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Abstract 

On the basis of an analysis of the bioenergetic processes in 
extantorganisms, a hypothesis on their evolution is developed. It is 
suggested that the first organisms (bacteria) made useful energy (in 
the form of adenosine triphosphate, ATP) by (nonphotosynthetic) 
fermentation of components of the prime val oceans. The first photo
synthesizers (also bacteria) used the energy of light only for the 
production of ATP~ Later, processes were evolved through which the 
reducing power of sulfides, together with the energy stored ,in ATP 5 

was used for the assimilation of C02. Afterthe exhaustion of the 
sulfides, they were replaced as electron donors by water. This step 
was taken by the blue-green algae, and necessitated the use of 
2 quanta in succession per electron. In the oxygenic atmosphere, 
due to the activities of the algae, respiration developed through 
conversion of the structures serving pho'tosynthesis. All advanced 
organisms use respiration. In the higher cells, probably formed 
through endosymbiotic uptake of bacteria and blue-green algae, the 
mechanisIDs for photosynthesis and respiration are housed in separate 
compartments, namely mitochondria and chloroplasts, respectively. 
A plea is made for an intensified study of photosynthesis as a 
precondition of the us~ of photochemical method for the technical 
utilization of solar energy< 
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1. INTRODUCTORY REMARKS 

The major proeess through which solar energy now serves life on 

Earth is photosynthesis. It is estimated that 13'5.1010 tons of carbon 

yearly are assimilated byplants. Fossil fuel is, of course, nothing 

else but IIfrozen ll solar energy. The amourit of eeonomieally exploitable 

eoal on Earth is believed to be 7'6.1012 tons, of oil 0'6.1012 tons. 

Therefore at the present rate of earbon'fixation, about 50 and 5 years 

would be enough to lay down all exploitabl'e eoal or oil, respeetively. 

The referenees to the sourees of these figures are given in a book by 

the present author (1). 

Clearly, assimilation eannot always have proeeeded at this 

tremendous rate. Our Earth was lifeless at first. The o~iginal forms 

of life were mostprOl1ably nonphotosynthetic, and the rate of photo

synthesis, after i tbegan, presm;nably was modest. Also, eomparati ve 

and evolutionary biochemistry show that early photo'synthesis must have 

been qualitatively different fromcontemporaryphoto~ynthesis, namely,' 

more simple. It is the objeet of this artiele to outlin~ the modern 

views .on the evolution of the biöenergetie proeessf':,$ .. Für more details 1 

earlier writings by the author (1,2,3) can b'e consulted. 

2. ORIGIN OF LIFE AND OF FERMENTATION 

Aecording to Oparin (4,5) and Haldane (5,6), whose ideas in this 

field have been generally accepted, life evolved on the Earth from 

organie matter that had been formed abiötieally. Theatmosphere was 

at first reducing, and may have consisted largely of tue hydrides., 

CH
4

, H20 9 NH
3 

and H2 , though some others argue that CO 2, CO and N2 
were strongly represented from the beginning. Certainly free hydrogen 

was gradually lost into spaee, and the same applied to hydrogen 

produeed from its compounds by solar ultraviolet (uv) radiation. 

Therefore the atmosphere gradually turned from redueing to neutral. 

But an oxidizing atmosphere, defined by the presence of free oxygen'l 

never existed on the early, lifeless, Earth, just as appreciable 

amounts of free oxygen have never been found in any planetary 

atmosphere. 
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The buildup of organic matter in the early atmosphere and 

hydrosphere required an input of energy. This was most probably 

provided by uv radiation and/or electric discharges. Miller(7) has 

shown in his classic experiments that aminoacids and other Qomponents 

of living matter are formed in good yields in mixtl,J.res of reducing 

gases when they are exposed to electric discharges. The initial pro

ducts of such reactions reacted with each.other in the oceans or 

after adsorption on mineral surfaces (S) to give polymers (proteins, 

nucleic acids). Such polymers may, together with other solutes, have 

separated frQm (Haldane's expression) the prime val soup asdroplets 

(Oparin's "coacervates"). Some authors 27) th;Lnk.th8Jt thesedr~plets 
gradually evolved into protocells and later into foreru~ners of 

single-cell organisms, into "eobionts ll • But whatever the exact path 

may have been, by common consent this I1 chemical" evolution was 

Darwinian. The fitter structures survived preferentially, and sooner 

or later those eobionts won that could proliferate (propagate) at the 

expense of substances contained in themedium. 

Clearly energy is always.needed for the survival of eobiönts or 

of more advanced organisms, whether they remain unchanged or evolve. 

From the beginning this energy was stored solar energy, though the 

early organisms themselves probably were not photosynthetic. The 

reactive substances had been built up by uv irradiation or in the 

electric discharges that ultimately resulted from atmospheric 

processes induced by the raysfrom the SunD 

In our contemporary world, we know many organisms that cover 

their energy requirements through nonphotosynthetic reactions of 

organic matter in anoxygenic conditions, i.e., in conditions where 

respiration in the usual sense is impossible. These organisms are the 

anaerobic bacteria, among whom the clostridia and the methane formers 

are best known. They live, e.g., in the oxygen-free depths of waters 

or within body cavities of animals. The processes of such organisms 

for energy production (bioenergetic processes) have been called 

fermentations by Pasteur. (It should be noted that in technology 

the word ilfernientationll is used in a less restrictive sense, For 

instance, production of acetic acid from alcohol by "fermentation" 

requires free oxygen, and consequently is not an anaerobic, but an 

aerobic process.) It is thought likely that the clostridia are, among 

extant bacteria, most similar to +:'-2 original or~anisms. 



- 4 -

When the biophysicist or technologist speaks'of:the production 

of energy~he aoes not, of course, argue against the:First Law of 

thermodynamics. What is meant, is the conversion of energy into a 

useful form. In the contemporary organisms, energy isalmost always 

produced and applied in the form of specific chemical compounds 5 

called "energy-rich" by Lipmann (9). By far the most important among 

these compounds is adenosine triphosphate (ATP).It is a white 

crystalline powder, with molecular weight 507, can be synthesized 

'abiotically, and be bought from firms at a moderate price. Its 

compcisition is C10H16013N5P3 and the structure can be rendered 

(not as a chemical formula in the usual sense) as 

A-R-· p ....... P""P 

A is adenine, a "heterocyclic" base, i.e., a .. base containing in the 

.ring, in addition to carbon atoms, nitrogen? R is. ribose, a sugar with 

5 carbon atoms, and P signifies a unit of phosphoric acid (more 

exactly~ a phosphoryl group). The sign ,,~ 7.the so-called "squiggle"? 

.indicates that a bond isenergy-rich. This means, by definition, that 

the dissolution of this bond (whereby the resulting valencies are 

saturated by addition of other atoms, e.g., the atoms of water) 

results in an unusuallylarge decrease of free enthalpy. Incidentally, 

it is common practice in bioenergetics to speak of energy rather than 

of enthalpy, as the difference in small for reactions in condensed 

phases. 

For instance, in the reaction 

A - H - P '" P "'.... ? + H20 A - R "v P 'V P + p. . ( 1 ) 

(adenosine triphosphate + water = adenosine diphosphate, ADP, + free 

phosphate, p) about 8 kcal/mole become available in standard conditions. 

The experience of the biochemists and biophysicists shows that this 

energy stored in ATP can be used for'chemical synthesis (buildup of 

organic matter), for osmotic work (concentration of dissolved sub

stances), for electric work (separation of charges, e.g., in the nerves 

of animals) and for mechanical work (muscle contraction). Indeed the 

ATP is required for these processes. Thus it is the common "aim" of all 

living cells to produce energy-rich compounds, notablyATP, all the 

time at sufficient rates. 
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The fermentations consist essentially of reduction-oxidation 

(redox) reactions that are exergonic (involve a decrease in free 

energy) and are coupled to the buildup of ATP from it scomponent s 5 

ADP a~d P. Be it recalled that in redox reactions electrons are 

donated by reductants to oxidants. If hydrogen ions are also trans

ferred? one can speak of transhydrogenation 9 as H+ + e = H. In. 

aqueous systems, hydrogen ions are always present. 

Best known is ordinary lactic acid fermentation, which is found 

in many bacteria, including clostridia,·· but also in the cells of 

higher organisms~ 

C6H
12

0 6 2 C
3

H60
3 

(2) 

Though in the overall reaction many steps are involved, each of them 

ßatalyzed by a ,specific enzyme, in net effect the process consists in 

a split of a molecule of glucose into 2 m61ecules of lactic acid, 

,with the concomitant production of 2 molecules of ATP. TIetailed 

analysis shows that the split indeed implies a shift of hydrogen· 

,.atoms, Le., an intramolecular redox reaetion. 

3. PHOTOSYNTHETIC BACTERIA 

But as fermenters lived and multiplied in the primeval soup, 

'exhaustion of the reservoir of energy must have threatened., Biomass 

tended to increase exponentially, while the abiotic production of new 

organic matter proceeded constantly only. Thus organisms that could 

exploit additional sources of energy ware at a premium. With the 

benefit of hindsight we may say that theonly new source of energy 

ready to be tapped by organisms was the energy of light. Through 

mutation and selection, i.e., in TIarwinian evolution, photosynthetic 

bacteria arose. 

The extant photosynthetic bacteria utilize visible and infrared, 

but no uv light. It is quite likely that the latter was never used by 

organisms, i.e., the light that was exploited by early photosynthetic 

bacteria differed qualitatively from the light that made the primeval 

soup. This can be understood~ The uv quanta are, because of their high 

energy content, destructive, and therefore less suitable for orderly, 

constructive, photosynthesis. Moreover, the solar energy flux in the 

visible and infrared ranges is fa:'_arger than ~:,at in the uv range. 
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A number of species of photosynthetic bacteria have survived, 

and we are fortunate that we can still study these relatively primitive 

and simple photosynthesizers. But in the household of nature the photo

synthetic bacteria have been overtaken by the plants, which use more 

advanced photochemical mechanisms, and to which we shall turn later. 

Both the photosynthetic bacteria and the plants capture light quanta 

through absorption in one or the other of the chlorophylls, a group of 

closely related substances of known chemical structures."Bacterio

chlorophyll a" acts in bacteria and "chlorophyll a" in plants. 

Bioenergeticmechanisms in the fermenters had. to produce !TP~ and 

probably the first task of photosynthesis was likewise. the pro.duction 

of ATP. It is plausible that in the early photo synthesizers the energy 

of light served, in net effect, to reverse the fermentation reactions. 

The supply of substrates for fermentations, i. e" of substances capable 

of exergonic redox reactiöns, coupled to buildup of ATP, was thereby 

restored. This is only a hypothesis. Rowever, it is an interesting fact 

that solutions of chlorophyll can on illumination form mixtures of 

oxidants and reductants, LEi., shift electrons between different com

pounds. These photochemical reactions are known, after their foremost 

investigator, as Krasnovsky reactions (10). For instance, 

ascorbic acid. + NAD+ hY? dehydroascorbic acid + NADH + H+ (3) 

NADis nicotineamide adenine dinucleotide, a biogenic oxidant of 

central importance, and RADR is its reduced form.* 

In common solution, oxidants and reductants will fall victim to 

spontaneous back reactions, and therefore no high concentrations of 

these reactants can be expected. Larger amounts may be formed if the 

photoreaction occurs in a membrane that di vides two comp.artment s in 

such a way that the newly formed reductant appears on one side, and 

the oxidant on the other side. It is imaginable that an anisotropic 

system of this kind co~ld further be so constructed that a back 

reaction was possible orily along a part~cular spatial. pathway, and in 

. such a way that ATP synthesis was obligately coupled to the back 

reaction. This would be a further step forward, compared to the mere 

* For typographical simplicity, the plus sign in NAD+ is often 
left out. In many organisms, NAD is substituted by a closely 
related compound, known as NADP. The reduced form is NADPH, 
Whenever both compounds are mean+', we may write NAD(P) and 
NAD(P)H, respectively. 
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production of substrates for fermentation. In fact, in all extant 

photosynthetic organisms the machinery for photosynthesis (chlorophyll 

and accessory sUbstances) is included in membranes. Photosynthesis in 

a liquid system has never been observed3 a solid, weIl oriented, , 

structure is always needed. ATP synthesis by light energy is called 

photosynthetic phosphorylation or, briefly photophosphorylation. In 

bacteria, this process was found by Frenkel (11), in plants by 

Arnon'(12).·Whenever nothing else than ATP is made in a photosynthetic 

process, there is no n~t redox reduction, i:md all electrons return to 

their source. Hence one speaks of cyclic electron flow, and of cyclic 

photophosphorylationo 

Afterthe invention of photophosphorylation, life could j in 

principle, go on for ever on an expanded scale. Solar energy could 

indefinitely supply the needed energy. However, biomasswas limited 

by the fact that only the amount of thereduced carbon in the medium? 

the primeval soup, Was available. Now it is thought that on the early 

Earth there was far more carbon present as CO 2 than in organic com

pounds. So the organisms had a streng incentive to use solar energy 

not only for the production of ATP, but also for the reduction of CO 2, 

Le., for its "assimilationH or "fixation". For the purpose, it was. 

necessary to find an extraneous reducing agent that could supply the 

electrons necessary for reduction. As far as we know, the reductant 

most readily available was reduced sulfur (schenaticallyg H2S). The 

principle of the overall reaction is 

2 H2S + CO 2 (CH20) + H20 + 2 S (4) 

where (CH20) stands for unit quantity of carbohydrate, a principal 

component of biomass. For instance, structural material and bio

energetic storage compounds (cellulose, starch) of organisms may 

consist of polymers, made of condensed glucose. Glucose may be 

written as C6H1206 = 6 (CH
2
0). 

Reaction (4) is endergonic to the extent of 12 kcal!mole carbon 

in standard conditions. The energy needed to pull the reaction through 

nevertheless must then again come from the Sun. The photosynthetic 

bacteria capable of doing this are called colored sulfur bacteria. The 

two groups of colored sulfur bacteria, the purpie and the green sulfur 

bacteria, are rather sharply distinguished morphologically, but their 

bioenergetic processes are simila~: Some of thc sl.:lfur bacteria make 
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not önly elementarysulfur in the light-powered redox processes (4), 

but in a further step make sulfate~ 

0'5 H2S + CO 2 + H20 (CH20) + 0'5 H2S0
4 (5) 

Mechanistically, the sequence of dark reactions that follQw the 

absorption of light, and finally lead to the assimilation of the 

carbon fromG0 2 , are known as the Calvin cycle (13). It is identical, 

or very similar, in all photosynthesizers , 

Considerable argument is going on in respect to the mechanism of 

the production of primary reductant. Do the sulfur bacteria force 

reactions (4) and (5) by investment of energy from ATP? Or do they 

promote hydrogen from the level of the reductant to the level of 

carbohydrate through direct application of light energy? In the 

lat,ter case one would have to speak of "noncyclic fl or "open-ended" 

electron flow. It is quite likely that both kinds of mechanisms 

operate in nature side by side, and vary .in relative importance in 

different circumstances. 

4. BLUE-GREEN ALGAE 

However thät may be, clearly an increase in biorriass through the 

action of the colored sulfur bacteriaor related orgruiisms was 

possible only as long as reduced sulfur compoundsor other substances 

suitable as sources of electrons existed. Sooner or later, the 

reserves of easily accessible reductants were exhausted, and a new 

limit was reached for the further expansion of the biQmass. Again 

the organisms had a strong incentive to overcome, through the 

development of new bioenergetic principles by mutation and selection, 

a barriere 

The organisms that found the way out were the blue-green algae. 

These primitive algae still greatly resemble bacteria morphologically 

and in some other ways so that some authors prefer to call them blue

green (or just blue) bacteria. (NB. They are by no means always blue 

or bluish). However, they are aharply distinguished from all photo

synthetic bacte~ia through the fundamental fact that they can use 

H20 rather thanH2S, etc., as source ofelectrons. The overall reac

tion, formulated to stress the an8'o~f with (4) is then 
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2 H20 + CO2 ----;:. (CH20) + H20 + °2 :. (6 ) 

or, written down in a more familiar way, 

6 CO 2 + 6 H20 = C6H1206 + 6 02 (7) 

Thi~, is the photosynthetic process that also operates in higher algae 

and in all green plants.In fact, i ts presence may be used to define 

a plant. But if one called the blue-green algae (like the other, 

higher, algae) plants, one would exclude them from thebacteria. 

Bacteria are definitely not plants. 

The essential similarity of the equations (4) and (6) was 

uncovered in momentous investigations by Van Niel (14). It is to be 

noted that only in plant photosynthesis oxygen is released. This is 

the simple consequence of the use of water as the reductant. No photo

~inthetic bacteria ever set oxygenfree. Therefo~e the atmosphere of 

th,e Barth must have rernained anoxygenic before the advent of the 
~ >.; 

blue-green algae. 

A few words ought to be said here of. the time sccüe (15,16). The 

Earth is probably 4' 6 billion years (gigayears, Gy) old. The earliest 

sediments that ~ontain microfossils are found in South Africal their 

age is 3'3 gigayears. These fossils are remains of bacteria, and 

probably also of co~coid (single-cell) blue-green algae, i.e., no 

strata have yet been found that definitely contain bacteria only. 

Thus the blue-green algae have been tremendously succes~ful. They 

l~ft an unbroken record through - probably - more than 3 gigayears . 
. . ',. . 

Morphologically there has in some cases been remarkably little change 

through all that time, i.e., the organisms could surviye aS they were. 

However at some later stage, about two gigayears ago, filamentous 

blue-green algae appeared? they contain rows of cells rather than 

single cells. 

While formally the equations (4) and (6) look similar, t~e reac

tions are very different from the point of view of energy. The free 

energy that must be invested into reaction (6) is 115 kcal,Le., 

about 10 times larger than that needed for reaction (4) •. It must 

therefore be considered a tremendous achievement of the p,lants, 

including the blue-green algae, that they oan, by use of solar energy, 
• r . 

force areaction that is so highly endergonic:~: The achievement has 
, 

necessitated the introd,uction of a new px:inciple: F,or, t.hepromotion 
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of each electron from its source (in this case, water) to its 

destination, NADP, not 1 quantum of light is used, as in bacteria; 

but 2 quanta in succcssion. (In plant photosynthesis, NADP, nicotine 

amide adenine dinucleotide phosphate, substitutes for NAD). This fact 

is expressed through the socalIed Z scheme, first proposed by HilI aud 

B,endall (17). 

According to the Z scheme, a quantum is first absorbed in 

"photosystem 2" and an electron is lifted to a higher (negative) 

potential. .The electron acceptor probably consists of a quinone. 

From there, the electron flows downhill, 1. e., in the direction 0.[ 

decreasing negative potentia~ in a chain of exergonic reactions, 

until it is finally accepted into a hole in "photosystem 1". Here a 

further quantum is applied, and the electron is promoted to ferredoxin. 

This is a protein which also contains iron and sulfur in inorganic 

linkage, and is distinguished by a highly negative standard potential. 

(Similar compounds, also·called ferredoxins/are found in photo

synthetic (and other) bacteria, but their role in bacterial phqto

synthesis has not yet been·fully elucidated.) The reduced ferredoxin 

transfers the electron to NADP and makes NADPH. 

The spontaneous electron flow along the "bridge" between the two 

photosystems is coupled with the production of ATP, i.e., in the 

noncyclic 2-quanta process not only reductant but also energy-rich 

compound is obtained. However, plants are also, like photosynthetic 

bacteria, capable of light-powered cyclic energy flow, coupled to ATP 

synthesis, i.e., to.cyclic photophosphorylation. The quantitative 

ratio between the cyclic and the noncyclic processes can be adjusted 

according to the physiological needs existing in the given 

circumstances. 

Both photosystems of the plants are based on chlorophyll a, but 

apparen~ly.the reactive moleeules of this substance are embedded in 

different solidstructures in the two cases so that their properties 

in situ differ. ~hese solid structures are similar to the corresponding 

str.uctures in the photosynthetic bacteria; The difference between the 

photosystems is also expressed in their photochemical action spectra, 

photosysi;elD: 1 is more sensitive to "far red" light than photosystem 2. 

Therefore, optimal quantum yield in plant photosynthesis is obtained 

only when both photosystems simultaneously obtain enough light of 
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suitable wave length, or, in other words, if light predominantly 

useful for one of the systems is supplemented by light predominantly 
, ,-, ~ " . ' . 

useful to the other system. This is Emersonls famous enhancement 

effect (18). 

5. RESPIRING ORGANISMS 

The plants are the non-plus-Ultra in bioenergetics. For boundless 

proliferation they need nothing else but light, water, minerals"ahd 

CO 2• After the invention of plant photosynthesis. life on Earth could 

expand to all corners where these four components areavailable. vVhile 

the blue-green algae spread, they converted the neutral, or even 

reducing, atmosphere into an oxidizing atmosphere, and thus created 

entirely new conditions for life itself. According to geological 

evidence, free oxygen was produced in,largequantity about 2 gigayears 

ago. Iron an4 uranium in sediments of this age have valency 3 rather 

than 2, indicating'that the compounds were laid down in an oxygenic 

atmosphere. lnthe new atmosphere, all organisms had to find ways of 

dealing:with the aggre~sive suhstance,molecular oxygen. 

For some organisms, oxygen has remained a dangerous poison. They 

are the obligate anaerobes among the bacteria, which have been 

mentioned already. Other organisms developed mechanisms to defend 

themselves against oxygen, or even to utilize oxygen forenergy pro

duction. From the point of view of biochemistry and biophysics, which 

does not wholly coihcide with that of ordinary physiology, this is 

the essence of respiration. For instance, the utilization of glucose 

can be represented by theequation 

C6H120 6 + 6 02 6 CO 2 + 6 H20 (8) 

which really is the inversion of equation (7). The energy set free 

is therefore as much as 115 kcal per mole of carbon, or 690 kcal per 

mole of glucose. The essentials of respiration are the same in all 

respirers, but much variation in detail is found among all respiring 

(aerobic) bacteria. 

The mechanisms of respiration have been studied in most detail 

with mitochondria, the specific subcellular organelles which are 

ubiquitous in the higher organisms. Here it has been established 
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that the glucose (which again may serve as a typical example) is 

first degraded to an intermediate product, and this is introduced 

into the "citric acid cycle". In these preparatory processes 

reductants are formed (mainly N.AIlH) , which can subsequentlyenter 

the "respiratory chain'!. This chain of redox compounds is contained 

in solid structures where the exergonic electron flow is coupled to 

the buildup of ATP. In the total "combustion" of 1 glucose to 

6 CO2 + 6 H20, exactly 38 moleeules of ATP are synthesized. i.e" 

nearly 20 times .as much as in the utilization of glucosE?, in lactic 

acid fermentation. Thus respiration is ·far superior to f,ermentation. 

It supplies .enormous amounts of useful energy;and all highe:r; ßorms 

.of life depend onresIJi.ration. The present :biosphere is qominat'E:dby 

the antagonistic processes of plant photosynthesis with prod,uction 

of CD 2 , and respiration:with consumption of 02' 

Ithas . been pOi;:qted out .before that electr.on flow through 

,membrane structure1:?"with generation of ATP, occurs .in photosynthesis 
. ',' ... ,-' . '. 

(photosynthet~c.phosphorylation). Now we find a similarproces$ in 

respiration, where~it is called oxidative phosphorylation. Moreover, 

the redox compound$ tha,t mediate the electron flow in the t,wo .cases 

are chemically:clo~ely related, an,d .in some instances even ,identical. 

Thes~ striking (similari ties have to be explained from ~ the, point of 

view of evolution. An independent origin of the membrane systems of 

the two kinds iS, in view of their similarity, unlikely. It is more 

probable that.respiration, which naturally had to come later, always 

requiredadaptcrtion of the preexisting machinery for photosynthesis 

to the pre~enceof.Qxygen, i.e., this machinery had to be "conyerted tl
• 

According to this ; "oonversion hypothesis", all respi::rers des,cended 

from photosynthesizers. This leadsto the surprising consequence that 

e.g. coli bacteria had photosynthetic ancestors. 

We have said that the evolution of higher organisms required the 

ample energy supply by respiration. So this evolution was possible 

only in the oxygenic atmosphere due to the blue-green algae. In fact, 

thefirst clear advances from the blue...;greens are documented by 

fossils from Beck Springs, California, 1'3 Gy old (19). The organisms 

found there, still single cells, show the improvedinternal organiza

tion characteristic of the tleukaryotes ll
, whichhave distinct nuclei 

and other organelles (mitochondria, chloroplasts) •. The'more ancient 

organisms (bacteria, blue-grE:en a]~qe) are all tlprokaryotes tl , lacking 
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such organelles. The next step was the emergence of softbodied 

multicellular organisms in the Ediacarian formation, Australia 

(0' 68 'Gy)? and of hardbodied (shelled) animals of many kinds at 

the base of" the' Gambrian forma:tiori (0' 58 Gy). 

All these early organisms lived in,the depths of waters. The 

main reason was that life in a moist environment of largely invariant 

properties is intrinsically easier than life on land. In addition? 

the water shielded the early organisms from solar uv radiation. It is 

estimated that this radiation, when unattenuated, is sufficient to 

kill microorganisms within seconds. The early, anoxygenic atmosphere 

was transparent to this radiation, and so the organisms needed its 

abs.orption by water. The conquest of the land took place only in 

Silurian times (0'4 Gy). Some authors think that the basis for this 

success was the emergence, in the oxygenic atmosphere, of the well

known ozone layer' which absorbs practically all short-wave uv 

radiation (20). Perhaps an even stronger reason is that the improved 

energy supply through respiration made possible the development of 

physiological devices to deal with the many rigours and difficulties 

of life on land. All this took a lot of time. 

Only brief mention can be made of the fascinating hypothesis on 

the origin of the mitochondria and chloroplasts (21). The former are 

thought to have arisen from endosymbiotic, respiring bacteria which 

had invaded otherprokaryotic cells. The chloroplasts may have arisen 

sim,ilarly from endosymbiotic blue-green algae which provided the host 

cells with photosynthate. Later the endosymbionts degenerated in 

losing ~heir genetic independence; the DNA contents of the organelles 

are small. 

6. OUTLOOK 

The elucidation of the evolution of the bioenergetic processes 

has, of course, enormous scientific and philosophical interest. 

Moreover, it has great didactic importance as it gives us the 

possibility of teaching microbiology rationally. As soon as the 

evolutionary relationships are understood it is not necessary any 

more to ask students to learn the microbes with their bewildering 

di versity of bioenergetic processE'" by heart. 
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Finally, the consideration of the bioenergetic processes and 

their presumed evolution can also inspire technological studies. 

From the point of view of solar energy research forpractical 

applications probably the most inte~esting aspect is the tremendous 

aChievem_ent of ,~;he green plant which consists in the ]:lhotolysis of 

water by means of visible light, the essence of plant photosynthesis. 

The plant us.es the reductant produced, namely reduced ferredoxin, 

immediately tqreduce CO 2 and to build up biomass. It cannot very 

weIl be expected to do anything else! The redox potential of 
1 '.,' > • • 

reduced ferredoxin isjust as favourable as that of free hydrogen. 

It is impliedthat it would be possible, energetically; to release 
~, -'-

the electr.0Ilf:l.in .the form of hydrogen rather than to usEt them 

immediately. The hydrogen would the serve a "hydrogen economy" - it 

would be used as a fuel, preferentially for generation of electricity 

through fuel.cells, as a chemical raw material, e.g., for the pro

duction of hydrocarbons, and as a metallurgical reductant. 

On.a small scale, demonstration systems could probably be 

constructed from biogenie substances, including plant and bacterial 

components. For large7scale technology it will be better to build up 
.. -: f ~ . , 

the re~cting systems nonbiogenically from simple consti tuent s. But . 
. . -~. '; 

also for. this. purpose it will be necessary to studybacteria and 

plants i Il far more detail thanhas been possible so far. It seems 

to the present author that the real future of solar energy for man 

lies less in its use in solar cells, which may always remain 

expensive, or in its use as a source of heat through mirrors and 

lenses, but in its photochemical use. First steps in this direction 

have already been taken (22,23,24,25). The best approach might 

consist in the construction of asymmetrie photochemical membranes, 

distinguished by the fact that oxidant and reductant products are 

released on opposite sides (26); this is how the photosynthetic 

organisms work. Theexploitation of solar energy,through photo

chemistry would also correspond to the best traditions of living 

matter on our Earth. 
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