inherent to it, while the O.K. accounts for 

structure maintenance processes as well. Pv, orf and cpf are characteristics 

strictly for gross dry matter formation. 

The energy conversion equation 

1 Joule glucose -*• 0.79 Joule plant biomass +0.21 Joule heat (Eq. 1) 

can easily be derived from equation 1, which represents the same biosynthetic 

process expressed in grams. A similar computation as the one made to 

obtain equation 1 can, in principle, be made to obtain equation 2 using 

the specific heats of combustion of compounds. However, this is much more 

difficult, if at all possible. Both sets of calculations start with the 

molecular reaction equations for simple conversions (fig. 1, eq. 1-4). 

These equations can easier and more accurate be "translated" into a weight 

balance than into an energy balance. The amounts of oxygen and carbon 

dioxide involved cannot be expressed in Joules, so that the energy equation 

does not provide information on the gas exchange of the conversions. The 

fraction of the energy from ATP molecules retained in reactions is 

difficult to establish, and it depends, among others, on the concentration 

of compounds in the cell. But the number of moles ATP used in biosynthesis 

can be counted easily, because many reactions operate with the energy 

supply of exactly one ATP molecule, independent of the efficiency of its 

utilization. The remainder of ATP energy is lost as heat. In phosphorylation, 

for instance, one ATP molecule is always involved and not an amount of 

energy that can be calculated from the change in free energy of formation 

of the reactants divided by the average energy efficiency of processes. It 

could be argued that instead of one ATP molecule per reaction two or more 

could be involved, for instance, in case of a high end-product concentration. 

This is unlikely, because the energy supplied by ATP is generally in excess 

of the needs (Krebs and Romberg, 1957; Lehninger, 1965). It is therefore 

concluded that the "energy efficiency" of biosynthesis of an organism from 



Table 1. The variables characterizing biosynthetic processes. 

Units: g.g and gjnole. g . 

' Name 

production value 

oxygen, requirement 

factor 

carbon dioxide . 

production factor 

hydrogen 

requirement factor 

energy requirement 

factor 

Symbol 

pv 

orf 

cpf 

hrf 

erf 

Definition 

weight of the end product 

weight of substrate required for 

G-skeletons and energy production 

weight of oxygen consumed 

weight of substrate required for 

C-skeiatons and energy production 

weight of carbon dioxide produced 

weight of substrate required for 

C-skeletons and energy production 

gmoles of NADH required 

weight of end product 

gmoles of ATP required 

weight of end product 
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a substrate can be determined experimentally, like the "weight efficiency" 

by measuring heats of combustion instead of weights. Both values can be 

useful and converted into one another. But the "weight efficiency" is also 

predictable from more basic data, while in practice the "energy efficiency" 

is not. 

3.1. THE_REACTI0N_BA^CE_FOR^SYNTffiSIS_gF^MgNOMERS 

The reaction equations used in the calculations described in this 

paper were constructed from pathway data as presented in the excellent 

book by Dagley and Nicholson (1970), showing many steps of nearly all 

relevant conversions in detail. The pathways for synthesis of lignin, 

deoxyribose, fructosan and chitin could not be found and therefore estimated. 

The characterization of compounds like hemicellulose has been greatly 

simplified. Table 2 presents the reaction balances used in calculating the 

values characterizing a conversion process from glucose into organic dry 

matter in a standard format; ADP and NAD are not quoted. All reactions are 

in the form: 

1 glucose + 1 ATP -*• 1 fructose (Eq. 2) 

(reaction number 205) 

and 

1 pyruvic acid + 1 aspartic acid + 1 NH~ - 1 C02 - 3 H20 + 3 NADH2 

'+ 3 ATP -*- 1 lysine (Eq. 3) 

(reaction number 127) 

Note that whenever NADPEL is required, for instance for fatty acid 

synthesis, this is presented as NADH2 plus 1 ATP per NADH2 molecule. 

Alternative synthetic pathways are listed in an order of decreasing 

probability in higher plants, in so far as indications could be found. 

The figures in the table represent the number of molecules involved in 

the synthesis of 1 molecule of the product. Glucose, pyruvic acid, 

acetyl coenzym A, serine, aspartic acid and glutamic acid are taken to 

be the (co)-substrates. As there are "families" of derivates from one 

common intermediate, the procedure followed during computation was first 

to determine the required ."..mounts of intermediates and, in a second 

phase, to calculate the amount of glucose required for synthesis of 

these compounds. 



Table 2. Basic data for conversion reactions, as derived from Dagley and 

Nicholson (1970). Each balance gives the number of moles involved 

in synthesis of one mole end-product (prod), the name of which 

is given in the last column. Substrate for conversion may be 

glucose (glue), pyruvic acid (pyr), acetyl coenzym~A (AcoA), 

serine (ser), aspartic acid (aspa) or glutamic acid (glua). 

Furthermore, the NEU, H.S, CCL, 0-, H^O, NADH2 and ATP involved 

in the reactions are indicated. The first column gives the 

number of the reaction. MW represents the molecular weight of 

the end-product. Meaning of notes (column 16): 

1.1 production of one THF-C group during conversion 

-2.1 consumption of one THF-CH2 group during conversion 

-3.1 " " one THF-CO " " " 

-3.2 " " two THF-CO groups " " 

-3.3 " " three THF-CO groups during conversion 

10 does not occur in plants 

11 authors estimate 

12 Embden-Meyerhof-Parnas pathway or Etner-Douderoff pathway 

13 cellulose, glycogen, starch and amylopectine 

14 polymer of mannose and xylose 

15 polychitobiose 

16 polyconiferylalcohol, pathway estimated 
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Single-carbon-groups are transferred by tetra-hydro-folic acid (THF). 

These groups are indicated in column 16 of table 2 and explained in the 

table caption. Their production may occur according to 

1 glucose + 2 THF +2THF-C + 1 pyruvic acid + 1 C02 + 1 H20 + 3 NADH2 (Eq. 4) 

and all overall excess is essentially removed by the reaction 

1 THF-C + 2 H20 -*• C02 + 2 NADH2 + THF (Eq. 5) 

(Dagley and Nicholson, 1970) 

It should be noted that the majority of pathways have been established in 

micro-organisms and in specialized animal tissues. However, it may be 

assumed (Dagley and Nicholson, 1970) that other organisms do not have 

metabolic pathways deviating much from the known ones. 

3.2. IN0RGMIC_M0LECULES 

Biomass often contains inorganic atoms and molecules, some of which 

are incorporated in organic molecules. The incorporation reactions occur 

spontaneously . Nitrate and sulphate are taken up and subsequently reduced. 

According to Bandurski (1965) nitrate i.Juction cau be summarized by the 

equation 

N0~ + 4 NADPH2 -»• NH3 + 2 H20 + 0H~ + 4 NADP (Eq. 6) 

Reduction of one sulphate molecule requires 4 ATP molecules more. Reduction 

of one mole of nitrate or sulphate consumes the hydrogen and energy obtained 

from about 0.35 mole of glucose and appears to be an expensive process. 

Feeding yeast with carbohydrate and nitrate yields 0.35 gram yeast per gram 

carbohydrate, and more (0.45 gram), if ammonia is the source of nitrogen 

(Terroine and Wurmser, 1922). Wesselius (1973) observed a yield decrease of 

30 % if photosynthesizing algae were fed with nitrate instead of ammonia. 

A similar trend can be seen in fig. 2, 3 and 4. In higher plants reduction 

of nitrate and subsequent incorporation of nitrogen into amino acids occur 

during photosynthesis in leaves under conditions of adequate nitrogen supply 

(Beevers and Hageman, 1969; Bornkam, 1970). Thus the assimilate consists of 

sucrose and amino acids, and crop plants supplied with nitrate do not show 

a drop in yield per gram of assimilates as compared to ammonia fed plants. 

These and other aspects of the relations between processes occurring during 

photosynthesis were elaborated and evaluated experimentally elsewhere 

(Penning de Vries, 1974a). 
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3 . 3 . S r j t fTHESIS_0FJ |9L^RS_^^ 

3.3.1. Polymerization 

Most of the cell plasma and the cell wall are polymers. Polymerization 

of monomers requires 3 or 4 molecules of ATP per amino acid (one ATP -*• AMP 

conversion and, according to Lucas-Lenard and Lipmann (1971) one or two 

GTP •+• GDP conversions in ribosomal action), 2 per nucleotide monosphosphate 

and also for most of the (non phosphorylated) carbohydrate monomers. The 

lower value for amino acid polymerization was used for calculation in 

"standard conditions". 

The energy content of the hydrogen bonds, which with sulfide bonds are 

responsible for the secondary and tertiary structure of polymers and polymer 

aggregates, is low compared with the bonds within and between monomers. 

These are assumed to evolve spontaneously, or to require only a negligible 

amount of energy. Formation of sulfide bonds yields NADI^. It is generally 

assumed that the secondary and tertiary structure of proteins is determined 

by the amino acid sequence, and the kinetics of folding of the amino acid 

chain during its assembly on the ribosomes. 

During polymerization water is split off, mostly one molecule per 

monomer. Accounting for such changes in the overall reaction equation 

completes the calculation of the direct requirements for biomass synthesis. 

3.3.2. Tool_maintenance 

The rate energy expenditure for maintenance of the tools for bio­

synthesis, RNA and enzymes, is treated independently and separately from 

other maintenance processes; the latter will be called "structure 

maintenance". The rate of "tool maintenance" depends on the amount of tools 

and on their stability. If both are unaffected by the rate of biosynthesis, 

tool maintenance is constant and can be determined together with structure 

maintenance processes. However, if the amount of mRNA (the most unstable 

fraction of RNA) controls the rate of protein synthesis (as suggested by 

Goodwin, 1963; Lavalle and De Hamer, 1970, and others), and if enzyme 

activity is regulated according to cell needs, it is likely that these 

quantities are related to the rate of biosynthesis. No indication of a 

relationship between the stability of enzymes and RNA and growth rate in 

eukaryotes was found, although there may be such a relationship for RNA 

in bacteria (Salser et al., 1968; Norris and Koch, 1972). From Salser et al. 

(1968) and Geiduschek and Haselkorn (1969) it can be derived, that mRNA 
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molecules in bacteria are used about 20 times before they ato degraded, 

and it is assumed that this is a fairly constant value. For this assumption 

is little evidence (Bielka, 1969), but counter-evidence was not found. Srne». 

(re)synthesis of a codon from monomers requires 6 ATP molecules, 0.3 ATP 

molecule per peptide bond is needed for mRNA maintenance. Other RNA fractions 

are known to be much more stable (Geiduschek and Haselkorn, 1969), so that 

their turnover does r.ot double the RNA maintenance cost per peptide bond, 

in spite of their larger amounts. There is no indication that higher cost 

is incurred in higher organisms. 

Amount and half-life or most enzymes involved in biosynthesis and 

related activities are unknown, except in some specialized mammalian 

tissues. Synthesis of ribosomal proteins may be related closely to RNA 

synthesis (Schweet and Heinz, 1966). From data of Strehler (1963) and 

Schimke and Doyle (1970) it is estimated that in slowly growing -issues 

5 to 50 % of protein synthesis is resynthesis of hydrolized proteins. On 

the basis of this information it was assumed, somewhat arbitrarely, that 

the processes of tool maintenance can be accounted for by increasing the 

cost of polymerization of amino acids and nucleotides by 1 ATP molecule 

per monomer. Quantitatively, the turnover of other cell substances is much 

less important, as was shown for instance in experiments of Bieleski (1972) 

for phospholipids. Due to the more complex nature of synthesis of nitrogenous 

compounds than that of others, it may be expected that tool maintenance 

is more important for synthesis of the former compounds than to synthesis 

of nitrogen free compounds. For purposes of calculation, it is assumed 

that the rate of tool maintenance is proportional to the rate of synthesis 

of amino acids and nucleic acids. Thus, this process is accounted for as 

part of the biosynthesis of nitrogenous compounds. 

Maintenance of enzymes and RNA was estimated on the basis of experiments 

to require about 5 mole ATP per mole monomer for milk protein production 

in cows and about 20 during animal growth (Van Es, 1971). Estimates on the 

basis of theoretical speculations are 2 ATP per monomer for protein synthesis 

in higher animals (Baldwin, 1968) and 3 in microbes (Woldendorp, 1971). 

Forrest and Walker (1971) used Baldwin's estimate. 

The effect of various values of tool maintenance on the yield of 

conversion of 1 g glucose into "nitrogenous compounds" (for its chemical 

composition, see table 3) and the amounts of oxygen and carbon dioxide 

involved in this process are given in fig. 2a. Fig. 2b is a similar figure 

for synthesis of maize plant biomass. These figures present results of 
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of calculations, for wl.ich there is as yet no means of experimental 

validation. It is not suggested that the rate of tool maintenance varies, 

but the effect which different values would have is shown. 

3.3.3. Biomass synthesis from_polymers 

Considering finally the synthesis of living biomass the question arises 

whether chemical energy is required to construct from polymers the macro-

molecular aggregates that together make up the living biomass. It is 

generally, and tacitly, assumed that biomass evolves spontaneously when 

its precursors, the macromolecules, are present (e. 3. Lehninger, 1965; 

Forrest and Walker, 1971). No data have been found in literature on the 

heat of combustion of biomass, being different from the sum of the heats 

of combustion its contributing polymers separately. Meyerhoff (1024) found 

that the heats of combustion of living and quickly killed erythrocytes are 

exactly equal. Although dead, cell organelles will still have been present 

and this experiment therefore does not give exactly the evidence required. 

Krebs and Romberg (1957) remark that enzymatic breakdown of biomass into 

monomers does not yield ATP and suggest implicitly that most, if not all, 

energy released in breakdown to monomers must be ascribed to polymer 

hydrolysis. Breakdown of macro molecular structures or polymers into monomers 

does not require chemical energy to disrupt bonds between polymers or 

monomers, some reactions require a catalyst. The conclusion may therefore 

be drawn that the free energy of formation of biomass is not noticably 

different from the sum of the free energies of its polymers separately, and 

that hardly any chemical energy is stored in the specific macromolecular 

structures. 

Theoretical evidence for this statement is presented by Morowitz (1968, 

pg. 98) who calculated that the change in heat of formation for 

polymerization plus synthesis of biomass from polymers equals 16 cal per 

gram biomass and the change in free energy of formation 78 cal per gram 

biomass, the difference being the heat given up in these processes. This 

heat, divided by the absolute temperature at which the reaction occurs, 

represents the entropy increase of biomass and environment. Most of this 

change is brought about in polymerization. These values are small compared 

to the total free energy and heat of formation of the biomass (5500 and 

5400 cal per gram respectively). The efficiency of transfer of chemical 

energy from one molecule to another is ususaly high (over 50 %) and although 

the energy efficiency of the polymerization process is already much less 
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(about 20 % ) , it is ass imed that no more than a negligible amount of ATP 

is spent in the last step of biomass synthesis, if any. This conclusion is 

extrapolated to formation of multicellular organisms from cells. Gorski 

(1966) ascribes to the specific arrangement of atoms in a mycelium a 

decrease in entropy with respect to the unorganized state of these molecules, 

which is small compared with the total entropy production during aerobic 

growth on a glucose substrate. 

It may seem remarkable that organized biomass, containing much more 

biologically relevant information than a similar amount of unorganized 

polymers, has about the same free energy and heat of formation as the same 

polymers in an unorganized state. It should, however, be realized that the 

thermodynamical concept "order" refers to arrangements of atoms and 

molecules in a system, and is different from the "meaning" (or "information") 

which the cell and the biologist attributes to the same entity (Makkink, 

1971). This is easily seen by comparing the invariant entropy of equal 

amounts of DNA of two different bacteria species with its information for 

the biochemical machinery, which produces two different organisms. 

3.4. NQN_SYNTHETIC_ACTIVITIES_DURI^_BIOSYNT 

The bulk flow of water through the plant is a passive process. Cell 

elongation and the build-up or maintenance of a turgor pressure is not 

accomplished by active water transport, but in response to active ion 

uptake, so that plant growth in this study can be limited to dry matter 

accumulation. Mechanisms for active transport of ions across cell membranes 

are not yet understood (Kaback, 1970). Data collected by Beevers (1961), 

Stein (1967) and Schoffeniels (1967) demonstrate that the passage of the 

outer cell membrane by one cation requires the energy of approximately 

0.3 ATP molecule, while the anion follows passively. On the basis of the 

Mitchell chemi-osmotic hypothesis it may be expected (Lehninger, 1971) 

that per pair of protons transferred from NADH_ to oxygen six positive 

charges can be imported into mitochondria. Experiments by Mitchell and 

Moyle (1968) with rat liver mitochondria support this hypothesis. It is 

likely, however, that in plasmalemma and tonoplast a different mechanim 

for ion uptake is active, since proton transfer to oxygen occurs only in 

mitochondria. The experimental value of 0.3 mole ATP per mole of cations 

imported will therefore be used rather than the theoretical value of 0.5 

mole ATP per mole cations. Translocation into the vacuole is assumed to 

require an equal amount of energy. 
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Inorganic molecules are treated as one group, nitrate and sulphate 

excluded, of which the average molecular weight is 75. A more detailed 

consideration is not useful because of the small amount of energy involved 

in translocation and lack of information about the underlying processes. 

Most of the volume of mature plant cells is in the vacuole and most of 

the ions are present in this cell organelle. It is assumed that 70 % of the 

inorganic molecules is located in the vacuole and 10 % in the plasma. An 

arbitrary figure of 20 % is taken to represent the inorganic cell wall 

incrustrations. However, the effect of this assumption on the result of 

the computations is very small. 

Most of the import of organic molecules into cells is active (Kaback, 

1970; Hofer, 1971; Payne and Gilvarg, 1971). The mechanisms of these 

processes are still uncertain. It is estimated from data of Beevers (1961) 

and Albers (1967) that the uptake of one carbohydrate molecule requires the 

energy of 1 molecule of ATP. This is in agreement with uptake of carbohydrates 

through temporary phosphorylation of the molecule, as suggested by Kaback 

(1970) and Oxender (1972). 

Phagocytosis and pinocytosis are n^t likely to be a cheaper alternative 

for single molecule uptake, as the membrane enveloping the material 

transported has to be "digested" and replaced. But sometimes it is the only 

way for a cell to obtain its substrate, as for example for Paramecia 

consuming bacteria. In higher plants this uptake mechanism is probably 

not utilized because substrate molecules are always of low molecular weight. 

Here, substrates are often transported over many centimeters. Energy cost 

for this process will not be considered. 

Heat is very seldom a main product of substrate degradation. 

4. VARIABLES CHARACTERIZING BIOSYNTHETIS 

Growth results from synthesis of mixtures of compounds. The amount of 

glucose and intermediates required for biosynthesis of plant dry matter 

may be calculated from its chemical composition, an example of which is 

given in table 3, using data of table 2. Table 4 represents the assumptions 

and conditions used for standardized calculations. Aromatic, secondary 

plant substances, hormones etc. are, depending on their chemical properties 

and analytical method used, found in one of the major fractions. This 

simplification causes only small errors due to the low quantities involved. 

The type and amount of excreted compounds should also be considered if 

micro-organisms are studied. 



Table 3 - The chemical composition of a young and vegetat ive roaise p l an t . All 

f ract ions are expressed on a dry weight b a s i s . 

II.. .1 . • . H I M l - HI .L 1 

main fraction 

uitrogeuous compounds 

: 

carbohydrates 

lipids 

r 

! 

i 

lignin (nitrogen-free) 

organic acids 
1 
j 

i 
f 

rainerals 

| 

23 

56,5 

2,5 

8 

5 

5 

• T 

% 

% 

% 

% 

% 

subtractions 

amuse acids 10 % 

proteins 87 % 

nucleic acids 3 % 

ribose t % 

glucose 5 % 

fructose 2 % 

marines e 1 % 

galactose 1 % 

sucrose 5 % 

cellulose 40 % 

hemicellulose 4-0 % 

pectin 5 % 

glycerol-
tripalroitate 12 % 

glycerol-
tristea rate 3 % 

glycerol-
trioleate 47 % 

glycerol-
trilinolate 33 % 

glycerol-
trilinoleate 5 % 

oxalic acid 5 Z 

glyoxalic acid 5 % 

oxaloacetic acid 20 % 

malic acid 10 % 

citric acid 30 % 

accnitic acid 30 % 

potassium 80 % 

chloride 20 % 

note 

amino acid composition, of zei 

(Handbook of Biological Data, 

1956) 

compos it ioii of maize oil 

(Winton and Winton, 195Q) 

poly-coniferylalcohol, 
percentage based on Muller 
et.al. (1970) 

• • 



Table 4. Standard conditions and assumptions used in computations 

- chemical composition of biomass as given in table 3i 

- all processes occur under fully aerobic conditions. 

- polymerization of amino acids requires 3 ATP equivalents per 

peptide bond. 

- enzyme and RNA maintenance during protein synthesis requires 1 

molecule ATP per monomer. Other maintenance processes (maintenance 

of structures) are not considered. 

- transport across the outer cell membrane requires 1 mole ATP per 

mole organic molecules and0.3 mole ATP per mole of inorganic 

molecules. 

- intra-cellular translocation occurs spontaneously, except passage 

of the vacuole a^d mitochondria membranes; transport across these 

membranes is active and requires 1 mole ATP per mole organic 

molecules and 0.3 mole ATP per mole inorganic molecules. 

- spatial compartmentation of only fatty acid synthesis (in mitochondria 

instead of hyaloplasm ) and lignin precursors (formed in hyaloplasm 

but incorporated in cell wall); no temporal compartmentation of 

synthetic processes. 

- glycolysis, tricarboxylic acid cycle and oxidative phosphorylation 

are used for NADH- and ATP production. 

- P/0 ratio for NADH„ oxidation is 3. 



- 16 -

The reaction equation resulting from summation of the individual 

balances for all compounds may show an ATP and NADH excess or shortage. 

Overproduction of NADH-, which is often found, is met by its oxidation, 

usually generating ATP. A calculated excess of NADEU must be eliminated 

by its oxidation with oxygen, and not be reducing other compounds, because 

the experimentally determined chemical composition must be achieved. NADH2 

or ATP shortage is eliminated by additional substrate degradation. Only an 

excess of ATP can be eliminated without changing the reaction equation: 

the cell may hydrolyze the excess, or prevent the excess formation by 

uncoupling phosphorylation. Excessive formation of ATP may occur, but in 

most cases the ATP formed in synthetic processes is consumed completely in 

polymerization and translocation processes. The values characterizing a 

conversion process (pv, orf and cpf) can be applied fruitfully only to 

the total of processes, the total being defined as the sum of those 

processes which do not exchange ATP, NADEL or intermediates with their 

environment. Fig. 2a and b show that biosynthesis of protein or biomass 

from glucose with NEL causes an excess of energy, which evolved due to 

oxidation of the remaining NADEL: at the (unrealistic) low values of energy 

consumption during polymerization the production value of the process does 

not decrease at increasing cost of polymerization. 

The result of a synthetic process in which glucose with NH, and H„S 

is converted into plant dry matter, with a chemical composition as given 

in table 3, can be described as 

1.0 g glucose + 0.031 g NH3 + 0.001 g H2S + 0.103 g 0 2 + 0.039 g min. 

•*• 0.746 g plant + 0.177 g C02 + 0.250 g H20 (Eq. 7) 

With nitrate and sulphate the equation is 

1.0 g glucose + 0.101 g N0~ + 0.003 g S04~ + 0.122 g 02 + 0.034 g min. 

-*- 0.651 g plant + 0.343 g CO + 0.266 g H„0 (Eq. 8) 

Standard conditions, given in table 4, are used in calculations, unless 

specified otherwise. From these reaction balances it follows that pv for 

synthesis of plant material from glucose and NEU and ELS is 0.746, and 
- 2-

0.651 if nitrogen and sulphur are supplied as NO, and SO, •. The values of 

orf and cpf are 0.103, 0.122, 0.177 and 0.343 respectively. In the conversion 

equations the sum of the weights of the substrates is, of course, equal 

to the sum of the weights of product and by-products. 

In fig. 3 are represented the variables characterizing biosynthesis, 

pv, orf and cpf, of nitrogenous compounds, carbohydrates, lipids, lignin 



Figure 3. The var iables charac ter iz ing b iosynthesis of nitrogenous 

compounds with ammonia and with n i t r a t e , of carbohydrates, 

of l i p i d s , of l ignine and of organic a c id s . 
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pv = 0.616 
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orf - 0.116 
• < 

nitrogenous 
compounds 
(with n i t r a t e ) 

cpf = 0.673 

pv = 0.404 

orf - 0.174 
• t 

l ign in 

cpf - 0.292 
i ' • 

pv = 0.465 

orf - 0.116 

carbohydrates 

cpf - 0.102 

pv = 0.826 

orf • 0.082 

organic acids 

cpf =-0.050 

pv « 1.104 

orf - 0.298 
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and organic acids as formed from glucose. It is not surprisingly that 

important differences exist between these fractions. The slightly negative 

value of cpf during formation of organic acids is caused by carboxylation 

of pyruvic acid. 

Morowitz (1968) calculated that if 

1.00 g glucose + 0.12 g NH3 + 0.02 g H2S04 + 0.05 g H3P04 

were converted into 

0.77 g bacteria dry matter + 0.24 g H.O + 0.09 g CO (Eq. 9) 

both the change in free energy of formation and the change in heat of 

formation of this system would be negative, showing that there is heat and 

entropy production. Since Morowitz's calculations neglect the energy spent 

in non-synthetic processes, his equation overestimates the conversion 

efficiency. The biosynthesis equation computed according to the procedure 

described above for bacteria with a similar elementary composition is 

1.0 g glucose + 0.109 g NH„ + 0.008 g H2S + 0.152 g 0 2 + 0.056 g min. 

-»• 0.678 g biomass + 0.263 g C02 + 0.382 g H20 (Eq. 10) 

Equation (10) yields less biomass than (9), thus more substrate is oxidized 

to produce energy and more heat is lost. It can be concluded that the 

result of the computation presented is not in conflict with the laws of 

thermodynamics. The difference between equations (10) and (7) is mainly 

caused by the high content of nitrogenous compounds in these bacteria (64 % ) . 

The figures 4 a-f demonstrate the effect of various chemical compositions 

of synthesized dry matter on the values characterizing the conversion. In 

these triangular plots all combinations of three components can be indicated. 

Because the organism consists of six main fractions, a simplification is 

necessary to plot in this format. The fractions of nitrogenous compounds, 

fats and carbohydrates will be considered; 10 % of the weight of the 

carbohydrate fraction is taken to be lignin and organic acids and minerals 

are each assumed to be 5 % of the total biomass weight in all cases. In 

this way these triangles roughly cover many of the chemical compositions 

found in tissues. Figures 4 a-c show the conversion characteristics when 

ammonia and hydrogen sulfide are supplied with glucose, and figures 4 d-f 

when nitrate and sulphate ere given. The lines in figures 4a and d, b and 

e, and c and f connect points representing those chemical compositions which 

have equal values of pv, cpf and orf, respectively. It can be seen from 

these figures that fats are the most expensive compounds to produce from 
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glucose, and that protein synthesis yields only slightly more when nitrate 

reduction occurs. If reduced nitrogen is available pv for protein synthesis 

is about 50 % higher. The carbohydrate-lignin mixture is relatively "cheap" 

to synthesize. Fig. 4 g and h show the respiratory quotient (moles CO_ 

produced per mole 0? consumed) for these conversion processes. 

Fig. 5 indicates the area of chemical compositions usually found in 

vegetative plant tissue, reproductive plant tissue, animals, and micro­

organisms and can be used in combination with fig. 4 a-h. 

It is evident that pv, cpf and orf for those combinations of fractions 

in which no nitrogen is incorporated must have similar points in both sets 

of figures. As a result of this, the lines in the fig. 4 d, e, f and h 

representing the values for the glucose plus nitrate substrate, are turned 

to the left around their fixed points on the horizontal axis, as compared 

to the glucose plus ammonia substrate values (fig. 4 a, b, c and g). Most 

lines in the figures prove to be nearly parallel and approximately straight. 

Straight lines indicate that there are no intermediates formed during 

synthesis of one compound and utilized in the synthesis process of another 

compound. Such a form of "biochemical symbiosis" would increase the efficiency 

of the overall process and cause the lines to curve: it increases pv for a 

given chemical composition above that what might be expected in using 

straight lines, and similarly decreases orf and cpf. 

Applying the detailed computation described above to tissues with 

different chemical compositions is very laborious and difficult to transmit. 

A computer program has therefore been developed. It is written in the 

simulation language Continuous System Modeling Program and was also 

translated into FORTRAN. A copy is available on request. 

Because of lack of data, the chemical composition within each of the 

major fractions (table 3) is often taken to be constant and only the 

relative contribution of each fraction to the total varying. Fortunately 

the results of the calculations are affected only to a small extend by 

changes in composition within these fractions. It was calculated for example 

that the variables characterizing the conversion of glucose into 12 

different proteins show a much narrower range (table 5) than the variables 

calculated for the major fractions (fig. 3). Therefore, a much simpler way 

of calculating the variables characterizing the conversion can often be 

used. The process of converting glucose into one of the fractions may then be 

characterized by pv', c p f , orf and two additional factors: the hydrogen 

requirement factor (hrf) and the energy requirement factor (erf). The first 
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Table 5. Values characterizing the conversion process of glucose with 

ammonia or nitrate into proteins with various amiî o acid 

compositic _.$; the compositions were taken from the Handbook 

of Biological Data, 1956. 

p r o t e i n 

a lbumin, egg 

" , human serum 

a r ach in 

b ac t e r i ophage of E. c o l i 

e d e s t i n 

g l i a d i n 

g l u t e n , corn 

" , wheat 

i n s u l i n 

pap i l loma , shope ( v i r u s ) 

r i bonuc l e as e 

ze in 

. -.— .-___— , 

w i th ammonia 

pv 

0.621 

0 .623 

0.611 

0.636 

0.656 

0 .638 

0.588-

0.664 

0 .626 

0 .635 

0 .673 

0.594 

orf 

0 .157 

0.152 

0 .163 

0. 1 72 

0 .168 

0, 158 

0 . 146 

0 .163 

0 .164 

0.166 

0 .183 

0 .144 

cpf 

0.260 

0.252 

0 .263 

0 ,253 

0.228 

0 .233 

0.284 

0.217 

0.247 

0.254 

0 .233 

0.271 

wi 

pv 

0 .398 

0.398 

0 .386 ' 

0 .399 

0 .400 

0.431 

0 .404 

0 .426 

0 .402 

0 .397 

0 .413 

0 .393 

th n i t r a t e 

o r f 

0 .190 

0 .187 

0. 192 

0. 198 

0 .198 

0 . 184 

0 . 174 

0 .194 

0 .196 

0 .198 

0.210 

0 .179 

cpf 

0 .694 

0 .691 

0 .705 

0 .705 

0 .712 

0 .633 

0 .653 

0 .665 

0 .683 

0 .707 

0 .710 

0 .676 
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three were defined earlier (table 1); the prime indicates that the. values 

refer to weight ratios at the stage at which all material is formed from 

glucose, but at which excess or shortage of NADH„ and ATP has not yet been 

removed. Hrf and erf represent the number of moles of NADH„ and ATP per 

gram of product, respectively, that have to be formed (value positive), or 

are released in excess during synthesis^ Hrf and erf can link synthetic 

processes of different fractions and must be made zero at the end of the 

calculation: pv', cpf and orf therefore are intermediate values* Table 6 

presents their values for the major fractions. They must be multiplied by 

the part that their fraction forms of the total, and then added together. 

The energy required for the non-synthetic activities must be added to erf, 

and the added values of the energy and hydrogen requirement (etf and hrf) 

are adjusted to zero as described above. Table 7 gives an example of this 

calculation. Slight mistakes are introduced because C -fragments and other 

intermediates may be exchanged between the synthetic processes of different 

chemical fractions. This is ignored in the simpler approach. 

From fig. 3 it follows that synthesis of fat, composed as indicated 

in table 3, from glucose can be characterized by a production value of 

0.330. From the "molecular formula" of this fat, C QA H I65°IO> tlie equation 

1 g glucose -> 0.515 g fat + 0.410 g 0, + 0.075 g H20 

can be derived (James, 1953) assuming that oxygen is formed. If it is 

assumed that oxygen is neither released nor consumed the equation becomes 

1.0 g glucose •*• 0.372 g fat + 0.408 g C02 + 0.220 g H20 

It is obvious that these very simple calculations ignore much of what 

biochemistry teaches, and gives errorreously high estimates of conversion 

efficiencies. On the other hand it appears that application of only 

superficial knowledge of end-product and substrate composition can provide 

a useful first estimate of the yield of conversion processes. 

5. MODIFICATIONS OF VARIABLES CHARACTERIZING A BIOSYNTHETIC PROCESS 

INDUCED BY CHANGES IN CONDITIONS 

Aspects of biosynthesis requiring additional consideration are the 

compartmentation of biochemical processes, the fact that different species 

can utilize different bioĉ aaics''. pathways to achieve the same end-product, 

and the possible effects ox chzv.i~as in intarnal variables such as the P/0 

ratio, or in external variables like temperature. 



Table 6. Auxiliary values for characterization of a conversion process, 

excluding cost of substrate intake from the environment. For 

the composition of the fraction "nitrogenous compounds" see table 3. 

amino acids with ammonia 

amino acids with n i t r a t e 

p ro te in with aEimonia 

p ro te in with n i t r a t e 

nuc le ic acids with ammonia 

nucle ic acids with n i t r a t e 

nitrogenous compounds with ammonia 

nitrogenous compounds with n i t r a t e 

carbohydrates 

l i p i d s 

l i gn in 

organic acids 

pv 

0.700 

0.700 

0.604 

0.604 

1.072 

1.072 

0.620 

0.620 

0.853 

0.351 

0.483 

1.104 

o r f 

0.0054 

0.0054 

0.0052 

0.0052 

0.0270 

0.0270 

0.0056 

0.0056 

0.0 

0 .0 

0.0444 

0.0 

c p f 

0*254 

0.254 

0.252 

0.252 

0,043 

0.043 

0.249 

0.249 

0.057 

0.471 

0.244 

-0.050 

h r f 

-0.01122 

0.02674 

-0.01285 

0.03140 

-0.01242 

0.03484 

-0.01267 

0.03104 

-0.00360 

-0.01010 

-0.00431 

-0.01686 

e r f 

-0.00139 

0.03899 

0.03492 

0.08197 

0.02793 

0.07732 

0.03108 

0.07754 

0.01224 

0.05097 

0.01868 

-0.00452 
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5.1. COMPMTMENTATION 

Compartmentation has two aspects: the place of synthesis of a compound 

may be different from the place of "destination", and an excess of ATP, 

NADHL or an intermediate that is produced in excess in one place may not be 

available for a demand elsewhere. Two examples of the first aspect can be 

given. The cell wall consists mainly of polysaccharides, but often also 

includes lignin and proteins. The cell wall is situated outside the cytoplasm, 

so that its building blocks are either excreted, or activated and polymerized 

on the outside of the membrane enveloping the cytoplasm. It is assumed that 

all lignin molecules are synthesized in the cytoplasm and excreted at a cost 

of 1 ATP molecule per coniferyl-alcohol monomer; that no protein is excreted, 

and that 50 % of the cell polysaccharides is formed from glucose that did 

not enter the cytoplasm, while the other 50 % is formed and remains in the 

cytoplasm. 

The majority of synthetic processes occur in the hyaloplasm, (the 

cell plasma, embedding the cell organelles), while some occur in the 

mitochondria, most of which is fatty acids synthesis (Bielka, 1969). Without 

much evidence it is assumed that only fatty acids are synthesized in 

mitochondria and are translocated into the hyaloplasm. , and that all other 

events occur in the hyaloplasm . 1 ATP molecule may be required to 

translocate 1 fatty acid molecule from the mitochondrion into the plasma. 

Only these two cases of compartmentation are included in the set of 

standard conditions for calculations (table 4). It must be realized, 

however, that these refinements decrease pv only by about 1 %. 

The second aspect of compartmentation concerns synthesis in isolated 

cell compartments or at different times, so that exchange of intermediates 

with other processes or transport of the end-product does not occur. If 

synthesis of different compounds occurs with spatial or temporal separation 

while no exchange of energy of hydrogen takes place the values of erf and 

hrf must be made zero before adding pv', orf and cpf, thereby decreasing 

the yield and efficiency of the overall process. 

Separation of the NADH2 pool in hyaloplasm and mitochondria is known 

to exist and to be effective. However, by transferring HL from NADH_ to 

oxalo-acetate in mitochondria a compound is formed (malate) which passes the 

membrane easily, while in the hyaloplasm the hydrogen can be transferred 

to NAD and the oxalo-acetate formed diffuses back to the mitochondria 

(Bielka, 1969). A system where exchange is facilitated by carriers without 

supply of additional energy can be regarded as free exchange. Compartmentation 
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in this context must therefore be defined as the separati on of spaces 

between which no passive transport takes place. The size of compartments is 

not equal for all molecules. For water molecules the compartment exceeds 

the cell, for pyruvate and malate the hyaloplasm; and mitochondria are 

equivalent, while for many molecules the hyaloplasm.., vacuole and 

mitochondria are separate compartments. 

Separation of processes in time occurs commonly. Secundary cell wall 

thickening in plant cells, for instance, occurs in cells with "fully grown" 

protoplasma, and also lipids or aromatics are synthesized mainly in 

mature cells. 

It has been suggested (Lardy and Ferguson, 1969) that cells store 

energy as osmotic energy by accumulation of ions in mitochondria and that 

this may become available as ATP in a reverse process. Such a process can 

link energy-yielding and energy-consuming reactions separated in time, but 

because of the small volume of mitochondria, it is probably unimportant 

for the yield of biosynthetic processes. 

The values of pv, orf and cpf for synthesis of standard plant biomass 

and bacteria are shown in table 8, assuming that the six major fractions 

either do or do not exchange energy and hydrogen during their synthesis. 

This aspect of compartmentation proves to be unimportant for biosynthesis 

of plants and bacteria when nitrate is the nitrogen source, but noticable 

if ammonia is supplied. 

5.2. ALJERNATIVE_PATHWAYS 

The similarity between anabolic processes in organisms is appreciable 

and facilitates calculations enormously. In some cases, however, different 

species use different pathways to degrade or synthesize the same product, 

(Dagley and Nicholson, 1970). The difference between both may be small, 

as for ornithine (table 2) or large. For an example of the latter, oxalo­

acetic acid, an intermediate in many reactions, may be formed by glycolysis 

and the glyoxylate cycle, yielding: 

1 glucose + 3 H20 •*• 1 oxalo acetic acid + 2 CO + 2 ATP + 7 NADH-

(table 2, pathways 140 and 508), or by the carboxylation of pyruvate, yielding: 

0.5 glucose + C02 •*• 1 oxalo acetic acid + 1 NADH-

(table 2, pathways 140 and 505). The amount of substrates differ by a factor 

2. Synthesis via carboxylation releases little NADH-, whereas synthesis via 

other pathways yields considerably more. The excess of NADH9 will generally 



Table 8. The effect of compartmentation of b iosynthesis of p lan t dry 

matter and b ac t e r i a biomass. For the chemical composition of 

p lant biomass and of the f ract ions see t able 3 • The composition 

of b ac t e r i a was assumed to be Q.6I g/g p ro t e in s , 0.17 g/g nuc le ic acici 

0.12 g/g carbohydrates, 0.07 g/g l i p ids and 0.03 g/g minera ls . 

For further explanation see t ex t . 

glucose + ammonia ->• plant biomass 

glucose + ammonia •> plant biomass 

glucose + nitrate -*• plant biomass 

glucose + nitrate •*• plant biomass 

glucose + ammonia ->• bacteria biomass 

glucose + ammonia -*• bacteria biomass 

glucose + nitrate -*• bacteria biomass 

glucose + nitrate •*• bacteria biomass 

pv 

0.746 

0.735 

0.650 

0.645 

0.651 

0.644 

0.449 

0.448 

orf 

0.103 

0.116 

0.123 

0.130 

0.143 

0,154 

0.177 

cpf 

0.179 

0.197 

0.343 

0.352 

0.266 

0.280 

0.637 

0.638 

compartmentation 

no 

yes 

no 

yes 

no 

yes 

no 

yes 
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be used in other reactions, which spares other substrate molecules from 

being oxidized. 0.5 glucose molecule releases in combustion (glycolysis 

and TCA cycle) 6 KADH„ and 1 ATP molecules, so that the difference between 

both pathways is only J ATP. Thus, if the overall process requires more 

ATP or NADH- than is released during synthesis the choice between pathways 

508 and 506 (table 2) hardly affects the pv of the process. If, however, 

all oxalo-acetic acid is formed via the first pathway and much of it is 

synthesized an NADH_ overproduction may occur. Without further evidence it 

is assumed that the cell regulates its metabolism in such a way that it 

switches processes to the "cheapest pathway", if only little of the energy 

excess can be used elsewhere. A regulation of the activity of synthetic 

pathways according to the needs of the cell was suggested by experiments 

of Brown and Wittenberger (1971) and may operate via the "energy charge" 

of the cell (the sum of the high energy phosphate bonds: 2 in ATP and 1 in 

ADP, see Atkinson, 1968) or the NADlWNAD ratio. On the assumption that a 

mechanism of this kind exists, the simplest way to account for it is to 

calculate as though the "cheapest" pathway is always taken, unless there is 

counter evidence. 

In conclusion it can be stated that the effects of using alternative 

pathways on the values characterizing the conversion are generally small. 

Because of the similarity of metabolism in various kinds of living organisms 

it is likely that the conversion characterizing values do not depend on the 

species considered. 

5.3. EFFECT_0F_THE_P/0J3LATI0_gN_PYA_CPF_AND_ORF 

For aerobic growth, with which this paper is concerned, the number of 

ATP molecules formed per molecule NADEL oxidized (the P/0 ratio) and per 

molecule of glucose is important. These values have been taken to be 3 and 

38, respectively. When the P/0 ratio is altered the amount of substrate 

required for ATP production changes. Fig. 6a represents the relationship 

between the values characterizing the conversion of glucose with nitrate 

or ammonia into "standard protein" with the P/0 ratio as variable, and 

fig. 6b represents the same for growth of "standard plant dry matter". 

A semi logarithmic scale was used to obtain higher legibility. Values at 

the unrealistic P/0 ratio of 10 are included to show how much substrate 

is used for energy production at the various P/0 ratios. 
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Figure 6 a and b . Conversion characteristics for protein biosynthesis (6a) and 

biomass biosynthesis (6b) from glucose at various P/0 r a t ios . 
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From fig. 6b it appears that the pv of biosynthesis of "standard plant 

biomass" is hardly affected by the P/0 ratio between 2 and 3. The efficiency 

of substrate consumption for processes like transport and maintenance is 

proportional to the P/0 ratio. It may therefore be expected that although 

in rapidly growing plants the effect of a change in the P/0 ratio is small, 

it is of increasing importance with decreasing relative growth rates. 

Fig. 7a represents the effect of the P/0 ratio on the amount of protein, and 

fig. 7b the effect on the amount of "standard plant dry matter" formed at 

various relative growth rates, assuming an energy consumption of 0.00317 

gmol ATP (0.015 g glucose) per gram dry matter per uay for structure 

maintenance (cf. Penning de Vries,1974b). McDaniel (1969) and others attributed 

a large heterosis effect in seedlings to an improvement of the P/0 ratio 

from 2.0 to 2.5. This increase was questioned by Ellis et al. (1973), but 

even if it is real, fig. 7b indicates that it is improbable that such a 

small increase in P/0 ratio is directly responsible for the yield increase 

observed. 

Low P/0 ratios are commonly reported for cell free extracts of micro­

organisms (Stouthamer, 1969; Van Meyenburg, 1969), but measurements in 

living cells yields values of approximately 3 (Hadjipetrou et al., 1964; 

Hempfling, 1970; De Vries et al., 1970). In higher animals and in plant 

tissues the P/0 ratio is mostly found to be 3 (Beevers, 1961; Pullman and 

Schatz, 1967). Under certain conditions cells can produce more ATP or 

NADH.J than they consume, for instance during rapid breakdown of fatty acids 

in cotyledons of germinating peanuts. Under these conditions the cell must 

limit ATP production, resulting in a lowering of the P/0 ratio. 

5.4. TEWEMTyj^_ANp_0TffiR_E^^ 

There is no evidence that the P/0 ratio is changed or that alternative 

synthetic pathways are utilized at different temperatures, or under different 

levels of water stress. Thus pv, cpf and orf are taken as independent of 

temperature and water stress over the range of temperature and tissue water 

potentials normally encountered. Experimental evidence has been presented 

(Penning de Vries, 1972, 1974a) that, in germinating seeds and growing 

plants, temperature does not affect the rate of conversion of substrate 

into end-product, and thus the rate of respiration, but the relation of 

growth to respiration and substrate consumption remains unaffected. 
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Figure 7 a and b. The yields of growth processes in g protein (7a) or g biomass (7b) 

per g glucose (with ammonia, hydrogen sulfide and minerals) at various P/0 

ratios and relative growth rates (units g g day ) . 
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Due to temperature changes the chemical composition of growing material 

may change (Udaka and Horiutchi, 1965; Jones and Hough, 1970; Schweyen and 

Kaudewitz, 1971) which changes the pv. This is an indirect effect of 

temperature, and is small in the cases reported. Type and quantity of 

substrate influence strongly the nitrogen content of Aspergillus niger 

(Terroine et al., 1922). Growth conditions affect the chemical composition 

of algae considerably (Van Oorschot, 1955), and the salinity of the medium 

may change the composition to a small extent (Reistad, 1970). 

6. MAINTENANCE OF CELLULAR STRUCTURES AND OTHER RESPIRATION PROCESSES 

Although it is common knowledge that living cells have a minimal rate 

of metabolism which is necessary to maintain their structure in the actual 

condition, little is known about the type and rate of maintenance processes. 

The rate of these processes was estimated in higher plants to require 1 - 4 % 

of the dry matter per day to be oxidized (Penning de Vries, 1972, 1974b). 

Idling respiration has been suggested to be a sink for assimilates 

in plant tissue (Beevers, 1970; Tanaka, 1972). When it exists it is substrate 

oxidation useless to the cell, unless it indicates the presence of an 

aspect of respiration that has been overlooked in this approach. It was 

shown (Penning de Vries, 1972, 1974a) that experimental results with higher 

plants can be explained completely without assuming the presence of idling 

respiration. A comparison of accurate respiration measurements with 

theoretical rates of respiration caused by conversion, transport and 

maintenance is one means of detecting the existence of idling respiration. 

Photorespiration of green leaves in the light diminishes the net rate 

of assimilate production, but does not interfere directly with the conversion 

processes of assimilates into biomass. Thus, photorespiration may be regarded 

as a process that only decreases the efficiency of light utilization for 

production of assimilates (Penning de Vries, 1974a). 

7. CONCLUSIONS 

It is possible to compute from biochemical data the amount of substrate 

required to synthesize 1.00 gram biomass of a specified chemical composition 

and the simultaneous oxygen consumption and carbon dioxide production. This 

approach of biosynthesis and growth is very powerful, as the chemical 

composition of substrate and end-product, the particular biochemistry of 

the organism and also the non-synthetic activities during biosynthesis can 
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be taken into account in predicting the dry matter production from a given 

amount of substrate. It gives an insight into quantitative aspects of 

growth processes, since it considers all important parts of the total 

separately, and in relation to each other. 

Numerous biochemical pathways are described in micro-organisms, but 

not many have been determined in higher plants. However, it is not expected 

that very different synthetic pathways will be discovered (Dagley and 

Nicholson, 1970). As differences between pathways to obtain a particular 

product from a given substrate are usually small, unfamiliarity with specific 

aspects of plant biochemistry seems to be a small handicap. Much more 

important is the lack of knowledge about the energy requirements for 

cellular processes, such as membrane transport, compartmentation and enzyme 

maintenance. In the calculations, membrane transport was found to be 

relatively important, and the energy requirement for "tool maintenance" 

less important (fig. 2a and b ) ; compartmentation has its largest effect 

when nitrogen is supplied as ammonia (table 8). Few useful basic data in 

these fields could be collected from literature. The inaccuracy of the 

numerical estimates for the cost of these processes contribute considerably 

to the inaccuracy of the end results of the computations. Often, the P/0 

ratio is another unknown. Whereas it is generally agreed that the P/0 ratio 

in higher organisms is 3 or close to this value, this ratio can be 

considerably reduced by uncoupling agents. It is shown (fig. 6 and 7) that 

a reduction in P/0 ratio from 3 to 2 causes a yield reduction of about 5 % 

at high relative growth rates. The smaller the relative yield growth rate, 

the more important the P/0 ratio becomes. 

Suitable determinations of biomass components, including nitrogenous 

compounds, carbohydrates, fats, lignin, organic acids and minerals, are 

scarce and standard methods to determine these figures are not available. 

This is even more true for the amino acid composition of the proteins, the 

different sugars in the carbohydrate fraction, etc. But knowledge of the 

amounts of the main fractions is of major importance, as values characterizing 

a conversion are quite different for the main chemical fractions (fig. 3, 

table 6), and much more similar within these (table 5). Lack of information 

on the chemical composition of the end product is often the major cause of 

inaccuracy of the end result of the computations. 

An attractive feature of this approach to biochemical production 

processes is that the weights of the required co-substrates and by-products 

are obtained, as well as the weights of the main product and principal 
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substrate. It was shown that biosynthesis and respiration are related in 

a predictable manner. Respiration measurements can be performed without 

disturbing the growing organism, and the rate of growth can thus be 

determined from the rate of respiration. For many purposes this method is 

more suitable than the method for monitoring plant dry weight increase now 

commonly used, which is based upon destructive determination of the weights 

of essentially unrelated samples at successive moments in time. Hence 

studies on growth and respiration can profit from this approach. 

This approach to biosynthesis may be called simulation, defining 

simulation as the imitation of real processes using some kind of a model 

(cf De Wit, 1970). Simulation by this definition comprises a numeric imitation 

of the types and quantities of the materials converted and of the energetic 

aspects of all relevant processes. Dynamic simulation of growth on a 

biochemical level must include the concentration of ATP in cells, which 

controls the rate of reactions and is itself changed by these reactions, 

and must account for the inhibiting or stimulating action of substrate, 

end-product and regulating molecules. All relevant concentrations are then 

continuously computed. It is easy to conceive that dynamic simulation 

requires far more detailed knowledge than is available with respect to 

such relationships as the activity of individual enzymes and the manner 

in which enzyme activity varies with changes in ATP concentration, end-

product level and environmental factors, but knowledge about regulatory 

mechanisms is rapidly accumulating. Attempts of a limited scope may be 

very useful, since they indicate gaps in our knowledge and specify the 

type of data required for a better understanding of the whole system. In 

completed models, systems behaviour can be studied and the importance of 

particular elements in the total system recognized. For small subsystems 

like mitochondria or the Krebs-cycle, enough information has been collected 

and dynamic simulation reported (Garfinkel, 1970; Garfinkel et al., 1970). 

The simulation model discussed here is not a model for dynamic simulation. 

The chemical composition of the end-product is, therefore, not a result of 

this simulation, but an input for the calculations. However, it seems 

as though a first attempt can be made to construct a complete model for 

simulating the conversion of all types of organic substrates into each 

product required; the model presented does this only for the substrate 

glucose. 
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It is explained briefly how to compute the quantitative relation between 

substrate consumption,, dry matter production and respiration when substrate 

and product are chemically well defined. To compute dry matter increase of 

plants, the chemical composition of the end product must be determined 

analytically and the quality and amount of substrate specified. Analysis of 

phloem contents shows that the organic substrate for growth consists mainly 

of sucrose and amino acids, whose biosynthesis is closely linked. Thus, total 

plant CO -assimilation is, alone, not a sufficient base from which to compute 

growth, and nitrate reduction, amino acid synthesis and other processes must 

also be considered: neglecting these may underestimate the yield from a 

given amount, of C0? assimilated up to 30 %. These subjects are elaborated, and 

the consequences for the interpretation of CO~~assimilation light response 

curves are discussed. Maintenance of biomass and translocation of assimilates 

through phloem vessels also use assimilates, but will not be considered here, 

mainly for reasons of uncertainty about the underlying mechanisms. 

An experimental approach to the relation of CO^-assimilation to growth 

From the "molecular formula" of the biomass produced'the relation of 

net CO -assimilation to biomass increase is easily obtained: when the "molecular 

formula" is C„.H,f„0,rN_ it follows from the "molecular weight" and the 
86 !60 45 7 ° 

fraction of carbon that. 1.00 gram biomass is formed from 1.88 gram C0„. The 

net carbon assimilation corresponds with the dry weight increase,irrespectively 

of the nature and efficiency of the processes that occur. The efficiency of 

carbon utilization seems 100 %, because C0„ losses are masked. 

This procedure is very simple in case of algae continuously exposed to 

sufficient light. When periods of light and darkness alternate, the CO -

assimilation in the light and dissimilation in darkness must be measured to 

determine the daily net C0?-uptake. Again, from this value and the elementary 



composition the weight of the biomass produced can be calculated. In higher 

plants the site of CO--assimilation is removed from the sites where growth 

occurs, and the period for substrate production (CQ~~assimilation) is shorter 

than that for substrate consumption in growth. Nevertheless the rate of dry 

matter increase can be calculated from the daily net CO„-uptake and the 

elementary composition, but this knowledge is of small practical value. 

Empirical aquations may be used to calculate the biomass yield and respiration 

from the gross assimilation, but since the underlying mechanism is not known 

such equations cannot be applied in other conditions or to other species 

(McCree, 1970). To obtain an insight into the relation between gross 

assimilation and biomass yield and respiration in different situations a 

more fundamental approach is required. 

The term "biosynthesis" will be used to refer to formation of dry matter, 

and "growth" to total dry weight increase, including biosynthesis and 

maintenance. 

A biochemical approach to plant biosynthesis 

Detailed analysis of the biochemical and cellular processes occurring 

in growing cells enables computation of yield and gas exchange for the 

conversion of glucose into plant dry matter in darkness. Both yield and gas 

exchange depend on the chemical composition of the end product (Table 1). 

Energy requirements for maintenance of ensyme activity and uptake of 

molecules through membranes are net well known, but results of such computations 

are often little affected by rough estimates of these costs (Penning de 

Vries et al., 1973). 

The substrate for growth in plants consists of mono- and disaccharides, 

amino acids, organic acids and other specific compounds (e.g. Kursanov, 

1963). This makes computation of the. yield and gas exchange of growth more 

complicated, but does not add a major difficulty as long as the substrate . 
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composition is known, and the most efficient use of the substrate is made. 

For biosynthesis of 1.00 grata leaf dry matter 1.36 gram of a mixed organic 

substrate is required; formation of organs with different chemical 

compositions requires other amounts, examples of which are given in Table 2. 

It is important to note that the numbers given in Tables 1 srad 2 are 

independent of temperature and. species, and are determined only by the 

compositions of substrate and end product. 

Translocation of substrate in the phloem is an active process. Only a 

negligible fraction of the translocated assimilates is consumed to provide 

energy for translocation over short distances (Kursanov, 1963; Weatherley & 

Johnson, 1968; Aikraan & Anderson, 1971), but the integrated costs for transport 

over meters may not be negligible. Costs of translocation within the phloem 

are not considered here. Loading and unloading the phloem will be treated 

separately. 

It is concluded that the rate of biosynthesis can be predicted from the • 

rate of substrate supply to growing points and the chemical composition of 

the biomass formed. The rate of substrate production by leaves is easily 

obtained from the CO„~assimilation light response curve and incident light 

intensity at a 10 % accuracy level, but a precise calculation contains some 

pitfalls. 

A plant physiological-biochemical approach to biosynthesis 

a. C09~assxmilation_and_ghctos^nthesis 

In growth simulation models it is generally assumed that all assimilated 

CO -molecules are converted into glucose, and that glucose plus minerals are 

the only substrates for growth. This is an over-simplification, because in 

irradiated leaves very often other energy consuming processes occur 

simultaneously with CO„-reduction. The reduction of NO.., the subsequent 

formation of amino acids, and the loading the phloem are the most important 
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of these processes, which are not detected by measuring CO--uptake. Most of 

the NO--reduction of agricultural crop plants occurs in the light in green 

leaves (Beavers & Hageman, 1969; Bornkamm, 1970; Hewitt, 1970). In these cases 

photosynthesising cells consume more energy than is calculated from reduction 

of the assimilated C0o to glucose. Still, not ail assimilated CO- is reduced: 

for each molecule of reduced NO- one organic acid molecule is formed by 

carboxylating pyruvate. The salts of these acids remain in the leaves in some 

species, but about half is transported to the roots in others (Ben Zioni 

et al., 1971; Dijkshoorn & Ismunadji, 1972), where the organic acid is converted 

into pyruvate and the C0„ reformed is exchanged with K0„ from the root medium, 

N0„ reduction being accompanied by a C0„ flux through the plant. 

Determination of energy absorption by leaves via measurement of 0-

evolution is better than via C0--uptake, because it accounts for NO -reduction 

and carboxylation. But, for instance, loading of the phloem consumes energy 

without exchange of molecules with the environment, and cannot be detected 

by measuring gas exchange (Ried, 1970). Even if it were possible to determine 

accurately leaf energy absorption in chemical processes (including ti-ansport 

processes) by measuring the total energy absorption and subtracting the 

energy lost by thermal reradiation and transfer of sensible and evaporative 

heat loss, the actual energy absorption would still not be measured. Firstly, 

because in primary chlorophyll reactions more energy is absorbed than is 

retained in glucose, but since glucose is the starting point for biochemical 

conversion calculations there is no need to consider energy lost before this 

point. Secondly, because the energy retained in processes that occur in 

addition to C0„-reduction is smaller than the amount of energy required to 

execute them. Simultaneous energy consuming processes in the leaf are 

probably competitive, so that at low light intensities the rate of C0--

reduction is reduced when the rate of NO- reduction increases, as shown 

experimentally by Bongers (1956) with algae. At high light intensities, where 

the rate of CO -diffusion limits the assimilation rate, these additional 
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energy consuming processes occur free of cost for the plant. It was shown 

by Dijkshoom & Ismunadji (1972) that rice plants supplied with N0« at high 

light intensities grow as fast as with NH~, but such experiments must be 

interpreted with care, since the plant composition may be changed, thereby 

changing the relation between C0„ fixation and dry matter increase. 

Such considerations indicate that photosynthesis, CCL-assimilation and 

conversion processes must be considered in their physiological context. Only 

when the information is available as to which processes occur in the leaf and 

at what rate can the measured C00-assimilation light response curve be 

extrapolated to a range of conditions in which it was not established. CCL-

assiaiilation light response curves are fairly well known for many species, 

especially agricultural plants, but little information is available on the 

rate of NCL-reduction and substrate export from leaves throughout the day in 

field situations or in particular experiments. An average rate of NG„-reductioi 

during the day can be obtained analytically, but the actual rate may vary 

with light intensity (e.g. Bongers, 1956) and incubation period (e.g. Travis 

et al., 1970). At present, only in steady state conditions when the rate of 

all processes can be derived from the C0„~uptake rate, can calculations be 

performed with some accuracy. 

Photorespiration decreases the net C02~reduction rate of an irradiated 

leaf. It does not contribute to any substrate production, and does not provide 

energy to any active process that cannot be otherwise performed (Beevers & 

Bjorkman, in Canvin, !970). On a cellular level, photorespiration may be 

useful in providing reduction equivalents to the cytoplasm, where these are 

used instead of mitochondrial products (Tolbert, 1971). For growth predictions 

photorespiration can be seen as a. factor that diminishes the rate of CO -

assimilation, like low temperatures orVatmospheric CO„~concentrations. 
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A particular steady state condition may be considered in order to verify 

the predicted dissimilation rate against a measured rate of CO^-assirailation 

(substrate production). Maize plants were grown on a nutrient solution at 

20 to 25 C and at a light level of 70 J m sec . Whole plants of 10 to 

24 days age received 3 periods.of 7 hours light of one intensity, each 

followed by 1 hour darkness at a relative humidity of 85 %. During A 

- 2 - 1 
subsequent days light intensities were applied up to 300 J m sec . The 

rate of CO^-assimilation was monitored continuously with the assembly described 

by Louwerse & Van Oorschot (1969). At the end of the third period the rate of 

net assimilation and dissimilation, measured in the next hour, are in 

"equilibrium'8, as was concluded from preliminary experiments, unless the rates 

in the old and new "steady state" are very different. In this "steady state" 

the amount of carbon assimilated in 7 hours is equal to the amount of carbon 

utilized in 8 hours for conversion, transport and maintenance. The relation 

between the amounts of C0„ assimilated, dry matter produced and C0„ formed 

in these processes for this particular "steady state" experiment will be 

computed below. Essentially similar experiments have been reported elsewhere 

(Penning de Vries, 1972), but some improvements have been "introduced and the 

range of experiments extended. The biomass formed was composed as indicated 

in the small rectangles in Figure 1; the numbers refer to the weight of each 

fraction per 1000 gram of biomass. The arrows represent conversion and 

dissimilation processes, and the numbers beside them the amounts of glucose 

and CO^ involved. 0„ was not considered, but the amounts involved can be found 

from data published elsewhere (Penning de Vries et al., 197 ). From Table 1 

and other data the amounts of glucose needed to synthesize lipids, lignin and 

carbohydrates were derived. The latter fraction was assumed to consist of 

cellulose, while the other fractions consist of a natural mixture of molecules. 

It was also assumed that half of the lignin is formed in mature leaves. The 

amino,acid composition of the protein was chosen to be that of zein (Handbook" 



of Biological Data, 1956). The composition of Che transported amino acids, 

in Figure 1 characterized as A.A. , was derived from sein by assuming that 

the amino acids that can be formed from aspartic and glutamic acid are formed 

from them, and that cysteine is transported as such. This composition was 

also used in Table 2. The other amino acids present were assumed to be 

synthesized from glucose, the ammonia being carried in amides (glutamine and 

asparagine). The resulting mixture consists of aspartic acid 41 % (by weight), 

glutamic acid 37 %, asparagine 7 %, glutamine 15 % and cysteine 0.6 %. 

Uptake of minerals, glucose and amino acids are active processes. On the 

basis of little quantitative information (Kaback, 1970; Oxender, 1972) it 

is estimated that both uptake of 1 mole of carbohydrates and 3 moles of salts 

or amino acids requires the energy of 1 mole ATP per membrane passage. 

Minerals are taken up from the xyletn through at least one membrane, and pass 

two membranes of the root endodermis. Between the sieve tubes and the 

cytoplasm of other cells are at least two membranes; here too the minimal 

number will be used. Energy for uptake processes is provided by glucose. 

Export costs are expected to be similar to import costs. But while sucrose 

is taken up, glucose is exported and transferred into sucrose. Loading the 

phloem with sucrose is therefore more expensive (eq. 4 below) than unloading. 

To illustrate the amount of reduction equivalents and energy consumed 

for NO-^-reduction, glucose was taken to be required. But if NADPH- from 

chloroplasts is used instead, less glucose is required, and less C02 is 

assimilated and released. Thus this notation affects only the internal C0~ 

turnover rate. Mutatis mutandis this is true for other processes where glucose 

may not be the intermediate. Synthesis of amino acids and organic acids (OA ) 

is closely linked with NO~~reduction (De Wit et al., 1963). The weight of 

the organic acids formed is found by assuming creation of one gram equivalent 

oxaloacetic acid per grammolecule NO. reduced. Some organic acids remain in 

the leaves and the rest are transported to the roots where they enter the 

cell metabolism. For simplicity it is assumed that the carbon skeletons 
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yield glucose. Although glucose breakdown and gluconeogenesis do not occur 

in one cell at the same time, a precise calculation probably hardly changes 

the picture. The amount of minerals in the mature leaf is related to the 

organic acxd content. Also for simplicity circulation of K between leaf 

and roots was not included. 

The glucose required for all processes results from photosynthetic 

CO„-reduction. The CO formed during and due to NO.,-reduction evolves in 

light only, but transport and biosynthetic processes continue in darkness. 

Assuming that these continue in darkness at the same rate as in the light, 

according to Figure 1 the dark respiration for the whole plant is 

(353+63+93+22-) 531 gram CO, per 1000 gram end product. The net CO -assimilation 

rate in an equilibrium situation must be (2330-1255-531x21 (hours in light)/ 

24 (hours of biosynthesis) = 1741 gram CO-. The ratio of net CO„-assimilation 

to dissimilation is predicted to be 3.75 in this particular experiment. 

The experiment was repeated with sunflower (Helianthus annuus). Unlike 

maize leaves, growing sunflower leaves use both their own assimilates and 

those supplied by other leaves. Less transportation costs are incurred, and the 

synthesis of some proteins does not require A.A. as intermediates. The 

chemical composition of the fractions was assumed to be identical to those of 

maize. The computations were performed on a similar basis and are depicted 

in Figure 2. Mainly because transportation costs are smaller, the rate of 

respiration of whole plants at a given net assimilation rate is smaller than 

in maize. 

Figures 3 a-b show that "steady state" rates of assimilation and 

dissimilation in H. annuus at 25 and 18 C. The. predicted ratio between 

assimilation and dissimilation is given by the slope of the solid line; its 

position is chosen between the actual values. The intercept with the z-axis, 

which has a 1:1 relation to x and y axis, represents the rate of maintenance 

respiration. There is a good agreement between the position of the measured 

points and the computed slope over a wide range of assimilation rates, and 
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there is no indication that the lower temperature decreases the slope. 

Treatment with dilute nutrient solution decreased the nitrogen content of 

the biomass produced to 2.4 %. A calculation similar to previous ones 

showed that this should increase the slope by 28 %. Figure 3c shows that 

under these conditions this efficiency is maintained, and that the rate of 

maintenance respiration was not increased (Semikhatova, 1970). The maize 

experiments were performed at 25 , 18 and 33 C, and the results presented 

in Figures 4 a-c. Except at the lowest light intensities there is a good 

agreement between the position of the points and the calculated slope of the 

line at the three temperatures. It is concluded that these experiments confirm 

the value of this approach and support the hypothesis that the efficiency of 

biochemical processes in higher plants is independent of temperature in the 

range normally encountered. It was suggested earlier (Penning de Vries, 1972) 

that a low relative humidity could induce some waterstress in the light period, 

eliminating the "steady state" character of the experiment. To check this 

the experiment at 25 C was repeated at a relative humidity of about 50 %. 

The results are included in Figure 4a and demonstrate that no waterstress 

developped. McCree (1970) obtained results similar to those in the Figures 

3 and 4 by plotting daily totals of dissimilation versus gross assimilation 

of white clover plants. 

The dashed lines in the Figure 4 indicate the ratios of net assimilation 

of the photosynthesizing leaves to their dissimilation, which were not 

measured. Their intercepts with the z-axis are found by multiplying the plant 

maintenance respiration rate by the dry weight of the mature leaves over the 

total dry weight. The solid lines in Figures 3 a-b and 4 a-c have different 

intercepts with the z-axis, indicating that the rate of maintenance respiration 

depends upon temperature, The intercept with the z-axis in H. annuus suggests 

that its maintenance respiration is about three times larger than that in 

maize, which is an unexpected result. The rate for maize compares well with 
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other observations (McCree, 1970; Penning de Vries, 1972). 

In maize the rate of leaf appearance does not depend on light intensity 

-2 -1 
above 50-70 J rn sec (Grobbelaar, 1962; Gallagher and Lof, unpublished 

results). A minimal specific leaf weight eonsbined with a constant rate of leaf 

production leads to a minimal rate of formation of biomass. It is 

- 2 -1 suggested that at light levels' below 60 J m sec this minimal rate of 

about 0.15 gram leaves per gram plant per day could not be supported by 

photosynthesis, but is sustained by break down of biomass and translocation 

from older organs, causing a relatively high respiration rate. This process 

continues for a few days at a diminishing rate. Figure 3a suggests that in 

sunflower, unlike maize, there is no minimal rate of formation of structural 

material. This was also found in leaves of lettuce (Bensink, 1971). 

These experiments exclude the presence of wasteful respiration (Beevers, 

1970; Tanaka, 1972), except one at a low and constant rate, which would appear 

similar to maintenance respiration. The scatter of the measurements in all 

experiments is fairly large, and may cover an error in the approach, but can 

also be interpreted as changes of the rate of biosynthesis. Research on rates 

of biosynthesis of plant biomass and its chemical fractions in relation to 

external and internal factors is still largely terra incognita. A key to one 

of the first problems of this field, the. measurement of the rate of 

biosynthesis of an intact plant, may be the measurement of the rate of 

conversion respiration. 

c. Inter2£etation_of_CO?-assimila^ 

Steady state conditions are exceptional. The rate of CO„-assimilation" 

and other energy consuming processes changes continuously. To use a CO -

assimilation light response curve (CO^-a.l.c.) correctly for calculations 

of plant assimilate production, external conditions (C09-concentration, 

temperature) and internal conditions (rate of NO -reduction and assimilate, 

export) prevailing during the measurement and at the moment for which the 
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curve is used must be considered. To assess the relative importance of CO -

assimilation and other energy consuming processes some widely different 

examples will be studied. That the CO -a.I.e. is not a constant but subject 

to stresses and adaptations is not important in this context, where the 

maximum rate of C09~assimilation- is measured and used as input for further 

calculations. 

EXAMPLE 1. DURING MEASUREMENTS OF THE CO -A.L.C. THE LEAF ONLY REDUCES THE 

ASSIMILATED C0„ TO GLUCOSE. In this case photosynthesis in C, plants may be 

represented by 

6 C0„ + 12 NADPH. + 18 ATP •* C,Kt„0, .+ 12 NADP + IS ADP + 18 P. M ) 
2 2 6 12 ti x v ' 

The energy absorption per assimilated C atom is 2 NADPH„ molecules plus 3 

ATP molecules, expressing energy absorption in reduction equivalents and ATP 

units. Slightly more ATP is used in Ĉ  plants (Mayne et al», 1971). 

EXAMPLE 2. DURING MEASUREMENT OF THE CO -A.L.C. THE LEAF REDUCES THE 

ASSIMILATED CO TO GLUCOSE AND FORMS CELLULOSE OR STARCH OR EXPORTS SUCROSE. 

Recognizing that glucose-6-P or fructose-6-P is the photosynthesis product, 

these processes can be characterized by 

n g lucose -6 -P + 2ti ATP -»• s t a r c h (2) 

n glucose-6-P + 3n ATP •*• cellulose (3) 

2 glucose-6-P ,, + 4 ATP •> sucrose (4) 

° cell phloem 

Synthesis of cellulose is more expensive than starch synthesis since the 

monomers must be exported through one cell membrane. For eq. (4) it was 

assumed that export of each fructose and glucose molecule requires 1 ATP 

molecule, the coupling of both to sucrose a third, while another ATP molecule 

is required for uptake of sucrose into the phloem. Assuming that formation 

of 1 NADPH9 molecule from NADP uses 7.5 times more light energy than 5 ATP 

molecule from ADP, it follows that in these cases 1.9 to 2.8 % more energy 

is absorbed per assimilated C atom than calculated according to eq. (1). 
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It is also assumed that the ratio of photosynthetically produced NADPFL and 

ATP can vary according to the requirements, as .suggested by Ried (1970). 

Photorespiration may help to achieve this (Tolbert, 1971)-. 

The cell cannot use energy stored in starch other than in glucose 

molecules, since its hydrolysis does not yield ATP. Prom the point of view 

of energy conservation starch and glucose formation are equal. The energy 

spent to export sucrose (eq. 4) corresponds with 1.9 % of the energy needed 

to synthesize glucose, but with 5.3 % of the energy stored in it (per glucose 

molecule 38 ATP molecules can be formed). Thus 5.6 % more glucose remains 

when the processes described in eq. (4) occur during photosynthesis, as 

compared with glucose formation in daylight and sucrose export in darkness. 

The latter percentage represents the undervaluation of the yield of 

biosynthesis when photosynthesis is considered to be merely glucose formation, 

and is given in Table 3. 

These cases apply to many laboratory and field conditions: often the 

CG„~a.l,c. is measured when NCL-reduccion does not occur and in some field 

situations lack of SO^-reduction in leaves has been reported. When a leaf 

forms starch only and exports sucrose in darkness, the conversion calculations 

described above can be applied directly. 

If the C0?~a.l.c. is measured in conditions in which eq, (1) applies 

but sucrose is exported, the CO^-a.l.c. can be constructed from an initial 

slope, equal to the slope of the original curve divided by the energy 

absorption in eq. (4) relative to eq. (1), and the maximum rate of CO-

diffusion, causing a maximum rate of energy fixation. 

EXAMPLE 3. DURING MEASUREMENT OF THE CG,,-A.L.C. THE LEAF STORES THE C09 

ASSIMILATED AS LIPIDS. This occurs in algae under conditions where growth 

is restricted (Van Oorschot, 1955) and possibly in leaves of higher plants 

when oil droplets are formed. When the starting point is phosphoglyceric 

acid,(PGA) the equation can be derived 
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31.7 mgmol PGA +2.5 mgmol NADPH + 146. mgmol ATP + 1.0 g lipids + (5) 

1.342 g C02 

The energy consumed per C atom in the lipid fraction is about 46 % more than 

in eq. (1) and under these conditions the slope of the C0.?~a.l.c. is cons­

iderably lowered. Sucrose or glucose are used for transport of carbon and 

energy between cells, and although slightly more chemical energy per gram C 

4 4 

is present in lipids (4.56 10 Joule) than in starch (3.36 10 Joule), in the 

conversion of lipids into glucose some 28 % of the. G gets lost. This reduces 

the yield of lipids considerably: 

1.47 g C02 •+ 0.52 g lipids ~> 0.72 g glucose (6) 

1.47 g C0„ -• 0.90 g starch •+• 1.00 g glucose (7) 

Storage of lipids may be advantageous when low weight is important, as 

in some seeds, or when the specific characteristics are useful. The high 

costs of glucose synthesis from lipids may be the major reason that lipids 

are not used for short term storage in leaves. 

EXAMPLE k-. DURING THE MEASUREMENT OF THE CO^-A.L.C. THE LEAF REDUCES NOj 

AND FORMS AMINO ACIDS; CO IS REDUCED ONLY TO PROVIDE CARBON SKELETONS FOR 

THE ACIDS. N0~-reduction, amino acid and organic acid formation can be 

described by 

1.785 g glucose + 0.535 g NQ~ -»- 1.00 g amino acids + 0.567 g (8) 

organic acids + 0.447 g C0„ 

and by 

49.3 mgmol CO? + 119. mgmol NAPPH2
 + 181. mgmol ATP +8.62 mgmol NO^ 

-*- 1.00 g amino acids + 0.567 g organic acids (9) 

In the processes described by eq. (9), 23.0 % more energy is consumed per 

assimilated C atom than in eq. (1). If it were supposed that only glucose was 

formed photosynthetically and amino acid synthesis occurred in darkness, the 

conversion calculations would underestimate the yield of the photosynthesis 
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process by !9.8 %, and 9 Z of the assimilated CO remains unreduced and 

is exported, in organic acids to the roots and excreted. 

Like starch formation during photosynthesis, storage of amino acids 

as proteins increases the energy fixation per assimilated C atom (to 24.1 %) 

but this is lost during protein hydrolysis. Export of the amino acids is 

relatively cheap and when it occurs during photosynthesis the energy assimilatio 

per C atom is increased only to 21.3 %. 

EXAMPLE 5. DURING THE MEASUREMENT OF THE CO^A.LX. THE LEAF INCREASES 

IN BIOMASS, BUT DOES NOT EXPORT OR IMPORT ASSIMILATES. In this example 

photosynthesis can be described by 

38.2 mgmol CO, + 96.5 mgmol NADPH.. + 145. mgmol ATP + 0.092 g minerals 

+ 0.157 g N0~ -*• L.00 g plant biomass (10) 

Eq. (10) vas obtained by modifying Figure 2 such tnat all growth occurred 

in the photosynthesizing part, and it is concluded that the energy absorption 

per C atom is 26.7 % more than that calculated from eq. (1). This result depends 

on the chemical composition of the biomass, which in this example is very 

rich in minerals. For biosynthesis from glucose in darkness the equation is 

1.49 g glucose + 0.150 g 02 + 0.157 g N0~ + 0.092 g minerals 

+ 1.00 g plant biomass + 0.502 g C02 (11) 

Performing the processes described by eq. (10) during photosynthesis yields 

30 % more dry matter than performing those of eq. (!), with those of eq. (11) * 

occurring in darkness I 

Leaves of bean and sunflower plants go through this stage, but generally 

most of the growth occurs in darkness or in organs that do not photo-

synthesize. For leaves growing from their own assimilates the efficiency 

of C utilization, expressed as the percentage of assimilated CO -molecules 

retained in the plant 24 hours after application, must be between 100 % 

(eq. 10) and 70 Z (eq. 11 plus eq. 1). When leaves send their assimilates to 

mature organs, such as lower leaves to roots, these assimilates are used for -
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maintenance exclusively, and thus the C utilization is 0 %, although some 

labelled C may be retained due to exchange in turnover processes. It can 

foe estimated that some 70 % of the assimilated C is retained in the plant 

permanently at relative growth rates of 0,3 g.g .day and higher, about 

50 % at a relative growth rata of 0.03, and about 30 % at a relative growth 

rate of 0.01. Estimating the fractions of substrate consumed for maintenance 

and biosynthesis gives the key for these predictions. 
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Table 1. Values characterizing conversion of glucose into the main 

chemical fractions of plant dry matter in darkness. Each 

fraction consists of a natural mixture of different molecules, 

chemical fraction 

nitrogenous compounds 
(consisting of amino acids, 
proteins and nucleic acids) 

carbohydrates 

lipids 

lignin 

organic acids 

yield 

g product 

g glucose 

0.616 

0.404 

0.826 

0.330 

0.465 

1.104 

oxygen 
consumed 

g o2 

g glucose 

0.137 

0.174 

0.082 

0.116 

0.116 

0.298 

carbon dioxide 
produced 

gco2 

g glucose 

0.256 

0.673 

0.102 

0.530 

0.292 

-0.050 

note 

+ NH3 

+ N0-

Table 2. Requirements for biosynthesis of 1.00 gram dry matter of tissues 

with different chemical compositions. The composition used is given 

in percent of nitrogenous compounds, carbohydrates, lipids, lignin 

and minerals respectively. 

nature of biomass 

leaves 

non woody stem 

woody stem 

bean seeds 

rice seeds 

peanut seeds 

bacteria 

composition 

25;66.5;2.5;4;2 

12.5;74;2.5;8;2 

5;45;5;40;5 

35;55;5;2;3 

5;90;2;1;2 

20;21;50;6;3 

60;25;5;2;8 

sucrose 
(gram) 

1.055 

1.153 

1.515 

1.011 

1.135 

1.915 

0.804 

amino 
acids 
(gram) 

0.305 

0.153 

0.061 

0.427 

0.061 

0.245 

0.732 

co2 

produced 
(gram) 

0.333 

0.278 

0.426 

0.420 

0.186 

1.017 

0.573 

02 
consumed 

(gram) 

0.150 

0.135 

0.176 

0.170 

0.110 

0.266 

0.208 

Table 3. The hydrogen and energy requirements during photosynthesis, 

the additional energy assimilation and the yield undervaluation 

in different examples explained in the text. 

example 1 

example 2 

example 2 

example 3 

example 4 

example 5 

requirements per 
assimilated C0„ molecule 

NADPH2 

2.00 

2.00 

2.00 

2.74 

2.47 

2.53 

ATP 

3.00 

3.33 

3.33 

5.65 

3.73 

3.80 

additional 
energy 

assimilation 

0 % 

2 % 

2 % 

46 % 

21 % 

27 % 

undervaluation 
dry matter yield 

0 % 

0 % 

6 % 

-28 % 

20 % 

30 % 
, . . .... ._ . ... 

calculated 
from 

equation 

-

2 

4 

5.6+7 

9.8 

10,10+11 
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Legend of figures 

Fig. 1. A schematic representation of assimilation of carbon and nitrogen 

end their utilization in taai.se plants. The rectangles indicate end 

products, the circles intermediates. Double lines indicate 

'processes occurring during photosynthesis only, single lines 

conversions or translocations* and dashed lines C0_-foraation. 

. The numbers give the corresponding weights. 

Fig. 2. A schematic representation of assimilation of carbon and nitrogen 

and their utilisation in sunflower plants. Half of the dry matter 

increase occurs in photosynthezing leaves. For explanation see 

fig. I. 

Fig. 3a. The relation between assimilation and dissimilation in a "steady 
is 

IP f\ 

state" situation in vho'e sunflower plants at 25 C. 

3b. The relation between assimilation and dissimilation in a "steady 

state" situation in whole sunflower plants at 18 C. 

3c» The relation between assimilation and dissimilation in a "steady 

state" situation in whole sunflower plants at 25 C. Plants were 

grown and measured at a diluted nutrient solution. 

Fig. 4a. The relation between assimilation and dissimilation in a "steady 

state" situation in whole maize plants at 25 C,and at 85 % 

(crosses) and 50 % (dots) relative humidity. 

4b. The relation between assimilation and dissimilation in a "steady 

state" situation in whole maisse plants at 18 C. 

http://taai.se
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Fig* 4c. The relation between assiailation and dissimilation in a "steady 

state" situation in whole-maize plants at 33 C. 

Desired sizes of figures* including legends: 

figure 1 half page. 

" 2 half page 

" 3a+3b*3c half page 

" 4a-«-4b-s-4c half page 
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Figure 3a 

NET ASSIMILATION VERSUS DISSIMILATION IN SUNFLOWER PLANTS AT 25 °C 
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F igure 3 b 

NET ASSIMILATION VERSUS DISSIMILATION IN SUNFLOWER PLANTS AT 18 °C 
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FIGURE 3C 

NET ASSIMILATION VERSUS DISSIMILATION IN SUNFLOWER PLANTS AT 25 °C 

(DILUTED NUTRIENT SOLUTION) 
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FIGURE 4A NET ASSIMILATION VERSUS DISSIMILATION IN MAIZE PLANTS AT 25 °C 
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FIGURE 4B NET ASSIMILATION VERSUS DISSIMILATION IN MAIZE PLANTS AT 18 °C 
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FIGURE *4C NET ASSIMILATION VERSUS DISSIMILATION IN MAIZE PLANTS AT 33 °C 
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The most important maintenance processes in plant cells are protein 

turnover and active?, transport processes to maintain certain ion concentrations 

in the cells. In this paper an attempt is made to calculate the total energy 

cost of these processes from what is known about their specific costs and what 

has been observed about their rates. Mainly because of lack of sufficient and 

reliable data about rates of individual maintenance processes, only approximate 

values can be obtained as yet. 

The average turnover rate of leaf proteins may be about J00 mg protein 

per g proteins per day at normal temperature in leaves assimilating at moderate 

light intensities. This process consumes 28-53 mg glucose per g protein per 

day, which equals 7-13 mg glucose per g dry weight per day in leaves. It is 

likely that the protein turnover rate and cell metabolic activity are related. 

The cost of maintaining ion concentrations is estimated to be about 6-10 rag 

glucose per g dry weight per day in leaves. This value is also an approximator 

mainly because the intercellular ion concentrations are unknown. The sum of the 

figures is lower than what,inaccurate,measurements of maintenance respiration 

rates indicate. One reason for the underestimation may be that the protein 

turnover rates used in the calculations apply to plants that were less 

itietabolically active than the plants of which the maintenance respiration was 

measured. 

Effects of water stress and salinity, temperature and other environmental 

factors on the rate of maintenance processes are discussed, but at the present 

stage of physiology only a few observations of changed maintenance respiration 



rates can be fully explained. 

The consumption of assimilates for maintenance of plant cells is a 

significant, negative factor for plant productivity, A better understanding 

of maintenance respiration processes may give a clue to manipulating plant 

environment and plant, characteristics for reducing the amount of assimilates 

consumed In these processes. It is suggested that an artificial reduction in 

protein turnover rates may be one of such manipulations, while possibly also 

the. cost of maintaining ion concentrations can be lowered. However, a 

considerable number of well directed studies about rates of maintenance 

processes will have to be carried out first. 

INTRODUCTION 

All living cells expend energy for maintenance purposes. A few attempts 

have been made to establish experimentally the energy involved in plants and 

it. was found that this can be an appreciable amount, In so far as the author 

is aware no study has been published on calculating the Maintenance cost of 

plane cells from basic data. This paper presents an introductory calculation 

of the energy and substrate requirement for the maintenance of cells of higher 

plants, which is largely based on information from the literature en nature 

and rate of underlying processes. The present knowledge only allows to make 

a first estimate of maintenance cost, but does already indicate main areas 

for further research. 

The term "maintenance" includes the processes for maintaining cellular 

structures and gradients of ions and metabolites, and physiological adaptation 

processes that maintain the cell as an active unit in a changing environment. 

Formation of new enzymes at the expense of others and salt accumulation in 

sora-2 stress conditions are examples of such adaptations. Hence, maintenance 

is not a process as conservative as its name suggests. When using the concepts 

"maintenance" and "growth" it has to be realized that these terras always 

concern a certain level of complexity: an ecologist may consider growth of 
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an organism as one of: the processes maintaining che population size, while 

maintenance of che number of erytrocytes is a growth process to the histoiogist 

This study concentrates on maintenance of cells. Soae redistribution processes 

in plants can be regarded as maintenance processes of the organism, but these 

are not studied in this paper. "Maintenance respiration" refers to the CO., 

that results fvoss protein breakdown, plus the C02 produced in respiratory 

processes that provide energy for the maintenance processes. 

In calculating the maintenance cost information is needed about the rates 

cf processes, their specific costs and the efficiency of energy production. 

De**ivati-->n of rates of individual .maintenance processes from more basic data 

in ic-tilf' H& yet, since little is known of their mechanisms and regulations. 

Thus, observations of such rates are indispensable. Mainly because their numbei 

is sr.ili very limited only some general conclusions can be drawn with respect 

to trvi magnitude of the cost of: maintenance processes in plant cells. To find 

cite specific cost, of maintenance processes, the cost of maintaining 

concentrations of ions and metabolites, the biochemical cost of breakdown and 

resynthesis of taclecules and the use to be made of .breakdown products will 

be considered. Beavers (1961) collected, evidence that in plants under normal 

conditions the efficiency of energy utilization from organic substrates, 

measured as the P:0 ratio of KADH.. oxidation, is close to the maximum value 

of 3, as in animals (Lehninger, 1970). Lower P:0 ratios have often been 

observed, but may be attributed, at least partly, to the procedure by which 

mitochondria were isolated (Roinani and Ozelkok, 1973). In the calculations 

it will therefore be assumed that mitochondrial phosphorylation (in non 

stressed conditions) is maximally efficient; for bacteria there is evidence 

that the P:0 ratio may be considerably less than 3 (cf Stouthainer, 1973; 

Stouthamer and Bettenhausen, 1973). The substrate demand for maintenance 

processes increases inversely with this efficiency. Since glucose or other 

oligo-saccharides are consumed first for energy production, maintenance cost 

will be expressed in mg glucose per g dry matter per day. Because the. ratio 
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of moles C0? produced to moles 0„ consumed in mature organs under normal 

conditions is mostly about unity (James, i953) complete oxidation of glucose 

will be assumed. 

RATES AND COST OF MAISTENANCE PROCESSES UNDER STANDARD CONDITIONS 

Maintenance_of_molt|Cular_structures 

§E§.§lt42wn_and_re£yntJî  Only a short account 

of ths present state of research on protein turnover will be given, for details 

the. reader is referred to reviews by Glasziou < 1969), Schirake (1969), Schimke 

and Doyle (1970), Pine 0972) and Siekevitz (1972). In spite of much research 

in this field it is still difficult to construct more than a general picture 

of protein turnover in different organisms arid in plant organs particularly. 

Mostly protein breakdown, is an enzymatic process (Travis, Huffaker and 

Key, 1969; Pine, 1972), but no energy seems required for peptide bond cleavage 

(Pine, !972). Once degradation starts enzyme activity decreases exponentially. 

Schirake (1969) and Pine (1972) suggested that, as a general rule, enzymes'may 

be automatically stabilized against proteolysis when interacting with their 

substrates. Both enzyme synthesis and breakdown can be regulated (Schirake and 

Doyle, 1970; Trewavas, 1972), but the control mechanism in eukaryotes is still 

largely unexplained. Long term changes of enzyme activity indicate mostly 

breakdown or de novo synthesis (Beevers and Hageman, 1969; Travis et al., 1969; 

Zucker, 1972; Oaks et al., 1972). 

Information collected by Pine (1972) indicates that the bulk of bacterial 

protein (70 %) is stable. A small fraction (1-7 %) has a turnover rate constant 

(abbreviated to turnover rate) of 17. - 70. g protein per g protein per day 

(abbreviated to 17. - 70. day ; it represents the relative rate of 

decrease when exponential decay occurs). The other proteins are stable in 

growing bacteria, but have a turnover rate of about 2.A day in non growing 

conditions whan these result from nitrogen starvation. Overall protein turnover 
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amounts to 0.6 - 0.7 day v in growings *nd to 1.2 - 1.4 day in non growing 

bacteria. 

The literature about plant protein turnover is limited and concerns raainly 

leaves. Turnover rates of total leaf protein were reported to be about 0.30 

day in tobacco leaves (Holasen and Koch, 1964), measured as the rate of 

14 
incorporation of CO,, into proteins. Since protein turnover is possible 

without incorporation of Cl>2 into amino acids this wethod provides a minimum 

value. On the other hand, C09 is usually supplied at a high concentration 

in high light, and a resulting high assimilation rate may stimulate enzyme 

synthesis. Racusen and Foove (1962) determined a rate of loss of labelled 

protein-serins atii protei:i--glycino of bean leaf discs and found about 0.?.?. 

day . Hellebust and Bioi/ell (1964b) reported protein turnover rates of 

0.11 day in rapidly growing wheat leaves and 0.04 day in expanding tobacco 

leaves, while that of non growing wheat leaves was 0.06 day ", and ilmost zero 

in non growing tobacco leaves. They measured the. rata of loss of '^CO. from 

previously labelled protein?, which in fact reflects amino acid turnover 

rather than protein turnover. The decrease in turnover rate was ascribed to 

cell differentiation being finished. The rate of protein breakdown in growing 

Leraaa minor under nonaal conditions is 0.096 + 0,005 day (Trewavas, 1572). 

Protein turnover in Chlorella was found no be as low as 0.01 - 0.02 day 

(John,Thurston and Syrett, 1970). In these studies relatively rapid labelling 

or loss of label of a small riaction was not observed, suggesting that either 

a fraction with a high turnover rate was v^ry sraall or absent, or that it 

had a separate amino acid pool. The previously Labelled soluble protein 

fraction minus ribulose 1,5 diphosphate carboxydismutase (RuDPCase) cf barley 

leaves co-.'tprises about half of the total leaf proteins and sl-ovc-d a loss of 

1 4 - 1 —' 

C0„ of 0.14 day at a constant light ioUfir:.-;X'".y of about 30 V n '" 

(Peterson, Kleinkopf and Tiuffaker, 197'!). Such protein turnover rates i«.!.low 

adaptation of the enzyme system capacity to environmental changes in 2 to 4 



days, which is the csrveet e>:<ri??r of magnitude.. 

More Information abcut protein turnover can be found on the level of 

individual enzyases. However, seldom quantities of enaymas are reported, which 

is a great handicap in using these data. Some enzyme turnover rates have 

been collected in Table 1. The high rate of vacuolar invertase in sugar cane 

was questioned by Trewavas (1972) on the basis of the method used. Degradation 

aud resynthesis of RuDPCase in expanded barley leaves was investigated by 

... i 

?et*r30n et ai. (1973). In darkness the rate of degradation was about 0.06 day ' 

initially, increasing to 0.38 day after 30 hrs, and th«a decreasing. When 

the plants were returned to the light RuDPCase was reayntheaiaed at a rate of 

0.12 day" initially and of 0.55 day after 20 hrs. Degradation of RuEFCaae 

in constant light y«s not observed and its turnover within the chloroplasts 

is unlikely. Turnover of RuDPCase is particularly important, since it 

constitute-,-.; 30-70 % o£ the total leaf soluble proteins. 

As iii bacteria and y*:asrs (Handelstam, I960), DNA turnover in full grown 

leaves is very slow (Dyer and Osborne, 1971). Because oE the small amount 

involved in plants (0.5 - 1.5 % of the weight of the nitrogenous compounds) 

and the low cost of resynthesis from monomers, ONA. maintenance will be 

neglected. 

The rate of mRNA turnover seems related co the rat-i of protein synthesis 

(Korris and Koch, 1972; Roth and Dampier, 1972) anc? ic much more intensive 

than that of tRNA and rRNA in growing bacteria (Norris and Koch, 1972) and in 

growing Lemna minor (Tabic i). Cost of RNA turnover in growing cells is small 

compared to the cost of amino acid polymerization (e.g. Stouthamer, 1973). 

Maintenance of RNA and enzymes for bissynthetic processus was estimated to 

consume the energy of about ! ATP molecule per peptide bond (Penning de Vrie.s, 

Brunsting and Van Laar, 1974). In analogy.it is asswued that the cost of 

maintaining proteases and their mRNA do not exceed 1 ATP molecule p^r peptide 

bond of r.he degraded proteins. Polymerisation coat is 3 or 4 ATP molecules per 

peptide bond (Lucas-Lenard and Lipts-ani::., 1971), HO r.hac the lowest: turnover 

http://analogy.it


table 1. Some enzyme and RNA turnover rates in various plant tissues 

under normal conditions. 

enzyme and tissue 

NO--reductase, maize seedlings 

NO--reductase, maize roots, degradation 
rate in a N0_-free medium 

hexose uptake system, Chiore11a sp. 

phenylalanine ammonia lyase, mustard 
seedlings, degradation rate 
in darkness 

isocitrate lyase, Chlorella sp., 
degradation rate in darkness 

invertase, sugar cane 

invertase, artichoke and carrot 

invertase, sugar beet and red beet 

cellulase, pea epicotyl 

RuDPCase, expanded barley leaves, 
degradation rate in darkness 
synthesis rate in light 

isocitrate lyase, melon 

malate synthetase, melon 

RNA-ase 

peroxidase 

N0~-reductase mRNA, maize roots 

mRNA, potato tuber 

peroxidase,mRNA, sugar cane 

cytoplasma rRNA, Lemna minor 

chloroplast rRNA, Lemna minor 

turnover rate 

(day""1) 

3.6 

4.1 

4.1 

2.9 

2.2 

4.8 

1.5 

0.7 

0.6 

0.06-0.38 
0.12-0.55 

0.36 

0.36 

0. 

0. 

48. 

7. 

7. 

0.17 

0.05 

reference 

Glasziou, 1969 

Oaks et al., 1972 

Tanner et al., 1970 

Glasziou, 1969 

John et al., 1970 

Glasziou, 1969 

Trewavas, 1972 

Trewavas, 1972 

Glasziou, 1969 • 

Peterson et al., 1973 
Peterson et al., 1973 

Glasziou, 1969 
it 

tt 

it 

Oaks et al., 1972 

Glasziou, 1969 
ii 

Trewavas, 1970 
ti 
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cost per amino acid is about 5 or 6 AIP molecules per bond, and this 

corresponds to 0.22 - 0.26 g glucose per g protein. 

Some amino acids, however, are not recycled but combusted and new amino 

14 acids are formed. This process causes C00 release from previously labelled 
4m. 

proteins. Synthesis of 1. g of proteins requires 1.655 g glucose plus NH., 

while its degradation yields NH~ plus as much energy as 1.22 g glucose does, 

when it is completely oxidized. In this case protein and amino turnover require 

0.43 g glucose per g protein. The latter value should be used when loss 

14 . 

of C0„ from labelled protein xs determined, and one between these two values 

if loss of enzyme activity is measured. The magnitude of the fraction recycled 

and that combusted is almost unknown (Hellebust and Bidwell, 1964a; Trevavas, 

1972). From the different turnover rates of various amino acids in Trewavas 

experiments it may be inferred that an important fraction was recycled in that 

particular .vase; Lehninger (1970) mentions that in man over 75 % of 

the amino acids are recycled. No other indications about this important 

parameter were found. 

In a detailed description of many experiments Shlyk (1970) reported an 

average rate of about 0.10 day for breakdown and de novo synthesis of 

chlorophyll in growing and mature leaves of higher plants. From the biochemical 

pathways leading to chlorophyll it can be calculated that synthesis of 1. g 

chlorophyll requires 2.29 g glucose plus some NH- and Mg, while its breakdown 

yields about i.5 g glucose per g chlorophyll. Leaves contain only 15-35 mg 

chlorophyll per g nitrogenous compounds, and it follows from these figures 

that cost of chlorophyll turnover is much smaller than that cf leaf proteins. 

To calculate the total cost of maintenance of the leaf nitrogenous compounds 

roughly some assumptions are made. Lexander et ai. (1970) found that the 

non-protein nitrogen fraction in the leaves of 22 species was about iO % of 

the total, nitrogen fraction, with only two exceptions: Helianthus annu-js 

(2.5 %) and Brassica napus (31 % ) . It is assumed therefore that 10 7. of the 

leaf nitrogenous compounds are stable. Furthermore it is assumed that 44 Z 
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of the leaf organic nitrogen is in RuDPCase, and that this enzyme is degraded 

for 10 hours per day at a rate of 0.144 day , that the resulting amino acids 

are stored in protein and that the enzyme is resynthesizad for 6 hours per 

day at a rate of 0.24 day . Three percent of the organic nitrogen is supposed 

to be in chlorophyll, and the rest in proteins with a constant turnover rate 

of 0.15 day . From these rates it follows that the maintenance cost of 

nitrogenous compounds is between 28 and 53 mg glucose per gram per day. 

Because the rate of protein synthesis is not constant, has has been 

demonstrated in vivo by Steer (1973), the cost of protein turnover shows a 

diurnal pattern. A relatively large fraction of these costs are required in 

the first hours after the onset of light.- It is thus likely that induction of 

enzyme synthesis at a sudden onset of light causes a burst in energy 

requirements, and. thus in respiration. Heichel (1970) reported a stimulation of 

maize leaf respiration for 2-3 hours following an illumination of 20 minutes 

in CO., free air. These experiments were repeated by the author with mature 

leaves of Lolium perenne, Phaseoius vulgaris, Zea mays and Helianthus annuus, 

—2 

grown in high light conditions. An illumination period of 60 minutes (300 W m ) 

was used, preceded by a period of darkness of I - 24 hours, and in an 

atmosphere of 300 ppm C02. The "post illumination burst", from which is 

subtracted the cost of translocation of the assimilates formed (Penning de 

Vries, 1974), was small after 1 and 3 hours darkness, and about twice as large 

as that observed by Heichel after 6 - 2 4 hours, except in Lolium where 

stimulation remained small. Heichel found that the C0„ produced in this "post 

illumination burst" depends on the irradiance. It corresponds with the amount 

of CO formed, when 1 - 4 % of the leaf proteins are. broken down and others 

resynthesized. Zucker (1972) reported that after induction 5 - 70 % of the 

proteins synthesized may be a single species, the amount of which may well 

exceed 1 % of the total protein (Mandelstam, 1960; Tanner, Grimes and Randier, 

1970). Amino acids for these enzymes may come from chymotrypsin inhibitor 1, 

which serves as a reserve protein (Ryan and Huisman, 1970). It is suggested 
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that the physiological phenomenon of "post illumination respiration" and the 

biochemical phenomenon of enzyme induction are different aspects of the same 

process. 

§£SBM2HS_S2^_I'§S25S^2SiS-2f„Ii£i^£i Bieleski (1972) observed that P released 

from phospholipids in growing Spirodela. was less than 0.2 day . Kawaga et al. 

14 
(1973) measured disappearance of C from membranes in germinating castor 

bean endosperm, and observed rates of overall membrane turnover of 0.4 - 1.7 

day , and of 4.8 day * of a part of the "light membrane fraction". Lecithine 

molecules and even larger metnbrane fractions were possibly recycled. In non-

growing anicial cells membranes turned over at a rate of 0.5 - 1.2 day 

(Pine, 1972). Estimating that 4 % of the dry weight consists of membranes 

(from estimates of total membrane surface, its thickness and density), and 

assuming arbitrarily that one tenth of its proteins and lipids are completely 

degraded and resynthesiaed from glucose and that the rest is recycled, the 

cost of membrane maintenance is 1.7 rag glucose per g dry matter per day. 

Breakdown and resvnthesis_of__other_cell__co^onents. Bacterial cell wall 

components were found to have a turnover rate of 0.3 - 1.0 per generation 

time (Mauck and Glaser, 1970), but cell walls of higher plants are stable. 

Holmsen and Koch (1964) found no labelling of polysaccharides after adding 

labelled glutamate to the leaves. Auxin was shown to be rapidly degraded 

within the cell (34. day , DelaFuente and Leopold, 1970), but this concerns 

an extremely small amount. Cell organells are not turned over as units, except 

for very small organalls (Pine, 1972). 

Use of turnover. The use of turnover processes in plants may be shortly 

discussed here because of its important implications for plant productivity. 

Siekevitz (1972) speculated about protein denaturation by heavy netals, 

incorrectly constructed 
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proteins and optimalization of RNA and DNA use as possible reasons leading 

to or justifying protein turnover."\Mandelstam's suggestion (I960), however, ^ 

that protein breakdown and synthesis mainly provides a means of formation of 

other enzymes when net cell growth is stopped is now widely accepted for 

bacteria and animals (Lehninger, 1970; Pine, 1972), and explains the mode of 

adjustment of the biochemical machinery to environmental changes and possibly 

anticipation thereof. Only rapid and constant turnover of some proteins in 

growing bacteria is not explained by this hypothesis. Adaptation to a changed 

temperature can occur by formation of (iso-)enzymes in mature ceils. Such a 

process has been observed for the enzym NADP-isocitrate dehydrogenase in 

rainbow trouts (Moon and Hochachka, 1971) and is a form of adaptation for which 

breakdown and synthesis of proteins are required. Adaptation supports 

competition vigor and thus survival, but its burden is cost of protein turnover. 

Plant cells function in a variable physical environment, but their 

chemical environment is much more stable than that of bacteria. The time needed 

for adaptation of enzyme activity in leaf cells to a changed level of light 

intensity or temperature is considerably larger than the time needed by 

bacteria to respond to a modified medium composition. This allows the cost 

of protein turnover in plant cells to be correspondingly lower than in bacteria. 

The degradation and resynthesis rates of RuDPCase, NO_-reductase and other 

enzymes (Table 1) enable much more rapid adaptation than is required in modem 

agricultural systems, where much of the care for interspecific competition has 

been taken over by the farmer, and where man also breeds for better varieties. 

For NO~-reductase and other rapidly vanishing enzymes in particular, the 

degradation rate seems more rapid than is required for adaptation processes 

under all circumstances (cf. Schimke, 1969). It is suggested that an 

artificial reduction of the rate of protein turnover may increase net crop 

growth rates, because the crop maintenance cost is lowered more than the 

reduction of assimilation caused by a decreased rate of adaptation to changing 

conditions. Complete removal of protein turnover reduces maintenance cost by 
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about 10 mg glucose per g dry weight per day, or 10 - 40 kg carbohydrates 

per hectare per day. It is suggested that partial or complete inhibition of 

protein turnover in full-grown leaves can be obtained for a part or the 

whole growing season by use of chemicals, phytohormones or by plant breeding. 

Various substances have been shown to affect the rate of protein synthesis 

and degradation at different stages. Chemicals and phytohormones inhibiting 

protein turnover should be applied in such a way that biosynthesis in growing 

parts is not reduced and reallocation of nitrogenous compounds in the 

reproductive phase is not hampered. Manipulating the maintenance respiration 

cost may also be applicable in many different fields of plant production. 

The role of protein turnover in plant resistance against diseases, however, 

should be studied carefully. 

Maintenance 5f._i2n_concentrati.ons 

The presence, of an indiffusible ion species in the cell, such as negatively 

charged proteins, causes concentration gradients of the diffusible ions across 

the cell membrane according to a "Donnan-equilibrium". Except for the possible 

cost of maintaining the indiffusible ion, maintenance of these concentrations 

does not require energy because the electrochemical potential is the same on 

both sides of the membrane. Diffusion of ions through the membrane causes a 

passive flux from and into the cell. The actual intracellular ion concentrations 

would be strongly influenced by the ion composition of the medium if controlled 

only by the "Donnan equilibrium". By means of active transport systems, that 

move ions across the cell membrane at the expense of metabolic energy, cells 

maintain certain ion concentrations in their compartments. Thus the 

distribution of ions between cytoplasm and environment usually does not 

correspond with a "Donnan-aquilibrium". Across the tonoplast of algal cells 

ion gradients are reported, and this holds probably also in higher plants 

(Hope, 1971,' Anderson, 1972). 

http://5f._i2n_concentrati.ons
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Compared with studies on active transport in nerve and muscle cells 

little research has been, carried put on plant cells (Anderson, 1972). No 

reports have been found on ion fluxes across cell membranes in tissues of 

higher plants in vivo. Active ion fluxes have been studied in algal cells and 

in dark grown tissues of higher plants bathing in a nutrient solution. Data 

of active fluxes in steady state conditions were collected in Table 2. In 

actual plants the ion concentration of xyletnsap was found to be 0.1 to 0.7 

times that of a normal nutrient solution (cf. Milthorpe and Moorby, 1969), 

and it is likely that ion concentrations are higher in intercellular spaces of 

leaves, from where water evaporates. The ion composition of the liquid in 

these spaces is different from that of a nutrient solution; nevertheless it is 

assumed that fluxes observed in nutrient solution give a fair impression of 

the order of magnitude of fluxes in vivo.• 

In autotrophic cells in- and efflux can be enhanced 2 to 5 fold by light 

(e.g. Hope, 1971), but only fluxes in darkness will be considered, because 

this study was made to obtain an estimate of maintenance cost of plant cells 

in darkness. Possible extra expenses in the light are neglected because the 

method employed to compute the crop daily gross assimilation (cf. De Wit, 

Brouwer and Penning de Vries, 1970) accounts for this directly (Penning de 

Vries, 1974). 

More is known about energy expenditure for active transport processes. 

In animal cells and mitochondria ion extrusion or accumulation and ATP 

consumption are clearly related (Stein, 1967; Lehninger, 1970). Extrusion 

of Na+ from the cell requires about I ATI' molecule per translocated ion. This 

transport occurs by two mechanisms, in one of which uptake of K is coupled 

to export of Na in a 1:1 relation, and in the other uptake of K for other 

+ 
ions, amino acids or glucose is loosely coupled to Na transport. Animal 

mitochondria do not accumulate K or Na , but Ca and inorganic P are taken 

up at a cost equivalent to 0.6 and 1.0 ATP molecules respectively (Lehninger, 

1970). Higher plants seem to use different transport mechanisms: active Na 



Table 2. Some active fluxes across plasmalemma (p) or tonoplast (t) 

in darkness in steady state conditions. 

flux 

K influx 

+ 
Na efflux 

Cl" influx 

K influx 

Na influx 

Cl influx 

K influx 

K influx 

all ions, 
efflux 

K influx 

Na efflux 

membrane 

P 

P 

P 

t 

t 

t 

P 

t 

P 

P 

P 

rate 

10 mole/cm /sec 

1.4 

> 0.3 

0.5 

1.7 

0.3 

0.1 

0.7 

1. 

1.3-2.8 

15.-30. 

3.-10. 

tissue and condition 

Avena sativa, coleoptyle, 
in nutrient solution 

!! 

II 

II 

II 

II 

Pisum sativum, epicotyl, 
in nutrient solution 

H 

Nitella sp. 

Acetabularia sp. 
i~* 

reference 

Pierce and 
Higinbotham,1970 

ii 

ti 

n 

it 

II 

Macklon and 
Higinbotham,1970 

II 

Vredenberg,1972 

Saddler, 1970 
II 
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+ ~ 
efflux has been observed, but also active K and CI influx independent of 

Na extrusion. Formation of these transport systems is often inducible 

(Anderson, 1972). Information about the energy cost of moving ions across 

plasmoleinxna or tonoplast is mainly qualitative (Anderson, 1972), but it is 

unlikely chat these processes are much less efficient in plants than in animals. 

Fisher and Hodges (1969) and Kirk and Hanson (1973) reported values of C.6 

+ . . . . 

to K ion per ATP molecule in maize mitochondria, and such values were also 

found for erytrocytes (Lehninger, 1970). There is still discussion whether 

ATP is used as an intermediate to provide energy for transport (Anderson, 1972), 

but the net cost of such mechanisms can always be expressed in ATP units, since 

finally energy consumption is always competitive with ATP production. 

To obtain an order of magnitude of the energy consumption for active ion 

transport in plants, it is assutnnd, on basis of the information of Table 2, 

that active fluxes amount to 1-2.10 mole per cm" piasmalensna per sec. 

Furthermore it is assumed that a considerable fraction of this flux represents 

coupled active transport, and that per active ion movement the energy of 

1 ATP molecule is required. Thus an energy flux may be consumed equivalent 

— 12 2 . . . 
to 1.10 mole ATP per cm plasmaletnma per sec. Cells with dimensions of 

4 2 
40x40x40 u have about 1.2 10 en plasmalemtna per g dry weight, thus 

maintenance of these fluxes consumes about 4 rag glucose per g dry weight per 

day. In young and small cells this value may be larger, while in large 

parenchyma cells it will be lower. Active fluxes across the tonoplast may be 

roughly similar to that across the plasmalemma (Table 2). Pitman (1969) on 

basis of simulation, concluded to considerable activity of the tonoplast in 

barley root cells, and Liittge, Cram and Laties (1971) concluded that salt 

stimulated respiration above a salt concentration of 0.5 nMol is related to 

transport across the tonoplast. Without much evidence it is assumed that other 

membranes do not require much energy to maintain ion gradients, and that the 

cost of re-uptake of glucose and amino acids leaked from the cell are 
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negligible. The total, energy requirement for maintenance of ion gradients 

across the cell membranes is thus estimated to be 6-10 mg glucose per g dry 

weight per day. This figure depends on the concentration and concentration 

gradient maintained and on membrane permeability. Probably mainly the latter 

varies with tissue and species, and the second with environmental conditions. 

When the total maintenance requirement for plant tissue is about 40 

mg glucose per g dry weight per day, the cost of maintaining ion gradients 

corresponds to about 20 Z. This value is about similar to that estimated by 

Keynes and Kaisel (1954) for the relative cost of this process in resting frog 

muscle cells. The respiratory energy in erytrocytes and active kidney cells, 

however, is required mainly for maintenance of the ion gradient (Netter, 1969, 

pg. 763) and ion uptake (Lehninger, 1970, pg. 616), respectively. 

The high active fluxes in Acetabularia (Table 2) can be maintained only 

as a result of the small surface volume ratio of the large cells. The surface 

volume ratio of bacteria is very much larger, and it can be inferred that 

either their membrane permeability or the gradient maintained is much smaller. 

Stouthamer and Bettenhausen (1973) observed that maintenance respiration in 

Azotobacter aerogenes is enhanced by increasing NH.Cl concentration in the 

medium, but this did not occur in Azotobacter vinelandii because of highly 

impermeable membranes (Knowles and Smith, 1971). This difference demonstrates 

the variability that exists among species in this respect. 

The use of a constant active transport of ions across cell membranes, 

other than to maintain certain ion concentrations, is unknown. It has been 

suggested that part of the uptake of amino acids and glucose into animal cells 

is coupled to passive Na+ influx (cf. Lehninger, 1970), and also that ion 

uptake may be related to protein synthesis at membranes (Sutcliffe, 1973). 

It is also possible that plants have not yet been able to develop membranes 

with mechanisms by which exclusively essential substances are transported. 
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2£llSr_SSiS^S22B£S_2r2££S§£®_§S4_H55teful_res£irationi There is no indication 

that a noticeable amount of respiratory energy is required in plants to 

provide heat (except in a fetj, particular cases), or for displacements ;ther 

than of ions. Active leaf movements require very small amounts of energy. 

There is some indication (Pi.ck.ard, 1972) that protoplasmastreaming is not a 

separate energy requiring process, but results from other processes. 

The existence of wasteful respiration processes in plants ("uncoupled 

respiration" or "idling respiration") has been suggested to explain 

unexpected high respiration rates (Beevers, 1970) or low yields (Tanalca, 1972), 

hut no conclusion evidence has as yet been found. Beevers; (1970) suggested 

that a considerable fraction of glucose consumed in mature leaves may be 

degraded by the pentose phosphate pathway, as an alternative to the Krebs 

cycle. The MAD?H2 generated by this pathway is mainly oxidized by cytoplasmic 

oxidases and does not yield ATP. Also a high concentration of fatty acids in 

plant cells decreases the P:0 ratio (Baddely and Hanson, 1967). However, 

whether these examples indicate a useless decrease of efficiency of substrate 

utilization is difficult to assess since we do not have a criterion! for 

usefulness of biochemical processes. It was suggested (pg. 10) that a part of 

protein turnover may represent a process of little use,e.g. the rapid 

degradation and resynthesis of N0--reductase. Measured as respiration rates, 

useful and useless processes cannot be distinguished. The presence of wasteful 

processes related to biosynthesis in rapidly growing maize and sunflower plants 

was ruled out earlier (Penning de Vries., 1972, 1974). 

MEASURED MAINTENANCE RESPIRATION RATES 

The maintenance respiration rate of organs that do not grow or transport 

substances can be determined directly, because maintenance processes are then 

the only processes causing CO- production. Care should be taken in preparing 

the samples since cutting or slicing can affect the internal structure and 

http://Pi.ck.ard
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(thereby) the metabolic rate considerably (Eberhardt, 1960; MacDonaid, 1968). 

Some measurements obtained in this way (method a) are presented in Table 3; 

their values are always very low. 
-y 

Measuring the rate of maintenance respiration of metabolieally active 

organs is principally more complicated: maintenance processes are seldom not 

accompanied by biosynthesis of structural dry matter or by active translocation 

of sugars and amino acids. If the latter processes are stopped, the rate of 

maintenance processes will adjust itself. Moreover, the rate of protein 

turnover in mature leaves is probably maximal in the morning, after the onset 

of light (pg. 8), and is sensitive to changes in the environment. Fortunately 

protein metabolism in darkness does not seem much altered until nearly all 

soluble carbohydrates are consumed (James, 1953; Hellebust and Bidwell, 1964b). 

This may last 6-24 hours, or even a few days in leaves of some species (James, 

1953). The respiratory quotient in this period is about unity. 

One method to determine the rate of sugar consumption for maintenance 

processes is by extrapolating the relation between growth rate (increase in 

structural dry weight) or rate of export of assimilates and respiration rate 

to zero. It requires that growth and degradation do not occur simultaneously 

in the subject considered (cf. Penning de Vries, 1974), while independence 

of the rate of maintenance processes of that of other metabolic processes is 

presupposed. To avoid changes in the system to be maintained, measurements 

may not be taken with long time intervals. This can be demonstrated by plotting 

shoot respiration rates (at 10 C) of Helianthus annuus (data from Kidd, 

West and Briggs, 1921) versus growth rates obtained during the growing season: 

this yields a very low rate of 4 mg glucose per g dry matter per day. An easy 

way to obtain a range of growth rates within one day without changing 

conditions for maintenance processes is still lacking: although the C0? 

assimilation rate can be changed instantaneously, the growth rate responds 

slowly due to the buffering capacity of the pool of reserve carbohydrates 

(De Wit et al., 1970; Penning de Vries, 1974). Some data obtained by this 



Table 3. Maintenance respiration rates obtained with various methods. 

P stands for the tissue protein content (in %) and T for 

temperature (in degree C); the assimilation rate in the days 

prior to measurement is indicated by H (high, in full sunlight), 
_2 

M (moderate) or L (low, at 100 W m or less). The respiration 

rate is expressed in mg glucose per g dry matter per day; values 

originally expressed in other units were converted, assuming a 

respiratory quotient of 1. 

References: 1 Huber and Ziegler, 1960 

2 derived from Yoda et al., 1965 

3 Tandya and Yamagutchi, 1933 

4 KcCree, 1970 

5 Thornley and Hesketh, 1972 

6 Penning de Vries, 1974 

7 Penning de Vries and Van Laar, unpublished 

8 derived from Heichel, 1970 

9 Alberda, unpublished 

10 Louwerse, unpublished 

11 Prinz zur Lippe, 1956 

12 James, 1953 



Table 3, continued 

species and organ 

Avena sativa and 
Hordeum vulgare, seeds 

Pisum sativum, seeds 

various conifers, 
stem wood 

ii 

Aspergillus niger, 
mycelium 

Trifolium repens, 
plants 

Gossipium sp., bolls 

Helianthus annuus, 
plants 

it 

«t 

Zea mays, plants 
II 

H 

Helianthus annuus, 
leaves 

Zea mays, leaves 
n 

it 

n 

Lolium perenne, leaves 

Phaseolus vulgaris, 
leaves 

it 

Phaseolus multiflorus, 
leaves, 14 days old 

II 28 " " 

•• 48 «' •» 

II 24 *' " 

it 2 4 " " 

II 24 " " 

Hordium sp. and 
Triticumsp., leaves 

Prunus lauracerasus 

Zea mays, leaves 

it " 

II I" 

Phaseolus vulgaris, 
leaves 

conditions 

water content 9-11% 

air dried 

core, 1*15 

bark, T=15 

T=30, [O^ «80%, 
non growing 

T-20, L 

field conditions 

P»24, T»18, M 

p=24, T=25, M 

P=15, T«25, M 

P*23, T=18, M 

P=23, T=25, M 

P=23, T=33, M 

T=25, H 

T=25, H 

T=25, H 

T=25, L 

T=25, L 

T«25, H 

T=25, H 

T=25, L 

T« 18-25, L 

T"18-25, L 

T=18-25, L 

T=20,L,daylength=6 hrs 

T*20,L,daylength=12 hrs 

T=20,L,daylength=18 hrs 

T=20 

T=20 

T»20, M 

T-25, M 

T=»30, M 

T«25, M 

maintenance 
respiration 

rate 

0.0002-0.0010 

0.0039 

0.02-0.13 

1.3 

337. 

15. 

6+10 

28. 

47. 

41. 

7. 

15. 

44. 

60. 

40-60. 

57. 

39. 

8-10. 

40. 

80. 

12. 

55. 

25. 

18. 

18. 

18. 

30. 

50-150 

10-20 

27 + 10 

26 + 10 

46 + 10 

27 + 10 

method 

a 

a 

a 

a 

a 

b 

b 

b 

b 

b 

b 

b 

b 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

d 

d 

d 

d 

d 

d 

reference 

1 

1 

2 

2 

3 

4 

5 

6 

6 

6 

6 

6 

6 

7 

7 

8 

8 

9 

7 

7 

10 

12 

12 

7 

7 

7 

7 
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method (b) are given in Table 3. Due to scatter in the measurement and while 

the maintenance respiration rate probably baa a diurnal, pattern this method 

is not accurate. This extrapolation method has been used also to determine the 

maintenance requirement of animals (Kleiber, 1961) and of growing bacteria. 

Since growth and maintenance processes are not independent in bacteria (pg. 3) 

the "maintenance rate" obtained in this way is only valid for growing bacteria 

(cf. Pirt, 1965). In higher plants this complication is absent, since at all 

growth rates most cells do not increase in structural dry weight (total dry 

weight minus reserve substances); only seedlings may be an exception. 

Temperature changes may be useful in modifying rapidly the rate of 

conversion of reserves into structural material, and so to extrapolate to 

growth rate zero. Both the response of the rate of biosynthetic and maintenance 

processes to temperature should then be known. 

Another method (c) measures the rate of C0o production of attached organs 

under conditions where no growth or translocation is expected to occur, but 

maintenance is still unaffected. This method has been used for mature leaves 

after 6-24 hours darkness. Values obtained by this method are somewhat larger 

than those obtained by (b), but a few very low values were found as well 

(Table 3). This method is inaccurate because it is difficult to establish 

whether all processes except maintenance have stopped. 

A fourth method (d) measures the rate of respiration or the rate of dry 

weight decrease of full grown, detached organs. If these are not exhausted 

from carbohydrates the respiration rate is not much changed during the first 

few days (James, 1953). Wound respiration from a small part of the leaf or 

petiole is unlikely to influence the respiration rate noticeably, so that 

measurements of leaves of well illuminated plants for the first day after 

detachment probably approximate normal rates. Such rates are presented in Table 

3, and are about similar to those obtained by other methods; the high values 

for primary bean leaves (80 and 55) probably reflect some remained 
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biosyntnetic activity. The very high rates reported by James (up t"o 150) 

must be erroneous since not enough carbohydrates are present to sustain such 

high rates for 7 days, as was reported. 

Table 3 shows a range of maintenance respiration rates of 8-60 mg glucose 

per g dry weight per day at 25°C. The information is still too limited to 

decide whether different species have different rates of maintenance respiration 

under similar conditions, but that of H. annuus seems always higher than that 

of 2ea mays, A comparison of the values for one species at one temperature 

(Table 3) shows that leaves with high assimilation rates in the days preceding 

the measurement have higher respiration rates than those with low'assimilation 

rates. Thus also measurements suggest a relation between metabolic activity 

and maintenance cost. The possibility might be investigated that active ion 

fluxes across cell membranes require per g dry weight an amount of energy 

independent of the assimilation rate* (but dependent on temperature and salinity, 

see below), while protein turnover consumes a variable amount, which equals 

2-7 Z of the daily gross assimilation. Tamiya and Yamagutchi (1933) described 

a component of maintenance respiration related to the growth rate in 

Aspergillus niger of 12 % of the total substrate consumption at 30 C and 

an oxygen concentration of 80 %. 

The rate of maintenance respiration predicted from basic data equals 

15-25 mg glucose per g dry matter per day, and is about correct for some 

plants grown under moderate and low ligh intensities, but is too low in other 

cases. It is suggested that this should be attributed to the fact that protein 

turnover rates used for prediction were not obtained from plants grown at 

high light intensities, but from less active ones. It remains to be established, 

however, that wasteful respiration does not occur in such leaves. 

In a simulation of growth of a maize crop De Wit et ai. (1970) assumed 

that maintenance processes consume 15 mg glucose per g dry matter with 4 % 

nitrogen per day. The simulated growth rate agreed well with observed rates, 
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whereas a two tritr.es higher value underestimated v.he growth rate considerably. 

The assimilation, rate simulated with this model, however, is probably too low, 

«".-,: the relation of metabolic activity to maintenance cost is presumably more 

pronounced than was simulated, Kyle, Brocfci.ngton, Powell ar.d Cross (1973) 

used a value of 30 a)g glucose per g dry matter per day to simulate growth of 

UiViculrr. barley and obtained an encouraging agreement between experimental and 

simulated results. 

It i.s obvious t'bftt measuring the rate of maintenance respiration is a 

difficult task, and it is not apprizing that in spite of the enormous amount 

of work done on plant respiratiun only a tew values can be interpreted as 

tr:ain{eaanc:e respiration %i.th reasonable certainty. For a better understanding 

of th-i various processes cany observations are scili to be made, where 

especially -.'etaboiic activity may be an important reference value. Because r.ha 

rates of indi\~dual maintenance processes ate variable and because the 

rcainteuanee rcspitaticn rate is so easily exceeded by that of biosynthetic 

precedes, it s;ef:as that the methods described previously are not suitable for 

accurate determinations of maintenance respiration in plants, and that this 

process, snould be approached on a biochemical level instead. 

EFFECT OF ENVIRONMENTAL FACTORS OH MAINTENANCE PROCESSES 

To limit this study effects of growth retardants will not be covered, 

but it is well known that these may influence protein synthesis and degradation 

and decrease the efficiency of oxidative phosphorylation. Also effects of 

plant disease will not be considered. 

Numerous; measurements have been made of the effects of environmental 

factors ra plant and leaf respiration rate?., aany of which are presented in 

the Encyclopedia of Plant Physiology, volume 12,2. However, frequently the 

contribution o£ C0„ from biosynthetic processes to the total CO, production 

is not known, nor the effect of the changed factor on the rate of these 

http://tritr.es
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biosynthetic processes. As a result, still little is known about the effects 

of environmental factors on the race of maintenance processes. Measurements 

in which the change of an environmental condition persists should be 

distinguished from short term changes, because adaptation processes may modify 

the response. 

Î HSSIISJEHI!! * *n s?it e °f the general knowledge that temperature regulates the 

rate of many processes, such as respiration, it effects on maintenance 

processes have hardly been studied. 

Lyons and Raison (1970) demonstrated that temperature did not alter the 

P:0 ratio in isolated mitochondria of several species between 1.5 C and 25 C. 

Probably because the procedure followed in preparing mitochondria was not 

sufficiently subtle (cf. Rotnani and Ozelkok, 1973) absolute values of the 

P:0 ratio's were fairly low (1.5). Chilling of cold resistant cucumber 

varieties did not affect the P:0 ratio, while it decreased from 1.5 to 0.5 

in non-resistant varieties (Kushnirenko et al.,1969). The P:0 ratio may 

thus be about 3 in the range of temperatures normal to a plant, but reduced 

at relatively high or low temperatures. 

The rate of thermal protein turnover increases exponentially with 

temperature, but it is small at temperatures normal to the species considered 

(0.013 and 0.044 day"1 in mammals at 37° and 40°C, respectively, MorOwitz, 

1968). The only descrition found of experiments about effects of temperature 

on 
the rate of active protein turnover concerns E.coli, where the rate of 

protein degradation increased exponentially from about 0.2 day at 25°C to 

about 2.0 day""1 at 45°C; up to 42°C the rate of degradation was probably equal 

to that of resynthesis (Pine, 1973). In chernophlic bacteria the rate of 

protein turnover at 70°C is not higher than that of raesophylic bactera at 35°C 

(Pine, 1972). Similar experiments in higher plants have not yet been performed. 

The increase in the diffusion coefficient of ions with temperature is small 

(about 1.3 per 10°C), but the response of membrane permeability to temperature 
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is considerable in animal cells (Stein, 1967) and in algae (e.g. Thorhaug, 

1971). Hope (197!) reports that active fluxes are enhanced 3 to 4 fold per 

10 C temperature increase ra nerve cells, and Waisel (1972) presents some 

indirect evidence for a slightly smaller response in plants. A large increase 

of cost of maintenance of ion concentrations is in agreement with observations 

that high temperatures amplify the damaging effect of saline, media 

(Strogonov, 1964). 

The. basic information thus suggests that temperature increase raises the 

cost of maintenance by a considerable stimulation of protein turnover and of 

active ion fluxes. 

Although at the present stage of knowledge a prediction of how the 

maintenance respiration rate in higher plants respons quantitatively to a 

change in temperature is of little value, the above conclusion seems confirmed 

by direct respiration measurements, in which often a stimulation of C0„ 

o 
production has been reported of about 3 fold per 10 C temperature increase 

at low temperature to 2 fold at higher temperatures from below 0 C in some 

species up to 45°C in others (Kidd ec a].., 3921; Yamamoto, 1933} Forward, 

1960 'fable 3). Unfortunately, many of these measurements were made in short 

term experiments, and thus may not always be representative for long tern 

changes (cf. Forward, i960). So not only the relations betx,reen temperature and 

the individual maintenance processes are poorly understood, but also the 

overall effect of temperature on maintenance respiration in not. yet well 

established. 

Respiration rates of plants of different species at their optimum growth 

temperatures, which may be 20°C apart, are about siciilar (Forward, 1960), which 

agrees with the supposition (pg. 13) that a large, fraction of the maintenance 

cost is related to metabolic activity. 

Water stress and_sal ini ty_. Water stress and salinity are considered together 

because these processes have an increased ion concentration in cells in ccramon. 
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In spite of the agricultural importance of these factors, there is as yet 

little insight into their effects on a physiological or cellular level. The 

influences of salinity on plant growth have been reviewed recently by 

Waisel (1972). 

In media with a high salt concentration the P:0 ratio of isolated 

mitochondria remains unaffected (e.3. Gr«env;ay and West, 1973). Moroy.ovski 

and Kabanov (1970) found that the ?:0 ratio of a salinity sensitive species 

did not decrease up to a soil NaCl concentration of 0.6 Z, nnJ that, of n salt 

resistant species up to 2 ?.. Also in these cxpfrirrent,? absolute values of the 

P:0 ratio were fairly low. A direct i-.i ?.e.c-.t of w-iter ptrcfts on the. efficiency 

of oxidative phosphorylation has not been fot:nd. It is therefore expected that 

water stress and salinity at a level n o m a ! to the species considered do not 

uncouple oxidative phosphorylation. 

The activity of rn̂ ny enzymes de-creamer, wiu-u vat«*r strero; pi.-rait-.tK, while 

that of other enzymes remains unaffected (<-.£. Bardzik ct ol., 1972). Similar 

responses were observed in plants at n;»dia salinized with various salts, but 

naturally the reactions of glycophytes at low salt levels differed from that 

in halophytes (Waisel, 1972). 

No report has been found about the effect of water stress or salinity 

on the active fluxes across cell membranes. 03tnotic shrinkage of the cell 

size did not affect the respiration rate of Azotobacter vinelandii (Knowlcs 

and Smith, 1971). An increase of the plant salt concentration generally 

stimulates prccesses for maintenance of ion concentrations (Waisel, 1972), 

but how soil salinity affects ion gradients across cell mer.branas is still 

undescribed. It is tsost likely that also the type of salt causing salinity 

affects the degree of stimulation of these saintenar.ee processes. In case 

of water stress plant ceils obtain Siost of their increase in osnotic potential 

b" accumulation of inorganic ions (Waisel, 1972). Since then also the salt 

concentration in the intercellular spaces rises the gradients to be 

http://pi.-rait-.tK
http://saintenar.ee
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maintained increase if the ion species acc.iuiular.ed in ceils is different from 

that in intercellular spaces. 

It is therefore expected that continuous water stress reduces the rate 

of maintenance respiration mainly via a decreased plant metabiie activity 

(although the turnover rate of some enzymes may be increased;, and that a 

short period of water stress modifies it only slightly. Salinity, how&ver, 

can increase the cost of maintaining intracellular ion concentrations markedly. 

Thus roots with a high ion selection capacity and salt excreting leaf ceils. 

may protect the majority of cells against the development of unnecessary 

gradients, and maintenance cost. Consequently both are a. facet of plant paJt 

resistance (cf» Waisel, 1972). To what extend salinity increases the total 

maintenance cost cannot yet be estimated. Rain way decrease ion concentrations 

in the intercellular spaces in leaves;. 

Again these ill-described expectations are supported by direct respiration 

measurements. An increasing water shortage reduces the rate of leaf 

maintenance respiration tc less than 50 X of its initial value (Huber and 

Zicgler, 1960; Boyer, 1970; Gordon and Bichurina, 1970); that of oat seedlings, 

however, doubled (Huber and Ziegler, I960). Rehydration increases respiration 

rates temporarily 2 to 6 fold (Huber and Ziegler, I960), which probably results 

from enzyme induction and other hiosynthetic processes. The energy requirement 

for maintenance in Saccharcmyces cerevisiae in a 1. M NaCl medium is 4 times 

larger than in a NaCl free medium (Watson, 1970). In halophytes metabolic 

activity is not lowered at low salinity levels, while respiration seems 

stimulated (Waisel, 1972), which provides indirect evidence that derive 

processes to maintain ion concentrations are intensified. 

Starvation from nutrients_and_cerb<2hvdrates. Zaitseva et al. <:970) reported 

that short term P-deficiency did not decrease "mitochondrial functioning", 

although it reinforced a growth rate reduction in water stressed and in 

http://acc.iuiular.ed
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flooded plants (Samuilov et al.„ 1970). When growth of E, coli and of 

Torulopsis utilis is limited by iron the P:0 ratio falls from 3 to about 

1 (Rainnie and Bragg, 1973). 

Trewavas (1972) found that absence of N0~ P0^~, S0^, Mg~+ or Ca2+ 

increased the rate of protein turnover in Lemna minor 2 to 3 fold. In S. coli 

the rate of proteolysis is about doubled in amino acid starved cells (Pine, 

1973). The turnover rata of phospholipids in phosphorus deficient Spirodela 

is reduced (Bieleski, 1972). Syrett (1960) showed that deficiency of K+, 

2+ 2+ 
Mg , and Ca slightLy increased the plant respiration rate, while severe 

deficiency of these and of N and of P decreased plant metabolic activity and 

respiration. 

The main effect of slight nutrient deficiencies may be a change of the 

chemical composition of biamass synthesized, a decrease in metabolic activity, 

and an increased rate of protein turnover and of nitrogen redistribution among 

plant organs, When growth is limited by nutrients the rate of protein turnover 

is probably increased and the. P:0 ratio decreased. 

Starvation of. carbohydrates induced by prolonged darkness, generally 

forces the cell to degrade protein because lipids are often present in very 

small amounts only. The term "maintenance" is confusing in this situation since 

the plant does not maintain its structures, and, sooner or later, its 

assimilation capacity decreases. 

It has often been observed that plant productivity can be depreosed at 

high night temperatures (e.g. Went, 1957). At relatively high temperatures 

the maintenance cost is large and the rate of biosynthetic processes is 

stimulated, so that the pool of reserve carbohydrates may be depleted before 

the end of the night (Challa, pers. coram.). The resulting damaging effect 

of a high night temperature is avoided when the night period is sufficiently 

short to prevent e>diaustion, or when sufficient reserves are formed in 

daytime. Translocation of sugar from leaves of tomato plants stops at high 

night temperatures (Kent, 1957), so that carbohydrate starvation in 



- 21 

heterotrophic parts results, in spite of the presence of reserves in the plant. 

9S'BS5J,„£SI1SSB_M25i^£^_e525_SS§„liY_£ShiiSii2B• T h c effects of a wide range 

of 0? and CO concentrations on dark respiratory processes are small, in 

contrast to their effects on photorespiration. The rate of 0 diffusion into 

thick tissues is usually sufficient to avoid anaerobic conditions (MacDonald, 

!968). At a high Q7 concentration (80 %) the growth rate of yeast is reduced 

(e.g. Tamiya and Yamagutchi. 1933), possibly due to stimulation of protein 

turnover by its oxidation. 

Oaon and UV radiation destroy cell structures, and thus stimulate repair 

processes (e.g. Das et al,, 1972), but under normal conditions their effects 

are. negligible for respiration studies. Even in polluted areas the ozon 

concentration remains generally below a concentration that stimulates maintenai 

respiration noticeably (cf. Pell and Brennan, 5973). 

Mechanical stress. A 2-5 fold stimulation of respiration has been observed in 

manipulated leaves and branches, in fluttering leaves and even in leaves in 

an airstream but fixed on a frame (Went, 1957; Eberhardt, I960; Todd, Chadwick 

and 1'sai, 1972). There is as yet no way to explain these results, Eberhardt 

(I960) suggested that it. is essentially the sane phenomenon as "wound 

respiration", which largely consists of stimulated biosynthesis. A comparison 

of experimental and simulated results of maize crop growth, where mechanical 

stimulation of maintenance was neglected (De Vit et al., 1970), suggests that 

this phenomenon hardly contributes to respiration in field conditions, and it 

is therefore expected that the effect of wind outdoors is much smaller than 

measured in short term, climate room experiments. 
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