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General Congress Lecture-4 Augzist I 964 

CHEMICAL EVOLUTION 

MELVIN CALVIN* 

e The prcpa~ation of this paper was sponsored by the U.S. Ato~ic Energy C~mmission. 

ABSTJlACT 

How did life come to be on the surface of this earth? Darwin himself recognized 
that his basic idea of evolution by variation and natural selection must be a con
tinuous process extending backward in time through that period in which the first 
living things arose and into the period of 'chemical evolution' which preceded it." 
\Ve arc approaching the examination of these events by two routes. 

· One is to seck for evidence in the ancient rocks of the earth which were laid down 
prior .to tha~ time in which animals capable of leaving their skeletons in the rocks 
to be fossilized were in existence. This period is something prior to approximately 
6oo million years ago, the earth having been formed approximately 4"7 billion years 
i!~O. \Vc have found certain organic molecules in rocks whose age is about one 
billion years which arc closely related to the green pigment of plants, chlorophyll . 

. This seems to establish that green plants were already flourishing prior to that time. 
\Vc arc now examining rocks of still greater age, namely, z·s billion years, .to deter
mine whether they contain any molecules which could be attributed to the presence 

· of a living organism. 
The second approach is to attempt to reproduce in the laboratory chemical 

processes induced by radiations of various kinds-from the sun, from radioactivity, 
. from electrical storm, etc., which could give rise to molecules and combinations 
of them, ultimately leading t() systems which could be called alive. This has also 
succeeded along many lines, and many of the present-day biologically important
molecules have been constructed in this way, providing laboratory evidence for 
the hypothetical processes. 

Finally we must seck evidence for the same processes in material found elsewhere 
than on the earth, such as other parts of our solar system, e.g. the moon and Mars. 
W c. can expect to know whether such materials exist at all in the ro.cks of the moon 
within this decade. We may e~en know something more definite about the botany 
of Mars in this same period. 

INTRODUCTION 

. Darwin himself most su~cinctly stated the case for the continuity of evolution 
in his most important paper with Wallace: 'On the Tendency o(Vai-ieties to 
Depart Indefinitely from Original Types' .1 That title contains within it the 
implication that on backward extrapolation one must :!!'rive at a point at which 
there was only one variety which could be called alive. This variety, in turn, 
was only one of several different kinds of organization of matter which took over, 
so ·to speak, the organic world of its day. Darwin recognized this continuum 
back through organic evolution into the time of prebiotic evolution, and he 
expn:ssed it in a letter written in 1874 in which he said that almost certainly the 
first living aggregation occurred in a soup of proteinaceous material, but that 
he himself was not ready to undertake a discussion of that period and deliberately 
limited himself to organic evolution.~. 

'You expressed quite correctly my views where you said that I had intentionally 
left the question of the Origin of Life uncanvasscd as being altogether ultra vires 
in the present state of our knowledge, and that I dealt only with the manner of 
succession. I have met with no evidence that seems in the least trustworthy, in 
favour of so-called Spontaneous Generation. I believe that I have somewhere 
said (but cannot find the passage) that the principle of continuity renders it 
probable that the principle of life will hereafter be shown to be a part, or conse
quence, of some general law ••• .' 
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.It is often said that all the conditions for the first production of a living 
oi·ganism arc now present, which could ever have been present. But if (anJ oh! 
what a big iff) we could conceive in some warm little ponJ, with all sorts of 
ammonia· anti pho~ph9ric ••cid salts, light, .heat, electricity, etc. present, that a 
protctnc conopmmJ \\-as chemically formed ready to undergo still more complex 
changes, at the present day such matter would be instantly Jcvourcd or absorbed, 
which would not have been the case before living creatures were formed.' 

Danvin did not deny the continuity of chemical evolution, that is, prcbiotic 
change, into organic evolution, but he was right in denying himself the· privilege 
of speculation at that time because chemical, physical and geological science 
had not yet developed to a stage where he could fruitfully discuss this question. 

. It is only in the last two ~r three decades that chemic:ll (biochcmical) science 
has reached a level of sophistication which permits us to undertake both experi
ment and theory in this direction. a 

The first requisite for such experiments and speculations is to have some 
knowledge of the molecular processes which we arc trying to understand. Today 
a good deal is known about the molecular constitution of living things and the 
dynamics of the interaction of those molecules which give rise to the 'life' of 
living organisms. Figure I shows the most abundant atoms of the solar system 

F1c. 1. Schematic representation, in chemical terms, of the set of formations which have 
to be accomplished from the atoms to produce the structure of thq cell. 

and the universe, and maps some of the stages through which these atoms must 
pass, in terms of organization, to arrive at the kinds of molecules which would 
be required for living things. The most plentiful atoms in the universe arc, of . 
course, hydrogen, and following thai carbon, oxygen and nitrogen. So it is not · 
surprising that living things arc made of these very same atoms. From these 

· atoms we must pass to the simple molecules whch constitute the substrates of . 
living things, i.e. amino acids, sugars, bases, fatty acids, hydroxy acids, and from 
these to the next level of complexity, the biopolymers, particularly protein and 
nucleic acid, which are made from these simple constituents. Any process of 
chemical evolution which we might hypothesize must carry us forward through 
these structural changes from the simple combinations of atoms to the more 
complex groups to the large molecules which are required for the functioning . 
of living organisms. 

We will speak of living organisms in terms of two functions, namely, the · 
. ability to transfer and transform energy in a directed way and the ability, once 
having learned this process, to remember it and transfer it from one generation 
to the next. These two properties are primarily contained in the two biopolymers 
-the protein for the energy conversion process and the nucleic acid for the 
information transfer process. I have deliberately avoided a definition of 'life'. 
There· are some who will accept a self-replicating molecule as a living organism 
and there are others who will require a cell with a nucleus. It depends upon the · 
orientation from which the problem is approached. · · 

TERRESTRIAL CHEMICAL EVOLUTION 

With the knowledge of today's molecular processes as our base, what approaches . 
do we have to discovering what the series of chemical transformations were (or 
might have been) which gaye rise to this sequence? There arc two quite different 
approaches which can be used, one of which is the classic approach of looking 
for the record in the rocks. This, of course, carries us back some soo-6oo million 
years. But the record in, recognizable morph.ological residues of living forms 
gives out approximately 6oo million years ago, and we have to tum to other types 
of evidence. · 

The time availablc in which to achie:vc the entire sequence is be~t defined 
in terms of the history of the earth, summarized in Figure 2. We. have .roughly 
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FIG. 2. Time scale for total evolution. 

4'7 billion years to achieve these transfo.rmations, according to the reckoning of 
geologists. The period of chemical evolution pre~umably begins at tl\,e time the 
earth took its present form, and !'have placed its beginning at about 3'9~4 billion 
years ago, a purely arbitrary choice. The question of when organic evolution 
begins is one of the prime questions with which I am sure we will be concerned; 
when and in what manner. Quite arbitrarily organic evolution was pl!lccd on the· 
figure as beginning 2'5 billion years ago, and when we finish with the first part 
of this· discussion, you will sec that this was quite a fortuitous accident. As 
organic c\:olution took over the organic chemical world, the process of non biotic 
(chemical) change gradually ceased. The pool of organic chemicals upon which 
the processes of chemical evolution could operate was diminished by organic
evolution to insignificance. We a're; at the moment, trying to define the starting 
point of organic evolution. We will then go back from there and start at the other 
end of the sequence and usc what chemicals the astronomers and geologists say 
were present on the primeval earth together with the energy sources which were 
available at thattime. We will then see how far we can carry forward the changes 
which might be induced in that prcbiotic system. until we meet the point at. 
which we have come by backward search from the present time. 

Let us now have a look at the historical record. Figure 3 ·shows an expansion 

Fie. 3· Expansion of the time scale, showing the fossil record. 

of the time scale, showing the period in which the fossil record exists from the 
Cambrian period on. In the Precambrian period there are a number of fossil 
types which have been recognized, particularly the algal stromatolites, but the 
nature of these is still unknown. Since the morphologically recognizable fossil 
record gives about 6oo million years ago, we must seck a molecular record, and · 
in this search we have about 4·2 billion years in which the beginnings of organic 
evolution may be localized. · 

Organic Geoclzemistry 
It was at this point that we began to seck experimental evidence in the r~ 

This search has only been possible in the last dozen years because the technical 
methods of analysis required to find and identify. the organic molecules that 
might be present in the ancient rocks have been developed only recently .. The 
methods which we use are highly ·developed chromatographic techniques in 
which we can separate a few micrograms of material and identify the molecules 

. , specifically. By this I mean specific molecular structure, specific architectural 
arrangemc!1ts of the atoms which can be indicated by chromatographic methods 
and then further specified by mass spectrometry, infrared spectrometry and 
similar methods. 

In 'order to check out the methods, we undertook to examine hydrocarbons 
as a means of identifying biological materials, as distinct from non-biological · 

1> materials. We tested our methods with a relatively young rock, 50 million years 
&re.en l'fltl!!f" old v~"lg shale. The layering of this material appears very nicely, and 

A eventually we will get to the point where we will examine each of the layers 
separately. Until now we have taken only the entire section as one piece. We 
can extract the hydrocarbons hom the crust rock without heat or chemical 
treatment, so that we know we are dealing with the materials as they are in the 
rock. We then 'perform an analysis on them.· We first separate the nonhydro
carbons from the hydrocarbons and then the hydrocarbons arc separated by a 
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ll~caum:IIL wHH.:Il :;cpararcs tne orancnccl cnams trom the stra1gllt chams. The 
hydrocarbon molecules thus separated arc made up of only carhon and hydrogen 
and we can now separate the straight chains (with no branches) irom all molecules 
which have even one branch on them. This is done with a molecular sic\'e, a small 
bead with the hole of a correct size to let In' a single chain oi carbon-hydrogen 
atoms. If there is even one branch on the chain, it cannot get through the hole 

'in the sieve bead, but if there arc no branches, the chain can wiggle its '~ay through 
the hole, get inside the bead, and then 'it cannot be washed out. In this way we 
can separate the straight chain hydrocarbons from any others, .and we have done 
this on microgram amounts. 

Figure 4~shows the result of such an analysis. The top curve is a record of the. 

FIG. 4· Alkanes from Shnle (l\1iocenc). Each pe:~k represents a different 
1y rocar on, t 1e 11e1g s of the peaks indicating relative quantities. The horizontal scale 
gives the temperature of extraction from I00° to J00°C at an increase of 6°/min. A, total 
alkanes; B, branched, etc.; C, normals. Column size: 5 ft. x ~-in.; column· packing: 3% 

SE-JO. 

effiuent gas of all the hydrocarbons as it comes through the gas chromatograph; 
the middle curve is of the branched chain hydrocarbons; the bottom curve is the 
straight chain hydrocarbons. In the so-million-year-old rock the straight chain 
hydrocarbons show the alteration pattern very characteristic of modern hydro
carbons. Fresh leaf wax, in fact, shows the same kind of character, and the 
dominance of C17, C29 and C31 is characteristic of modern leaf waxes. The 

R,·~r :;.~~·~~g. shale is a relatively youpg oil, so million years old, and this is the 
characteristic pattern, then, of a fresh hydrocarbon. The odd numbers dominate 
the even ones because the even carboxylic acids are dominant over the odd acids 
in the living plant. They are decarboxylated and reduced in the rock, giving the 
odd hydrocarbons. In the branched chains of the v~ng shale there arc two 
peaks which arc dominant. We have identified these as phytane and pristane, 
and in a moment I will discuss the relationship of these to the plant and animal 
world. 

r would like t~ show now the same kind of analysis, c~rried out on a rock one 
billion years old, that is, the Nonesuch shale of the White Pine Mine in Michigan. 
The shale itself, with the carbonaceous marker bed upon which it lies, is rela
tively rich in'oil, the oil :1ctually oozing out from the junction. We have analysed 
hnth the free llowing oil and the material which can be extracted from the rock 
after it is gmund up. The analysis is the same for both, which suggests that the· 
oil is material laid down with the rock. Figure s shows the gas chromatographic 

Fw. S· Allmncs from Nonesuch Shnle Oil (Precambrian). Each peak represents a different 
hydrnca1'hon, the heights of the peaks indicatinj.! relative quantities. The horizontal axis 
is increasing extraction temperature. A, total alkanes, too-zSz"C at 6°/min.; B, branched, 
cycli.·, l~tc., IOO-J0~0/lllin.; c, normals, I00-305°C :at 8°/min. Column size: 

5 II'. X A in.; column packing-: 3% SE-Jp. 

analysis of the one-hillion-ycar-old material. Above is the total hydrocarbon; in 
the ,·,~nt rc is the hr:11H:hcd chain and cyclic fraction; and on the bottom the straicrht 
rhain l'ra,~tion, OtH' <'an st:<~ that the odd dominant· patt<'rn ol' the fn~sh hyd~o
l';irholll i:1 1111 1<111)~<'1' tlu• princip~il <'har~lt'l<'ri~ti,· of tlw pattl'rn .. lt now hl'gins 
'" lo1ol• nln\tl:ll 11:1 though tlll'n' 1\'t•n• :1 tht'l'lllodrmulli<~ distrih11tinn around C 
I . . • , \' 'II . 17• 

•111 11 t:•ll t I IIIII<', •HI 1';lll :111 Ht'<' that tlu• \ 'a 7 J'l'ak is :1 Iilii!' l•ll' hi.t:h nnd is 
lloll ,\'•'l I'IIIIIJII<"tl'l_,. l'lllhi1HIIi;•.,·d. \\'lu·thcr this distribution l'<'<'lll'l'<"d hy \'irtue 1tt' 
tit~• fr1':ih oil h<·in): ··han!:•··l c•r h.\' ,·irlll<' of llli\in~ n nonhiog,·ni,: ·oil with :1 
hi·•!:•·ni,• clllc' i:1 :Hill ::<lllh'thin): whi,•h ,•an lw HQ:ucd. 11<1\\'<'\'<'l', in dw hmndwd . 
:·hniu:c.tlh•:~c• l\\'1> .J.,IIIilltlllt l'.•'•lb '"'•'Ill' n1:ain.' nn.l tl~<•s,•.ha\'<' hn·n lllh'<Jlli\'c>,·nlty 
t~l.-cllclh'.t one I'll\ l.uh' nihil''"'''"~~'• lhll:l pl;ll'lllg lht·cn, ,,,. th,·ir prn·c,r::<~r::· in th<• 
uuiJ.•II, 1'\'l'll c>IH' loiJli,•n Y<'nr:; ngo.~ 

\\'hnl Ill'<' phyt.liW im.t pri::lluw, und whar is thdr r.·lalionship to 1h1• hittlogicnl 
world? 'l'hi:~ ill llhown in Fi~11r~· C1, l'hyltll ill u h1:andw<l chain nlodwl, and on~ 
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FIG. 6. A possible source of pristane and phytone. 

of the carboxyl groups of chlorophyll is esterified with this phytol alochol. The 
phytanc arises by way of a reduction and dehydration of phytol, and it has the. 
same number of carbon atoms as phytol. Pristane is derived from phytol by a 
hydrogenation of the double bond and oxidation of the alcohol followed by 
decarboxylation, giving the pristane which has one carbon atom less. There is 
little doubt but what these two molecules are related to phytol which, in tum, 
is very characteristic of the presence of chlorophyll. Although these hydrocarbons 
(phytane and pristane) are present in certain animal sources, such as wool wax, 
it appears unlikely that wool wax is the source of the oil. It is more likely that 
the chlorophyll is the source of the oil, and this would constitute pretty clear 
evidence that chlorophyllous photosynthesis was in existence at least one billion . · 
years ago.5 

We have in our hands a still older rock, dated at 2·5 billion years from the 1 1 · ~I 
Soudan iron formation of Minncsota.(Thc-figlu·e-shows-the-beditsclhnd·also·a de(eTe f1115 
graphitic-lcn!Wakcn-out-1:>f-·it)As yet we have not had an opportunity to analyse Senf(Jne 
this rock. · 

Recently Dr. Hocring described his results on an African rock dated at 2•7 
billion years in which he measured the Cl3fC12 ratio and found the ratio of C13 

in the reduced carbon of that rock to be low6 by a value which is presumed 
· characteristic of the reduction of carbon on photosynthesis, but there are also· 
other possible chemical processes which could do this. Nevertheless, if he is 
right and if the reduced carbon which is present in this African rock of 2'7 
billion years is indeed due to photosynthesis, as indicated by the C13 defect, then 
we have a very short time indeed for chemical evolution. It would mean that the ! i 
photosynthetic organism, with all of its complexities-all of its complex system of ., ,. 
carbon reduction and light energy conversion-was in existence at least 2·7 
billion years ago. That leaves us· only two billion years to get to that point, the 
earth having been formed 4'7 billion years ago. Time is getting short, as you can 
sec. The whole process of chemical evolution, then, leading all the way to the 
complexities of photosynthesis, would have to have takcn.place in two bi111on 
years from the beginning of the.earth in its present form to 2·7 bJlion years ago, 
if Hoering's interpretation is correct. 

Prebiotic Chemistry 
'vVe can now approach the problem of che'mical evolution from the other end, 

namely, starting at 4'7 billion years, what kind of chemical processes could 
. induce the transformation of the primeval organic environment of the earth into 

biologically important material, material which could give·.rise to the living 
organism: This is subject to some' experimental tests. We accept the geologists' 
and astronomers' statements that the primeval atmosphere of the earth was a 
reduCing one, and, secondly, that most of the atoms in the atmosphere of the 

· earth were bound to hydrogen. Figure 7. shows the primeval and primitive 

FIG. 7· Primeval and primitive organic molecules. 

organic molecules: the oxygen bonded to hydrogen, the carbon bonded to hydro
gen, the hydrogen bonded to hydrogen and the nitrogen bonded to hydrogen. 
"When these molecules are subjected to the various forms of energy which 
bombarded the earth, from the sun (solar ultraviolet, as well as more ionizing 

· radiation), tcrrcstial radioactivity, electrical storms in the atmosphere, etc., 
they are torn apart, the bonds are broken, a recombination occurs and meta
stable molecules are formed. 
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»u<.:n U1Js type 01 expcnmcnt 1s performed in the laboratorv, as we did in 
1950, in the absence of ammonia, one gets formic acid, acetic acid, ·glycolaldehyde, 
formaldehyde, suc~c acid-all of th~:se non-n:trogenous compounds.7 \\'hen 
;unillimw was u(hiC to the reaction mixture, which. was first done by Stanley 
Miller, amino acids were obtained, first glycine, then HCN', alanine, aspartic 
aci~.H lVIany others have done this same type of experiment, and all of the 
molecules which you will recognize as the common metabolites of today's living 
organisms have been created from prcbiotic starting materials. Not only t·hat, 
they represent the substrates for the construction of the biopolymcrs as well. 
To this list we should now add all of the heterocyclic bases which arc required 
for the formation of nucleic acids. Both ribose and desoxyribose are formed in 
the same types of proccsscs.8 We now have all of the simple substrate molecules 
for the metabolic action of living things as we know them today. Beyond that, 
they also constitute the starting materials for the formation of the biopolymcrs 
which we know are required for the activities of today's living organism. 

· Polymcri::atioll 
In the course of this nonbiogenic formation of these biologically important 

structures we have not yet constructed the polymers-protein, nucleic acid, 
carbohydrate. These polymers are all made in the same kind of reaction, shown 
in Figure 8, which is a characteristic dehydration reaction. The proteins are 

..... 

FIG. 8. Dehydration reactions leading to biopolymers. 

formed by dehydration of a pair of amino acids (carboxy group and amino group); 
the polysaccharides by dehydration of the monosaccharides; and the nucleic acids 
by three kinds of dehydrations, one forming the nucleoside, the second forming 
the nucleotide, the third forming the phosphate ester (the dinucleotide). . 

How can these simple dehydration reactions be brought about by the same type 
of system which gives rise to the amino acids, the heterocyclic bases (adenine, 
cytosine, etc:) and the sugars? How can these dehydration reactions be brought 
about in aqueous solution? The chemists usually do these things in nonaqueous 
media, but these reactions are today carried on by living organisms in an aqueous 
media; presumably it happened originally also in water. Is there a possible,· • 
chemical system for bringing about this dehydration reaction in water? · 

·About a year ago we set as our next goal the discovery of such a chemical 
system, and we were successful. We have found that cyanamide dimer will induce '.' 
the ·dehydration condensation in water solution of glucose to cellobiose, and will 
cause the dehydration esterification of glucose and phosphate to glucose-6- · 
phosphate in o·oox JW'·solutions in water, as well as induce the formation of the 
dipeptide, alanylalanine, in o·ox M aqueous alanine.1u This is a very interesting 
reaction, and those of you who are chemically oriented will appreciate how excit-
ing this is in terms of chemistry. Recently I have learned that not only does 
cyanamide dimer induce this type of reaction but also cyanogen can be used. 
Stanley iVIiller used cyanogen in a similar experiment. It is now clear that the 
cyanamide dimer is formed .in exactly the same type of process as the other 
simple molecules. 

We have now formed the simple molecules (amino acids, sugars, heterocyclic 
bases) and we have formed the unsaturated molecules (the cyanogens, the 
cyanamide dimcr) which themselves store the radiation energy and use it in a· 
specific dehydration reaction. With this we are now able to make the polymers 
by a non biogenic process in a dilute aqueous solution. Can we now get to the next 
level of structure? 

W c have gone from the simple atoms to the simple molecules, to the bio- · 
. )ogically important substrates, to the polymers. Now, how do the polymers 
themselves take on the next level of structural organization which a biologist 
requires for a living organism? 

GENERATION OF ORDER AND NEW INFORMATION 

The next level of structure is.contained in the polymer. I want to remind you, 
therefore; that the polypeptide structure which is shown in Figure 9 spontaneously 
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F10. 9· Protein structure. 

takes up a second degree of order in the form of the helical arrangement because 
of the particular relation of the nitrogen and hydrogen atoms, and carbonyl · · 
bonds to each other. What might have appeared as a random chain, at ·room 
temperature and at the right pH will assume a highly ordered second degree of 
structure-the alpha helical structure. This is a perfectly reversible process, and 

· the structure is stable thcrmodynamicaiiy. One can demonstrate this by melting 
it: upon heating or~ change of the acidity, the polypeptid_c will come apart, and 
by reversing the temperature change or the acidity change, it comes back 
together again. The same kind of thing can be said of the helical structure which 
is taken up by the polynucleotide, shown in Figure IO. This shows a ribose 

FIG. ro. Molecular drawing of components of desoxyribonucleic acid. 

phosphate 'tape' on which are strung a couple of the heterocyclic bases, as well as 
a second 'tape' of ribose phosphate upon which are hung the other two comple
mentary bases. As you .all know, these arc hydrogen-bonded and complementary 
to each other, and they form a double helix which is a thermodynamically stable 
form; one can melt it and reform it, either by temperature or by pH adjustment. 
The sc?ond order ~f structure, the .hc~ical structu.re which is. built into both of,\, 
these b10polymers, 1s, therefore, bUilt mto them d1rectly by v1rtue of the nature , ' 
of the monomers of which they are made and the bond which brin.gs the ' 
monomers together. . 

Is there a third order of structure built into these biopolymers? This can be 
shown by .the reversible formation of collagen fibrils. The top part of Figure I I 

FIG. II. Structure of collagen. 

is the disaggregated single collagen: molecules, and the bottom part is the 
reaggrcgatcd collagen fibrils, formed by adjusting the salt· concentration· of 
the single .molecular species. You can see that these reformed, constructed 

. collagen fibrils obviously are stable, and the whole structure of the helix which 
is present here contains in it the necessary bits of information to give rise to this 
third order of structure. · 

There arc many other k(nds of evidence of higher degrees of order built into 
the polymers. The multiplicity of the forms of enzymes which is now being . 
described everywhere bears witness to this. One can dissociate and reassociate · 
many complex structures, even to the quaternary degree of structure, in which 
the helix is the secondary structure, the way the helix is folded is the tertiary 
structure, and.the way in which the folds ·pack together into almost visible 
aggregates is the quaternary structure. In many cases we have found that these 
things arc reversible. We can therefore say that the quaternary structure is built 
right into the atoms of which the material is made. 
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Q :e:~ 
BOTA~ICAL CO~GRESS PROCEEDI~GS-1S 

The atoms give rise to the small molecules, the small molecules ;lYe rise to · 
the poylmers, the polyr,1CI'$ gi·>c rise to the secondary structure, the secondary 
to the tertiary, the tertiary· to the quaternary which is now ,·isiblc. We have thus 
come right up into the visible region of cellular structure. Figure 12 shows 

F1r.. 12. Electron micrographs sho\ving the 'fundamcntal·particles' of biology: ribosomes,. 
electron transport particles of the mitochondria, quantasomes of the chloroplasts and unit 

lipoprotein membrane. 

electron micrographs of several types of structure, showing the fundamental 
particles of biology (ribosomes, electron transport particles of mitochondria, 

. ·. quantasomes of chloroplasts, unit lipoprotein membrane). This shows the fine 
· structure which we can take apart, but we have not yet-been able to put it back 

together. Recently it has been reported by Dr. David. Green that the mito
chondrial structures can be dismantled (certain parts of the function can 9~ 
removed), ant.t when this is done by suitably adjusting the. medium, the little . 

. knobs in the 'mitochondria spontaneously go back onto the mito~hondrial · 
membrane.11 This process is built into the structure of the material. 

CONCLUSION 

We have now traced right from the beginning-from the atoms themselves to 
visible structures and their functions-a sequence of events for which a number of 
experimental points of contact have been found. We have been able to ch·eck the 
path at half a dozen different points. There are obviously many points that have 
not yet been mapped. For example, the construction of a biologically active · 
membrane layer has not yet been successfully accomplished by any means. (This. 
is an area which is yery important, and the physicists and chemists are just now 
reaching the stage where they can attempt to do this.) The map will gradually be . 
filled out, modified and changed as. we learn more about it. 

One last word ·about where new information can come from: new 'information 
. both of the type we arc seeking in the ancient rocks and the type we are seeking 

in experimental prebiotic development may come to us from quite another 
f!Ource. Today we have, of course, no other source of prebiotic materials except· 
the laboratory. iThe_re is, however, another possible source and that is material 
which comes to us from ·off the earth in the form of meteorites. There has been 
a good deal of work in this direction in recent years. However, the number of 
meteorites that arc available to us which have organic matter in them, for· 
examination and analysis, is very limited, and what is worse, it is difficult to be 
sure that the organic matter in them came with the meteorites. This is because . 
you just don't catch the meteorite as .it falls-it hits the ground and all of you : 

. know what is in and on the ground. · 
There is really only one way we can be confident that the information which 

we get by analysis of the organic matter in the ancient rock was there to start 
. with, and that is to get the rock (meteorite) from off the earth and seal it up bef'ore 
it gets back to the earth. I suspect that within this decade this will be done, and . 
there is every reason to expect that we will have nonterrestrial rock samples which 
have 'been sterilely sealed and brought back for terrestrial laboratory biological 
and chemical examination in the not too Jistant future. Many of us will have the 

· opportunity to examine such materials, brought back to terrestrial laboratories 
within a decade. · 

Also, within the next ten years, we can expect at leas·t spectroscopic inform:~
tion to aid in answering the great botanical question as to whether there arc 
lichens on Mars. This should provide, at the least, a most intcrcstiz:tg classifica
tion problem for the taxonomists. 

.. 

--------------~_::-- ... -·---P-~, ....... , ... '· . ----· ... ·-~· ____ .... _. __ 
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