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1. The Great Physieists and Photosynthesis

In plant photosynthesis, primary reactions are induced by light, 

and these are followed by a chain of reactions that do not need 

light ("dark" reactions). Thus photosynthesis begins as a 

photochemical process. The theoretical basis of photochemistry 

was provided by Albert Einstein, then in Bern, whose 100th birthday 

we celebrated in 1979.

According to J.R.Mayer (1845) light serves a source of energy 

in photosynthesis. J.C.Maxwell from 1855 developed the idea that 

light is a form of electrcmagnetic radiation, propagated with 

finite velocity as a field. Ludwig Boltzmann showed in Graz, Austria, 

in 1884 that light has not only energy but also entropy, and that 

the entropy content per unit amount of energy is inversely 

proportional to temperature. Hence the radiation emitted by a 

hotter body carries less entropy, per unit amount of energy,

'than the radiation fron a colder body.

Boltzmann also explained (1886) that the plants live by exploiting 

the difference between the entropy contents of sunlight and of the 

dark heat radiation emitted by the Earth:

"The general struggle for life of the organisms therefore is not a 
struggle for elements, nor for energy, which is present in the form 
of heat, unfortunately untransformably, in every substance, but a 
struggle for the entropy (more exactly: negative entropy. E.B.) 
that becomes available in the transition fron the hot Sun to -the 
cold Earth. TO exploit this transition as far as possible, the 
plants spread out the irrmeasurable areas of their leaves and 
force the solar energy in a way as yet unexplored, before it 
sinke down to the temperature level of the Earth, to carry out 
Chemical syntheses, of which one has no inkling as yet in our 
laboratories. The products of this Chemical kitchen are, then, 
the object of the struggles of the animal world“.

Through the application of Boltzmann's Statistical methods 

and of his ideas on entropy, Planck (1900) interpreted the spectrum 

of light emitted by a black body, and in equilibrium with it.

He had to assume that light is emitted or absorbed only as light 

quanta of finite size. But only in 1905, in his "wonderful year", 

Einstein showed that it is necessary also to assums that the 

light itself, in its field, consists of quanta, i.e. has an 

quasi-atamistic structure. The energy quanta are also known as 

photons now.

By this light quanta hypothesis the photoelectric effect 

was explained, i.e. the result that the energy of the electrons 

released from a solid surface is determined by the wave length 

(the colour) of the light, while the number of the electrons 

depends on -the intensity of the light. Further, Einstein 

postulated that the primary reactions in photochemistry must
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consist in the absorption of single (discrete) light quanta, i.e. 

that in principle the quantum yields raust be unity. The quantum 

yield is defined as the ratio of number of quanta absorbed to 

number of molecules reacted. In practice, of course, quantum 

yields are generally reduced by the possibilities of fluorescence 

and of radiationless loss of energy, e.g. in collisions.

Cnly through this idea of Einstein we can understand why 

the quality of all photochemical reactions, therefore also of 

photosynthesis, does not depend on the intensity of light.

Such dependence would be expected if the light acted as a 

continuum and therefore the energy available for each elementary 

act decreased with dilution, for instance, with the distance 

frctn the source. Thus photosynthesis proceeds essentially in 

the same way, i.e. in equal quality, in the shade as well as 

in direct sunlight. .

Einstein followed up his ideas on the light quanta, and in 

1916 published another fundamental paper, another work of 

genius, where he predicted the phenomenon of stimulated 

light Emission. This has beccne the basis of the laser, 

invented nearly half a Century later. It was for his work 

in quantum theory that Einstein got the Nobel Prize in 1922, 

not in relativity. .

■ Thus not only great biochemists of modern times, like Warburg, 

Willstätter, Liproann, Van Niel, Calvin, Amon and Mitchell, but also 

great physicists like Maxwell, Boltzmann, Planck and Einstein have 

contributed to the elucidation of photosynthesis. Mayer was a

itedical doctor. '

2. The Influence of Photosynthesis on the Biosphere. Past, Present

and Future

When our Earth formed about 4,6 milliard years (4,6 giga-years, Gy) 

ago, the atmosphere and hydrosphere were highly reducing, and 

presumably contained, in addition to H20 , N2 and CO,,, H2, CH4,

H2S. This is at least the view of many authors, including me.

H2 was lost by escape into space, and. this applied also to the H2 

formed by photochemical decomposition of hydrides, e.g. NH^. Thus 

atmosphere and hydrosphere gradually tumed redox-neutral. This 

may have taken a long time, perhaps of the Order of 1 Gy, as H2 

was at first replenished through degassing, notably in volcanism. 

Nowadays the H2 content of volcanic gases is small.

Life arose more than 3 Gy, maybe more than 3,5 Gy ago. This 

figure comes from radiorretric age determinations of Sediments.

Now the biosphere tended to become oxidizing. In bacterial 

photosynthesis, sulphate was produced fron sulphide. Sulphate 

is a mild oxidant. After the beginning of plant photosynthesis, 

at least 2,5-3 Gy ago, free oxygen began to be set free.

02 is a strong oxidant. At first, it was oonsumed by reductants 

in the orust, especially by sulphides and ferrous iron in waters, 

but later the oxygen built up an oxidizing atmosphere. About 

2 Gy ago, oontinental Fe ores were first oxidized to the ferric 

state. As a consequence of plant photosynthesis, our planet is 

the only place within the solar System to have an oxidizing 

atmosphere.
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Mechanistically the Ch, caies from the water, as shown by 

C.B. van Niel. Yet in plant photosynthesis, as will be seen later, 

in net balance Cg must be provided by C02- Geochemically speaking, 

H^O is a catalyst in plant photosynthesis. But we find in the air 

far less 02 than would be equivalent to the reduced carbon in the 

crust. This is at least partly due to the fact that 02 was lost 

all the time through further reactions with reductants, notably 

reduced sulphur and iron.

The large majority of the reduced carbon in the crust is present 

finely dispersed in rocks, largely in the form of graphite.

(Whether all of it is of biotic origin is uncertain.) Only about

one thousandth of the reduced carbon of the crust is concentrated

enough to be useful as fuel: coal, oil, and gas. These materials 

were laid down in geological times, in hundreds of millions of

years. Yet the fossil fuel corresponds to the energy flux of 

14sunlight, which amounts to 1,7.10 kilowatts, in only a fortnight. 

So only a small part of the reduced carbon has been conserved.

Up to -the Start of industrial civilization, the biosphere 

was more or less in a stationary state. Oxidation of biomass, 

largely through respiration, but also through fires, just 

ccmpensated for formation of biomass through photosynthesis.

This formation of biomass goes on at the rate of sotre 100 milliard 

(101b tons, reckoned as carbon elenent, per year. Most of it is 

contributed by land rather 'than by sea plants. Fron the 

inventories and the reaction rates it follows that the tumover

tine of carbon in the biosphere, including the bicarbonate

of the ocean, which amounts to much more than the CC>2 of the air,

is of the Order of 500 years. The tumover tirre of the free oxygen

is 6000, and that of the hydrogen in the oceans is 20 Million years.

8The tumover time of N„, may be of the order of 10 years, but this 

figure is most uncertain. All this tumover is due to life, and 

the tumover is impressively rapid.

Through industrial activities now additionally about 5 milliard 

tons of C are injected into the atmosphere each year. This is one 

reason why for about a Century now the CO2 content has been found 

steadily to increase. The increase is about 0,2% per year, For 

unknown reasons, this increase is less than computed from the 

known amount of bumed coal, oil and gas. Possibly the deficit 

is due to the fact that CO2 dissolves in the oceans more rapidly 

than was assumed in the calculations.

The discrepancy against the results of calculation is all 

the larger as further CO2 comes into the atmosphere all the tims 

through the terrible destruction of forests in many countries, 

especially in the tropics. Thus globally the rate of photosynthesis 

unfortunately gces down rather than up. At least this is the 

majority view among experts. In contrast, some other experts 

propose that deforestation temporarily increases the rate 

of photosyntheses.

The increase in CO2 in the atmosphere is generally perceived 

as a danger. CC>2 absorbs some of the infrared radiation emitted 

by the Earth ("greenhouse effect"), and so the increase of the CO2 

content is expected to lead to secular changes in the biosphere.
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They may consist in a warming up, with resulting shrinking of the 

polar ice caps and a general rise in the level of the oceans. On the 

other hand, there may be increased cloud cover, and this may lead 

to increased albedo, i.e. reflection of sunlight into space.

In conditions of sufficient supply of nutrients and water, the 

rate of photosynthesis is usually limited by light, but in full 

sunlight 00,, concentration may be limiting. Globally, about 0,15% 

of all sunlight, infrared included, that comes down to ground level

are exploited for plant photosynthesis. This figure is derived on the 

11basis of 50% penetration through the atmosphere and 10 t C total 

yield in photosynthesis. Well-tended wheat fields in the tenperate 

zone may utilize 1% of the light coming in during the whole year, 

maize fields can do still better, and tropical sugar cane 

plantations may reach 3%. The values in this last sentence refer . 

to-visible (active) light, however.

The-observed limit, observed in artificial laboratory conditions 

with'dilute suspensions of algae, is about 30%, provided red - - - -

• light' (700 nm) only is applied. Thiscorresponds'toa quantum'y-ield 

of 0,11 per molecule of C02 reduced to-the'level of biomass. It is 

more'usual 'to-quote the reciprocal value, called quantum requirement. 

This is, then, about 9 in Optimum conditions. The reason why the 

best energy yield is obtained with red light is that according to 

the equation E = hc/A (= hy ) the quanta are smaller, and therefore 

the energy invested is less, for long wave than for short wave 

radiation. Quantum yield and quantum requirenent do not depend much 

' on cplour within the;.visible spectrum (400-700 .nm). .

Infrared radiation, about one half of the incoming energy of 

sunlight, is not used at all by plants, but sare photosynthetic

bacteria do use some of it.

3. The Light Reactions in Photosynthesis

The light reactions in photosynthesis are less well known than 

the Chain of dark reactions that follow the forrrcr. It is clear, 

however, that photons are captured by a "photocatalyst", namely 

by one or the other of the Chlorophylls, a group of organic molecules, 

all containing 4 pyrrol rings in each molecule. Pyrrol is an organic 

molecule consisting of.C, N and H. In plants, but not in photosynthetic 

bacteria, the photocatalyst is the so-called Chlorophyll a.

However, the structural difference between this substance and other 

Chlorophylls is relatively small. All Chlorophylls have 1 atom of Mg 

in the centre of each molecule. Note that the Chlorophylls are 

substances of small molecular'weights. They can'be made synthetically.

Absorbed energy is used to excite one-of'the electrons in a 

Chlorophyll molecule, and in this way-to make it more reactive.. 

Generally a substance capiable of donating electrons. is called a 

reductant, and so it may be said that the Chlorophyll has beccne 

a stronger reductant through excitation. The electron is donated to 

a substance which thus serves as an electron acceptor, an oxidant.

Of course, all the Chlorophyll a molecules are chemically 

identical. But they are in different conditions in the sense that 

they may be connected to different protein (and other) molecules 

and that they also take up different spatial situations within the
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light.äbsorbing.structure. In all.plants; these,structures. äre' • 

contained-within membrane Systems. In all higher plants, i.e. all 

plants except the blue-green algae, the membranes are in subcellular 

"organeiles", the chloroplasts.

All the Chlorophyll molecules are capable of capturing photons, 

but only less than 1% is capable of the required of Chemical reaction 

(donation of electrons). This is contained in the "reaction centres", 

and it is only here that Chlorophyll, after excitation, reduces an 

acceptor molecule. The other ? 99% merely convey the energy absorbed 

to the reaction centre. Thus the large majority of Chlorophyll 

molecules serves as an "antenna" to increase the probability of 

energy absorption. Accessory substances like carotenoids are also 

present to inprove the capture of light at wave lengths where the 

Chlorophyll does not absorb so well.

The fact that there is only one reaction centre in each 

"photosynthetic unit", serving as an antenna, may be considered as an 

excellent piece of economy by Nature. This arrangement has, however, 

the drawback that in full strong sunlight the photosynthetic unit 

may absorb more light than can be coped with, i.e. the energy of 

this excess light is lost as heat.

In the plants, two photoacts in succession are used for each 

electron. The two reaction centres occur in two different photo

synthetic units. In this way more energy can be supplied to each 

electron, so much energy that the electrons for photosynthesis can be 

extracted frcm water, although water is very stable. NB.

One electron plus one hydrogen ion (ubiquitous in the water phase 

of living matter) gives one uncharged hydrogen atom. Hence electron 

donors can also act as hydrogen atom donors. Consequently it may be 

said that plants can obtain hydrogen atoms from water.

The photosynthetic bacteria are more primitive than plants.

Here only one photoact (absorption of a photon by Chlorophyll) 

occurs per electron. But in contrast to the plants the bacteria 

were, and are, not capable of extracting hydrogen from water, but 

need easier sources of electrons (stronger reductants), e.g. 

organic compoundsor hydrogen sulphide, The photosynthetic bacteria 

were ancestors of the plants. In respect to the evolution of 

plants from them, interested readers are referred to rry lecture 

notes for the First International Symposium on Ncn-Conventional 

Energy, Trieste 1979,

Between the two photoacts in the plants there is an interval 

of time. The first hydrogen atom acceptor, for the first photoact, 

in photosystem 2 (PS 2), is plastoquinone (PQ). In its reduced form, 

called plastohydroquinone, it hands over the electron, ultimately 

derived fron the photoreaction of Chlorophyll, successively to 

manbers of a chain of well defined organic compounds that are 

also contained in membranes (Fig.1).

s!
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Fig. 1 Electron flow in the 
(much simiplified)

light reactions in plant photosynthesis

Each matter of this chain, which includes also so-called 

cytccrircrres (kinds of iron-containing proteins) has more affinity 

to an electron than the preceding matter, i.e. it is in its 

oxidized (electron-poor) form a stronger oxidant (and in its 

reduced electron-rich form a weaker oxidant). Therefore the electron 

"flows" through this chain or "bridge" of "electron transfer agents" 

or "redox Compounds" by itself, without need for further energy 

input, e.g. in form of light. Wiese "spontaneous" reactions, then, 

are called "exergonic", in contrast to "endergonic" reactions.

The final destination of the electron in the chain is another 

molecule of Chlorophyll a that finds itself in a different Situation 

fron the Chlorophyll a of the first light reaction. This second 

molecule of Chlorophyll is situated in a different reaction centre, 

and is part of photosystem 1 (PS 1). The Chlorophyll can accept the

electron from the chain provided there is a hole in the Chlorophyll. 

Note. While electron flcw over the "bridge" fron the plastoquinone 

to Chlorophyll does not require light energy, this is not the dark 

reaction of wliich we spoke initially; terminologically it is usual 

to include all these reactions within the chain into the light

reaction. We shall cone to the dark reaction later.

The second photoact now occurs in the last-namad Chlorophyll a, 

at the end of the bridge. Again the reaction centre is associated 

with a much larger antenna. This tine the electron acceptor in the 

photoact is an iron containing protein, a socalled ferredoxin (fd)

- more precisely one kind of ferredoxin, as there are many kinds 

of fd in Nature, not all of than involved in photosynthesis. The 

ferredoxins are, by the way, utterly different chemically fron the 

cytochrcnes. Nevertheless in this case as well the electron serves 

the reduction of the iron atom fron the ferric (trivalent) to the 

ferrous (bivalent) state. Ferredoxin (reduced) is a strong reductant, 

and ferredoxin (oxidized) only. a weak oxidant. Therefore fd(ox) 

does not easily take up electrons. Nevertheless the. tendency of the 

excited Chlorophyll a at the end of the bridge towards donation 

of the electron, i.e. its reducing power, is sufficient. So the 

final product of the light-driven electron flcw reaction in plant 

photosynthesis is reduced ferredoxin.

Note. For historical reasons the light absorbing structure 

containing Chlorophyll a, where reaction begins, is called 

"photosystem 2" (PS 2), while the structure likewise containing 

Chlorophyll a that accepts the electron fron the bridge is called 

"photosystem 1" (PS 1). A bit confusing, unfortunately!
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Fron the physicochemical, i.e. electrochemical, point of view the 

whole process may be described in terms of the Standard potentials 

of the substances involved. Please recall that according to Convention 

a positive Standard potential indicates weak reducing and strong 

oxidizing power, and a negative Standard potential the inverse 

Situation. (One could invent the words "reductance" and "oxidance".) 

The word "Standard" shows that the numerical values given refer to 

Standard concentrations of the two members of the couple, namely, 

of the reduced and of the oxidized form. If both concentrations

have the Standard values the concentrations must also be identical,

of course.

Rough values of the potentials of some key substances in photo

synthesis are shown in Fig.1. Where the substances can be well 

characterized chemically, the Standard values can be written down.

In the cases of the two photosystems, estimated values of the 

Potentials valid in -the given conditions had to be given.

Reduced ferredoxin (-0,4 volts) is an equally strong reductant 

as molecular hydrogen. Hence, thermodynamically plants could just 

as well evolve as reduce ferredoxin. In fact such a reaction 

has been observed by Gaffron with soma simple plants, but only in 

unphysiological conditions. Fron the point of view of the plant 

such a process is wasteful, as the precious product of photosynthesis 

is just blown into the air.

We have not yet explained what happens to the Chlorophyll a in 

photosystem 2, the initial photosystem, after the loss of an electron, 

i.e. after the oxidation of the Chlorophyll and the reduction of PQ.

The resulting hole is filled by an electron from water. It is thought 

that the specific catalyst (enzyms) for this exergonic electron 

transfer consists of a protein containing manganese, but little is 

known for sure. Ih any case, the remaining oxygen of the water is 

evolved as free 0^, and this is practically the exclusive source of

in the present atmosphere.

In addition to reduced ferredoxin and 0^ a third product results 

in the light reaction, namely, ATP (adenosine triphosphate). This is 

biosynthesized frcm adenosine diphosphate (ADP) and phosphate ion (P) 

with release of 1 molecule of water, in Chemical terms through 

formation of an anhydride. Schematically, the reaction may be written

ARPP + P = ARPPP + H20

or even simpler,

ÄDP + P = ATP + H20

A is a molecule of an organic, nitrogen-containing, base, adenine, 

and R is a molecule of a particular kind of sugar with 5 carbon atoms, 

ribose. Thus, our equations are not ordinary Chemical equations, but 

just convenient abbreviations.

The meaning of ATP synthesis is short-tine storage of available 

energy. ATP is the most important of the "energy-rich" molecules.

This concept and term was established by Fritz Lipmann around 1940, 

who consequently was awarded a Nobel Prize. The energy (more precisely: 

free energy) that becomes available in the hydrolysis of ATP to ADP 

and P is exeeptionally large. On the other hand, for resynthesis

i"..\



- 15 - - 16 -

("phosphorylation") an exceptional anount of free energy is required, 

of course. Thus synthesis is highly endergonic, hydrolysis highly 

exergonic. '

Nature uses this stored free energy, in literally all kinds of 

cells in all organisms, so that ATP has been called the universal 

energy currency of organisms. It serves also for the synthesis 

of biomass in connection with photosynthesis, as will be seen.

The production of ATP as a result of the light reaction in 

photosynthesis, the socalled photosynthetic phosphorylation or 

photophosphorylation, was discovered by David Amon in the 1950s, 

but the mechanism was understood, at least in its fundamentals, 

by Peter Mitchell only considerably later.

Mitchell received a Nobel Prize for his highly original explanation 

of the principles of energetics of photosynthesis and also of 

respiration. In its Overall effect, respiration is the reverse of 

photosynthesis. While in the latter process biomass is obtained fron - 

C»2 and I^O, in respiration bietnass is reoxidized to the same, 

simple, compounds. While we cannot explain here Mitchell's theory 

in any detail, at least the crucial point maybe stated. The energy 

that becomes available in electron flow, i.e. an exergonic chain 

of reactions, is not wasted, but the flow leads concomitantly to a 

transfer of hydrogen ions across the membrane - photosynthetic or 

respiratory membrane, as the case may be. Transfer is "obligately 

coupled" to flow. In this way, a gradient of hydrogen ion 

concentration is built up, through which energy is'stored. In a 

further step this gradient can be expended for the synthesis of 

ATP (or for other purposes).

It is seen that fron Mitchell's point of view the participation 

of membranes in photosynthesis is essential. We have said before 

that in higher plants the membranes are contained within the 

chloroplasts. In the cells of the more primitive and more ancient 

blue-green algae, which have no chloroplasts, such membranes are 

present nevertheless. This also applies to the photosynthetic bacteria.

4. The Dark Reactions in Photosynthesis

While C>2 is expelled into the air and lost, reduced ferredoxin 

and ATP are needed for the synthesis of biomass. Biomass is not an 

exact Chemical term and includes all the organic constituents of 

the plants, generally mostly carbohydrate, but also fat, protein, etc. 

Roughly, biomass contains the elements C, H and O in the same 

proportions as in carbohydrate. The best-known carbohydrate is 

glucose, CgH^Og. Therefore it is usual to write (Q^O) . But it 

must be remembered that this does not represent a particular compound, 

and has nothing to do with the well-known formaldehyde that really 

has the Chemical formula CH^O. Formaldehyde is not found in plants. 

The brackets are meant to indicate the difference. The crudeness of

the approximation can be gathered already from the absence of 

nitrogen in the formula (CH^O) . However, fron time broad points 

of view of bioenergetics or technical energetics the approximation

is not so bad.

The elucidation of the fundamentals of biomass synthesis fron CC^, 

the source of the carbon, reductant and ATP is mostly owed to
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ffelvin - Calvin-'-s: and; Jänes; Basstem's ■■ work,.' in • the 1950s.. • Calvin; received 

ä.NöbeKfeiz'e-rför it,. 'Be it-noted,thatia-the,T950s''heither'.'thepsüurce' '• 

öf;'tiHe';Äffi'nür-the;tefcu£e.öf the 'first,reductant, ferredoxin., were. known-. 

Nevertheless the scheine .("Calvin cycle") has been maintained . 

successfully. Let us reemphasize that the Operation of the dark 

reactions, i.e. the Calvin cycle, does not require light directly, 

although the photochemically produced substances reduced ferredoxin 

and ATP'must be applied. .Actually, the ferredoxin does not itself 

enter, but it is used to reduce adenine nicotinamide phosphate (NADP), 

which in its reduced form (NADPH) is a connon reducing agent in 

biochemical reactions. Like ÄDP and AIP, NADP and NADPH are not 

Chemical formulae, but abbreviatians. The,formulae, well known, 

are of no concern to us here. ' .,

One of the principal results of Calvin and his eolleagues 

has been that CO2 is taken up by a compound called ribulose 

bisphosphate (RBP), composed of a 5-carbon sugar (ribulose) and two 

phosphoric acid groups. This reaction is catalyzed by ribulose .

bisphosphate carboxylase, also known as carboxydismutase., This 

enzyme, which like all enzyrres is a protein, is said to be the . 

most abundant protein in the world. The product of uptake splits 

iranediately into two molecules of phosphoglyceric acid (PGA), a 

compound that is also found as an intermadiate in lactic acid 

fermentation and alcoholic fenrentation. In the next Step, this 

acid is enzymatically reduced by the combined aetion of NADPH and ATP.

The product of this reaction (phosphoglycerol aldehyde, PGAld),

■ ' . pis.- - .. • ' ■ '

a'lreädy.'.containing:the;el&iiep.ts:c;'H;.aria';0’;in-the ptoportion . ••• 

'(CBjjCa. /•- dndergoes' -a.. series«of. further reactions, - 'all', catalyzed; by. -

“.specific enzyites. Subsequently five sixths of the carbon are 

enzymatically reconverted, again with application of ATP, to 

ribulose bisphosphate. Now the metabolic wheel is ready for a 

new tum. Qn the other hand, one sixfch of the total carbon, i.e. 

an amount of carbon equal to that ln the- CO^ taken up, is diverted 

from the cycle as the net product of assimilation. It generally 

emerges as a molecule of glucose, Figure 2 shows schematically 

the most essential Steps in the Operation of the Calvin .cycle.

.. CO 2 ;■ ... .'NADPH.-ATP

2 PGA Ld

ADP+P NAOP ADP+P 
f 

5/6
of C

of.'C"

. T

ATP

Fig. 2 Dark reactions in photosynthesis (much simplified)

When glucose, with elimination of water, polyirerizes (better 

to speak of polycondensation than polymerization), high molecular 

Compounds of tremendous importance like cellulose and starch 

(both normally in plants) and glycogen (most often in animals) 

are obtained. Molecular weights may be many million. Of course,
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in every case specific enzymss are needed. Cellulose is the Chemical 

substance that is made in the largest airounts by Chemical industry - 

Chemical industry in the wider sense, including paper and pulp 

Industries. A large number of other Chemical reactions, likewise 

Catalyzed by enzymss, lead fron the Calvin cycle to fats, proteins 

and the amazing variety of secondary plant products: pigments, 

alkaloids, essential oils etc. etc.

5. Bioconversion

While biomass was the only source of technical energy and of artificial 

heat during most of mankind's past, and still predominates in many 

parts of the world now, increasingly attempts are made to convert 

bioirass into improved solid, liquid or gaseous fuel, and thus to 

replace fossil fuels. The technical and economic methods for such 

industries are still under development. For instance, important 

progress is being made all the time in fuel economy for distillation, 

especially of alcohol. The technology of biogas production (mathane 

formation in anaerobic fermsntation) is being perfected. Biogas 

is used on a large scale in China already, and is intended to be 

used so in India.

The technical and economic features of "energy farming" are also 

studied intensively. Eromising crops for the present and near future 

in hot countries include sugar cane and cassava. Both plants contain 

carbohydrates that are easily hydrolyzed to glucose and fermsnted to 

alcohol. Already, alcohol is widely added to petrol in Brazil.

In the more distant future suitable methods for the hydrolysis 

of cellulose, mostly in timber, will surely be developed; cellulose 

is not as easily hydrolyzed as sucrose or starch. Fast growing 

poplars and willows are considered as industrial sources of timber 

for fuel in countries with temperate climate.

The fermentation processes for alcohol and biogas operate at 

normal or moderately increased tenperatures. In addition, high 

temperature processes with "pyrolytic" deconposition of the 

Substrates may becoms important. Methanol, acetone and acetic acid 

are among the products of "dry destillation", and charcoal remains. 

Some of these products might be used as fuels, others are valuable 

raw materials. Finally attention should be drawn to a kind of 

reforrning process according to the equation

(ch2o) + h2o = co2 + 2 h2

where the whole of the energy in organic matter would be converted 

into energy of H2. This can be introduced into a hydrogen energy, 

well studied in other contexts already. The reaction is nearly 

neutral in respect to free energy change, i.e. neither strongly 

exergonic nor endergonic. But the equilibrium can be driven to the 

right if the CC>2 is removed all the time. In a longer view, this CO2 

could also be used, e.g. to fertilize crops in conditions of high 

light intensity where CX»2 is rate-limiting.

It is a great merit of biotechnology for fuel production that we 

need not jump to full scale dependence. long before energy farms 

become necessary all the methods can be studied, developed and
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improved on the basis of material that is available in relatively 

large amounts already today. This is to be had for nothing, and in 

many cases indeed its disposal would be rewarded. We are speaking 

of the organic wastes that are obtained in enormous amounts in 

farming and in forestry. Straw, com cobs, sawdust and small-size 

timber may be mentioned. Moreover, effluents fron towns contain 

a great deal of organic material.

6. Respiration and Photorespiration

The large majority of all higher cells, photosynthetic or not, 

can obtain energy through respiration (oxidative phosphorylation). 

In respiration organic substances are fully oxidized (combusted) to 

COj and H^O by means of the of the air. Respiration involves 

electron flow in membranes, coupled to ATP synthesis. In plants,. 

the ATP production through respiration amounts to only a few 

precent of that through photosynthesis in strong daylight, but 

during the night the process is essential also for plants. In the 

plants the rate of this respiration may not greatly depend on 

illumination though this point is still under discussion. In the 

higher plants, as also in animals, respiration takes place within 

a kind of intracellular organeiles, the mitochondria. The ATP is 

transported out of these organelles and can serve the rest -

of the cell as well.

Only some 25 years ago it began to be suspected that in plants 

in addition to ordinary ("dark“) respiration a second oxidative 

process may occur that also converts organic Substrates to C02 

and H^O, but this time without production of useful ATP. This 

second process takes place only during illumination. This 

"photorespiration" is immensely important as it leads to the loss 

of about one half of the carbon freshly assimilated in photosynthesis. 

For instance, wheat, soybean, potatoes and all trees of the 

temperate zone are subject to photorespiration.

The basis of photorespiration is that the key enzyme ribulose 

bisphosphate carboxylase, through which CC>2 is assimilated, at the same 

time also acts as an oxidase, oxidizes Substrate with 02, and 

produces phosphoglycollic acid. This product, an alternative to 

pbosphoglyceric acid, diffuses out of the chloroplasts, and its 

carbon is partly oxidized to CC>2 elsewhere in the cell. It -is not 

clear »tat benefit, if any, plants derive fron photorespiration.

Can it be that Nature was unable to make an enzyme that would 

catalyze C02 assimilation but not oxidation? It should be kept in 

mind that the primordial atmosphere of the Earth was anoxic

(reducing or redox-neutral), and so catalysis of oxidation was

irrelevant. Perhaps the ribulose bisphosphate carboxylase that had 

evolved in anoxic conditions was too deeply entrenched to be 

replaced or modified when later C>2 appeared in the atmosphere 

owing to plant activity.

A few important crop plants Show no photorespiration, however - 

at least in net effect. They are mostly subtropical and tropical grasses, 

notably maize and sugar cane. This is probably the reason for the high 

production of biomass by these plants.
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Experimantally, photorespiration is indicated by a "bürst" of CC>2 

directly after interruption of illumination of a plant, as photo

respiration still continues for a short while. Qn the other hand, 

absence of a burst points to absence of photorespiration. Moreover, 

in plants without photorespiration the canpensation point is much 

lower - say, 5 (maize) rather than 180 ppm of C0~ in the air 

(wheat at 35°C). This point is defined as that concentration where 

(in conditions of light Saturation) CC>2 concentration remains 

stationary - i.e. where total respiration (dark respiration plus 

photorespiration) just equals photosynthesis. Incidentally, 

photorespiration depends far more on O2 pressure and temperature 

than dark respiration.

Plants without obvious photorespiration may have evolved 

independently several time and may have diverse mechanisms, but 

in sorre cases at least they are distinguished by possession of the 

"C4 Pathway" in addition to fee ordinary (CJ pathway of C02 

assimilation, the Calvin cycle. We have explained that in this 

cycle phosphoglyceric acid (PGA) is fonred as the first tangible 

product of OO2 assimilation. PGA has 3 carbon atcms in the molecule. 

Hence plants that absorb C02 only by this pathway are known as 

Cg plants: C^+C = 2 Cg. In the process in contrast, COg 

is absorbed by phosphoenolpyruvic acid (PEP). The enzymatic 

process can be schematized as Cg+C = C^.

One possible explanation for the appearance of the C4 pathway 

is the following. In intense sunshine, i.e. mostly in hot climates, 

C02 concentration rather than light intensity is rate limiting in 

carbon assimilation. Hence a process has a chance of establishing

itself through mutation and selection through which the C02 

produced in photorespiration is not irretrievally lost, but recaptured 

by a substance (PEP) with high affinity to CC>2 and reconveyed into 

the Calvin cycle. The enzynes of this cycle are invariably also 

present in the plants.

Plants with the C^ process could win in the struggle for existence 

even if more energy were required as ATP than in the C^+C = 2 Cg 

reaction. We made the premise that light is not rate limiting, and so 

enough ATP is available. GC>2 retrieval and the Calvin cycle reactions 

occur in different parts of the plants, and thus are separated in space 

the C^ plants have characteristic anatomic features.

Conversely, in temperate climates with less sunshine ATP must be 

economized. On the other hand, COg is not so precious as the socalled 

stomata (openings of the leaves) can be kept wide open so that a good 

influx of new CO2 is assured all the time. Water loss through open 

stomata, dangerous in hot arid countries, does not matter so rauch 

in cool climates. These ideas, which are very broad and approximate, 

account for the fact that mostly, though not exclusively, C^ plants 

are of tropical or subtropical origin. On the other hand, high 

humidity should be a factor favouring use of the Cg process.

A further group are the socalled CAM plants. They avoid excessive 

loss of CO2 in a different way. They are succulents and show a 

characteristic change in carbon metabolism between day and night.

Carbon taken up from air through a mechanism at night is, in net 

effect, utilized in daytime (light) for biomass production through 

the ordinary C, mechanism. The biological meaning may be: CAM plants
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can save water by keeping their Stomata closed during the hot 

hours as they have an internal source of CC>2 in compounds. Thus 

the uptake of carbon by the and by the rrechanism is separated 

in time rather than in space. Che of the CAM plants is pineapple. 

This yields much sugar and starch. The water needs of pineapple 

are moderate only.

Attenpts to breed photorespiration-free varieties of crop plants 

like ’.vheat and soybean are being made. The achieveirent of this aim 

would be of tremendous importance, but so far there has been 

no breakthrough.


