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STellInged

leordocken der plantenfysiologie beachri jven gewoonlijk hat beegrip
"fotosynthese” te eng als do vorming van koolhydraten uit Xoolzuur en
vater onder invliced van licht. Het {s betar "fotosynthese” te defi-
nieren als de nom van allo syntheseprocessen die onder onvloed van
licht in de groene plant gebeuren, en dan de verschillende onderdelen,
te veten de reductieve koolruurassinmilatie, de nitraatreductie en
bijbehorends processen, en de synthese van diverse polymeren, afzon-
derlijk aan te duiden.

{dit proefschrift)

-2 -

B3ij het bestudaren van adezhaling van planten behoort in veel grotere
mate dan tot nu toe gevoon s, nadruk te worden geleogd op haar func~

tionele karakter,

(¢l proctachrift)

- 3 -

De snetheid van haterotrofe proel van een plant of orgaan kan eenvou-
dig en non destructief wvorden afgeleid uit petingen van de adechalings-
snetheid.

(dit procfachrift)

-‘-

Het is niet mogelijk rassen van de belangrijkste landbowwgewassen te
kveken die hun assimilaten efficienter benutten voor biocsynthese dan

de huidige rassen. Het is wel zinvol te xoeken naar planten die

lagere onderhoudskosten hebben dan de bestaande planten, of te proberen
een varlaging van dexe kosten te bewverkstelligen.

{(dit proefechrife)
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Voor kandidaatspractica fysiologie biedt het experimenteren met
simulatiemodellen vaak grotere mogelijkheden dan het doen van

proeven met reéle 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

4

van minder dan 300 W m ° zijn ongeschikt voor het bepalen van de in-

tensiteit van processen onder veldomstandigheden.

-..9....
Om 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 cel: 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, 2! december 1973



BEKNOPTE SAMENVATTING VAN DIT PROEFSCHRIFT

De betgkenis en regulering van ademhalingsprocessen in
planten zijn bestudeerd om vast te stellen hoeveel van de kool-
stof die door fotosynthese is vastgelegd door ademhaling weer
verloren gaat., Het grootste deel van de ademhaling van veldge-
wassen 1s 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 ock de grootte van de onderhouds-—
ademhaling nog niet precies bekend. Wel 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 ﬁicture 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 questidn 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 ﬁany 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 alsc 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 compaxed 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.



5. Photorespiration. The calculation of carbon dioxide assimilation of a

. canopy is usually based on the carbon dioxide agsimilation 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 NH, + 2 NADH2 + 2 ATP >

O+ 2 NAD + 2 ADP + 2 Pi

3
1 lysine + 4 H2
Heterotrophic cells obtain the hydrogen (NADHZ) 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 002 + 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



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 te 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 knowm, but their intensity has been
determined ounly 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,on basis of an estimate of the composition of the biomass synthesized
a simplified calculation of how much glucose is required thedretically
for sﬁnthesis 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 méterial already
formed consumes 2 to 5 mg glucose, so that the total glucose consumption
is calculated to be il.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



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, CO, and O, 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
thé fraction considered, {(5) mg CO, released, (6) amount of O,,
in g, required for conversion of 1.0 g glucose into the fraction
considered, (7) mg O, required. The figures in the columns (2),
(4} and (6) are standard values.

fractions of the

e ons o Wl @ | ®» | ®» G ®| o
carbohydrates 32.6! 0.826 | 39.50| 0.102| 4,02| 0.082( 3.23
nitrogenous compounds| 5.6 0.404 | 13.85| 0.673| 9.35| 0.174} 2,42
organic acids 3.0 1.104| 2.71|-0.050|~-0,14| 0,298} 0.81
lignin 2.4 0.465 5.16 0.292 1.51 ) 0.116; 0.60
minerals 2,4 == - - - - -

lipids 1.5 0.330 4.54 0.530 2,411 0,116} 0.53
total ' 47.5( - 65.76 - 17.15| - 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 compositioﬁ 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



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 emergy 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 Z highe:
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 regpiration. 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 demomnstrates 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-lday“]
or more, but a considerable fraction in other cases (3,5). Measurements
of maintenance respiration indicate that these processes consume about
1 to 4 7 of the weight of the dry matter in the form of carbohydrates
per day. Kﬁowledge of the individval maintenance processes indicates that

the main part of it is used for continuous breakdown and resynthesis of



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
ieaves, 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 veoor het bestuderen
van de groei van te velde staénde 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. Hoewel 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 ompgezet in biomassa. De vraag hoeveel gram biomassa hierbij wordt
gevormd houdt hiermee nauw vé:band, 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
pléatsvindt in groeiende cellen. Watertransport is een passief gebeuren,
waarvan de actieve regulering uiterst weinig ademhalingsenergie vergt.

4. 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



dergelijke processen niet van belang zijn, hetgeen in enkéle 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 assimilatie-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 plaatsviﬁdt,
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
"yeactievergelijking" van de biochemische omzettingen; Wanneer, bijvoorbeeld,
het aminozuur lysine het eindprodukt is en plucose en ammoniak het substraat,
blijkt uit biochemie~handboeken dat deze omzetting in plantencellen kan

worden weergegeven met de reactievergelijking:

1 glucose + 2 NH, + 2 NADH, + 2 ATP +

3 2
1 lysine + 4 H,0 + 2 NAD + 2 ADP + 2 P,

2
Heterotrofe cellen verkrijgen de benodigde waterstof (NADHZ) 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



door de vergelijking:

1,000 g glucose + 0.156 g HH3 + 0.039 g 02'+
0.671 g lysine + 0.255 g 002 + 0,269 g HZO

Dergelijke vergelijkingen kunnen worden opgesteld voor alle belangrijke
omzettingen. Van de processen die de onmiddellijke corzaak 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 planten, omdat als regel heterotrofe, groeiende cellen
gescheiden zijn van autotrofe, niet groeiende cellen. Het substraat voor
groei bestaat dan meestal uit sucrose enm aminozuren.

De berekening van de kosten van onderhoudsprocessen geschiedt op
basis van intensiteit vamn deze processen en hun specifieke kosten.-

Deze laatste betreffen voornamelijk kosten van (her)synthese en zijn
redelijk goed bekend, m2ar 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 berckende 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



glucose over een periode van vijf dagen. Op basis van een zo goed mogelijke
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 maispiant in"het donker.
Betekenis van de kolommen: (1) gewichtstoename in mg in de be-—
treffende fractie (alleen "totaal" en "stikstofhoudende ver-
bindingen" 2zijn 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 CO, dat vrijkomt
bij de omzetting van 1.0 g glucose in de betref%ende fractie,
(5) aantal mg CO, dat vrijkomt, (6) aantal g 0, dat nodig is
bij de omzetting van 1.0 g glucose in de betre%fende fractie,
(7) aantal mg O, dat nodig is. De getallen in de kolommen (2),
(4) en (6) zijn"standaard waarden.

; !
fracties van de l
gevormde biomassa 1 (2) (3 (&) (5) (6) (N

koolhydraten 32.6 ; 0,826 | 39.50| 0.102| 4.02 | 0.082 | 3.23

stikstofhoudende 5.6 1 0,404 | 13.85 | 0.673| 9.35 | 0.174 } 2.42
verbindingen '

organische zuren 3.0 ] 1.104 2.71 {-0.050| -0.14 | 0.298 | 0.81

lignine 2.4 ) 0.465 5.16 | 06.292| 1.51 | O0.116 | 0.60
mineralen 2.4 — - - - - -
lipiden 1.5 0.330 4.54 | 0.530} 2.41 | 0.116 ; 0.53

! s

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
experimenteel 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 efficiént.



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 | 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 wvan processen, de onderhoudskosten van
gebruikte enzymen, en zelfs de efficientie van oxidatieve fosforylering
tussen 100 7 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 mineralen, 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
cel ter beschikking staat, verlopen de andere energie-vragende processen
niet ten koste van de koolzuurassimilatie. Met name voor eem 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).



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 scorten bij enige temperaturen toont dat ook
deze hun substraat met de biochemisch maximale efficientie benutten (4).
Het 1ijkt dan ook niet mogelijk om door veredelingswerk de efficiéntie van
planten in deze zin te verhogen.

Onderhoudsprocessen vragen een relatief onaanzienlijke hoeveelheid
energie in snel groeiende weefsels, dit is: bij een relatieve groeisnelheid

1 1 s .
of meer, maar een geenszins te verwaarlozen hoeveelheid

van 0.3 g g- dag
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 iomenconcentraties in de cellen te handhaven. Om 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 eiwitturnover, 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 voornamelijk uit metingen van de inten-
giteit van onderhdudsademhaling 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 1lijkt 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-
1lijk 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 v&dr 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 Uaiversity

Wageningen, The Hetherlands

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 rbugh. 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
gaées 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 additioual 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
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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/0O ratio between 2 and 3, under many conditions affect results of the
computation less than 10 Z.

Since maintenance of cellular structures is not considered, the
approach councerns the gross yield of biosynthegis. 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 atteantion. 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 7 to 70 Z on a weight basis, and slightly higher on an energy basis.

One might also try to calculate the efficiency of an anaholic process.
The pathways by which substrate molecules axe 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 tramsport across membranes and
maintenance of the tools for biosynthesis (nucleic acids and enzymes). The
substrate requirement to provide the respiratory emergy 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.



To simplify the problem of how te 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 ﬁith the theoretical derivation from biochomical
data of the reaction bélance 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 biecsynthesis,
rsuch 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



in g organisms per unit of chemical energy present in the substrara proved
to be wvariable.

From the 'molecular formula" of fungi, Ces Bi60 045 Ny Tamiya (1932)
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 congsumed (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 (Yatp) 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 anaercbic 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 Ehe
calculation of Yatp' In later experiments both lower and higher values of
Yatp have been observed in aercbic and anaercbic media (Stouthamer, 1969;
De Vries et al., 1970; Stouthamer and Bettenhaussen,1973). Calculating Yatp
under aerobic conditions the amount of ATP formed per mole of substrate must
be known. The P/O 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



gram-electron available from the substrate are less constant than Yatp
(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 2nimal (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 réquirements 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 gluwecnse and their polymerization,
but néglected energy required for active uptake of substrate molecules. Both

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

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

De Vries et al., 1970). Penning de Vries (1972, 1974a) calculated the dry



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. SCME GENERAL CONSIDERATIONS ABOUT BIOSYNTHESIS

o= haris 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 compezitions of substrate and end-product.
This procedure has been followed by Tamiya (1932), Chen (1964) and Morowitz
(1$68), The assumption, however, is not correct: not all substrate carbon
is converted into biomass carbomn, and not all bjomass 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 procedufe 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 syntit~sis 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, ¢ and d the types.

v, glucose + a + b > x product +y, CO, + z, H,0+ c+d (1)
¢ =+ b + Yy C02 (2)
d+w 0, ¥4 €O, + 2z, H,O0 (3)
Vo glucose + Zq HZO -~ a (4)+
_(V] + v2) glucose + WIOZ -+ x product + (y1 oy, ¥ y3) CO2
+ (z1 +z, - 33) H,0 (5)
Vs glucose + w, 0, + energy +y, €O, + z, H,0 6,

(v, + v, + v3) glucose + (w, + w,)0, » x product + (y, + Yy * ¥3 +5,)C0,

+ (z1 + z, = 24+ 24)H20

(7



pyruvic acid, oxalo-acetate, aspartate and glutamate (represented by a

and b in fig., 1, eq. 1) may alsoc be used. By-products of synthesis in an
aerobic environment are carbon dioxide and water, while other compounds

may also remain (eq. }, ¢ and d ), In some micro-organisms and in anaerobic
conditions reaction by-products consist of partly oxidized moiecules, 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) coumpletes the
sequence. Summation of the equatioms (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 NADHZ; 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 FADH2 in the "respiratory
chain” yields only 2 ATP molecules. Whereas NADH2 yields 3; NADPH2 is not
oxidized in this multi-enzyme-complex. The hydrogen of NADH2 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 intemsively used in plants (Beevers, 1961). It is
assumed that all the energy and hydrogen production occurs via the Krebs
cycle and nomne 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



substrate (with nitrogen and sulphur if necessary) and the required products,
carbon dioxide and water are formed (fig. I, eq. 7), variables characterizing
the conversion can be calculated, being the “production value" (pv), the
Yoxygen requirement factor" (orf) and the "carbon dioxide production factor”
(cpf). These are defined in table l. 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 B.K. accounts for
structure maintenance processes as well. Pv, orf and cpf are characteristics
strictly for gross dry matter formationm.

The energy conversion equation
{ Joule glucose -+ 0.79 Joule plant biomass + 0.21 Joule heat (Eg. 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 I 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. I, 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 reactioms 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 phosphorylationm,
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 Kornberg, i1957; 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-l and gmole. gnl.

Name Symboi Dafinition

production value pv weight of the end product
weight of substrate required for
C~skeletons and energy production

oxygen requirement ort woight of Oxygen consumed

facter welght of substrate required for
C-skeletons and energy production

carbon dioxide | epf weight of carbon dioxide produced

preduction factor werght of substrate required for
C-skeletons and energy production

hydroegen hri gmoles of NADHZ required

requirement factor weiLght of end product

snergy requirement erf gmoles of ATP required

factor

welght of end product




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 REACTION BALANCE FOR SYNTHESIS OF MONOMERS

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 + ! NH, - 1 CO, - 3 H,0 + 3 NADH,
‘+ 3 ATP + 1 lysine (Eq. 3)

“ (reaction number 127)

Note that whenever NADPH2 is required, for instance for fatty acid
synthesis, this is presented as NADH,, 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 (gluc), pyruvic acid (pyr), acetyl coenzym-A (Acod),
serine (ser), aspartic acid (aspa) or glutamic acid (glua).

3 HZS’ 002, 02, H,0, NADH, and ATP involved

in the reactions are indicated. The first colum gives the

Furthermore, the K

nunmber of the reaction. MW represents the molecular weight of
the end-product. Meaning of notes (columm 16):
1.1 production of one THF-C group during conversion

~2.1 consumption of one THF~CH, group during conversion

__,3. ] " 1] one THF"'CO 1 n 1
-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 polyconiferylalcoﬁol, pathway estimated
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Single-carbon-groups are transferred bf tetra~hydro-folic acid (THF).
These groups are indicated in columm 16 of table 2 and explained in the

table caption., Their production may occur according to

! glucose + 2 THF +2THF-C + ] pyruvic acid + 1 CO, + 1 H,0 + 3 NADHZ (Eq. 4)

2

and all overa'l excess is essentially removed by the reaction

I TH¥-C + 2 HZO + CO2 + 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, INORGANIC MOLECULES

Biomass often contains inorganic atoms and molecules, some of which

are incorporated in organic molecules. The incorporation reactioms occur
spontaneously . Nitrate and sulphate are taken up and subsequently reduced.

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

equation

No; + 4 NADPH, + NH + 2 H,0 + OH + 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 sbout 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
{Terrcine 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 amine acids occur
during photosynthesis in leaves under conditioms 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 elsborated and evaluated experimentally elsevhere
(Penning de Vries, 1974a).
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3.3. SYNTHESIS OF POLYMERS AND FORMATION OF CELLULAR STRUCTURES

Most of the cell plasma and the cell wall are ﬁolymers. 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 conversionc 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 wonomers.
These are assumed to evolve spontaneously, or to require only a negligible
amount of energy. Formation of sulfide bonds yields NADH,. 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

-— e em e ew oam um .

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; Lavallé and De Hawer, 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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mole.ules in Bacteria are used about 20 times before they are depraded,

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. Sinca
(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 Haselkorm, 1969), so that
their turnover does rot 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 Z 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 molacuie
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 Z 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



*$IINOITOW JIV € ST puoq xad uvorjezriswdiod PIIB ourme JO 350D Y]

‘ptoe outme afow zad g4Iy olowm ur possardxe ST IdurUIIUTEU 00X

*?aJuPUIIUTRW ,, 003, JO 350D SnoTIRA I® STS3aYIuksorq (q7) ssewolq

pue (ez) ursload 103 SITISTIIIDLILYD UOTSISAUOD 8yl ‘q pue ® g 2i1n3t1j

SGIIV ONIWY 370W/d1V 310K
iz Sl 6 £

H i ] T I T T T

£
|oz>&

£

82 3¥N9Id

Y

70

g0

80

J¥0 ONV
349 ‘Ad

0t

SARY ONIWY JTOW 7diV 3T0KW
5l 6

T T T { T

 ¥Z 3uN9l4

440 GNY
443 ‘Ad

— 0t



..13_

of calculations, for wiich 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.

v wn ww o et e e e — me s e e— -

Considering finally the synthesis of living biomass the question arises
whether chemical energy is required o 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.3z. 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 Kornberg (1957) remark that enzymatic breakdown of biomass iuzto
monomers does not yield ATP and suggesi 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 Z), it is ascumed 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, NON SYNTHETIC ACTIVITIES DURING BLOSYNTHESIS

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 tramsport, 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 NADH2 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 wvalue 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 molecul:us 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 7 of the
inorganic molecules is located in the vacuole and 10 Z in the plasma. An
arbitrary figure of 20 7 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 celllto 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, VARTABLES CHARACTERIZING BIQSYNTHETIS -

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 vegetative maize plant, All

fractions are- expressed on a dry weight basis.

main fractien

subfractions

note

nitrogenous compounds 23 %

amino acids 10 %
proteins 87 3

nucleic acids 3 7%

amino acid composition of zei
{(Handbook of Biological Dara,
1956)

carbohydrates 56,5 2

ribase 1 %

glucose 5 %
fructose 2 %
mannose | %
galactese 1 %
sucrosae 5 %
celluloge 40 7
hemicellulose 40 2

pectin 5 %

1ipids 2,5 %

glycerol~
tripalmitate 12 %

glycerol=-
cristearate 37

glycerol-

triolexnte % A

giycerol-
trilinolate 33 7
glycerol-
trilinoleate 5 7

compogition of maize oil

{(Hinton and Winton, 1950}

lignin (nitrogen—free) 8 7

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

organic acids 5 Z

oxalic acid 5 %

]

glyoxalic acid 5

[
=
8

oxaloacetic acid
malic acid 10 2
clitrie acid 30 %

aconitic acid 30 %

r

minerals 5 p A

potassivm 8C %

chloride 200 %4




Table 4. Standard conditions and assumptions used in computations

- chemical composition of biomass as given in table 34

- all processes occur under fully aerobic conditioms.

- polymerization of amino acids fequires 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 ard mitochondria mewbranes; 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, tricarboxylie acid cycle and oxidative phosphorylation
are used for NADE, and ATP production.

2
- P/0O ratio for NADH2 oxidation is 3.
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The reaction equation resulting from summation of the individual

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

Overproduction of NADHz, which is often found, is mﬁt by its oxidation,
usually generating ATP. A calculated excess of NADH, must be eliminated

by its oxidation with oxygen, and not be reducing other compounds, because
the experimentally determined chemical composition must be achieved, NADH,,
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, NADH2 or intermediates with their
environment, Fig, 2a and b show that biosynthesis of protein or biomass

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

3

oxidation of the remaining NADH,: at the {unrealistic) low values of energy

consumption during polymerizatiin the production value of the process does
not decrease at increasing cost of polymerization.

The result of a synthetic process in which glucose with NH3 and st
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 HZS + 0.103 g 02 + 0.039 g min,

+ 0.746 g plant + 0.177 g 002 + 0.250 g H20 (Eq. 7)

With nitrate and sulphate the equationm is

1.0 g glucose + 0.101 g N03 + 0,003 g SO4 + 0.122 ¢ 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 NH, and H,S is 0.746, and
0.651 if nitrogen and sulphur are supplied as NOS and SOAT. The values of
orf and cpf are (.103, 0.!22, 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, ligpin



Figure 3. The variables characterizing biosynthesis of nitrogenous
compounds with ammonia and with nitrate, of carbohydrates,

of lipids, of lignine apd of organic acids.

nitrogenous lipids
compounds
{(with ammonia) ov = 0.616
v pv = 0.330
cpf = 0.256 orf = 0.137 cpf = 0,530 orf = 0.116
ql
nitrogenous Lignin
compounds ' - -
(with nitrate) pv = 0.404 pv = 0.465
cpf = 0.673 orf = 0.174 cpf = 0.292 orf = 0.116

-

organic acids
carbohydrates

pv = 0.826 pv = 1.104

cpf = 0,102 orf = 0.082 cpf =«0,050 orf = 0,298
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and organic acids as formed from glucoge. 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 NH, + 0.02 g H2804 + 0,05 g H PO4

3 3

were converted into

0.77 g bacteria dry matter + 0.24 g H,0 + 0.09 g 202 {Eq. 9)

2
both the change in free emergy 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

2S + 0.152 g 0, + 0.056 g min.

) * 0.382 ¢ H20 (Eq. 10)

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

1.0 g glucose + 0.109 g NH3 + 0.008 g H
+ 0.678 g biomass + 0,263 g CO

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 Z).
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 simplificatiom is
necessary to plot im this format, The fractions of nitrogenous compounds,
fats and carbohydrates will be considered; 10 7 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 casés. 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 zre given. The lines in figures 4a and d, b and
e, and ¢ and £ comnnect 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 7 higher. The carbohydrate-lignin mixture is relatively "cheap”

to synthesize. Fig. 4 g and h show the respiratory quotient (moles CO2
produced per mole 02 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, £ 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, ¢ 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 anotter
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 convarting plucose into one of the fractions may then be
characterized by pv', ¢pf’, of' and two additional factors: the hydrogen

requirement factor (hrf) and the energy requirement factor (erf). The first
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Table §. Values charactevrizing the cenversion process of glucose with

apmoniz or nitrate inte proteins with various amino acid

compogitic . 3; the compositions were taken from the Handbook

of Bicliogical Data, 1956.

probein with ammonia with nitrate
Y erf epf pv orf epf

albumin, eggz 0.621 | 0.157 | 0.260 0.398 | 0.190 | 0.6%4
' ", human serum 0.623 { 0,152 { 0.252 0.398 { 0.187 | 0.691]
atachin 0.611 | G.163 § 0,263 0.386 | 0,192 | 0.705
bacteviophage of E. coli 0.636 | 0,172 ¢ 1,283 6.398 | 9,198 § 0,705
edesrin 6.656 | 0,168 | 0,228 0.400 | 0.198 § €.712
gliadin 0.638 § 0,158 | 0.233 C.431 | 0.184 | 0.633
gluten, cor . 0,588 | 0.146 | 0.284 0.404 ¢ 0.174 1 (0.653

v, wheat 0.664 | 0,183 | £.217 0.426 | 0.194 | 0.665
insulin 0.626 | 0.164 | §.247 0.402 } 0.196 ] 0.683
papilloma, shope (virus) 0.435 | 0.166 | 0.254 0.397 { 0.198 | 0.707
ribonucisase 0.673 | 0,183 1 0.233 ¢.413 1 0.210 { 0.710
zein ) 0.594 § 0144 | 0.273 0.393 | 0.179 { 0.676
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three were defined earlier (table 1); the prime indicates that the values
refer to weight ratius at the stage at which all material is formed from
glucose, but at which excess or shortage of NADH2 and ATP has not yet been
removed, Hrf and erf represent the number of moles of NADH2 and ATP per
gram of product, respectively, that have to be forxrmed (value positive), or
are released in excess during syﬁthesié. 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 {erf and hrf)
are adjusted to zero as described above, Table 7 gives an example of this

caleulation. Slight mistakes are introduced because C,-fragments and other

intermediates may be exchanged between the synthetic ;rocesses 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, Co4H165010° the equation
1 g glucose +~ 0.515 g fat + 0,416 g 02 + 0.075 ¢ H20

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

assumed that oxygen is neither released noxr 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, MODIFICATIOWS OF VARIABLES CHARACTERIZING A BIOSYNTHETIC PROCESS
INRUCED BY CHANGES IN CONDITIONS

Aspects of biosynthesis requiring additional consideration are the
compartmentation of biochemical processes, the fact that different species
can utilize different bincl2missy pathways to achieve the same end-product,
and the possible effacts ot changes in internal variables such as the P/0

ratio, or in external varicblze iike temperature.



Table 6. Auxillary 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.

pv' orf’! cpf! hrf erf
amino acids with ammonia 0.700| 0.0054 | 0.254) -0.01122 | -0.00139
amino acids with nitrate 0.7005 0.0054 | 0.254§ 0.02674| 0.03899
protein with ammonia 0.604 | 0.0052 | 0.252| -0.01285 | 0.03492
protein with nitrate 0.604} 0.0052] 0.252 0.03140 0.08197
nucleic acids with ammonia 1,072 0.0270) 0.043) -0.01242 | 0.02793
nucleic acids with nitrate 1.0721 0.0270 0,043 0.03484] 0,07732
nitrogenous compounds with ammonia{ 0.620( 0,0056| 0.249 | -0.01267 { 0.03108
nitrogenous compounds with nitrate | 0.620( 0.0056| 0.249§ 0.03104 | 0.07754
carbohydrates 0.853) 0.0 0.057 | -0.00360 0.01224
lipids 0.351{ 0.0 0.471| =0.01010 | 0,05097
lignin 0.4831 0.0444] 0.244| -0.00431 | 0.01868

1.104] 0.0 ~0,050] ~0.01686 | -0.00452

organic acids
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5.1. COMPARTMENTATION

Compartmentation has two aspects: the place of synthesis of a compound
may be different from the place of "destimation', and an excess of ATP,
NADH, 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
inciudes 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 proteiam is excreted,
and that 50 % of the cell polysaccharides is formed from glucose that did
not enter the cytoplasm, while the other 50 7 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). Wi thout
much evidence it is assumed that only fatty acids are synthesized in
mitochondria and are translocated into the hyaloplasm., and that all othexr
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 Z.

The second aspect of compartmentation concerns synthesis in isclated
cell compartments or at different times, so that exchange of intermediates
with other processes or transport of the end-product does not occur. Lf
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 pocl in hyaloplasm and mitochondria is known
to exist and to be effective. However, by transferring H, from.NADH2 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 cérriers 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 separation of spaces
between which no passive transport takés 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 unimporxtant
for the yield of biosynthetie 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. ALTERNATIVE 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 Hzo + | oxalo acetic acid + 2 002 + 2 ATP + 7 NADH2
(table 2, pathways 140 and 508), or by the carboxylation of pyruvate, yielding:

0.5 glucose + €O, + 1 oxalo acetic acid + | NADH2
(table 2, pathways 140 and 505). The amount of substrates differ by a factor
2. Synthesis via carboxylation releases little NADHz, whereas synthesis via

other pathways yields considerably more. The excess of NADH2 will generally



Table 8. The effect of compartmentaticn of biosynthesis of plant dry
matter and bacteria biomass. For the chemical composition of
plant biomass and of the fractions see table 3. The composition
of bacteria was assumed to be 02.61 g/g préteins, 0.17 g/g nucleic acic
0.12 g/g carbohydrates, 0.07 g/g lipids and 0.03 g/g minerals.

For further explanation see Lext.

DV orf cpf |compartmentation
glucose + ammonia - plant biomass 6.746 {0,103 ]10.179 no
glucose + ammonia ~+ plant biomass 0.735 10,116 } 0.197 yes
glucose + nitrate = plant biomass 0.650 10.12310.343 ne
glucese + nitrate > plant biomass 0,645 0,130 0.352 yes
glucose + ammonia + bacteria biomass | 0.651 | 0.143 | 0.266 no
glucose + ammonia -+ bacteria biomass | 0.644 | 0,154 0.280 yes
glucose + nitrate = bacteria biomass | 0,449 10,177 | 0.637 no
glucose + nitrate » bacteria biomass | 0.448 ] 0.177 ] 0.638 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 NADHZ and 1 ATP molecules, so that the differencg. between
both pathways is only 1 ATP., Thus, if the overall process requires more
ATP or NADH2 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 Wittenbergexr (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 NADHZINAD 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 ev{dence.

In conclusion it can be stated that the effects of using alternmative
pathways on the values characterizing the conversion are generally small,
Because of the similarity of metabolism in various kinds of living organisms
it is 1ikely that the conversion characterizing values do not depend on the

species considered.

5.3. EFFECT OF THE P/O RATIO ON PV, CPF_AND ORF

For aerobic growth, with which this paper is concerned, the number of
ATP molecules formed per molecule NADH2 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/O ratio is altered the amount of substrate
required for ATP production changes. Fig. 6a represents the relationship
between the values characterizing the comnversion 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'lo6 are included to show how much substrate

is used for emergy production at the various P/Q 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/O ratios.
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From fig. 6b it appears that the pv of biosynthesis of "standard plant
biomass" is hardly affected by the P/O 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/Q 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/0O 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/O ratio ig directly responsible for the yield increase
observed.

Low P/O ratios are commonly reported for cell free extracts of microf
organisms (Stouthamer, 1969; Van Meyenburg, 1969), but measurements in
living cells yields values of app~nximately 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

NADHZ
in cotyledons of germinating peanuts. Under these conditions the cell must

than they consume, for instance during rapid breakdown of fatty acids
limit ATP production, resulting in a lowering of the P/0 ratio.

5.4, TEMPERATURE AND OTHER ENVIRONMENTAL FACTORS

There is no evidence that the P/0O 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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Due to temperature changes the chemical composition of growing material
may change (Udaka and Horiutchi, 1965; Jones and Hough, 1970; Schweyen and
Kauvdewitz, 1971) which changes the pv. This is an indirect effect of
temperature, and is small in the cases reported. Type and gquantity 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., MATNTENANCE OF CELLULAR STRUCTURES AND OTHER RESPIRATTON PROCESSES

Although it is comwmon knowiedge 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 ] ~ 4 2
of the dry matter per day to be oxidized (Penning de Vries, 1972, 1974b).
1dling 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 respirationm.
Photorespiration of green leaves in the light diminishes the net rate
of agsimilate production, but does not interfere directly with the conversion
processes of assimilates intc biomass. Thus, photorespiration may be regarded
as a process that only decreases the efficiency of light utilization for

production of assimilates (Pemning 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 predictiﬁg 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 procesges, such as membrane transport, compartmentation and enzyme
maintenance. In the calculations, membrane transport was found to be
relatively inportant, 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/O
ratioc is another unknown. Whereas it is generally agreed that the P/0O 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/O 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/C 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 knowiedge 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 simjlar 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
simulaticn 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 om 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 envirommental 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 gsimulation model discussed here is not a model for dynamic simulation.
The chemical composition of the end-product is, therefore, not a result of
tiiis simulation, but an iﬂput 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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Summary and introduction

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. Te compute dry matter increase of
plants, the chemical composition of the end product must be determined
snalytically and the quality and amount of substrate specified, Analysig of ,
phipem contents shows that the organic substirate for growth consists mainly
of sucrose and amine acids, whose biosynthesis is closely linked. Thus, total

plant CO,-assimilation is, alone, not a sufficient base from which to compute

2

growth, and nitrate reduction, amino acid synthesis and other processes must
also be considered: neglecting thesermay underestimate the yield from a

given amount of COZ assimilated up to 30 Z. These subjects are elaborated, and
the consequences for the interpreration of Coz~assimilation tight response
curves are discussed. Maintenance of biomass and translocation of assimilates
through phloem vessels also use assimilates, but will umot be comsidered here,

mainly for reasons of uncertainty about the underlying mechanisms.

An experimental approach to the relation of COz—assimilation to growth

From the "molecular formula” of the biomass produced the relation of
net COz*assimilation to biomass increase is easily obtained: when the “molecular
formula" is C86H160045N7 it follows from the "molecular weight"” and the
fraction of carbon that 1,00 gram biomass is formed from 1.88 gram C02. The
net carbon assimilaﬁion corresponds with the dry weight increase,irrespectively
of the nature and efficiency'of the processes that cccur. The efficiency of
carbon utilization seems 100 7, because C02 losses are masked.

This procedure is very simple in case of algae continucusly exposed to
sufficient light, When periods of light and darkmess alternate, the C02—

assimilation in the light and dissimilation in darkness must be measured to

determine the daily met CO,-uptake. Again, from this value and the elementary



composition the weight of the biomass produced can be calculated. In higher
plants the site of Coz—assimilatien 18 reﬁcved‘from the sites vwhere growth
occurs, and the period for substrate production (Cozﬂassimilatian) ig shorter
than that for substrate consumpﬁicn in growth. Nevertheless the rate of dry
matter increase can be calculated frem the daily net Coznuptake and the
elementary composition, but this knowledge is of small practical value.
Empirical equations mav be used to calculate the biomass yield and respiracion
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 intb the relation between gross
assimilation and biomass yield and respiratioﬁ in different situations a
more fundamental approach is required.

The term "bicsynthesis" will be used to refer to formation of dry matter,
and “growth” to rotal 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 enablas cowputation of yield and gas exchénge 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 enzyme activity and uptake of
molecules through membranes are net well koown, but results of such computations
are often little affected by rough estimates of these costs (Penning de
Yries et al., 1973}).

The substrate for growth in plants comsists of mono~ and disaccharides,
amino acids, organic acids and other specific compounds (e.g. Kursanov,

[963). 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



composition is known, an& the most efficient use of.the substrate is made.
For biosynthesis of 1.00 gram leaf dry'matter 1.36 gram of a mixed organic
substrate is required; formation of organs with differenﬁ chemical
compositions requires other amcunts, examples of which are given in Table 2.
1t is important te note that the numbers given in Tables | and 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 assimilares is consumed to provide
enefgy for translocation over short distances {Kursanov, !963; Weatherley &
Johnson, 1968; Aikman & Anderscn,.i??i), but the integrated costs for transport
over meters may not be negligible. Costs of tramslocation within the phloem
are not considered here. Loading and unloading the phloem will be treated
geparately,

It is concluded that the rate of biosynthesis can be predicted from the-
rate of substrate supply to growing peints and the chemical composition of
the biomass formed. The rate of substrare production by leaves is easily
obtained from the Coz-assimilaticq light response curve and incident light
intensity at a 10 % accuracy level, but & precise caleulation contains some
pitfalls.

A plant physiclogical~biochemical approach to biosynthesis

a. CO,~assimilation and photosynthesis

2

In growth simulation models it is generally assumed that all assimilared

COz-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 verv cften other energy consuming processes occur

simultaneously with COZ*reduction. The reduction of NO;, the subsequent

formation of amino acids, and the lcading the phloem are the most imporcant

-



of these processes, which are not detected by measuring COz-uptake. Most of
the Ncg—reduction of agricultural crop plants occurs in the light in green
leaves (Beevers & Hageman, 1969; Bornkamm, 1976; Hewitt, 1970). In these cases
ﬁhotosynthesiziug cells consume more emergy than is calculated frosm reduction

of the assimilated €0, to glucose. Still, not all assimilated co, is reduced:

3

carboxylating pyruvate. The salts of these aclds remain in the leaves in some

for each molecule of reduced NO, one organic acid molecule is formed by

species, but about kalf is transported to the roots in others (Ben Zioni

et al., 1971; Dijkshoorn & Ismunadji, 1972), where the organic acid is converted

3

reduction being accompanied by a CO, flux through the plant,

into pyruvate and the 002 reformed is exchanged with NO, from the root medium,

—

NOS

Determination of energy asbscrption by leaves yia measurement of 02

evoluzion is better than via COz-uptake, becaugse it accounts for Nogﬂreduction
and carboxylation. But, for instance, loading of the phleem consumes energy
without exchange of molecules with the environment; and cannot be detected

by measuring gas exchange (Ried, 19?0); Even if it were possible to determine
accurately leaf energy absorption in chemical processes (including transport
processes) by measuring the total energy absorption and subtracting the

energj lost by thermal reradiation and traasfer of sensiblg 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 gluccse, 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 oceur in
addition to COzwreduction is smaller than the amount of energy required to
execute cthem. Simultaneous energy consuming ﬁrocesses in the leaf are
probably compet;tiva, so that at low light intensities the rate of €O,
reduction is reduced when the rate of Nog reduction increases, as shown
experimentally by Bongeré {1956) with algae. At high light intensities, where

the rate of COz-diffusion limits the assimilation rate, these additional



energy comsuming processes occur free of cost for the plant., It was shown

by Dijkshoorn & Ismunadji (1972) that rice plants supplied with O, at high
light intensities grow as fast as with NHB’ but such experiments must be
interpreted with care, since the plant compesition may be changed, thereby

changing the relation between CO, fixation and dry matter increase.

2

Such considerations indicate that photosynthesis, CO,-assimilation and

™

fa

conversion processes must be considered in their physiclogical context. Omly
when the information is available as to which processes occuy in the leaf and
at what réte can the measured Coz—assimilacion light response curve be
extrapolated te a range of conditions in which it was nct establisﬁed. C02~
assimilation 1ight'respon5e CUrves éré fairly well known for many species,
especially agricultural plants, but little information 1is available on the
rate of N0;~reduction and substrate export from leaves throughout the day in
field sitvations or in particular experiments. Aﬁ aﬁerage rate of Nﬂg-reductio
during the day can be obtained amalytically, but the actual rate may vary
with light intensity (e.g. Bengers, 1956) and incubation period (e.g. Tfavis
et al., 1970). At present, only in steady state conditions when the rate of
all processes can be derived from the COzwuptake rate, can calculations be
performed with some accuracy. ) |
Pho;orespiraticn decreases the net Coz—reduction rate of an irradiated
leaf. 1t 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,'l970). 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 predietions
photorespiration can be seen as a factor that diminishes the rate of €O~

1 2

_ Low
assimilation, like low temperatures ;?Latmogpheric COz-concentrations.



A particular steady state condition may be considered in order to verify
the predicted dissimilation rate against a measured rate‘oi COz-assimilaticn
{(substrate production). Maize plants were grown on a nutrient solution at
20° to 25%C and at a light level of 70 .J mm2 secﬂl. 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 7. During 4
subsequent days light intensities were applied up to 300 J m_2 sec—l. The
rate of Coz-assimilation wag wonitored continuously with the assembly described
by Louwerse & Van Oorschot (i969). At the end of the third period the rate of
net assimilation and dissimilation, measured in the next hour, are inp
"equilibrium", as wés concluded from preliminary experiments, unless the rates

steady state' are very different. In this "steady state'

in the cold and new
the amount of carbon assimilated in ? hours is equal to the amount of carbon
vtilized in 8§ hours for conversion, transport and maintenance. The relation
between the amounts of CO2 assimilated, dry matter produced and 002 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 I; the numbers refer to the weight of each
fraction per 1000 gram of bicmass., The arrcws represent conversion and
dissimilation proeeéses, and the numbers beside them the amounts of glucose
involved. 0, was not considered, but the amounts involved can be found

2 2

from data published elsewhere (Penning de Vries et al., 197 ). From Table |

and CO

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 Biclogical Data, 1956). The composition of the transported amino acids,
in Figure 1 characterized as A.A. , was derived from zein by assuging that
the amino acids that can be formed {yom aspartic and gluﬁamic 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
synthegized from glucose, the ammenia being carried in amides (glutamine and
asparagine). The resulting mixture consists of aspartic acid 41 7 (by weight),
glutamic acid 37 Z, asparagine 7 Z, glutamine 15 % and cysteine 0.6 Z.
Uptake of winerals, 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 | mole of carbohydrates and 3 moles of salts
ot amiﬁa acids requires the energy of | mole ATP per membrane passage.
Minerals are taken up from the xylem through at least one membrane, and pass
two membranes of the rcot endodermis. Between the sieve tubes and the
cvtoplasm of other cells are at 1eas; two membranes; here too the minimal
number will be used. Energy for uptake processes is provided by glucese.
Export costs are expected to be similar te 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;

chleoroplasts is used instead, less glucose is required, and less €0, is

-reduction, glucose was taken to be required. But if NADPH2 from

assimilated and released. Thus this notation affects only the interaal 002
turnover rate. Mutatis mutandis thig is true for other processes where glucose
may not be the intermediate. Synthesis of amino acids and organic acids {(0A )

is closely linked with Kog-reduction {(De Wit et al., 1963). The weight of

the organic acids formed is found by assuming creation of one gram equivalent

oxgléacetic acid per grammolecule Nog 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 carben skeletons



yvield glucose, Although glucose breakdown and gluceneogenesis do not occur
in one cell at the same time, & precise calculation probably hardly_change§
the picture. The amount of minerals in the mature leaf is related to the
organic acid content, Alsc for simpliéiﬁy circulation of K' between leaf
and roots was not included.

%he glucése required for gll processes results from photosynthetic
COE—reduction. The 002 formed during and due to NOS*reduction evolves in
light only, but transport and blosynthetic processes continue in darkness.
Assuming that these cogtinuve in darkness at the same vate as in the light,
according to Figure ! the dark respiration for the whale plant is
{353+63+493+22=}) 531 gram 002 per 1000 gram enﬁ product. The net Coz—assimilation
rate in an equilibrium situation must be (2330-125-531x21 (hours in light)/
24 (hours of biosyunthesis) = 1741 gram 602. The ratic of net C62~assimilation
to dissimilation is predicted_to be 3.75 in this pgrticular‘experiment.

The experiment was repeated with sunflower (Helianthus annuus). Unlike
maize leaves, growing sunflower leaves use both thelr own assimilates and
those supplied_by other leaves. lLess trangportation costs are incurred, and the
“synthesis of some proteins does not requive A.A.t 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 smallier, the rate of
respiration of whole plants at a given net assimilation rate is smalier 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
assimilatvion 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:] relation to x and y axis, represents the rare of maintenance
respiration. There is a good agreement between the position of the ﬁeasured

peints and the computed slope over a wide range of assimilation rates, and :



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 Z; A calculation similar to previous ones

showed that this should increase the slope by 28 %. Figure 3¢ 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 hypochesis that the efficiency of
bicchemical 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 huwmidity could indiuce some waterstress in the light period,
eliminating the 'steady state' character of the experiment. Te check this

the experiment at 25°C was repeated at 2 relative humidity of about 50 Z.

The results are include& in Figure 4a and demonstrate that no waterstress
developped. McCree (1970) ohtained results similar to those in the Figures

3 and 4 by plotting daily totals of dissimilation versus g}oss 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 rhe mature laaves over the
total drv 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 teﬁperature, 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 unexpecred result. The rate for maize compares well with



other observations (McCree, 1970; Penning da Vries, 1572).

In maize the rate of leaf appearance does not depend on light intensity
above 58-70 J m'_zﬁec'—1 {Grobbelaar, 1962; Gallagher and Lof, unpublished
resules). A minimal specific leaf weight combined with & constant rate of leaf
production leads to a minimal rate of formation of biomass. It is
suggested that at light levels belew 6C J m 2sec”! this minimal rate of
about .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 @& 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 lattuce (Bensink, 1971).

These experiments exclude the presence of wasteful respiration (Beevers,
1970; Tanaka, 1972), except one at a low and constunt rate, which would appear
similar to maintenance respiration. The scatter of the measurements in all
experiments is fairly large, and may cover an exror 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 stiil largely terra incoénita. 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
cotiversion respirationm.

c. Interpretation of CO,-assimilation light response curves of leaves

Stéady state couditions are exceptional. The rate of COz-assimilation'
and other energy consuming processes changes continucusly. To use a 002~
assimilation light response curve {Coz-a.l.c.) correctly for calculations
qf plant assimilate preduction, external conditions (COz—concentration,
temperature) and‘internal conditions (rate of Nogﬂreduction and assimilate

export) prevailimg 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 COZ-
assimilation and other energy consuming procésses some widely different
examples will be studied. Thar the COz~a.1.c. is not a cénstant but subject
to stresses and sdaptations is not important in this context, where the
paximum rate of COz—assimilation-is measured and used as input for further

calculations.

EXAMPLE 1. DURING MEASUREMENTS OF THE COQ—A'L'Cﬂ THE LEAF ONLY REDUCES THE
ASSIMILATED CO, TO GLUCOSE. In this cagse photosynthesis in C, plants may be

represented by

C P 1 + 12 N .
6 €O, + 12 NADPH, + 18 ATP = C_H .0  + 12 NADP + 18 ADP + 18 P, (N
The energy absorption per assimilated C atom is 2 NADPH, molecules plus 3

ATP molecules, expressing energy absorption in reduction equivalents and ATP

units. Siightly more ATP i3 used in 64 plants (Mayne et al., 1971),

EXAMPLE 2. DURING MEASUREMENT CF THE'C02*A.L.C. THE LEAF REDUCES THE
ASSIMILATED 602 TO GLUCCSE 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 glucose-6-P + 2n ATP - starch (2)
n glucege=-6~P + 3n ATP + cellulose &)
2 glucoseﬂéchell + 4 ATP -+ sucrosephloem (4)

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 beth to sucrose a third, while another ATP wmolecule
is required for uptake of sucrose into the phloem. Assuming that formacién

of 1 NADPBZ molecule from NADP uses 7.5 times more light energy than 1 ATP

molecule from ADP, it follows that in these cases 1.9 to 2.8 ¥ more energy

is absorbed per assimilated C atom thon calculated according to eq. (1).



Ir is also assumed thet the ratio of photosynthetically produced NADPHZ and
ATP can vary according to the requirements, as sugpested by Ried (1970},
Photorespiration may help to acﬁieve this (Tolbert, 1971;. -

The cell cannot use energy stored in starch cther than in glucose
molecules, since its hydrolysis does not yield ATP. From the point of view
cf energy conservation starch and plucose formation are equal, The energy
spent to export sucrose {eqg. 4} corresponds with 1.9 7 of the energy needed
to synthesize glucose, but with 5.3 Z of the enargy stored in it {(per glucose
molecule 38 ATP molecules can be formed), Thus 5;6 4 more glucoée remains
ﬁhen the processes described in eg. (4) occur during photogynthesis, as
compared with glucose formation in daflight and sucroge 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 labovatory and field conditions: often the
COz—a.l.c. is measured when Nog—reduction does not occur and in some field
situations lack of NOE*reduction in leaves has been reported. When a leaf
forms starsh only and exports sucrose in darkness, the conversion calculations
described above can be applied directly.

If the €0,~a.l.c., is measured in conditioms in which eq. (1) applies

2

but sucrose is exported, the CO,-a.l.c. canm be constructed from arn initial
slope, equal to the slope of the original curve divided by the energy
“absorption in eq. (4) relative to 2q. (1), and the mazimum rate of 002

diffusion, causing a maximum rate of energy fixation.

EXAMPLE 3. DURING MEASUREMENT OF THE CO,~A.L.C. THE LEAF STORES THE CO2
ASSIMILATED AS LIPIDS. This occurs in algae undeg conditions where growth
is restricted (Van Qorschot, 1953) and possibly in leaves of higher plants
when oil droplets are formed. When the starting peint is phosphoglyceric

acid ,(PGA) the equation can be derived
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31.7 wgmol PGA + 2.5 mgmol NADPH, + [46. mgmel ATP - 1.0 g lipids + {35)

2

1.342 g C02
The energy consumed per C atom in the lipid fracrion is $b0ut 46 7 more than
ia eq. (1) and under these conditions the slope of the COz-a.l.c. is cons~-
iderably lowered. Sucrose or glucese are used for transport of carbon and
energy between cells, and although slightly more chemical energy per gram C
is present in lipids {4.56 ID4 Joule) than in starch (3.86 IOA Joule}, in the
conversion of lipids into glucose some 28 2 of the € gets lost., This reduces
the vield of lipids considerably:

1.47 g cO, » 0.52 g lipids = 0.72 g glucose {6)

2

1.47 g €O, + 0.90 g starch + 1,00 g glucose (7

2
Storage of lipids may be advantageous when low weight is important, as
in some seeds, or when the specific characteristics arz useful. The high

costs of glucose synthesis from lipids may be the wmajor reason that lipids

are not used for shorc term storage in ieaves.

EXAMPLE &4, DURING THE MEASUREMENT OF THE C024A.L.C. THE LEAF REDUCES'NOE
AND FORMS AMINO ACIDS; COQ IS REQUCED ONLY TO PROVIDE CARBON SKELETONS FOR
THE ACIDS, ND;~reduction, amino acid and organic acid formation can be

described by

1.785 g glucose + 0.535 g NC}; + 1,00 g amino acids + (567 g (8)
organic acids + (.447 g o,
and by
49.3 mgmol CO, + 119. mgmol NADPH, + 181. mgmol AT + 8.62 mgmol No;
+ 1,00 g amino aclds + 0.567 g organic acids {9

In the processes described by eg. (9), 21.0 7 more energy is consumed per
assimilated C atom than in eq. (!). If it were supposed that only glucose was
formed photosynthetically and amino acid synthesis occurred in darkness, the

conversion calculations would underestimate the yieid of the photosynthesis
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process by 19.8 Z, and 6 2 of the assimilated 002 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 7.

EXAMPLE 5. CURING THE MEASUREMENT COF THE COZ“A.LcC. THE LEAF INCREASES
IN BICOMASS, BUT DOES NOT EXPORT OR IMPORT ASSIMILATES. In this exaﬁple
photosynthesis can be described by

38.2 mgmol €O, + 96.5 mgmol NADPH2 + 145, mgmol ATP + 0,092 g minerals

3

"Eq. {10) was obtained by modifying ¥igure 2 such tnat all growth occurred

+ 0,157 g X0, = .00 g plant biomass | (13}
in the photosynthecizing part, and ir is concliuded that the energy absorption
per C atom is 2&6.7 % 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 0, + 0.157 g No; + 0.092 g minerals
+ 1,00 g plant biomass + 0.502 g CO2 (i

Performing the processes described by eq. (10} during phatosynthesis yields
30 % more dry matter than performing those of eq. (1), with those of eq. (11) -
ocecurring in darkness.

lLeaves of bean and sunflower plants go through this stage, but generally
most of the growth cccurs in darkness cr in organs thar do not photo-
synthesize. For leaves growing from their own assimilates the efficiency
Lolecules

2

retained in the plant 24 hours after application, must be between 100 Z

of € urilization, expressed as the percentage of assimilaced CO

(eq. 10) and 70 Z (eg. 1! plus eq. !}. When leaves send their assimilates to

mature organs, such as lower lcaves to roots, these assimilates are used for



maintenance exclusively, and thus the ¢ utilization is 0 %, although some
labelled C ;my be retained due to exchange iﬁ turnover processes, It can
be estimated that some 70 4 of the assimilated C ig retvzimed in the plant
permanently at relative growth rates of 0.3 g.gml.dayw1 and higher, about
50 7 at a relative growth rate of 0.03, and about 30 7 at a relative growth

rate of 0.0!, Estimating the fractioms 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 éonsists of a natural mixture of different molecules.

yield oxygen carbon dioxide
chemical fraction consumed produced note
g product g 02 4 802
g glucose e glucose g glucose
nitrogenQus cgmpo?nds g 0.616 0.137 0.256 + NH3
proteins aud nueleie acide] |  0+404 0.174 0.673 + N0
carbohydrates 0.826 0.082 0.102
lipids 0.330 0.116 0.530
lignin 0.465 0.116 0.292
organic acids 1.104 0.298 ~-0.050

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.

SR : amino CO, 0,
nature of biomass composgition sucrose acids produced consumed
(gram) (gram) {gram) (gram)
leaves 25;66.532.5;4;2 | 1.055 0.305 0.333 0.150
non woody stem 12,537432.,5;8;2 1.153 0.153 0.278 0.135
woody stem 53453534035 1.515 0.061 0.426 0.176
bean seeds 35;55;5;2;3 1.011 0.427 0.420 0.170
rice seeds 5390;2;1;2 1.135 0.061 0.186 0.110
peanut seeds 20321503633 1.915 0.245 1.017 0.266
bacteria 603;25;5;2;8 0.804 0.732 0.573 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.
requirements per additional undervaluation calculated
assimilated CO2 molecule energy dry matter yield frog
R ADPHZ TP assimilation equation
example 1 2.00 3.00 07 0% -
example 2 2.00 3.33 27 07 2
example 2 2.00 3.33 2 7 6 72 4
example 3 2.74 5.65 46 7 ~28 7 5.6%7
example & 2.47 3.73 21 7 20 % 9.8
example 5 2.53 3.80 27 % g 30 Z 10,10+11




Legend of Eigures

Fig. 1.

Fig. 3a.

3b.

3c.

Fig..Aa.

ébl

A schematic repregsentation of assimilation of carben and nitrogen
and their utilizaction in maize plants. The rectangles indicate end

productsa, the circles intermediates. Double  lines iundicate

‘processes occurring during photosynthesis only, single lines

conversiong or translocations, and dashed lines COZ-formation.

The numbers give the corresponding weights.

A schematic representstion of assimilation of carbon and nitrogen
and their utilization in sunflower plants. Half of the dry matter
increagse cceours in photogynthezing leaves. For explanation see

fig. I.

The relation between assimilation and dissimilarion in a "steady

oy

. . . 4 . - 20
state” situation in whoe sunflower plants at 25 C.

The relation betwzen assimilation and dissimilation in a “steady

.l . . ‘ o
atate' situaticn in whole sunflower plants at 18°C.

The relation between assimilation and dissimilation in a "steady
. . . - ) o
state” situation in whele sunflower plaats at 25 £. Plants were

grown and measured at a diluted nutrient solution.

The relation between assimilation and dissimilation in a “steady
state" situation im whole maize plants ar 25°C,and at B85 ¥

{crosses) and 50 I (dots) relative humidicy.

The relation between asgimilation and dissimilation in a "steady

- + . o . o]
state" situation in whole maize plants at 18°C.
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Fig. 4c. The relation between assimilation and disgimilation in a "steady

. . . . o
state" situation in whole maize plants at 33 °C.

Desired sizes of figures, including legends:

figure | half page.
" 2 half page
1 3a+3b+3¢ half page

T bavdbvhe half page
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Figure 3a
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Figure 3D

NET ASSIMILATION VERSUS DISSIMILATION IN SUNFLOWER PLANTS AT 18 oC
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TIGURE 3C ‘
NET ASSIMILATION VERSUS DISSIMILATION IN SUNFLOWER PLANTS AT 25 ©C
(DILUTED NUTRIENT SOLUTICN)
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FIGURE 44 NET ASSIMILATION VERSUS DISSIMILATION IN MALZE PLANTS AT 23 oC
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FIGURE 4B NET ASSIMILATION VERSUS DISSIMILATION IN MAIZE PLANTS AT 18 ©C
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THE COST OF MAINTENANCE PROCESSES IN PLANT CELLS

F.W.T, Penning de Vries

(o)

epartuweant of Theoretical Production Ecology

Agricultural University, Wageningen

The mest important maintenance processes in plant cells are protein
rurnover and active transporl processes to maintain certain ion concentrationsg
in the c21ls. In this paper an attempt is made to calculate the total energy
cost of thesa processes from what is known about their specific costs and whac
has Dbeen observed about their rates. Meinly because of lack of sufficient and
reliable data aboutr rates of individual maintenance processes, only approximate
vaiues can be oktaiuned as yet.

The sverige turnover rate of leaf proteins may be sbout 100 mg protein
per g proteins per day at normal temperature in leaves assimilating at moderate
light intensities. This process consumes 28~533 mg glucose per g protain 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 gctivi:y are related,
The cost of maintaining ion concentrations is estimated to be about 6-10 mg
glucose per g dry weight per day in leaves. This value is also an apprcxiﬁatior
wainly because the intercellular ion coacentrations are unknown. The sum of the
figures iz lower than what,inaccurate,measurenents of maintenance respiration
rates indicate. One reason for the underestimation may be that the protein
rurnover rates used in the calculations apply to plants that were less
merabnlically 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 physiclogy only a few observations of changed maintenance respiration



vatos can be Fully explained.
The consumption of assimilates for maintensnce of plant cells is a

significant, negative factor for plant productivity. A better understanding

o

of maintenance respiration processes may give a clue to manipulating plant
nvirenmant and plant characteristics for reducing the amount of assimilates
consumed in these processes. It is sugpested that an artificial reduction in
protein turnover rates may be one of such wmanipulations, while pozsibly also
the cost of maintaining fon concentrations can be lowered. However, a

conaiderable number of well directed studiss about rates eof maintenance

processes will have o be carriad cot first,

All living cells expend energy for maintenance purposes. A few attempts
have been made to esitablish experimentally the emergy involved in plants and
it wias found that chis can be an spprecisble amownt, In so far as the aunthor
is aware no studv has been published on calculating the maintenance cost of
planr cells from basic data. This paper presents an introductory calculation
of the energy and substrate requivement for the maintenance of cells of higher
plants, which is 1argé1y based on information from the literature cn nature
and rate of uuderlying processes. The present knowledge only allows to make
a first estimate of maintenance cost, but does already indicate main areas
tor further research.

fhe 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,

crmacion of new enzymes at the expense of others and salt accumulation in

a3

some stress coaditions ave examples of such adaptations, Hence, maintenance

is not » process as conservative as its name suggests. When using the concepts

Ymainteaance” and "growth' it has to be realized that these terms always

concarn a certain level of complexity: an ecologist m2y consider growth of



an organism as owe of the processes maintaining the population size, while
maintenance of the number of eryirocytes is a growth process to the histologis!
This study concentrates on meintenance of cells. Some redistribution processes
in plarts cun te reparded as malntenance processes of the oréanism, but these
are not studied in this paper. "Maintensnce respiration" refers to the 002
that vesulis fyrom protein breakdown. plus the 002 produced in respiratory
processes thav provide energy for the maintenance processes,

In caluoulating the maintenance cost information i1g needed about the rates

¢t wrocesgsues, their specific costs and the efficiency of ener roduction.
. P v BY p

H

3

Derivacion of rates of individual maiurvenance processes from more bhasic data

ie futile as vyet, since littis iz kuown ©f theiv mechanisms and regulatioons.

is srili very ‘imited only soms general conclusions can be drawn with respect
to tne wagnitude of the cost of muintenance pracesses in plant cells. To find
the specific rost of maintenaﬁce processes, the cost of maintaining
concentrations of ions and metabolites, the biochemical cost of breakdown and
resynthesis of wolecules and the vse to be made of breakdown products will

be considered. Beevers (1961) ccllected evidence that in plants under normal
eonditions che efficiency of energy utilization from organic substrates,
measured as the P:0 ratioc of NADH, oxidation, is close to the maximum value
of 3, as in animals (Lehninger, !970). Lower P:0 ratios have often been
obaerved, but may be attribured, at least partly, to the procedure by which
mitochondria were isolated (Romani and Ozelkok, 1973). In the calculations

it will thercfore be agsumed that mitochondrial phosphorylation (in non
stressed conditions) is maximally efficient; fer bacteria there is evidence
that the P:( ratio may be considerabiv less than 3 (¢f Stouthamer, 1973;
stouthamer and Bettemhavsen, 1973). The substrace demand for maintenance
processes increases inversely with.this efficiency. Since glucose or other
vligo-saccharides are comsumed tirst for energy production, maintenancé cost

will bhe expressed in mg  glucose per g dvy matter per day. Because tha ratio



of moles 002 produced to meles ¢, ceonsumed in mature crgans undey normal

2
conditiouns is mostly about unity {James, 1953) complete oxidation of glucose

will be assumed,

RATES ARD COST OF MAINTENANCE PROCESSES UNDER STANDARD CONDITIONS

Maintenance of molecular stxuctures

Breakdown and resynthesis of nitrogenous compounds. Only a short account
of the present state of research on protein turnover will be given, for details
the rezder is rveferred to reviews by Glasziou (1969), Schimke (1969), Schimke
and Doyle (1970}, Pine {197Z) and Siekevitz (1872). In spite of much rasearch
in this field it is still difficult to construct more than a general picture
of protein turnover in different organisms and in plant organs particularly.

Mostly protein breakdown is 'an enzymatic process (Travis,_ﬁuffaker and
Kay, 1969; Fige, 1972), but no energy seems required for peptide bond cleavage
(Pine, 1972)., Once degradation starts enzyme activity decreases exXpomentially.
Schimke (1469} and Pine (i972) suggested that, as a general rule, enzymes may
be automarically stabilized against proteolysis when ianteracting with their
substrates. Both enzyme synthesis and breakdown can be regulated (Schimke and
Doyle, 1974; Trewavas, !972), but the contrel 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 bﬁlk of bacterial
protein (70 %) is stable. A small fraction (I-7 %) has a turnovér rate constant
{ebbreviated to turnover rate) of 17, - 70, g protein per g protein per day
(abbreviated to 17. — 70. day_l; it repregents the ralative rate of
decrease when exponential decay occurs)., The other proteins are stable in

growing bacteria, but have a turnover rate of about 2.4 day—i‘in non growing

conditions whau these result from nitrogen starvation. Overall protein turnover



-

- ) -1 . .
apomts to 0.6 - 0.7 day ' in growing, and to 1.2 -~ 1.4 day in non growing
bacteria.

The literature about plant protein turnover is limited and concerns mainly

leaves. Turnover rates cf toctal leaf protein were reported to be about 0,10

day_! in tobacco leaves (Holmsen and Koch, 1984}, measured as the rate of

. s {4 . . p . . .
incorporation of ~ CO, inio proteins. Since pretein turnover is possible

14 . . . \ . . .
€0, into amine acids this wathod providzs a minimum

. b4 . . ; . .
value. On the other hand, "009 is usvally supplied at a high concentration

without incocporation of

)

in high light, and a resulcing high assimilation rate may stimulate enzyme
synthesis. Ravusen and Foore (19€61) determined a rate of logs of labelled
protein-seriage anl protein-glveine of bean leafl dizcs and found abour (.22

l. Hellebust and Bicwell (1964b) reported protain turnover rates of

day
-1 . .y . \ . .l .
0.11 day  in rapidly grouing whest leaves aad .04 day i e¥panding tobacco
‘ . . ' ! -1
leaves, while that of nun growing wheat leaves was 0.06 day ', and :lmost zero

in non growing toﬁaccc teaves. They measured the vate of leoss of IQCﬁZ from
previously labelled proteing, which in fact veflects amino ascid turacver
rather than protein ternover. The decrease in turnover riate was ascribed to
cell differantiation beiug finished., The rate of proteic breakdown in prowing
Lemna minor under normal conditions is 0.096 + 0.005 day"I (Trewavas, °72).
Protein turnover in Chlorella was found ne be as low as (0.0§f - 0.02 day-!
(Johm,Thurston and Syvratt, 1970). In these studies relativaly rapid labelling
or loss of iabel of a smull traction was not observed, suggesting that either
a fraction with a high turnovey rate was vary small or sbsent, or éhet it
had a separate amine acid pool. The previvusiy iabelled soiuble protein
fraction minus ribulose 1,5 diphosphsate carbaxydismutase (RuDPCasa) of barley
leaves comprises about half of the total lgafl nrotelns and showsd 2 luss of
14 o -1 . . . - oy va LT
C02 of 0.14 day = at a constant light intansity of adbout 300 W

(Potevson, Kleinkopf and Nufiaker, 1977). Such protein turnover raves ailow

adaptation ot the enzyme system capaciiy to eaviromsental changes in 2 to 4



daya, which i3 the sorvect oxder of asgoitade.

More information abecut protein turnover can be found on the level of
individual enzymes., However, seldom quantities of enivies are reporitad, which
iz a great handicap in using these data. Some enzyme trusnover rates have
heen collected in Table !, The high rate of vacuolar invertase in sugar cana
was gusstioned by Trewavas (1972) on the basis of the mathod used. tegradation
and resynthesis of RuDPCsse in expanded barley leaves was iuvestigated hy
Peterson et ai. (1973). In darkness the rate of degradavion was about 0.0& day |
initially, increasing to 0.38 daynl afcer 30 hrs, aud then decreasing. When
thse plants‘were returned te the light RuDPCase was resyntheaized at a rake of
G2 de.ty"'i initially and of 0.55 dayﬂl after 20 hrs. Degradation of RulPCage
in censtant light was not observed and its turnover within the chloroplasts
15 uniikelv. Turncver of RuDPCase is particularly important, sinze it
uunstitutém 30~70 7 of the total leaf soluble proteins.

As 1o bacteria and yeasts (Mandelstam, 1960}, DWNA twrnaver in full grown
leaves i3 very slow (Dyer and Osborme, 1371). Becousa ol the small amount
involved in plants (0.5 - 1.5 % of the weight of the nitrogenous compounds)
and the low cost of regyantbegis from monomers, DNA maintenance will be
wegplected.

The rate of mBNA turncever seems related o the rate of protein synthesis
{Norris and Koch, 1972; Roth and Dampier, 1972) and it much wore intensive
than that of tRNA and rRREA in groﬁing bacteria (Norris and Koch, 1972) and in
growing Lemna minor (Table 1). Cost of RNA turnover in growing cells is small
cempared to the cost of amino acid polymerizsticn (e.g. Stouthamer, 1973).
Maintenance cf RNA and enzymes for bissynthetic processes was estigated to
consume the enerpgy of about ! ATP molecule per peptide buad (Penning de Vries,
Brunsting and Van Laar, 1974). In analogy,it is asswned that the cost of
nctaining proteases and their mRﬁA do not exceed | ATP molaculs por peptide
bond of rthe degréded proteins. Polymeri zation cost is 3 or 4 ATP molecules per

peptide hond (Lucas~Llenard and Lipmana, 1971), so thac the lowest turnover


http://analogy.it

Table {. Some enzyme and RNA turnover rates in various plant tissues

under aormal conditions.

enzyme and tissue turnover rate reference
(day 1)

Nog-reductase, maize seedlings 3.6 Glasziou, 1969
NOs-reducPase, naize roots, degradation

rate in a N03-free medium 4.1 Oaks et al., 1972
hexose uptake system, Chlorella sp. 4.1 Tammer et al., 1970

~ phenylalanine ammonia lyase, mustard

seedlings, degradation rate

in darkness 2.9 Glasziou, 1969
isocitrate lyase, Chlorella sp.,

degradation rate in darkness 2.2 John et al., 1970
invertase, sugar cane 4,8 Glasziou, 1969
invertase, artichoke and carrot 1.5 Trewavas, 1972
invertase, sugar beet and red beet 0.7 Trewavas, 1972
cellulase, pea epicotyl 0.6 Glasziou, 1969
RubPCase, expanded barley leaves,

degradation rate in darkness 0.06-0,38 Peterson et al., 1973

synthesis rate in light 0.12-0.55 Peterson et al., 1973
isocitrate lyase, melon .36 Glasziou, 1969
malate synthetase, melon 0.36 L
RNA-ase 0. "
peroxidase 0. "
NOS*reductase mRNA, maize roots 48, Oaks et al., 1972
mRNA, potato tuber 7. Glasziou, 1969
peroxidase,mRNA, sugar cane 7. "
cytoplasma rRNA, Lemma minor 0.17 Trewavas, 1970
chloroplast rRNA, Lemna minor 0.05 "




cost per amino acid is about 5 or 6 ATP molecules per bond, and this
corresponds te 0.22 - 0.26 g glucose per g protein,

Some amino acids, however, are not recycled but combusted and new amino
acids are formed. This process causes iJ‘CIOZ release from previously labelled
proteins. Synthesis of {. g of proteins requires 1.655 g plucose plus NH3,
while its degradation yields NH4 plus as much energy.as 1.22 g glucoese 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 lose
of IACOZ from labelled protein isldetermined, and one between these two values
if ioss of enzyme activity is measured., The magnitude of the fraction recycled
and that combusted is almost urknown (Hellebust and Bidwell, 1964a; Trewavas,
1972}, From the diiferent turnover rates of wvarious amino acids ia Trewavas
experiments it may be inferred that an important fraction was recycled in that
particular case; Lehninger (1970) mentions that in man over 75 Z of
the amino acids are recycled. No other indications sbout this important
parameter were found.

In a detailed description of many experiments Shlyk (1970) reported an

I for breakdown snd de novo gynthesis of

average rate of about 0.10 day
chlorophyll in growing and mature leaves of highér 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 HH3 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 chiorophyll rurnover is much smalier than that of leaf proteins,

To calculate the total cost of maintenance of the leaf nitrogerous coupounds
roughly some assumptions are made. Lexander et al. {1970} found that the
non-protein nitrogen fraction in the leaves of 22 gpecies was abour 10 % of
the total ritrogen fraction, with only two exceptions: Relianthus aunuas
2.5 %) and Brassica napus (3} %). It is assumed therefore that 10 2 of the

leaf nitrogenous compounds are stable., Furthermore it is assumed that 44 2



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 dayw], that the resulting amino acids
are stored in protein znd that the enzyme is resynthasized for 6 hours per
day at a rate of 0.24 day_i. 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”l, From these rates it follows that the maintenance cost of
nitrogenous compounds is.betgeen 28 and 53 mg glucose per gram per day,
‘Because the rate of protein syntheszis is not constant, has has been
demonstrated in vivo by Steer (1973), the cost of protein turnover shows a
diurnal pattern. A relatively iarge fraction of these costs are required in
the first‘hours after the onset of tight.. 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 CO2 free zir. These experiments were repeated by the author with wmature
leaves of Lolium perenne, Phaseolus vulgaris, Zea mays and Helianthus annuus,
grown in high light conditioas. An illumination period of 60 minutes (300 W mfz)
was used, preceded by a period of darkmess of 1 - 24 hours, and in an

atmosphere of 300 ppm 002. The "post illumination burst", from which is
subtracted the cost of translocation of the sssimilates formed (Penning de
Vries, 1974), was small after | and 3 hours darkness, and about twice as large
as that observed by Heichel after 6 — 24 hours, except in Lolium where
stimulation remsined small. Heichel found that the CO2 produced in this "post

iliumination burst" depends on the irradiance. It corresponds with the amount

of CO. formed, when | ~ 4 7 of the leaf proteins are broken down and others

2
resynthesized. Zucker (1972) reported that after induction 5 ~ 70 % of the

proteins synthesized may be a single species, the amount of which may well
axceed | % of the total protein (Mandelstam, 1960; Tanner, Grimes and Kandler,
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



that the physiological phenomenon of "post illumination respiration" and the
biochemical phencmenon of enzyme induction are different aspects of the same

pTOCess.,

Breakdown and resynthesis of lipids. Bieleski (1572} observed that 32p rereased
from phospholipids in growing Spirodela was less than 0.2 day”l. Kawaga et al,
(1873) measuraed disappsearance of ]&C from membranes in germinating castor

bean endosperm, and observed rates of overall membrane turnover of 0.4 ~ 1.7
day“l, and of 4.8 day-I of a part of the "light meabrane fraction'. Lecithine
molecules and even larger membrang fractions were possibly reeycled. In non-
growing animal cells membranes turned over at a rate of 0.5 - 1.2 day“]
(Pine, 1972)., Estimating that & % of the dry weight consists of membranes
{from estimates of tetal membrane surface, its thickness and density)}, and
assuming arbitrarely that one tenth of its proteins and lipids are completely

degraded and resynthesized from glucose and that the rest is recycled, the

cost of membrane maintenaace is 1.7 mg glucose per g dry matter per day.

frefear

components wersz 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 ne labelling of polysaéchafides after adding
labelled glutamate to the leaves. Auxin was shown to be rapidly degraded

}, DelaFuente and Leapold, 1370), but this concerns

within the cell (34. day
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 metals,

incorrectly constructed



‘proteins and optimalization of RNA and DNA use as possible reasons leading
to or justifying protein turnover:%ﬁandelstam's suggestion (1960), however, \
thaf 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 animgls (Lehninger, 1970; Pine, 1972}, and explains the mode of
adjustment of the biochemical machipery to environmental chénges 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 cells. Such a
procass has been observed for the enzym NADP-isocitrate dehydrogenase in
rainbow trouts (Moon and Hochachka,‘197l) 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,
Plent cells function im a variable physical enviroﬁment, 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 allews the cost
of protein turnover in plant cells to be correspondingly lower than in bacteria,
The degradation and resynthesis rates of RuDPCase, N0;~reductase and other
enzymes (Table 1) enable much more rapid adaptation than is required in modernm
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 Nog—reductase and other rapidly vanishing enzymes in particular, the
degradation rate seems more rapid than is required for adaptation processes
under all circumstances (cf. Schirmke, 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 vemoval of protein turnover reduces maintenance cost by



about 10 mg glucose per g dry weight per day, or 10 - 40 kg carbohydrates
per hectare per day, It iz suggested that partial or complete inhibition of
pfotein turnover in full-grown leaves can be obtained for a part or the
whole growing season by use of chemicals, phytohormcneé or by plant breeding.
Various substances have bheen shown to affect rhe rate of protein synthesis
and degradation-at different stages. Chewicals and phytohormones inhibiting
protein turnover should be applied in such a way that biosynthesis in growing
parts is not reduced and reallocation of nitrogenous compeunds in the
reproductive phase is not hampered. Manipulating the wmaintenance respiration
cost may also be gapplicable in many different fields of plant production.

The role of protein turnover in plant resistance against diseascs, however,

should be studied cavefully,

Maintenance of ion concentrations

St P iy gy R

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 "Domnan-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 mwembrane. Diffusion of ions through the membrane causes a
pasgive flux from and into the cell, The actual intracellular ion concentrations
would be strongly influenced by the ion composition of the medium {f controlled
only by the "Donnan equilibrium”. By means of active transport systems, that
move ions across the cell membfane at the expense of metabolic energy, cells
maintain certain ion concentrations in their compartments. Thus the
distribution of ions between cytoplasm and environment usually dees not
correspond with a "Donnan-equilibrium". Across the tomoplast of algal cells
ion gradients are reported, and ihis holds probably also in higher plants

(Bope, 1971; Anderson, 1972).
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Compared with studies on active transpert in nerve and muscle cells
little research has been carried out on plant cells (Anderson, 1972). HNo
reports Gave been found on lon fluxes acvoss cell wembranes 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 solurion. Data
of active fluxes in steady state copdirions were collected in Table 2. In
actual plants the ion concentration of xylemsap was found to be 0.1 to 0.7
times fhat of a normal nutrient solution (cf., Milthorpe and Moorby, 1969),
and it is iikely 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. Hepe, 1971), but énly fluxes in darkness will be considerea; because
this study was made to obtain an estimate of maintenance cost of plant cells
in darkness., Possible extra expenses ;n the light are neglected hecause the
method employed to compute the crop daily gross assimilation (ef. De Wit,
Brouwer and Penning de Vries, 1970) accounis for this directly (Penning de
Vries, 1974).

More is known about energy expenditure for active tfansport processes,
Tn animal cells and mitochondria icn extrusion or accumulation and ATP
consumption are clearly related (Stein, 1967; Lehninger, 197G). Extrusion
of nat from the cell requires about ! ATP molecule per translocated ion., This
transport occurs by two mechanisms, in one of which uptake of K is counled
to export of Na+ in a 1:1 relatien, and in the other uptake of K for other
ions, amino acids or glucose is loosely coupled to Na© transport. Animal
mtochondria do not accumulate ¥ or Na+, but Ca2+ and incrganic P are taken
up at a cost equivalent to 0.6 and 1.0 ATP molecules respectively {Lehminger,

1970). Higher plants seem te use different transport mechanisms: active Na'



Table 2. Some active fluxes across plasmalemma (p) or tonoplast (t)

in darkness in steady state conditions.

flux menbrane rate tissue and condition reference
loﬂlzmolelcmzlsec
K+ influx P 1.4 Avena sativa, coleoptyle,| Pierce and
in nutrient solution Higinbotham, 1970
Na' efflux P 0.3 " "
€l influx P 0.5 " "
k" influx t 1.7 " "
ﬂa+ influx t 0.3 " "
€1 influx t 0.1 " "
k' influx ] 0.7 Pisum sativum, epicotyl, | Macklon and
in nutrient solution Higinbotham, 1970
K' influx t 1. " "
all ions, ) 1.3-2.8 Nitella sp. Vredenberg, 1972
efflux
K influx 15.~30. Acetabularia sp. Saddler, 1970

Na' efflux

3."'10-




efflux has been observed, but alsc active %" and ci” influx independent of

Na® extrusion. Formation of these transport systems is often inducible
{&nderson, 1972). Information about the energy cost of moving ions across
plasmolermma or tonoplast is mainly qualitative (Anderson, 1972), but it is
unlikely that these processes are much less efficient in plants than in animals.
Figher and Bodges (1969) and Kirk and Hanson (1973) reported values cf C.6

to XK' ion per ATP molecule in maize mitechondria, and such values were also
found for erytrocytes {Lehninger, 1970). There ig 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, gince
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 assumed, on basis of the iniorﬁation of Table 2,
vhat active fluxes amount to 1mz.i0“‘2 mole per cm2 plasmalenma per sec,
Turthermore it is assumed that a considerable fraction of this flﬁx represents
coupled active transport, and that per active ion movement the energy of
I ATP molecule is required. Thus an energy'flux may be consumed equivalent
to 1.!0-12 mole ATP per cm2 plasmalemma per sec. Celis with dimensions of
4L0x40x40 w have about 1.2 104 cm2 plasmalemma per g dry weight, thus
maintenance of these fluxes consumes about 4 mg 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 ﬁay be
roughly similar to that across the plasmalemma (Table 2), Pitman (1369) on
ba;is of simulation, concluded to considerable activity of the ronoplast in
harley root cells, and Luttge, Cram and Laties (1971) concluded that salt
scimulateé respiration above a salt concentratican of 0.5 mMol is related to
trapsport 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 aminc 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 m;inly 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 coén of maintaining ion gradients
corresponds to about 20 Z, This value is about similar to that estimated by
Keynes and Maisel (1954) for the relative cost of this process in resting frog
muscle rells. 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. €18), 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 bacEeria 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 resPiratioﬁ in
Azotobacter aerogenes is enhanced by increasing NHQCI 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 varigbility that exists among species in this respect.

The use of a constant active tramsport 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 membrames (Sutcliffe, 1973).

It is also possible that plants have not yet been able to develop membranes

with mechanisms by which exclusively essential substamces are transported.



Other meintemance processes and wasteful respiration. There is ne indicarion
that a noticeable amount of respiratory energy is required in plants to
provide heat {(except in a few, particular cases), or for displacements :ther
than of ions. Active leaf movements require very small amounts of energy.
There is some indication (Pickard, 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 ratesz (Reevers, 1970) or low yiclds (Tanaka, 1972),
but ne 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 NADPR, generated by this pathway is mainly oxidized by cytoplasmic

2
oxidases and does not yield ATP. Also a high concentration of facty acids in

plant cells decreases the P:0 ratio (Baddely and Ranson, 1967). However,
whether these examples indicate a useless decrease of efficiency of substrate
utilizarion is difficult to assess since we do not have a criterium for
usefulness of bicchemical 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 Nog-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 cut earlier (Penning de Vries, 1972, 1574).

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 602 production. Care should be taken in preparing

the samples sipce cutting or slicing can affect the internal structure and
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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 valuez are always very low.

Measuring the rate of mainfenance respi;ation of metabolically active
organs is principally more complicated: maintenance processes are seldom not
accompanied by biosynthesis of structural dry matter or by active tramslocation
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 envi:onment. 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 (Jamas,
1953). The respiratory quetient in this pariod 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 subjact 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 tb be maintained, measurements
may not be taken with long time intérvals. Thiz can be demonstrated by plotting
shoot respiration rates (at 10°C) of Helianthus annuus (data from Kidd,

West and Briggas, 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‘wi:houﬁ changing
conditions for maintenance processes is still lacking: although the 002
assimilation rate can be changed instantaneously, the growth rate responds
élowly 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 Z) and T for

temperature (in degree C); the assimilation rate in the days

prior to measurement is indicated by H (high, in full sunlight),

M (moderate) or L (low, at 100 W m“2 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
2
3
4
5
6
7
8
9

10
11
12

Huber and Ziegler, 1960
derived from Yoda et al., 1965
Tamiya and Yamagutchi, 1933
VeCree, 1970

Thornley and Hesketh, 1972
Penning de Vries, 1974

Penning de Vries and Van Laar, unpublished
derived from Heichel, 1970
Alberda, unpublished

Louwerse, unpublished

Prinz zur Lippe, 1956

James, 1953



Table 3, continued

species and organ conditions maintenance method | reference
' respiration
rate
Avena sativa and water content 9-i1 % 0.0002-0.0010 a 1
Bordeum vulgare, seeds
Pisum sativum, seeds air dried 0.0039
various conifers, core, T=15 0.02-0,13 2
stem wood
n bark, T=15 1.3 2
Aspetgillus niger, =30, [0,] =80%, 337,
mycelium non growing
Trifolium repens, T=20, 1L 15. b 4
plants
Gossipium sp., bolls field conditions 6+10
Helianthus annuus, P=24, T=18, M 28.
plants
" P=24, T=25, M 47. b 6
" P=15, T=25, M 4. b 6
Zea mays, plants P=23, T=18, 1 7. b 6
" P=23, T=25, M 15, b 6
" P=23, T=33, M bh. b 6
Helianthus annuus, T=25, H 60. ¢ 7
leaves
Zea mays, leaves =25, H 40-60. c 7
" T=25, H 57. c 8
n T=25, L 39, c 8
" T=25, L 8-~10. c 9
Lolium perenne, leaves | T=25, H 40, c 7
Phaseolus vulgaris, T=25, H 80. c 7
leaves
" T=25, L 12, c 10
Phaseolus multiflorus,
leaves, 14 days old T=18~25, L 55. c 1§
m o 9g nmo® T=18-25, L 25. c |
" 48 " T=18-25, L 18. e 11
" 24 " T=20,L,daylength=6 hrs 18, [ 11
n 24 " " T=20,L,daylength=12 hrsl 18. c 11
" 2 v " T=20,1,daylength=18 hrs 30. c 1}
Hordium sp. and T=20 50-150 d i2
Triticum 8p., leaves
Prunus lauracerasus T=20 10-20 d 12
Zea mays, leaves T=20, M 27 + 10 d 7
" " T=25, M 26 + 10 d 7
" " T=30, M 46 + 10 d 7
Phaseolus vulgaris, T=25, M 27 + 10 d 7

leaves




method (b) are given in Table 3. Due to scatrer in the measurement and.while
the maintenance respiratvion rate prcbaﬁly has a diurnal pattern this method

is not accurare. This extrapolation method has been used also'co determine the
maintenance requiremént of animals (Kleiber, 19561) and of growing bacteria,
Since growth and maintenznce 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 nor 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 iﬁto structural material, and so to extrapolate to
growth rate zero. Both the response of the rate ol biosynthetiec and maintenance
processes to temperature should then be knowm.

Another method {c¢) measures the rate of CO2 production of attached ﬁrgans
under conditions Qhere 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 davkness. Values obtained by this method are somewhar 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 esgtablish
whether all processes except maintenance have stopped.

A fourth method (d) measures the rarte 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 respirarion frows 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



’

biosynthetic activity. The very high rates reported by James (up to 150)
muét be erronecus 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 informaticn is still too limiced 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 Zea mays. A comparison of the values for one species at one temperature
(Table 3} shows that leaves witik 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 cn temperature and salinity,
see below), while protein turnover consumes a variable amount, which equals
2-7 % of the daily gross assimilation. Tamiya and Yamagutchi (1933) described
a component of maintenance respiration related to the growth rgte in
Aspergillus niger of 12 % of the total substrate consumption at 30°¢ 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, 1t 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 al. (1970) assumed
that maintenance processes consume 15 mg glucose per g dry matter with 4 7

nitrogen per day. The simuiated growth rate agreed well with cbserved rates,



whersas a two rimes bigher value undersstimaied the growth rate considerably,

The

a2}

gsimilation rate simulated wish this mddel, however, is probably too low,
el the reletion of menaboiic activity to maintenance cost is presumably more
pronounced than was simulated, Hyle, Brcching;mn, Powell and Cross (1973)
used 2 value of 30 myp glucose per g dry matter per day to sizulate growth of
naiculm barley and obtained an encouraging agreement berween experimental and
slmulated resulcs,

it iy obvious that measﬁring the rate of maintenance respiration is a
difficuit task, and i1t is not surprizing that in spite of the enormous amount
of work done on plant respiration cnly 2 few values can be interpreted as
calatenance resp}ratinn with ressonable cerzainty. For a better understandiag
of rhe various processes many observatiops are still to be made, where
especially wetabolic activity may be an important reference value. Hecsuse tha
rates of Indiv.dua!l malntenance processes are variable and because the
mointenance respairtation rate is 20 easily exceeded by that of biosynthetic
processas, it seeas thst the methods described previously are nob suitable for
acourste determinations of maintenance respiration in planvs, and that this

process sivuld be approached on a biochemical level instead.

EFFECT OF RNVIRONMENTAL FACTORS ON MAINTENANCE PROCESSES

Te limit this study effects of growrh retardants will vot be covered,
bur it ig well known that these may infiuence protein synthesis and degradation
and decrease the efficiency of oxidative phosphoyviation. Also elfeces of
plaat disease will not be considered,

Numerous measureéments have been made of the effects of envirenmental

{u

factors sn plant snd leaf respiraticn rates, 2oy of whigh ave presented in
the Encyclopedia of Plant Physiology, volume 12,2, However, frequently the
contributinn of 002 from biosynthetic processes to the total LOE production

is not known, nor the effect of the changed factor on the rate of these
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biosynthetic processes. As a result, still little is known about the effects
of environmental factors on the rate of maintenance processes, Measureménts

in which the change of én environmental condition persiste should be
distinguished from short term chamges, because adaptation processes may modify

>

the responsea.

Temperature. In spite of the general knowledge that temperature regulates the
rare of many processes, such as respiration, it effects on maintenance
processes have hardly been studied.

Lyons and Raisom (1970) demonstrated that temperature did not alter the
P:0 ratio in isolated mitochondria of several species between 1.5% and 25°c.
Probably becausé the procedure follcwed in preparing mitochondria was not
sufficiently subtle {(cf. Romani and Ozelkck, 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 pf.temperatures normal to a plant, but reduced
at relatively high or low temperatures.

The rate of thermal protein rturnover increases exponentially with
temperature, but it is small at temperatures normal to the species cousidered
(0.013 and 0.044 d.ay-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

1

protein degradation increased exponentially from about 0.2 day = at 25°%C to

shout 2.0 day_I at 4500; up to 42°C the rate of degradation was probably equal
to that of resynthesis {Pine, 1973}, In thermophlic bacteria the rate of

pratein turpover at 76°C is not higher than that of mesophylic bactera at 35%
(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 16°C), but the response Qf membrane permeability to temperature



is considerable in animal cells (Stein, 1967) and in algze (e.g. %horhaug,
16713 . Hope (!9?!)-report$ that active fluxes are enhanced 2 ro 4 fold per
10% tempersture increase in 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 concentraticns is in agreement with observations
that high temperatures amplify the damaging effect of saline media

{(Strogonov, 1664),

The bagic information thus suggests that temperature increase raises the
cost of maintenance by a considerable stimulation of protein turnover and of
acuive ion fluxes.

Altheough at the present stege of knowledge a prediction of how the
maintensnce respiration rate in higher plants respons quantitatively to a
changs in temperature is of little value, the above conclusion seems confirmed
by direct respiration measurements, in which often a stimulation of o,
production héé been reported of gbout 3 fold per 10%¢ temperature increase
at low temperature to 2 fold at higher temperatures Irom below 0°¢C in some
species up to 45°c in others (Kidd ecr al,, 1921; Yamamoro, 1933} Forward,
1960, Table 3). Unfortunately, many of these measurements were made iﬁ short
term experiments, and thus may not always be representative for long term
changes {cf, Forward, 1960). So not only the relations between temperature and
the individual maintenance processes are poorly understood, but also the
overall effect of temperature oo maintenance respiration in not yet well
established.

Respiration rates of plants of different species at their optimum grewth
temperatures, which may be 20°C apart, are about similar (Forward, 1360), which

agrees with the supposition {pg. 18) that & large fraction of the maintensnce

] 14, 3wl 7.
cost is related to metabelic activity

Water stress and salinity. Water stress and salinity are considered together

because these processes have an increased ion concentration in cells in common.



In spite of the agricultural importunce of these factors, there is as vet
little insight into rheir 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 concentraticn the P:0 ratio of isolated
mitochondria remains unaffected (e.g. Greenuay and West, 1973), Morozovski
and Kabanov (1970) found that the P:0 rotio of a salinity sensitive species
did not decrease up to @ seil Nall concentration of 0.4 %, and that of a salt
registant species up to 2 %, Also in these expariments absolute valuzos of the
P:0 ratio were fairly low. A direct effect of waler stress on the afficicacy
of oxidztive ghosphorylation has not been fouad., Tt is therefore expected that
water stress and salinity at a level narmal Ze the species eensidercd de aot
uncouple oxidative phasphorylanion.

‘The activity of muny eniymes decreasés when water stress persists, while
that of other enzymes remains unafrfected («.g. Bardzik et ol,, 1972). Similar
responses were observed in plants at nedia salinized with various salts, but
naturally the roactions of glycophytes at iow salt 1evel§ differed from that
in halophvtes (Waisel, 1872).

Ne report has been found about the effect of water stress or salinity
on the active fluxas acress cell membranes. Osmotic shrinkage of the cell
size did not sffect the respiration rate of fzotobacter vinelandii (Knowles
and Smith, 1971). An increase of the plant salc concentration genarally
stimulates precesses for maintenaace of ion concentrations {Waisel, 1972),
but how soil salinity affects ion gradieuts acvoss cxll mexbranes is still
undesceribed. 1t ic most likely that alse ithe type of salt causing salinily
affects the degree of stimulation of these maintenance processes. In case
of water stress plant cells obtain zmost of their incresse in ssmotic potential
by accumulation of inorganic ions {Waisel, 1972). Since then also rhe salt

concecncration in the intercellular spaces rises the gradients to be
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maintained increase if the ivn species accwusulated in cells is different from
that in intercellular spaces,

It is therefore expected that conbtinuous water stress reduces the rakte

(although the turnover rate of some enzymes may be increased), and that a
short period of water stress modifies it only slightly. Salinity, howsver,
can increase the cost of maintaining intraceliviar ion concentratiouns markedly,
Thus roots with a high lon seleocction capacity and salt exereting leafl cells
may protect the majority of cells agaicst the development of unpecessary
gradients, and maintenance cnst. Consequently both are & facer of plant salc
resistance {cf. Waisel, 1972}. To what extend salinity increases the Loral

¢
maintenanne ¢ost cannot yet be estimated. Rain way deorsase ion concentrations
in the intercellular spaces in leaves.

Again these ill-described expeactavicans are supported by diveut respivation
measurements. An increasing water shortage redoces the rate of ileafl
maintenance respiration te less than 50 Z of ite initial value (Huber and
Ziegler, 1960; Boyer, 1970; Gordon and Bichurina, 1%70); that of oat seedlings,
however, doubled (Huber and Ziegler, 1960). Rehydration increases respiration
rates temporsrily 2 to 6 fold (Huber and Ziegler, 1960), which probably vesulcs
from enzyme induétion and other biosynthetic procasses. The epergy requirement
for maintenance in Saccharcmyces cerevisiae in a i. M Nall medium is 4 times
largey than in a NaGl freze medium (Watson, 1970). Ino halophyrtes wetabolic
activity is not lowered at low salinity levels, while respivation seens

stimulated (Waisel, 1972}, which provides ipdirect avidenes that accive

nrooesses to maintain 1on cmmentra:i.ons are intensified,

Srarvacion from nutrients and _carbohvdrates. Zaitseva et al. (1570) repoxted

rhat short torm P-deficiency did not decrease "mitochondrial fuactioning”,

although it reinforced a growth rate reduction in water stressed and in


http://acc.iuiular.ed

- 24 -

flooded plants (Samailov et zl., 1970}, When growth of E. coli and of
Torulopsis utilis is iimited by irom the P:0 ratio falls from 3 to about

I (Rainnie and Bragg, 1973).

2+

- 2
3 s 802, Mg® ot ca~t

4

increased the rate of protein turnover in Lemna minor 2 te 3 fold. In E. coli

Trewavas (1972) found that absence of NO., PO

the rate of proteoclysis is about doubled in amino acid starved cells (Pine,
1973), The turnover rate of phosphelipids in phosphorus deficient Spirodela
is reduced (Bieleski, 1972). Syrett (i1260) showed that deficiency of K+,
M32+, and Ga2+ glightly increased the plant respiration rate, while severe
deficiency of these and of N and of P decreased plant metabolic acrivity and
respiration.

The main effect of slight nutrient deficiencies may he a change of the
chemical composition of biomass synthesized, a decrease in metabolic activity,
and an increased rate of protein turnover and of nitrogen redistribution among
plant organs, Wien growth is iimitad by nutrients the rare of protein turnovar
is probably increased and the F:0 ratio decreased.

Starvation of carbohydrates induced by prolonged darkness, generally
forces the ceil to degrade protein because lipids are offren present in very
small amounts only. The term "maintenance" is confusing in this sitvarion since
the piant does not maintain its structures, and, sconer or later, its
assimilation capacity decreases.

It has often been observed that plant productivity can be depressed at
nigh night temperatures (e.g, Went, 1957). At relatively high temperatures
the maintenance cost is large and the rate of biesynthetic processes is
stimelated, so that the pool of Teserve carbohydrates may_bg depleted before
the end of the night (Challa, pers. comm.). The resulting damaging effect
of a high night temperature is avoided when the night period is suffieiently
short to prevent exhaustion, er when sufficient reserves are formed in
daytime. Translocation of sugar from leaves of tomato plants stops at high

pight temperatures (Went, 1957), so that carbohydrate starvation in
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UV_radiazion. The effects of 2 wide range
of 02 and CO2 concentrations on dark respiratory processes are suwall, io
contrast to their effects on photorespiration. The rate of 02 diffusion into
thick tissues is usually sufficient to avoid anaerobic conditions {MacDonald,
j968), At a high 0, concentration (80 %) the growth rate of yeast is reduced
{e.g. Tamiya and Yamagutchi, 1933}, possibly due to stimulacion of protein
rurnover by its oxidation.

Ozon and UV radiation destroy cell structures, and thus stimulate repair
processes {e.g. Das et al,, 1972}, but under nurmal conditions their effects
are negligible for respirarion astudies. Even in polluted areas the ozon

concentration remaing generally below a concentration that stimulates maintenat

respiration noticeably (cf. Pell and Bremnamn, 1973).

Mechanical stress. & 2-5 fold stimelation of respiration has been observed in
manipulated leaves and branches, in fluttering leaves and aven in leaves in

an airstream but fixed on a frame (Went, 1357; Eberhardt, 1960; Todd, Chadwick
and Tsai, 1972). There is as yet nc way to explain these results, Eberhard:
(1960) supgested that it is essentially the same phenomenon as "wound
respiration®, which largely consists of stimulated biosynthesis. A comparison
of experimental and simulated resuits of maize crop growth, where mechanical
stimulation of maintenance was negleuted (De Wit et al., 1970}, suggests that
this phenomenon hardly contributes to respiration in field conditions, end it
is therefore expacted that the effect of wind cutdoors is much smaller than

measured ip short term, climate room experiments.
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