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Anaerob ic  Replaceinent of Carbon Dioxide." 

SANVEL J. .A JL AND C. H. WERKMAN. 
From thc Bacteriologg Srction, I O U  ( I  .~gr1~111turd Exywiment Station, Ames, Iowa. 

Previous reports' on the heterotrophic re- 
placement of carbon dioxide i n  bacteria have 
dealt exclusively with aerobic metabolism. 
largely because the compounds substituting 
for CO1 were known to occur in the normal 
aerobic metabolism of bacteria. Further re- 
search in this field, however, reveals first that 
nrqanisms normally requiring CO2 when prow- 
ing aerobically require it anaerobically. and 
secondly, that the same compounds replace 
C 0 2  under anaerobic conditions. The p u r -  
pose of the present communication is to report 
on the anaerobic replacement of carbon di- 
oxide and to compare the function of the>? 
compounds under aerobic and anaerobic coii- 
ditions. 

Methods. The methods used were essen- 
tially those employed in previous work.' The 
organisms used in these experiments were 
Escherichia coli and .-!erohactcr acrogcnrs. 
The inoculum consisted of a 24-hour culture 
grown in 10 ml of the basal medium con&ing 

glucose and 10% tap water, final pH adjusted 
to 6.8. The compounds tested were added 
before autoclaving except in the case of oxal- 
acetic acid. .4 solution of the sodium salt was 
sterilized by filtration and added aseptically. 

Cylinder nitrogen wa.; passed over hot 
reduced copper gauze to remove oxygen and 
then through a CO,-absorbing train before 
passing through the cultures. The reaction 
flask contained 25  ml of basal medium to 
which 2% of inoculum was added aseptically. 
Growth was measured by turbidimetric read- 
ings on a Klett-Summerson photoelectric 
colorimeter with a 660 mp light filter. .ill 
readings were made after 12  hours incubation 

of 0.8% RIHPO,, 0.4Cjr (NHt),SOA. 0.X;h 

- -~ 

* Journal Paper So. J 1191) of the Ioiw Agri- 
cultural Exprriniciit St:itioii, -Aiilt-s, Ioiva.  1'1 o,jcct 
K O .  862. 

1Aj1, S. J., and Werkman, C. H., A?-ck. Rto- 
u k ~ m . ,  1948, 19, 483. 

a t  37°C. Sterile, uninoculated media were 
used as blanks. 

Experimental. Xeither E .  coli nor A .  aero- 
gcncs  will grow anaerobically in the absence 
of CO,. .Atmospheric C o n  can be replaced 
by SaHCO::; these results are in accord with 
Gladstone et aL2 Since no growth takes place 
in the absence of Con,  the conclusion may be 
drawn that COS has a definite function under 
anaerobic conditions. 

The compounds and the extent to which 
they replace COZ are listed in Table I. The  
results are essentially similar to those ob- 
tained aerobically with the exception of oxal- 
acetic acid which most effectively replaces 
CO. in the complete absence of oxygen. It is, 
therefore, possible that oxalacetic acid is a 
key compound in the anaerobic metabolism of 
the cells. 

a-Ketoglutaric acid (and glutamic acid) 
substitutes anaerobically to a greater extent 
than any of the other compounds, except oxal- 
acetate. Similar results were obtained aero- 
bically. These facts again suggest a possible 
further fixation over and above the Wood 
and Werkman reaction. Such a fixation reac- 
tion would in normal metabolism (in the 
presence of COZ) yield C g  acids which are 
more essential to the cell. Indirect evidence 
for this has been obtained. More abundant 
growth is obtained with bicarbonate and  suc- 
cinic, malic or fumaric acid than with any of 
these acids alone (Table 11). 

A number of compounds metabolically re- 
lated to those of Table I1 will also replace 
COz anaerobically (Table 111). 

In the case of A .  aerogcnes, the function of 
citric acid under anaerobic conditions should 
be stressed. Whereas, the effect is compara- 
tively small aerobically, in the absence of 0 2  

the organism uses this acid very effectively 
ZGladetone, G. P., Fildes, P., and Richardson, 

0. M., Brit. J. Erp. Path,, 1935, 16, 335. 
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ANAEROBIC CARBON DIOXIDE REPLACEMENT 523 

TABLE TI. 
Effect of Bdded Clubonate on the Growth of 

E. coli in the PrerJence of C, Compounds. 

Compound With NnHW3 Without N a H C 0 3  

Succinic 55 30 
Funur ic  65 40 
Malic 60 45 

A11 of thc compounds including NaHCO, were 
added in 2-1nM quantities. Thc extent of growth 
is indicatcd by turbidirnetric readings on the 
photoelectric colorimeter. 

Control gavc readings from 3 to 9. 
Total volume, 25.5 cc. 

Temp., 37°C. 

in the place of CO, (Table W ) .  E.  coli wilI 
not utilize citric acid under the above condi- 
tions. 

The fact that the compounds normally 
occurring in the Krebs cycle replace COz 
anaerobically suggests a possible function of 
this cycle in the absence as well as in the 
presence of oxygen. However, it should be 
noted that the existence of this cycle has not 
been demonstrated in bacterial respiration. 

I t  is generally considered that the tri- 
carboxylic acid cycle is an  aerobic mechanism 
by which various substrates can be oxidized 
to mC0, and H20, to yield energy to the 
system. Since the final products of anaero- 
biosis are not generally the same as in the 
presence of O,, some other function of this 
cycle must be proposed. Since fat, protein, 
and carbohydrate metabolism have many 
points in common in the form of identical 
intermediate products and since the com- 
pounds supplied in the absence of CO, are 
some of the interconvertible intermediate 
products, it is possible that by amination, 
transamination, and other reactions the vari- 
ous compounds are directly utilized for the 
synthesis of proteins. On such a basis the 
utilization of CO, to form these compounds 
which in turn are used for cellular material 
can then be explained. 

Summary. A number of compounds have 
been found which will replace C&, necessary 
for the anaerobic metabolism of Escherichia 
coli and Aerobacter aerogenes. The C5 com- 
pounds appear to replace CO, more effectively 
than other compounds tested with the excep- 
tion of oxalacetic acid and citric acid, the 
latter in the case of A .  aerogenes only. The 

___.- 

~ _ _ _ _  - 

Incubation time, 1 2  hr. 
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TA\I3TZ 111. 
Effect of Glutnminr, Aqxirtigine. -1rgininr. :inti I'riiliiir on *\ naerobic Growth of E. roli  in th? 

Absenct~ of C'O,. 
~ 

Compound Glutainiiitb A \ , ~ ~ : ~ r : ~ g i ~ i r  Aigiitiitr l'rolinc (lontrol 
. -~ . ..-- -- 

30 5 -- -. 

d v )  
~ ~~ - -- 

Or oivtli 12: -10 
- 

Tho extent of grnwth is indicated by turl~idii i~t~tric readings on the photoelectric colorinieter. 
Compounds were added in  2-mM quantitics. 
Total voluine, 25.6 cc. Incubation time, I 2  lir. Temp., 37°C. 

T.\CLl.: ll-. 
R q i 1 , i ~ t ~ i n ~ n t  of CO, by Citric .\cid I'nt1t.r .\vrobic :ind Anaerobic Conclition~ 

Citric Acid 
7--- \ 

Sitingrii n i th  0 2  Air with C 0 2  
Oig:iiii\in :inti C'O, rcmorrtl removed 

- .~ 

Bsckoic l i in  roli 9 4 
-1 f'l'(J bttcl f I' (I( ) . I )  t//' 11 t'S 140 5 0 

- ~- - -- - _- ~ 

T1w estcrit of growill i 4  iiidic,itcd by t111 I I I ~ ~ I ~ I + I  11' ~ [ Y I ~ I J I ~ S  o n  tlic photoelcctiic coloiinieter. 
L' in11 qunntitirs of citiic :kcid w c ~ e  uw1. 
Total v ~ l n n ~ r .  23.3 w. Inciil~iition time, 12 hi . Tcnili., 3io( ' .  

fact that oxalacetic by-passes the COa require- 
ment to such an extent indicates that this acid 

m:iy function as the chief substrate for pro- 
tein synthesis under anaerobic conditions. 
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Magnesium and Hyaluronidase Inhibitor of Blood Serum. 

Surnerous reports' l 2  have establishetl the 
presence of a hyaluronidase inhibitor in the 
blood sera of several species. The nature of 
the inhibitor has not been elucidated: but 
evidence has been presented that it is not a 

* ,\2ddreu9: Departniriit of Pcdi:iti ics, 1-11 

of Chicago Medical School. 
f Contribution from Cniversity of Cliiengo car- 

ried out under contract wlth Jlt.diP:il Rrscnrch :tiid 
Development G o a d ,  Rurgron Grnc.1 :I], T'. h.  . \ I  niy. 
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