
Review 

THE EVOLUTION OF PHOTOSYNTHESIS 

E. BRODA 
Institute of Physical Chemistry, University of Vienna (Austria) 
(Received and accepted February 10~ 1976) 

ABSTRACT 

Broda,E. 9 1977. The evolution of photosynthesis, Precambrian Res. 9 

4~ 117-132. 
Themerits of the inductive and the deductive approach in tracing 

the pathways of evolution is discussed. Using the latter approach, it 
is concluded that photosynthesis followed fermentation as a method of 
obtaining energy-rich compounds, especially ATP. Photosynthesis probabl~T 
arose by utilization of membranes for bioenergetic processes. OriginalI;} 
photosynthesis seJ:'ved' ph'otophosphorylation (ATP production), later 
reducing power was aiso made 9 either by open-ended, light-powered, 
electron flow or dJ:'iven by ATP 9 ultimate electron donors were at first 
hydrogen or sulfur compounds, and later water, The last-named capabilit~ 
Was acquired by prokaryotic algae~ the earliest plants, similar to the 
recent blue-greens. When free oxygen entered the atmosphere for the 
first time, various forms of respiration (oxidative phosphorylation) 
became possible. Mechanistically'l respiration evolved from photosynthesi 
(ilconversion hypothesis u ). Prokaryotic algae are probably the ancestors 
of the chloroplasts in the eukaryotes, In the evolution of the'euka
ryotes, not much change in the basic processes of photosynthesis 
occurred, 

INDUCTIVE VERSUS DEDUCTIVE APPROACH 

The organisms of each period have left their traces in sediments, 
and it is expected that in due course their investigation will provide 
important evidence on the evolution ofthe bioenergetic processes, 
including that of photosynthesis. In particular, the search for micro
fossils (bacteria and blue-green algae) has yielded many important 
results since the pioneer wÖ;t::k of Tyler and Barghoorn (1954). Micro
fossils as old as 3 Ga (3.10~ years) and more have been detected, and 
younger microfossils have been classified (see Barghoorn, 1971 9 Schopf, 
1974). Thestromatolites, bulky ,structures discovered by Kalkowski 
seventyyears ago have also been'identifiedas products of photo
synthetic organisms, and some of them are now thought to be )·2.7 Ga 
old (Bond et al., 1973). Moreover, in some cases organisms of the early 
Precambrian left to us the more or less decomposed and changed chemical 
body constituents ('see Calvin 1969? Maxwellet al. , 1971), even though 
their shapes were lostr their chemical analysis promises discrimination 
between different groups of organisms, All this evidence from sediments 
may be considered as "inductivellevidence. 



Great as the potential of induction in this field is, up to now 
not much light has been thrown on the details of physiological 
evolution. Among the microfossils, we have not yet been able to 
distinguish between non-photosynthetic (fermenting) and photosynthetic 
bacteria, and even the distinction between bacteria and blue-green 
algae is in many cases insecure. Similarly, we are uncertain about the 
organisms that built the stromatolites. In respect to paleochemical 
evidence we are facing the general problem of "epigenetic" contamination 
by organic matter from later periods that diffused into the strata in 
questiori. Even if such contamination could 9 in particular cases, be·· 
ruled out, we should still be in doubt about the substances to be used 
as markers for different groups of primitive organisms. 

Because of the difficulties in the interpretation of the induc~ive 
evidence, we prefer at the present time to use "deductive" evidence. In 
this 'context, we mean by deduction the derivation of evolutionary 
pathways from the investigation of surviving organisms. We are asking 
ourselves how evolution could have produced the types of bioenergetic 
(and, more particularly, photosynthetic) processes of which we are now 
aware. Of course, in this approach a monophyletic originof all existing 

:';'drganisms from commonancestors is implied. The criteria adopted for the 
assumed transitions between the species are thermodynamic possibility, 
biological utility and mechanistic plausibility. With these criteria, 
hypothetical phylogenetic trees can be built for the bioenergetic 

·processes. The correctness of the results can be checked in various' 
·:ways, e.g. through morphological work or comparative chemistry ("chemicaJ. 

taxonomy"). In the present article, we are concerned with the tree of 
photosynthesis. 

Thevolume of·literature devoted to the problems treated here is 
staggering. But only a limited number of references, mostly to useful 

(, s'urvey papers, can be giveno Inevitably, the 'selection must be 
arbitrary. Aboüt 2100 relevant references, still an incomplete list, 
will befouhd in arecent book (Broda, 1975a). Let is also be menti.oned 
that suggestions for methods for the technical utilization of solar 
energy on a large scale have been derived from biophysical-phylogenetical 
considerations (Broda, 1975c,1976). 

THE ORIGINOFTHE BIOENERGETIC PROCESSES 

The primeval ocean contained amultitude of organic compounds. It 
isnot yet clear to wh at extent the organic matter was produced in space 
and captured by the Earth, or formed in the primeval atmosphere of the 
Earth from simple precursors through input of energy (UV radiation, 

'electric discharges). The abiosynthesis of flbiomolecules" has been 
deinonstrated 'in the laboratory (Miller, 1953, see Lemmon, 1973). 
Probably at least the more complex 'organic molecules were produced on 
Earth. But whatever their origin, the atmosphere was at first certainly 
practically anoxic, i.e., devoid of free oxygen .. Even if introduced into 
the atmosphere, oxygen could not coexist to any appreciable extent with 
the reducing matter that was present in abundance. 

In the waters, the organic matter was subject to further reactions 
which:Tn the end resulted in the production of entities capable of 
proliferation ("chemical evolution"). This concept has been put forward 
by Oparin (1924, 1968? see Ponnamperuma,1972? Orgel ,1973). The 
hypothetical early entities are known as "probionts" or "eobionts". 
They subsequently evolved, through variation and seleetion,into simple 
organisms. The tleolife" and the life processes gradually must have 
become more regular and therefore also more specific. Thus the eobionts 



and,· later,the organisms became more selective also in respect to the 
energy-rich compöunds·which they accepted as sources of energy. 

At present, adenosine triphosphate (ATP) is not the only, but the 
preeminent energy-rich compound (see Lehninger, 1971). The crucial 
importance of ATP is expressed both in its appearance in all types of 
metabolie reactions for energy production (fermentation, photosynthesis 5 

respiration) and its indispensability för the synthesis of informational 
macromolecules (nucleic acids, proteins) . Energy is stored when ATP is .. 
built up endergonieally from adenosine diphosphate (ADP) and inorganic 
orthophosphate (p), and the energy becomes available when ATP is split 
again. 

But the structure of the ATP moleeule and therefore also the 
chemical pathways for its synthesis are so complicated that we cannot 
assume ATP to have served as a source of.energy at very early stages of 
evolution. Possiblyinorganic pyrophosphate (lIpp") was used before ATP 
(Baltscheffsky, 1971). PyropllOsphate still. substitutes for.ATP in some 
instances, notably in photosynthetic bacteria. 

Probably among the contemporary processes for production of useful 
energy (in the form of ATP) the fermentations are most similar tothe 
early processes in energy metabolism. The fermentationp (in the 
theoretical, not in the technical sense) are relatively simple. They 
are ind'ependent of light and oxygen, theyapply only a relatively small 
number of enzymes and cofactors, all of which are soluble, no solid 
structures being required, and the energy yields are poor. For instance, 
in the best-knOwn .of the fermentative reaction sequences, i.e. 7 in 
lactic acid fermentat·ion, only two moleeules ofATP are generated per. 
molecule of glucose as substrate. The 

sourceof the energy is the difference between thE1free-energy contents 
of glucose, on the one hand, and of lactic acid, on the other" Conse
quently, thefree-energyeontent· of the ATP is der:ived from the 
reorganisation of the organie matter inthe t,ransi tion from glucose to 
lactic acid; bonds are broken, and other:oonds are formed, 

Thus the earliest organisms in the terrestrial waters may have 
covered their energy needs through fermentations. Most probably, they 
resembled the obligate anaerobes among the recent (non-photosynthetic) 
bacteria, and, moreparticularly, the twoimportant groupsg the 
Clostridia and the methane formers. The bacteria of both these groups 
are, incidentally, Gram-positive. Ge~erally the Gram-positives are more 
primitive andpresumably,more·ancient than the Gram-negatives. 

TEE INVENTION OF PHOTOSYNTHESIS 

As the organisma in the waters multiplied,their resources 
approached exhaustion. The rate, of new synthesis of metabolie substrates 
probably was more or less constant, but the number of cells tended to 
increase exponentially. In this situation organisms that could tap 
addi tional, new, source.s of energy were at an advantage. The only 
possible new source ofenergy was light. Through mutation and selection, 
photosynthetic bacteria, still anaerobic / arose from the fermenters. 
We do not know anything for certain apout the original photosynthetic 
bacteria. There are, however, reasons to think (Broda, 1975) that like 
the Clostridia and methane formers, they were still Gram-positive while 



the contemporary photosynthetic bacteria, namely the purpIe and the 
green bacteria, are Gram-negative. . 

The known photosynthetic bacteria apply visible and infrared (IR) 
light. It can be understood that ultraviolet (UV) -light is not utilized. 
In present-day conditions UV does not contribute-much to the total 
e~ergyflux of the solar spectrum at the surface of the Earth; only 
long-wave UVpenetrates the atmosphere. This was not true when photo
synthesis ,arose. At the time,the atmosphere was anoxic, andno 
protective ozone layer had formed. Thus, short-wave UV could also get 
through. But even if UV was used inthe distant past, this capacity has 
not been maintained. In this context, it should not be forgotten that 
sh:ort-wave UV is, because of the high energy of the quanta, qui te 
disruptive, and not so suitable for the orde:i:'ly utilization of the 
energy of light. Short-wave UV threatens the structural integrity of 
the absorbing molecules, the IIsensitizersH or II photocatalysts ll • 

Concerning IR, it is not clear when the bacteria learned to use it. 
Possibly this capability is ancient, and was, for reasons unknown, lost 
by the later photosynthesizers, namely the plants. AlternativelY9 the 
bacteriacould have learned to exploit IR after the plants had diverged 
from thema 

From the standpoint of thermodynamics, the energy of light is of 
high value. The power of heat to do work depends, according to the 

. Carnot equation (Second Law) , on the temperature. As sunlight hits the 
earth, itmust still be ascribed the temperature of the source, about 
6000 0K. Therefore in principle nearly the whole ofthe energy content 
:of light couldbe converted into work. In practice, photosynthesizers 
operate, in the best conditions, still quite admirably, with a 30% 
energy yield. The remaining 70% is changed into low-grade heat at the 
temperature of the environment. The flux of sOla'41ight energy is 
tremendous; at the top of the atmosphere 1.7 . 10 .. kW, i. e. , 
1.34 kW/m2 with vertical incidence. Thus the invention of photo
synthesis solved the fundamental problem of bioenergetics for all time. 

In thephotQsynthetic process, the entropy of the system 
(light + organism + environment) must increase, as the process cannot 
be fully reversible, i.e., ideal. Entropy increases furtherwhen the 
product of photosynthesis, biomass s is metabolized in one way or the 
other. Finally, the Earth loses the energy obtained fromthe Sun as 
the energy of dark, thermal, radiation. This contains,per unit energy5 
far more entropy than the incoming radiation, This situation was 
described in 1886 by the physicist Ludwig Boltzmann in the powerful 
words ~ 

IIHence th.e general struggle for existence of theorganisms is not 
. a struggle for the elements, nor for energy, which in the form of heat, 
unfortunately inconvertibly, is present in abundance in every body, but 
a struggle for entropy (more exactly, in the terms of Schrödihger, 
negative entropy. E.B.), which becomes available through the transition 
from the hot Sun to the cold Earth. To exploit this transition as fully 
as possible, the plants spread out the immeasurable areas of their 
leaves and force the Sun's energy in a manner as yet unexplained before 
i t .sinks down to the temperature level of theEarth, to carry out 
chemical syntheses, of which one has no inkling as yet in our 
laboratories. lf 

Another physicist, Erwin Schrödinger, has later (1945) stated that 
quite generally living matter keeps going by producing entropy, or, 
what amounts to the same thing, by feeding on negative entropy. On the 
present-day Earth, the ultimate source of negentropy must be sunlight, 
even for nonphotosyntheticorganisms. 



With one exception, the photosynthetic machinery in all organisms 
that use light for biomass production is, in the essentials, quite 
similar, as will be explained. Therefore the conclusion is imperative 
that almost all photosynthesizers are monophyletic, i. e., that they are 

·derived from common ancestors. The exception, found quite recently, is 
'Halobacterium halobium (see Oesterhelt and Stoeckenius, 1973). No more 
~an be said he re about this important organismo 

THE MEMBRANE PRINCIPLE 

It is a striking fact that the primary process of photosynthesis 
always proceed's in connection wi th membraneso All cells, wi thout 

. exception, are surrounded by a cell membrane. Also the contemporary 
Gram-positive anaerobes, the Clostridia and methane formers, all have 
membranes, and there is every reason to think that the same applied to 
their distant ancestors that lived beforethe advent of photosynthesis. 
In'fact, it is hard to imagine a cell that is unprotected by a membrane. 
It would have no means of cleanly separating its interior from the 
environment, and consequently of controlling its internal milieu. 
Possibly the eobionts could do without membranes, but this is largely 
a matter of definition. 

In photosynthetic bacteria, the primary photochemical process 
proceeds at the cell membrane, but most of these bacteria have, in 
addition, complex systems ofintracellular membranes of the most varied 
shapes, presumably formed by invagination of t.he cell membrane. Photo
synthesis has never been observed wi th a homogeneous system, i. e., in 
the ground plasm of .the cell. . 

The reas'on need not be sought very far. In photosynthesis, light 
enforces an endergonic reaction. It would be unreasonable to assume 
that the final products, stable molecules, are formed in one step. 
Rather, the primary products (radicals, etc.) are highly reactive, and 
tend to give back reactions, i..e., to recombine. 

In homogeneous systems there would be no obstacle to such back 
reactions. In the presence of membranes, in contrast, the primary 
reactions may be localized in space and vectorially directed. More 
part i cularly, it is possible that the structure of the membrane ensures 
that of the pair of newly formed reaction products one, the primary 
reductant, is released on one side, an.d the other, the primary oxidant, 
on the other side. The two products cannot meet before each of them has 
assumed a relatively stable configuration, and recombination is 
::Lnhibited. In the case of plants, the conjugated redox substances. 
are free oxygen or aprecursor (the oXidarit) and reduced ferredoxin 
or aprecursor (the reductant). The ferredoxins are iron - sulfur 
proteins with S in inorganic linkage. 

In the photosynthetic membranes, the energy of light is taken up 
by a chlorophyll (bacteriochlorophyll in bacteria,. chlorophyll a in 
plantsj these substances are closely related chemically). A quantum 
may be absorbed directly by the chlorophyll, or else by an accessory 
sensitizer, e.g., a carotenoid, and transferred to bacteriochlorophyll 
or chlorophyll a 9 different organisms differ in their accessory 
sensitizers. The energ;y lifts an electron in the chlorophyll to a 
higher level. The excited chlorophyll wi th i ts weakly-held electron 
is a strong reductant, and may transfer the electron to an oxidant, 
even a weak oxidant. This substance, now reduced, may further transfer 
the electron to a stronger oxidant, etc. In the end, the electron may 
either, in a cyclic process, return to the chlorophyll and fill the 
hole left there, or it may be taken up in a "noncyclic" or Itopen-ended" 



process by an external oxidant (see Arnon 9 1971). In the latter case, 
the hole must of course be filled by an electron from an external 
reductant. T,o eusure a transfer of electrons in the right reaction 
'sequence 9 the electron transfer agents or redox substances must be 
placed wit~in the membrane in a specific spatial order. The ordeDiy 
movement of the electrons through 'ehe chain of redox substances is 
known as "electron flow". What is the meaning to the cell? 

The central role of membranes in photosynthesis (and respiration) 
has been recognized in the chemiosmotic theory of Mitchell (1968,1973), 
one of the most spirited and fruitful biophysical t)1eories ofour time. 
According to this theory, the electron flow sets up a proton concen
trat ion gradient betweentwo sides of the membrane •. This is due to the 
fact that on chemical grounds some of the redox reactions require the 
simultaneous uptake or, on the contrary, release of a proton. For 
instance, cytochromes, where the reduced form is distinguished from 
the oxidized form only by the valency 2 instead of 3 of the iron atom, 
cannot accomodate a proton in their reduction. In contrast, quinones 
can give hydroquinones only by uptake of whole hydrogen atoms 
(1 .electron + 1 proton). Further it may be assumed, and has in some 
cases been demonstrated, that the redox substances are arranged within 
the membrane in such a vray that the protons are absorbed on one side 
and expelled on the other. The energy stored through the t:r;-ansfer of 

,protons is given (per mole of protons) by the difference in the 
electrochemical potential, AG: 

alt 
l~, G = RT In -, + EF a 

where R is the gas constant, T the temperature, F the Faraday, E the 
voltage across the membrane, and a' and aB are the thermodynamic ' 
activities in the two compartments separated by the membrane. The first 
term is called the osmotic, the second the electric term. The energy 
stored by means ofthe difference in electrochemical potential' can be 
used,invarious ways, e.g., for the synthesis of ATP. The necessary 
enzymes are contained in the membrane. 

It will be recalled that ATP can also be made non-photosyntheti
cally in fermentation reactions. Moreover a gradient of electrochemical 
potential can be produced in fermenters by the operation, of an energy
driven pump (uactive transport" of protons). So it is attractive to 
think that photosynthesis originally arose in fermenters by a suitable 
insertion of a photocatalyst into the cell membrane. While chlorophylls 
donot exist in fermenters, related chemical compounds, th~ corrinoids, 
do. Like the porphyrins, to which the chlorophylls belong, the 
corrinoids contain 4 pyrrol residues per molecule. E.g., vitamin B12 
(cobalamine), a corrinoid, is abundant in Clostridia. Purely hypotheti
cally it may further be thought that the ATP-driven proton pump was 
inverted when the energy of light became available thanks to the chloro
phyll, so that the sequence of events then became: light energy ~ 
proton gradient -,.' ATP. Subsequently, and no doubt in many steps, the 
structure of the membrane may have been optimized to serve the new task, 
further redox compounds were added and well placed, and the membrane 
was extended intothe interior of the cello 

It is also possible that a rudimentary photochemical process 
started, after the advent of a photocatalyst, in the ground plasm of 
a cello Because of the tendency to recombination, such processes cannot 
have been very effective. Later, however, union of photocatalyst and 
membrane occurred, as indicated. 



THE CYCLIC PROCESS IN PHOTOSYNTHESIS 

It is a common misconception that the only task Qf photosynthesis 
is the assimilation of CO . For this, theproduction of flreducing' ' 
power", i. e. ;'o,f a sui tabie and sufficiently strong reductant is needed. 
How~ver, the id~ic task of photosynthesis consists t as has been ~een, 
in the direct productionof ATP. This ATP is 9 as pointed out, required 
for many fundamental cell processes, including the synthesis of proteins 
and nucleic acids. Together with the reducing power, this ATP is also 
needed for C02 assimilation. , 

Indeed it may be assumed that the photosynthetic ATP produCtion 
("photophosphorylation"), first established byArnon et al. (1954), 
preceded in time the photosynthetic production of reducing power. ' 
Before the advent of photosynthesis, the ATP required was supplied by 

, . 

fermentation of öne kind or the other. So it may well be assumed that 
photosynthesis at first just providedanalternative,and richer, souree 
of ATP. Charaeteristieally, certain eontemporary photosynthetic bacteria 
(purple bacteria) thrive in media which contain suitable organic com
pounds, wi thöut making reducing poweror assimilating C021 in these 
conditions, they use light merely forthe supply of ATP., 

, . 
M~ehariistieally, in the exelusive generation of ATP the primary 

products of photosynthesis (reductant and,oxidant) in the endrecombine 
so that there 1s no net production of rEiduetant and oxidant. The cyclic 
path to ultimate recombination involves stepwise electron flow, and 
some, of the steps in this flow are, in physiologieal conditions~ 
coupled obligately to the generation of ATP. A likely meehanism for 
coupling is provided by :Mitch,~ll's th,eory, mentioned before. 

Thus, photophosphorylation has beencapable of supplying all the 
energy needs of the cells, independently of the existence of substrates 
for fermentation. Consequently, with'photosynthesis the fundamental 
problem of bioenergetics has been definitely solved, and life can go 
on as long as the Gun shines. " 

THE OPEN-ENDED PROCESS IN PHOTOSYNTHESIS 

Yet photosynthesis could do more. With the cyclic process, living 
matter was still restricted to the carbon contained in. preexisting 
organic substrates. Yet enormous amounts of carbon in fl!.lly oxidized 
form (C0 2 and carbonates) wel'e p;resent in addition. Even now, the' 
carbon in the carbonates of the Eartll's crust by far exeeeds in 
quantity the carbon in organicmatter; including organisms. Thus eells 
that could mobilize (assimilate) CO 2 were at a great advantage. 

For the produetion of the needed reducing power, elEictrons are 
diverted in their flow, and coneomitantly IInew" electrons to fill the 
holes in the chlorophyll must be imported from o~tside (see Kluyver 
and Van Niel, 1956). Thus the electron flow is flnoncyclic" and 
flopen-endedfl. A possible source of external eleetrons is organic 
matter. This source is actually used by the so-called flnonsulfur purple 
bacteria lt which may be quite aneient. Such processes are, however, of 
limited utility as they suppose the preexistence of sufficient organic 
matter, and do not lead to a net gain of organic carbon. But the 
nonsulfur bacteria can use H2 as an alternative external reductant. 
Perhaps they arose when H2 was more abundant in the biosphere than it 
is now, though even now H2 oceurs, as a produet of fermentation, in 
some places. 



The ancestors of the "sulfur purpie bacteria" tapped a new 
external source of electronsg reduced forms of sulfur, typically H2S. 
This is oxidized photochemically to the stage of elementary S or even 
to sulfate. This p~o~~ss is, incidentally, the origin of many of the, 
deposits of S and S04 in the crust of the Earth. The "green bacteria" 
have a similar energy metabolism as the sulfur purpie bacte:ria, but we 
cannot deal with them here. 

After its diversion in open-ended flow, the electron serves the 
reduction of C02. At least in the overwhelming majority of cases, this 
reduction occurs by means of a cyclic process, the "reductive pentose 
phosphate cycle" or "Calvin cycle" (see Bassham and Calvin, 1957). This 
involves aseries of enzymatically catalyzed reactions. Ribulose 
diphosphate, cyclically regenerated y is the direct acceptor for C02? 
,~d phosphoglycerol aldehyde, formed by subsequent reduction and easily 
converted into carbohydrate, is the immediate net product. It should be 
underlined that the Cal vin cycle contains only "dark i

! reactions. The 
roleof light is'only the provision of'ATP and reducing power, both 
need~d for the oper~tion of the cycle. ' 

, The overall basic reaction in the energy metabolism of the purpie 
sulfur bacteria cart consequently be formulated as an endergonic,l:tght
powered, reduötion of C02 to carbohydrate by means of H2S, and, itmust 
be added~ with the participation of water. This process does not 
involve 02, ana was certainly develop~d at a time when the biosphere 
was stillanoxic. The purpie and the green sulfur bacteria remained 
anaerobes. The equation for the photosynthesis of carbohydrate by 
bacteriawili be given below. 

The question of the first stable (very strong!) reductant formed 
in the open-ended flow in bacteria is still under discussion. Ferre
doxins and hYdroquinones are under consideration (see Clayton, 1973 J 
Parson, 1974). However this maybe, the electron is subsequently 
transmitted to NAD+ (nicotinamide adenine dinucleotide), and this, in 
its reduced form (IINADH2"), is applied to the redu,ction of carbon 
within the Calvin cycle. Of course, the ferredoxin (or hydroquinone) 
and the NAD+ are also regenerated cyclically. 

The mechanism cf the open-ended electron flow in the bacteria is 
still a problem. According to one view (Arnon, 1971), the energy is 
provided directly by light. Others (Gest, 1972) think that in open
ende~ as in cyclic flow the energy cf light isat first stored as 
chemie al energy of ATP, and this is subsequently' used to pump 
I1 re l uctant" electröns to redox substances of more and more strongly 
negative electrochemical potential ("reverse electronflow ll

). The most 
strongly negative substances in the reduced forms are, of course, the 
strongest reductants. Reverse electron flow has been demonstrated in 
many sys-tems capable of photosynthesis or of respiration, where i t wa.s 
faund first. The alternatives may berepresented as foliows. 

Light-powered open':"ended electron flow. 

reductant + NAD+ hyp oxidant + NADH2 

ATP-powered electron flow; 

ADP -i- P h l':i> ATP + H
2

0 

reductant + NAD+ ATP;!> oxidant + NADH2 



Considering that ATP was available all along, it may be a good 
working hypothesis that the production of reducing power for CO2 
assimilation through reverse electron flow was the original process, 
and that thiswas supplemented later by the straight production of 
the reductant by open-ended electron flow, directly powered by ~ight. 
Processes along the two lines may weIl coexist now, and may be applied 
in populations or even in ind·ividual bacteria to differingextents, 
according to circumstances. t~cidentally, at least in contemporary 
plants, open-ended electron fiow is coupled to ATP production so that 
"n oncyclic phosphorylation" adds to cyclic phosphorylation. 

BACTERIA AND BLUE-GREENALGAE 

It has been known for more than a hundred years that the cells of 
the blue-green alga:e,a very widely distributed and successful group'Qf 
organisms, resemble in structure the cells of bacteria more than thol;le 
of other algae, i.e., of plants. In a newer terminology, this is 
expressed by the statement that bacteria and blue-green algae are 
prokaryotes, while all other organisms are eukaryotes. (Viruses, not 
being independent organisms, are excluded from consideration.) The gulf 
between the prokaryotes and the eukaryotes is very deep indeed 9 there 
are no transitional forms whatever. 

The reason why the blue-greens have nevertheless mostly been 
classed with the plants rather than withthe bacteria is the si-milarity 
of the mechanism of photosynthesis. Indeed the photosynthesis in blue
greens is essentially identical with that in plants. So weshall also 
include the blue-greens among the plants. However, they might be 
considered as "blue bacteria", as is done by Stanier. 

The fundamental difference between the photosynthetic (purpIe, 
green) bacteria and the blue-greens is that the latter, but never the 
former, release freeoxygen. This was shown by Molisch in 1907. The 
oxygen comes from water, and is to be compared to the elementary sulfur 
set free, as has been mentioned before, by some bacteria. In other 
words,these bacteria photolyze H2S, while blue-greens photolyze H20, 
thermodynamically an immensely more diffieult task. The meaning of this 
distinction has been reeognised some 40 years aga by Van Niel (see 
Kluyver and Van Niel, 1956), who thereby made possible a rational 
comparison of these types of processes. The overall results areg 

2H2S + CO2 h y y (CH20) + H20 +2S, G~ = 12 kcal 

2H20 + CO2 hY.;> (CH20) + H20 + °2 7 G~ = 112 keal 

«CH20) standsfor theunit of'carbohydrate - not for formadehyde!) 
Obviously the acquisi tion of the eapacity to use water as the 

source cf metabolie hydrogeneonstituted another real breakthrough. 
From now onwards, the organisms were for the produetion of ATP and of 
redueing power - therefore for l'ife - independen-t· of any kind of 
limited resouree for energy metabolism. Blue-gr,eens thrive even when 
restricted to water, .C02' minerals and light, i.e., almost everywhere. 
In contrast, the photosynthetic sulfur bacteria, e.g., need ,reduced 
sulfur compounds as sourceof metabolie hydrogen. In view of the 
tremendous importanee of the step taken by the blue-greens, their 
type of photosynthesis maybedistinguished from bacterial photo
synthesis by the use of the term "phytotrophy" (see Table I, p.130). 

The advanced functional efficiency of the blue-greens is, of 
course, reflected in a much greater structural complexity. Morphologi
cally, the internal membrane SYSt D 8S are extremely complicated. A 



tendency towards fo~mationof (true, primitive) tissues with division 
of labour betweenthe cells appears. Above all, the blue-greens have 
2 distinct photoohemical systems that operate in series (HilI and 
Bendall, 1960;~see Bendall and HilI, 1968). In system Ii, the electron 
from water is lifted by the energy of one light quantum to a redox 
compound of intermediate electrochemical potential. Only thereafter 
is it - afte:r some intervening "dark!! steps - lifted by means of a 
second package of light energy, applied to photosystem I, to the final 
acceptor, akin to ferredoxin, with a potential of high negative value. 
In this way, the high thermodynamical barrier is overcome, 

After the emergence of the blue-greens, free oxygen appearedin 
the biosphere in appreciable quantity for the first time. Although at 
first the 02 must have quickly been removed by reactions with the . 
abundant reductants in the crust (notably reduced forms of Fe and S) 
the atmosphere gradually turned oxidizing. We owe to the plants the 
fact that the Earth alone among the planets contains 02 in its 
atmosphere ... 

PHOTOSYNTHESIS,'iN"D RESPIRATION 

The development Öf aerobic respiration was a consequence of the 
presence of oxygen. In respiration, where substrate is fully burned 
rather than tra-nsforme'd into different organie compounds, far more ATP 
is made than in fermentation, In the lactic acid fermentation of 
glucose, for example, 2 moleeules of ATP are obtained, but in the 
utilization through respiration of the same amount of glucose, 
38 molecules of ATP, . 

Respiration is, however, a very complioated process and requires 
many reactionsteps.It rhas been proposed (Broda, 1970, 1975a) that 
respiration, wherev:er i tappears, has developed from photosynthesis 
("conversion hypo'thesis ll ). The phylogenetic implications are 
considerable. Far instance, it would follow that all respirers had 
photosynthetic ancestors. Thiswould be true, e.g., for E. coli. 

The justification ofthe hypothesis lies in the impressive baSic 
similarity of.the mechanisms of respiration with those of photosynthesis. 
Consequently, mutual approach by convergence seems implausible. First>' 
members of th,e same classes of organie compounds take part in both kindf, 
of processesg pyridine nucleotides, flavins, quinones, Fe-S proteins 
and cytochromes. Secondly and more strikingly, the membrane principle 
applies to respiration as well as to photosynthesis. In either case, 
ATP formation is a consequence of electron flow, and the Mitchell 
theory is applied to describe both processes. In respiration, the 
term "oxidativ.e phospho:rylation" is used. 

Of cour~e, the overall meaning of photosynthesis and of respiratio~l 
is different, indeed inverse. The former process is essentially reduc- : 
tive, the latter process oxidative. In connection with the open-ended 
photophosphorylation by plants~ the electrons flow from water to NADP+, 
i.e., from high to low electrochemical potential, while in the oxidative 
phosphorylation by aerobes·they flow from NADH 2 to 02' i.e., from low 
to high potential. The latter flow is entirely exergonic, but in the 
former flow the exergonicity of most steps is overcompensated by the 
energyinput in the two photochemical steps. In the conversion 
hypothesis it issuggested that the photosynthetic chain was taken 
over, transforrried and adapted when the possibility for respiration 
arose in the later biosphere. 

The presumed ancestors of the ilordinary" respiring bacteria, 
which respire.organic compounds ("chemoorganotrophs"), are those 



photosynthetic bacti3ria that ,also use organic compounds , but for 
photosynthesis, 1.. e,.' the nonsulfl:!.r purpie bac:teria ("photoorgano
trophs").Many of the photoorganotrophs are 1 in present conditions, 
capable b.oth of photosynthesis a,ndof respiration, and therefore are 
most interesting objects of research. 

The conversiQn hypothesis accounts weil for the fact that the 
mechanisms of respiration in the many kinds of aerobic bacteria known 
differ greatly in detail, but nevertheless agree in the essentials 
(membrane principle 1 electron flow 1 oxidative phosphorylation). This 
is precisely what one would expect if respiration had evolved many 
times independently, but in parallel, from photosynthesis. 

Theblue-green algae, like the fellow-prokaryotes, the bacteria, 
converted the photosynthetic process into arespiratory process. Again 
this ?lay, in different groups of blue-greens,. have happened many times, 
in parallel. Like the non sulfur purpie bacteria, the blue-greens, 
carrying out both photosynthesis and respiration, are most useful 
objects of investigation, notably in respect to the interaction of 
the various processes of energy metabolism (Peschek, 1975). Some 
bIue-greens, Iike some of the photosynthetic bacteria, have lost the 
capacity for photosynthesis and the chlorophyll altogether. These 
species live by respiration, supplemented to some extent by fermentation~ 
They are 5 misleadingly, known as "gliding bacteria". The capacity to 
glide ratherthan to swim has been inherited'from the b1ue-greens. Some' 
colourless gliders, e.g., Beggiatoa, have learned to obtain energy from 
the aerobic oxidation of sulfur compounds. 

SPECIAL FORMS OF BACTERIAL RESPIRATION 

In some bacteria, sulfate (see Le Gall and Postgate, 1973) or 
nitrate (see Takahashi et al. , 1963? Payne, 1973) rather than 02 serve 
as terminal electron'acceptors in respiration. Such anaerobic 
respirers 1 also known as desulfuricants or denitrificants, respectively, 
likewise use the membrane principle with oxidative phosphorylation, In 
the form of the conversion hypothesis here put forward, these 
respiratory processes also followed rather than preceded photo
synthesis (Broda, 1970, 1975a). One of the arguments in favour of this 
sequence is the improbability that either sulfate or nitrate was common 
in the Earth's crust in the initial, reducing conditions. Sulfate was 
probably first produced in quantity by the purpie sulfur bacteria, and 
nitrate much later by the nitrificants, which require fre,e ,oxygen 1 and 
to which we shall return later. 

Forms of respiration (non-stoichiometrically)~ 

(CH 20 ) + °2 -) CO 2 + H20 a~robic respiration 

(CH20) + S02- + H+ -7 CO 2 + H20 + H S 
4 2 desulfurication 

(= sulfate respiration) 

(CH20) + NO; + H+ ~ CO
2 

+ H20 + N2 denitrification 
(= nitrate respiration) 

The sulphate; rE?spirer:s,' still strict anaerobes, may have arisen 
from photosynthesizers independently of the aerobic (02) respirers, and 
before them, in the still: reducing atmosph'ere. They practically undo 
the work of the coloured:, sulfur bacteriß,. The latter reduce,: as has 
been seen, CO2 wi thH2S (in the light)? the former reduce" sulfate by 
means of organic compounds (in thedark). Together, then, the two kinds 



of bacteria carryout areaction cycle as long as light is available. 
This -- a t! sulfuretum" - may be demonstrated in the laboratory in a 
closed flask. It also occurs in anoxie eonditions (some waters) in 
nature, and sulfureta .probably existed on a large scale indeed when 
the atmosphere was still anoxie. 

Finally a few words about the so-called chemolithotrophs. In the 
kinds of respiration -so far mentioned (with oxygen, nitrate or sulphate, 
as terminal eleetron aceeptors) the electrons lastly come from organic 
substrate.so Forms of respiration (equally with oxidativephosphorylation 
in eonnectionwith membranes) now alsoexist where the electrons come 
from inorganic sourees, notably HZS or NH3. Such organisms, like 
photosynthetic baeteria based on ~norganic reductants ("photolitho
trophs tl ), derive their earbon from 002 through the Oalvin cycle. The 
fundamental difference is only that the energy needed for the reduction 
of 002 by these electron donors is in one case supplied by light, in 
the other ease by oxidation of part of the substrate by 02' or 
oceasionallyby nitrate. 

TABLE I 

Phylogenetic scheme of prokaryotes 

---~._--------- -----_ .. _----------------
Fermenters 

r 
(""-----

Photosynth.~sizers 

--_/~-,_._---------- .. '" 
Photophytotrophs1f3 

(water electron source 

. ·1f1 
Photoorganotrophs 
(organic electron source) 

I 
chemOorganotrophs*4 

\ ----_._-'---,,-

-_.--~-------

Photolithotrophs1f2 

(inorganic electron 
souree except water) 

chemoJithotroPhs~5 
-,,\/r----.-.-

Respirers 

1f1 Nonsulfur purpIe bacteria 
1f2 Sulfur bacteria (purpIe or green) 
1f3 Blue-green algae 
1f4 E.g., E. coli 
1f5 E.G., Thiobacilli 
:1E6 E.g.,Beggiatoa 

I 
gliding "bacteria,,:1E6 

It is likely that the chemolithotrophs descended from the photo~ 
lithotrophswhen 02 appeared in the atmosphere, just as the ordinary 
respirers (chemoorganotrophs) descended from the photoorganotrophs, 
i. e., from those photosynthetic bacteria that used organic compounds 
as their sourceof electrons (Broda 1970, 1975a). Chemolithotrophie 
oxidizers of NH3 to N02 and NO~ are known as nitrificants~ their . 
existence was a precondi tion of nitrate respiration (Broda, 1975.b). 
Of course, the chemolithotrophs contain, like all nonphotosynthetic 
respirers, no chlorophyll. Hence t'le chemoli thotrophic sulfur bacter:i,a, 



the thiobacilli, are- in contrast tothe purpl~or green sulfur 
bacteria - also known as colourless sulfur bacteria. A mU,ch abridged 
phylogenetic scheme of prokaryotes is given in Table 1. To remain 
simple, anae;robic re'spirers are riot nientioned here .. For more details 
see Broda (1975a). ' 

THE ENDOSYMBIOTICHYPOTHESIS 

According to a now widely; but by no means gerierally" accepted 
hypothesis which was first put forward around 1905 but revived in the 
sixties, the chloroplasts are derived from endosymbiotic pro'karyotic 
phytotrophs Csee 'Margulis,1970). Recent symbionts of this kind are 
fairly common. They p:r:ovide the hosts w:Lth ,photosynthate and are 
themselves supplied with the hostts metabolites. The chloroplasts 
indeed show striking similarities with cells of the blue-greens. They 
have, however, no cell walls and are incapable or respiration or, in 
contrastto many blue-greens, of nitrogen fixation. They may have lost 
these capacities. The mitochondria are now also widely believed to be 
degenerate.~ symbionts of prokaryotic origin. 

Ch16roplasts, like,the mitochondria anq also the nucleus, are 
characteristic of eukarYoticcells. Withinthese cells, the photo
synthetic machinery is entirely confined to the chloroplasts, the 
machinery for respiration to the. mitochondria. Thus 9trict compart
mentation'and division of labour is observed. Amongthe supporters of 
the ,Emdosymbiotic hypothesis there is no unanimi ty as to whether the 
ancestors for the mitochondria ör of the chloroplasts'weretaken in 
first. ' 

The endosymbiotichypothesis gives an easy explanation for the 
near-identit,y of the mechanisms of photosynthesisin prokaryotic and 
in eukartbtic plants. ,Apparently the machinery for photosynthesis had 
reached such perfeetion irithe phytotrophs, e.g., blue-greens, that no 
further improvement was needed or possible after the uptake by the 
host cello 

It is noticed, however, that the chloroplasts of the green algae 
(the botanists' term: "chlorophytes fl

) and also of the higher plants, 
thought to be descendedfro'm the green algae, differ from the blue
greens in respect to accessory pigments. The blue-greens contain 
phycobilins, the green algae, in contrast 5 chlorophyll b. Possibly the 
chloroplasts of the green algae are derived from a now" extinct kind of 
prokaryotic alga, somewhat different from the blue-greens, that also 
used chlorophyll b (Raven, 1970). But the chloroplasts cf other 
eukaryotic plants, the red'algae 5 resemble the blue-greens in,their 
complement of accessories" 

There is no need to deal he re with the further evolution of 
photosynthesis in the eukaryotic plants. For reasons unknöwn 9 different 
species show a wide diversity'of the chloroplasts in respect to number 
within the cell, to size and to shape. In their dark reactions, the so
called C4 plants, e.g., maize and sugarcane, differ from the rest, 
the C3 plants. While all plants without exception employ the Calvin 
cycle, in C4 plants modifications appear that in some conditions are 
thought to lmprove the yield of biomassin photosynthesis; we must 
refer the reader to reviews of this field (see Black, 1973). But the 
mechanism of the primary reaction,the light reaction" has, as far as 
we know, remained unchanged - pro bably for several giga-years. 
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