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Resting cel ls  of eleven microorganisms were exposed t o  radioactive 

carbon dioxide for 40 minutes, The radioactive campounds f omed during 

t h i s  time were sepasated and identified by paper chromatography. 

Resting cel ls  of 111s f h e d  no carbon dioxide and 

growing cel ls  fixed carbon dioxide primarily i n  rnalic and aspartic acids. 

A l l  of the radioactive compounds formed could have became radioactive 

by reversal of known decarbolrylation reactions* 

(1) The work described i n  th is  p p e r  was sponsored by the U. S. Atomic 
Energy Conmission, 
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The place occupied by the photosynthetic mechariism of energy conversion 

in  the  stream of biochemical evolution has been the subject of considerable 

speedat ion.  (Tan Niel, 1949; Blum, 1937) It is clear,  however, +,hat in 

order t o  establish such a place, a more or  l e s s  d e f b i t e  notian of %he 

nature of the en t i re  evolutionary stream i s  necessary, In recen-b years the 

idea tha t  the stream is flowing i n  the direct ion of the los s  of spthe%ic 

biochemical a b i l i t i e s  has gained a special  prominence, par t icular ly a s  a 

result of laboratory ex~r i rnen ta t ion  a s  well  as  the observation of natural ly  

occursing systems, ( ~ e a d l e ,  1945; Tatum, 1946; Knight, 1950) Such a view 

qui te  c lear ly places the photosynthetic mechanism very near t h e  beginning, 

However, a variety of very powerful arguments have been adduced (~pr in ,  193g 

Ea8daneg 1934) against the sudden appearance of the very compla,, empletely 

autotrophic organism containing extremely involved biosynthetic sequences f n  

a n  essent ial ly  inorgan.5~ world. 

A mechanism has been poposed (~orowitz ,  1945) f o r  the evolution of =these 

very inv-07-ved biosynthetic sequences leading t o  cap3 .e~  compounds by %he 

gradual acquisition of s-gnthetic a b i l i t i e s ,  Such a view of the evolut8onary 

s tsearn wouldg of course, place the photosynthetic energy converting system 

(1) The work described i n  t h i s  paper was sponsored by the U, S, Atoztc 
Energy Gormnission, 



near the top or the end rather than a t  the bottam of' the scale or near %he 

beginning of the stream, It seemed t o  us not unreasonable t o  suppose that 

the  entire evolutionary stream consists of both types of change,, the one 

involving increasing bicsynthetic ab i l i t i e s  being the ear l ier  leg, l eadhg  

ull-thately to  completely autotrophic organismsg and the other involving the 

Loss of biosynthetic ab i l i t i e s  being a second leg and becoming the aajor 

direction comparatively later on the evolutionary tfme scale, 

!!'he fo s s i l  record that is l e f t  t o  us is, of course, of very recent 

o r ig in  on swh a sealee Presumably we have no direct geological record of 

the  events on the r9sing leg of such a stream, It is, however, conceivable 

tha t  some heterotrophic organisms alive today might r epes sn t  stages on the 

r i s ing  leg? and the problem becomes the one of seeking t o  find c r i t e r ia  t o  

determine whether or not such an organism r e ~ e s e n t s  a precursor t o  an 

autotroph or a product of the loss of synthetic ab i l i t i e s  from an autotroph. 

The ava ibb i l i ty  of methodsg paper chromatography and radioautography, 

of  observing the abi l i ty  of a wide variety of organisms t o  f k  carbon dioxide 

i n to  organic campounds and t o  determine the nature of the organic compounds 

i n t o  which th is  carbon had been fixed suggested i t s  use as a criterion for 

the elass5fication of these organisms. The study herein reported was under- 

taken to determhe the compounds in which carbon dioxide was incorporated i n  

t he  dark by a variety of organisms. They were chosen t o  try and be r e ~ e s e n t a -  

of both the plant and the animal world and b a a  hetesotro&ic and auto- 

krophic. The general procedure was t o  earpose a sample of the orgenisms t o  

radioactive carbon dioxfde ar,d then analpe the fixed carbon by means of ppe-r 

chromatography , 



Ekich organism was grown i n  an appropriate medium and harvested while sub- 

s t ra te  was s t i l l  present and the cel ls  were actively dividing, 

Cell suspensions of Hansenula anomla and Tetrahmnena gelef i  were pre- 

pared i n  the following manner, The cultures were centrifuged and washed once 

with dis t i l led  

t i l l ed  water. 

suspension and 

water and l m l .  of packed cells  suspended i n  100 ml. ~f dis- 

7.2 PM IkHC03 containing 44.8 PC of C4 was added t o  the 

shaken occasionally. After 40 minutes the suspension was 

poured into 400 ml, of boiling alcohol, The t o t a l  amount of aet ivfty fixed 

in non-volatile gmducts was determined immediately on the entire suspension 

and the amount of act ivi ty i n  soluble non-volatile compounds measured a f te r  

f i l t r a t ion  through celi te .  

Cultures of A l l m c e s  arbuscub and Blastocladia minzsheimeii, were har- 

vested by f i l t r a t ion  and the mycelial mats washed with water, Care was 

taken t o  pevent the mat  from becoming campletely dry, 1,7 g, of mycelium 

was then suspended i n  100 ml. of water and treated as described above f o r  

Tetrahmem and Hansenuls,, 0- the alcohol extractable activkty was deter- 

mined because of the diff iculty of countbig the mycelium,, 

One m l ,  of jkzotobacter a g i l Q  cel ls  was suspended i n  I& d, of water, 

U.5 PM NaHCO containing 71.7 PC C~ were added and the suspension shaken a 
constantJy, After 40 minutes the mhture was dumped into 56 cc. of bo f lbg  

ethanol, The act ivi ty of the suspension was determined before and a f t e r  

f i l t r a t ion  through ce l i t e*  Cell suspensions that  were not shaken fixed 

l i t t l e  activity, 



Two obligate anaerobes? Butmibacterium r e t t ~ e r i  ana Glostzidium kBmez-i, 

were t reated in the following manner: 1 CC, of unwashed c e l l s  was resuspended 

i n  5 ml, water and 

NaHCO and 89.6 PC 
3 

gen and the  system 

placed in a Thunberg tube, A solution containing U,l: PM 

of cU was placed in the s i d e  am, frosen i n  U q d d  nitre 

evacuated, The EJaHCO solutLon was then thawed, mixed with 
3 

the c e l l s  and the solution shaken f o r  40 minutes* The c e l l s  were then k i l l e d  

and extracted w i t h  20 do of boiling ethanol, The solution was f f l t e r e d  

through ce l f t e  and concentrated t o  2 nil, 

One ELL, sf washed c e l l s  of Phssamm &l~ce&a$um was suspended in 3.5 d, 

of water and 3.8 FM NeRCO3 containing 40 irC cf cU added. After 40 minutes 

t h e  ce l l s  were k i l l ed  ~ 5 t h  15 ml, of boiling ethanol and f i l h r e d ,  

Svnechoeoccus eedomq9 were exposed t o  carbon dioxide i n  the dark, One ml, 

paeked ce l l s  was suspended in 100 d, of d i s t i l l e d  water, the f lask  covered 

with aluminum f o i l  and placed in a completely dark room* A solution contain- 

i n g  7.78 kM NaHCO and 48.5 CLC cL4 was added t o  the  algae i n  the dark, shaken 
3 

and af te r  40 minutes i n  h r k n e s s  the  algae were k i l l e d  by dumping i n  400 mZ, 

of boiling alcoholo The t o t a l  amount of a c t i v i t y  fixed in to  non-volatile 

414. o f  the f i l t e r e d  solutions were mneentrsted i n  wcuo t o  2 ml, and 

a l i  quots chroma%ogaphed, A solution containing the  8% ethanol extractable 

material  from 100 mg, wet weight of c e l l s  was found t o  give sat isfactory 

chromatograms with a l l  organisms, Two-dimensional descending paper chroma- 

tograms using water-saturated phenol as the first developing solvent and 

butanol-popionic acid-water as the second solvent were prepared, 



The radioactive compounds wesent were c?etemined by exposing the chroma- 

t o g a m  t o  '*No Screentt X-ray f i b .  After Locatf on of %be radioactive areas with 

the radiogram, the amount of ac t iv i ty  h each spot was determined by placing a 

th in  window Geiger-Muller counting tube over the  spoto Radioactivity measure- 

ments from duplicate chromatograms agreed within 5% 

The resu l t s  a re  shown in Table 1," The amount of carbon d i d d e  a c t i v i t y  

fixed d u b g  4O minutes is reported as  counts pr a inute  per ml, of packed 

ce l l s .  S b e e  each organism w i l l  have different  packing character is t ics  and 

varying concentrations of C~ were used, no d i r e c t  comparison should be made 

of the amount of carbon dioxide fixed by differen-torganisw,  The a c t i v i t y  

of each compounsl i s  expressed as  the p r  cent sf the t o t a l  soluble non- 

Restilts 

The compounds containing fixed carbon dioxide may have been produced by 

exchange reactions or may represent a net synthesis, No attempt was made t o  

determine by what reaction each compound was formed. 

The data obtained from radiograms of the ex t rac t  a r e  only f o r  non- 

vola t i le ,  soluble compounds, Carbon dioxide incorporated in to  ce l lu lar  mate- 

r i a l  such as proteins and complex polysaccharides wodd not be detected, The 

difference between t o t a l  a c t i v i t y  fixed and the 8% alcohol extractable 

material would give a measure of the amount of carbon dioxide incorporated 

in to  cel lular  material, This varies from 4% in Tetrahymena g e l e f i  t o  595 i n  

Azotobacter a,aUiso The alcohol-exC,ract of Azotobacter a g i l l s  a l so  con- 

tained a considerable amount of polysap~har ides~  The two water molds, 

arbuscula and Blas%ocladia minmheiroii a l s o  f ixed carbon d f d d e  



ing the plating operations, the  vacuum concentration m c i  the ~ h r o m a t c ~ a p h i c  

procedure. A s t r ik ing  example of th i s  was vi th  extracts  of Butmibacteriuq 

r s t t ~ e r k  where s considerable m o m t  of radioactive ace t ic  and S u t p i c  acid 

vas formed. X t k  the chromatographic solvents used these acids were l o s t  

during devolc p e n t  02 t h e  p p r  clrorilatograras. 

With 3ansonula anomla? an oxidative yeast, 7% of the fixed ac t iv i ty  

vas found aspartic, glutamic and succinic acids. Alanine? malic and 

c i t r i c  sci6s r.mre other campounds having measurable act ivi ty.  

Eie protozon, Tetrahymena ge le i i ,  f ixed 63% of the  carbon dioxide 

p,ctivity i n  succinic acid. This is i n  agreement with the r e su l t s  of 

Van X e l ,  (1942) who found tha t  res t ing  c e l l s  of t h i s  orgainsm 

f h a d  carbon - 4 i x i d e  i n  s u c c ~ a c i d d d d u r u r . g g  +&e f ernentation of glucose, 

The two water molds, &IJmwces arbuscula and Blastocladia minsshelmii 

f ~ m e d  miirb.Yr radicactive a s p r t i c  and glutamic acids. Relative smaUer 

arxm~ks of radioactive suecinic acid was formed by these organisms (See 

mz.t;iL.so 1949 

Xom "&an ha=, 5% of tFe a c t i v i t . ~  fixed by Azotobacter &J&g was 

f cmd in  insohbla  ce l lu lar  material. Cf the soluble a c t i v i t r ,  54% was 

f ;aud i n  conpounds :Mch are probabb ccmplex po~vsaccharides . Hydrolgsis 

02 these conw~~~zds u i t h  1 1 hydrochloric acid f u r  30 minutes a t  100' gave 

glucose and mother unidentified compound. This compound is not an acid 

degradation poduc t  cf e i ther  glucose or  fructose, 



The anaerobic bacterium, Butmibacterium re t taer i ,  during ferruenkation 

of l ac t i c  acid fixes carbon d i d d e  in acetic and butyric acids, (Barker and 

Haas, 1944) The resting ceUs of t h i s  experiment also f k e d  carbon dioxide 

in to  acetic and butyric acids, Of the non-volatile campounds formedt the 

m j o r i t y  of the act ivi ty was i n  malie acid and tyrosine and phenyl ahnine,, 

No act ivi ty could be detected i n  alanine, 

Another anaerobe, Clostridiuq Uuweri, fixed 78% of the aet ivi ty i n  
I 

ahnine,  

A slime mold,, Phvsarum mlvcenhalum, f k e d  carbon dioxide maw in 

aspartic, g.krltamic, malie and c i t r i c  acids, 

The pattern of carbon dicceide fixatLon in  the dark f o r  the three algae 

examined was similar t o  that  f o r  the non-photosynthetic organisms, The prin- 

cipal  compounds labeled were aspxrtic, glutamic, succinic and malic acids, 

None of the phosphorylated compounds formed by carbon dioxide fixation in  

the l ight  were observed. 

LactobaciUus casei  differed from the other organism i n  th i s  study by 

its very slow ra te  of carbon d i d d e  fixation. Resting c e l l  suspensions of 

Lactobacillus casei from 24 horn cultures did not fix any measurable amtsmt 

sf oarbon & a i d e  during a 40 &ute exposure, (See Gibbs* 1950) Therefme 

the orgadsms were grown i n  the presence of radioactive carbon d i d d e ,  

11.5 PM carbon dioxide cantaining 71.7 PC carbon I.&, fo r  16 hours, The 

t o t a l  amount of act ivi ty f b e d  i n  the ceUs and superaatant was 88,000 cts./min. 

Of this ,  4000 counts ware incorporated i n  the cells.  Over 9% of the activi ty 

i n  Lhe supernatant was found in one campound, malic acid, The activi ty 

of the cel ls  was 

f o r  8 hours gave 

in water insoluble materials. 6 a acid hydrolysis a t  100' 

one radioactive compound, aspartic acid, 



Discussion 

It is clear f'rm the foregoing results  that the original 

search has not been fu l f i l l ed;  that is, a cri terion fo r  the d 

purpose of the 

is t inct ion between 

an organism lying on the r is ing leg and one lying on the fa l l ing  leg of the 

biochemical evolutionary stream is not apparent, Quite the contrary, The pat- 

tern of dark carbon dioxide fhation seems t o  be very much the same in a l l  the 

organisms so far tested, and leads t o  a conclusion of the single origin of a l l  of 

these biochemical systems fn much the same way as the generalized Vitamin B 

nutpi t i  onal requirements do, Thi  s is particularly true fo r  LactobaciDus case4 

where i ts  inabiU%y to fix carbon dioxide corresponds t o  its fastidious nutri- 

t ional  requirements. 

Furthermore, the p t t e r n  of campounds in to  which carbon dioxide is incor- 

porated is most readily and simply accounted for by the universal existence of 

a single, well-estabushed reversible carbaqlat ion reaction of ~syrtlvic acid 

leading t o  oxaloacetic acid and malic acid, From these, via the well-known 

reactions of the tricarbolrylic acid cycle,, together with a few transaminatSon 

reactions, the carbon cou2.d be transported in to  practically all of the cam- 

pounds which we have observed, 

The two most notfceable differences from the average carbon distribution 

a r e  the small amount of glueamic acid found among the bacteria, together with 

the a p p r e n t b  larger quantities of tyrosine and pheqylalanine Found in the 

anaerobic bacterium, Butvribacterium ra t tae r i ,  It is quite possible that  fur- 

ther more extensive and precise work on the distribution pattern might lead 

t o  systematic differences capable of classification utility. In this con- 

nection it should be mentioned that Eu~11ena rrracilis has been run and found 

t o  produce a pattern d i s t h c t l y  different from those herein reported, It 

w S l l  be discussed in a forthcoming pllbUcation, 



by reversal of h o r n  decarbcxybtion reactions, 

We g~atefully thank &, H, A, Barker %or srrpplying culttuJes d 

Azotobacter agilf s and Glostridfum Irlmerf M r  Lo Pins f OF Butrmfbacterftpm 
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pfngsheigif, &, J, 0, Thomas f o r  Tetrahmena g d e i t 9  k, J, Tabashick 

f o r  Bmss~da a n ~ m l a _ ~  Lg, KO Hok for Physmurm and Dr, No B o  

AUen f a r  Smechococms 

eomprative study possible. 



C" Activity 
c ts/mins 

Tota l  Soluble 

(9) Coun%s per minute of acti ' ty  fixed by 1 n i l ,  of 
wcked cells  exposed t o  Ca02 f o r  40 mine 



prfngshefmii 

5 ,  Az otobacter 
agf U s  

0 ,  Cfiloreldba 
ppand .  dosa 



Table I (conttd) 

I 2, Tetrahymena 
gelei i  

I 5 . Azotobacter 
ag i l i s  

I 6 . Butyribacterf urn 
re t tger i  

8. Physarum 
plyce phalum 

I 9. Scenedesmas D3 

Radioactive Compounds formed 
: of t o t a l  non-volatile soluble act ivi ty 
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