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1. Introduction. 

After having established, in 1929, the photosynthetic act ivi ty of 
green bacteria and Thiorhodaceae with the simultaneous oxidation of 
I-I 2 S to S and H 2 S O a, I remarked tha t  perhaps the difference between 
these organisms and the Athiorhodaceae might be tha t  the lat ter  use 
organic compounds instead of H 2 S as the normal reducing substances in 
the assimilation process (1). Later  experiments then showed tha t  also 
the Thiorhodaceae in the light are capable of anaerobic development in the 
presence of organic substances, even when oxidizable sulfur compounds 
are completely lacking (2, 3), and the quanti tat ive investigation by  
Muller (4) of the reactions occurring under such conditions seemed to 
establish definitely tha t  the function of hydrogen donor for the photo- 
chemical C02-reduction, normally carried out by  H2S or other oxi- 
dizable sulfur compounds, can be fulfilled by  simple organic substances. 

Meanwhile Ga//ron had carried on his studies on photochemical  
C 02-reduction by  Athiorhodaceae which led to the conclusion tha t  these 
organisms normally photosynthesize in the presence of organic sub- 
stances only (5, 6). 

Thus the fundamental  similarity between the two groups of purple 
bacteria, at  least as far as their abili ty to assimilate C 02 b y  a photo- 
chemical process is concerned, appeared proven beyond a doubt. One 
was led to formulate the characteristic metabolic function of both  
groups as a photochemical CO 2 reduction without the production of 
oxygen, but  requiring the presence of various oxidizable substances as 
, ,H-donors". The main difference between Thio- and Athiorhodaceae 
seemed to be tha t  the former normally use inorganic sulfur compounds 
as reducing substances whereas for the lat ter  organic substances are 
required. 

1 The work herein reported was carried out at the Laboratorium voor 
Microbiologie of the Technical University, Delft, Holland. For hospitality 
and valuable support I am greatly indebted to Prof. Dr. A. J. Kluyver and 
Dr. T. Y. K. Bolt]es. 
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In  this connection a t tent ion should be drawn to the view expressed by 
Winogradslcy (7), tha t  the abil i ty of Thiorhodaceae to develop in the absence 
of H~ S provided organic substances are present, must  be considered as an 
"abnormal"  mode of life for these organisms. Muller's attack of this thesis (4) 
is not quite convincing, and Winogradshy is probably quite correct in believing 
that,  under natura l  conditions, one does not find Thiorhodaceae developing 
except in the presence of H~ S. During the past years I have carried out 
innumerable enrichment cultures for purple bacteria, quite similar to those 
used for obtaining cultures of Thiorhodaceae, described in 1931, but  substi- 
tut ing a largo variety of simple organic substances for the Na2 S usod in the 
media of the oarlior experiments. Although Thiorhodaceae wero frequently 
encountered as the main  colored organisms in these cultures, it was also 
ascortainod that  the bacteria, ospocially in the oarly stagos of development of 
these cultures, were filled with sulfur globules, and that  the media contained 
t t  2 S as a result of the simultaneous development of s~lJate reducing bacteria. 
The one striking example of Thiorhodaceae developing immediately and 
apparently not  accompanied by Athiarhodaceae or sul]ate reducing bacteria, 
in organic media (2, p. 27) is rather misleading because a greatly diluted 
water sample which contained 0.3 ~o tt2 S and which may, therefore, have 
contained only Thiarhodaceae, was used as an inoculttm for these cultures. 

The fundamental  similarity between Thio- and Athiarhodaceae was then, 
however, doubted by Ga]]ron (8), who claimed that  the Thiorhodaceac cannot 
photochemically reduce CO S with organic substances, but  only with oxi- 
dizable sulfur compounds. According to this investigator the development 
of Thiorhodaceae in media which contain organic compounds is due to the 
abil i ty of these organisms to produce tI~ S themselves from sulfate or sulfur 
and organic matter.  Thus, under  such conditions, One would be dealing with 
the following two distinctly different processes: a) production by the 
Thiorhodaceae of I-I2S from sulfur-containing compounds and organic 
substances, a reaction which can take place in the dark, and b) a light- 
reaction in which the previously formed t t  2 S is oxidized with the simul- 
taneous reduction of COs. 

I t  is obvious that  Muller's results are not necessarily conflicting with 
this idea. For Muller, analyzing cultures after development had taken place, 
did not determine whether the chemical changes tha t  h a d  taken place 
resulted from a simple photochemical process or from a combination of the 
two reactions postulated by Ga]/ron. 

Hence Ga]]ron's explanation could not a priori be rejected on the basis 
of available information. I t  is true tha t  the abil i ty of sul]ur bacteria to cause 
sulfate reduction has, already long ago, formed a most interesting contro- 
versial subject, finally solved by  Winogradsky in a negative sense; one might 
also take recourse to analogies, such as the inabili ty of nitri]ying organisms 
to cause the reduction of ni trate or nis On the other hand, the existing 
similarity between photosynthesis of green plants and of purple bacteria 
expressed in the equations 

CO S @ 2 H 2 0  --> (CI-I20) -b I-I~O @ 2 0  
and  CO~ ~ 2 I-I~ S -~ (CtI20) -b I-I~O @ 2 S, 

might be used with almost equal justification in support of GaJ]ron's idea by 
admitt ing that,  in the dark, the Thiorhodaceae make this reaction proceed in 
the opposite direction, just  as is found to be the case in the metabolism of the 
green plants. 
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I t  should be made clear that  Ga]]ron's ideas were based upon the outcome 
of some experiments which revealed a striking difference between the 
behavior of Thio- and Athiorhodaceae under similar conditions. 

If  one illuminates a culture of Athgorhodaceae in the presence of a fa t ty  
acid salt one observes an immediate and rapid uptake of C 03, a result which 
is in agreement with the assumption of a photochemical C O2-reduction for 
which the presence of organic reducing substances (i. e. the fa t ty  acid) is a 
prerequisite. I f  one carries out this experiment with Thiorhodaceae, however, 
no such uptake is observed. But  by adding also sulfate to a suspension of the 
latter organisms, and especially after leaving the culture in the dark for 
some time, one can observe a rapid COs-uptake immediately upon illu- 
mination. 

Soon afterwards, Roelo]sen published some experiments (9, 10) in 
which the results obtained by Ga]]ron had not been corroborated. These 
induced Roelo]sen to ascribe Ga]]ron's observations to the use of Thio- 
rhodaceae cultures contaminated with sul]ate reducing bacteria. As further 
support in favor of the opinion that  organic substances can be used directly, 
according to the ideas of van :Viel and Muller, and that  the Thiorhodaeeae are 
unable to reduce inorganic sulfur compounds to H~ S in the presence of 
organic materials, Roelo]sen mentions some culture experiments which show 
that,  in the dark, the Thiorhodaceae are unable to develop anaerobically with 
organic matter ,  even in the presehce of sulfate. This, however, can hardly be 
considered a strong argument, because the same author did not  succeed in 
culturing the organisms in the dark under any circumstances, although he 
believes to have shown tha t  they carry out a "normal"  fermentation process 
with the production of acid and C O2. 

I t  is, therefore, not surprising tha t  Ga]]ron has returned to this sub- 
]ect (11). The results obtained in 1934 proved to be reproduceable, and 
Roelo]sen's explanation was rejected on the basis of quant i ta t ive consi- 
derations. After greatly extending the experimental material  Ga]]ron 
concludes that  his formerly expressed theory of the metabolism of the 
Thiorhodaeeae is correct;  organic s~bstances cannot be used directly in a 
photochemical process, but  must  be converted primarily by a dark reaction 
to H2 S. The same is claimed for the function of molecular hydrogen, which 
Roelo]sen (9) first had shown to be ~ possible hydrogen donor for carbon 
dioxide reduction by the Thiorhodaceae, an observation later extended by 
Ga]]ron to the Athiorhodaceae (6). A strong argument in favor of the theory 
put  forward by Ga]]ron is undoubtedly the fact tha t  he demonstrated the 
production of H 2 S by Thiorhodaeeae when these are incubated in the dark, 
particularly in the presence of molecular hydrogen. Thus the photosynthetic 
activities of the two groups of purple bacteria seemed to be quite dissimilar; 
the Thiorhodaceae would be just as specific as the Athiorhodaceae, and be 
dependent upon H 2 S or some other inorganic oxidizable sulfur compound for 
their assimilation process, whereas these substances are unsuitable for the 
Athiorhodaceae whose specificity requires organic compounds or molecular 
hydrogen. Ga]]ron concludes: "dal~ bei aller ~ul3erer ~hnlichkei t  in der 
Lebensweise bisher kaum eine wichtige Reakt ion aufgefunden worden ist, 
die Thioeystis und Rhodovibrio gemeinsam w~re" (11, p. 3). A careful 
inspection of the experimental  results led, however, to the conviction that  
further researches would be necessary before the data  collected by Ga]]ron 
could be definitely taken to support  his conclusions. This is chiefly due to 
the fact tha t  the interpretat ion of the results obtained by Ga]]ron with the 
manometric technique is extremely difficult. Thus it is e. g. striking that  
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in those experiments in which thiosulfate is used alone or in combination 
with other substances the quantity of COs assimilated is always quite 
considerably below the amount which had been found to be assimilated when 
the method of chemically analyzing full-grown cultures was used (2). Now, 
the last mentioned method yields results which are in agreement with the 
theoretically required values calculated on the basis of the formulation of 
photosynthesis as photochemical C O2-reduction with specific H-donors. 
Hence it seemed likely that these diserepancies are in some way due to the 
differences in the methods used. Elsewhere, I have pointed out (12) that 
rather serious errors have previously been made in the interpretation of 
results obtained with the manometric technique in studies on bacterial 
photosynthesis. I t  lies at hand to suppose that the low values /or CO2 
absorption determined by Ga]]ron are due to the fact that these values were 
obtained at a stage where the thiosulphate had not yet been completely 
oxidized, although the "end-point" seemed to have been reached because 
manometrically the uptake of C 03 could no longer be measured. 

One serious objection to Ga//ron's theory is, moreover, the fact tha t  
in growth experiments I had never detected any difference between the 
rate of development of cultures in an organic medium with or without 
added sulfur compounds. Certainly, those media to which no sulfur- 
compounds had been added may not be considered entirely sulfur-free, 
because the chemicals used, although of the best grade obtainable, were 
not specially purified or tested for the absence of sulfates. Yet, the same 
would be true of the suspensions used by Ga//r for demonstrating the 
effect of sulfate addition on the metabolism of the Thiorhodaceae. Thus 
GaHron's observations, of fundamental importance for his concept, 
would tend to indicate that  the postulated process of sulfate reduction 
could proceed at a measurable rate only then when appreciable amounts 
of sulfate were added. In  tha t  case one should have to expect that,  up to 
a certain point, the sulfate concentration determines the rate of the 
photosynthetic activity, i .e.  the rate of development, because photo- 
synthesis would depend upon the presence of I-I s S, furnished by the dark 
reaction. That this apparently was not the case, even after frequently 
repeated transfers, indicated that  possibly Ga//ron's interpretation of the 
phenomena observed by him might not be correct. Therefore an a t tempt  
was made to gather sufficient experimental material to allow of an 
unambiguous interpretation of the results and of a clear concept of the 
metabolism of the Thiorhodaceae in the light. I n  the first place a quanti- 
tative s tudy was made of the extent and importance of the H2S 
formation by Thiorhodaceae in the dark (section 2). 

This was followed by  an investigation of the assimilation of carbon 
dioxide in the presence of thiosulfate, which  showed clearly that  the 
manometric technique can be used for the s tudy of this process only if the 
various reactions involved are sufficiently considered (section 3). 

With the experiences thus gathered the problem of carbon dioxide 
assimilation in the presence of organic substances was attacked. Firstly, 
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the influence of inorganic sulfur compounds on this process was 
investigated. The results obtained led to an extension of these 
experiments, covering the effect of sulfur-free salts (sections 4 and 5). 

In  this way a more complete understanding of various factors 
influencing the photosynthetic process of Thiorhodaceae was gained. This 
permitted of studying the assimilation in the presence of organic sub- 
stances under conditions which might be deemed the most favorable for 
this purpose (section 6). Also the problem of photosynthesis in the 
presence of molecular hydrogen could be studied in a similar manner 
(section 7). 

The results obtained have led to the conclusion that  the photo- 
synthetic metabolism of the Thiorhodaceae and of the Athiorhodaceae 
reveals a striking resemblance. The observed differences in the outcome 
of experiments with representatives of the two groups appear to be due to 
a marked difference in acid production, a process independent of the 
photosynthetic reactions, and especially pronounced in the case of 
Thiorhodaceae. 

During the preparation of the manuscript a publication by Czurda 
appeared (16) in which it is claimed that  the production of oxygen by 
illuminated purple bacteria cultures has been demonstrated. In view 
of the far-reaching importance of this statement it will be discussed, 
together with some new experimental material, in section 8. 

The photosynthetic processes of the purple bacteria lead to a con- 
version of CO 2 into organic materials. So far the only endproducts of this 
conversion have been found in the form of bacterial cells. In  view of the 
fact tha t  the chemical composition of these bacteria had never been 
determined, although inferences in this respect had been drawn from the 
quantitative relationships found to exist between the amounts of carbon 
dioxide reduced simultaneously with the oxidation of known amounts of 
substrate, some data were collected bearing on this question. They are 
reported in section 9. 

2. On the signg]icance o] HeS /ormation by Thiorhodaceae. 

First of all the problem of H e S formation by  Thiorhodaceae in the 
dark had to be studied, especially in connection with the statement made 
by Ga//ron tha t  this process takes place with great velocity and assumes 
unexpectedly large dimensions. Because a priori Roelo/sen's experiments 
made it seem probable tha t  such a process would not be accompanied by 
growth of the organisms [cf. also my own experiments on the possi- 
bilities of culturing Thiorhodaceae in the dark (2)] and because Ga/]ron's 
results were obtained with dense suspensions of the organisms, experi- 
ments on a large scale were carried out with suspensions obtained by  
centrifuging large volumes of liquid cultures grown under different 
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condit ions.  Fur the rmore ,  I considered i t  advisable to conduct  these 
exper iments  in  such a maimer  t h a t  the  H e S could be isolated or deter- 
mined  as s chemically well-defined subs tance  ra the r  t h a n  to t i t r a te  the  
suspensions afterwards wi th  iodine, because it  is cer ta in ly  possible t h a t  
such suspensions m a y  conta in  subs tances  other t h a n  t t2S which also 
reduce iodine.  

Therefore, t h e  suspensions were acidified, and the Hs S driven off by a 
current of 0~-free nitrogen, which was subsequently led through a weakly 
acid solution of Cd S 04, or, better, according to the method described by 
ter Meulen (13), through a solution of Zn S 04 in Na-acetate acidified with a 
drop of acetic acid. Since only t t  2 S will be retained in these absorbtion 
vessels, their contents" could immediately be t i t rated with iodine afterwards. 
The accuracy of this method is demonstrated by  the following figures 
obtained with Na, S-solutions : 
Direct t i t rat ion of 1 ccm dilute Na~S solution: 0.440 ccm iodine 0.0754 N. 
Titrat ion of Zn S suspension obtained as above 

with 1 ccm of the same Na, S solution: 0.434 ccm iodine. 
~xp .  1. 1000 ccm of a full-grown culture of Chro~t~tium spec. (strain D 

Roelo]sen's) in standard inorganic medium 1 + 0.2 % :Na-malate + 0.5 % 
:NaHCOa, centrifuged, and residue made up to 20 ccm in I-I,O ~- 0.1% 
:NaHCOs, previously freed from oxygen by  passing a rapid current ol 
Os-free :Ns + 5 ~/o C 02 through the liquid. On account of the culture method 
(absence of sulfur compounds in the medium) the bacteria did not  contain 
stored sulfur. 

2 ecm of the suspension were tested by the manometric method for 
assimilation of C O, with :Na 2 S~O~; in two successive 10 minute  periods the 
amount  of COs absorbed after addition of the :NasSsO3 were found to be 
60 and 70 cram; the bacteria were, therefore, quite active. 

The suspension was divided over 3 small flasks, each connected with a 
small separatory funnel, a gas-inlet tube and an absorption vessel containing 
a slightly acid Cd S Ok solution. 
Flask :No. 1 : 8 0 0  mg bacteria (wet weight, sharply centrifuged) in 20 cem 

standard inorganic medium -{-0.2% :Na-malate and 0.5% 
:NaHCO3. 

:No. 2: As No. 1 + 0.2% KsSO~. 
No. 3: As :No. 1 + 0.2% Na2S20 ~. 

After 18 hours at 350 C in the dark a current of Os-free l~s was passed 
through these cultures to which, through the separatory funnel, 5 ccm of :N. 
H 2 S 04 were added. Titration after 3 hours of the precipitated Cd S, with 
iodine yielded the following amounts of IIsS: 

:No. I 0.11 rag, /qo. 2 0.12 rag, :No. 3 0.10mg. 
The filtrate of the absorption liquid of :No. 3 had a strong odor of S O~, 

as was also presented by the culture itself, due to the decomposition of the 
:Na~ SsO 3 by the acid. 

Exp. 2. i000 ccm of a heavy culture of strain D in standard inorganic 
medium -~- 0.3 % :Na-malate and 0.5 ~o :NaiCOa to which 18 hours before 
0.1% :Na s S had been added, centrifuged. Bacteria photosynthetically quite 

1 Standard inorganic medium: H20, 0.1% ~NHdC1, 0.1% KH2POd, 
0.02 % ~r s. 
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active, containing ajapreciable quantities of sulfur inside the cells, suspended 
as before. 

No. 1 600 mg bacteria in 20 ccm standard inorganic medium. 
,, 2 As No. 1, bu t  heated for lOmin,  at 70 ~ 
,, 3 . . . .  1 , - ] - 0 . 2 %  Na-malate. 
,, 4 . . . .  1, q- 0 .2% Na-malate q- 0.20/0 K2SO 4. 
,, 5 . . . .  1, q- 0.20/0 /qa-malate q- 0.2% Na2S203. 

After 24 hours at 35 ~ C in the dark H 2 S determinations as in Exp. 1 
yielded: No. 1 0.570 mg H 2 S, No. 2 0.107 rag H 2 S, 5To. 3 0.667 mg H2 S, 
No. 4 0.657 mg H2S, No. 5 0.710 mg H2S. 

As before, the culture with 5Ta2S203 must  still have contained con- 
sideruble amounts of this substance as evidenced by the strong odor of S O2 
in culture and filtrate of the absorption liquid. 

Exp. 3. 1000 cem of a heavy culture of Strain D in standard inorganic 
medium q- 0.3 % Na-malate and 0.5 % N a t t C  03, to which 8 hours previously 
0.15 % Iqa~S had been added, centrifuged. Bacteria photosynthetically 
quite active; cells completely filled with sulfur globules, suspended as before. 

No. 1 800mg bacteria in standard inorganic medium q -0 .48% 
~Ta H COs, used immediately for H 2 S determination. 

,, 2 As No. 1, but  incubated 24 hours. 
,, 3 . . . .  2 , - } - 0 . 2 5 %  Na-malate. 
,, 4 . . . .  2, with a constant current of O2-free H.2, washed through 

a solution of 8 parts of m/10 l~a2CO 3 and 2 parts of 
m/10 NaHCO3, passing through. 

After 24 hours at 350 C in the dark: No. 1 0.00rag tt2S, No. 2 0.88 mg 
H2S, 5To. 3 1.22rag H2S, 5To. 4 3.00rag H2S. 

Exp. 4. As Exp. 3. 
5To. 1 1000rag bacteria in s tandard inorganic medium q - 0 . 4 %  

NaHCO3 in current of I -I  3. 

l~o. 2 As No. 1, but  with 3 ccm of toluene added. 
After 24 hours at 370 C in the dark: 

No. 1 4.66mg tt2S, 
No. 2 1.31mg H2S. 

The following conclusions can be d rawn  from these exper iments :  
1. Photosynthe t ica l ly  qui te  active bacter ia  do no t  produce demon- 

strable quant i t ies  of I-I 2 S from organic ma t t e r  a nd  sulfate or thiosulfate 
in  the  dark.  

2. Cells conta in ing appreciable to large amount s  of stored sulfur 
produce small  amount s  of H 2 S in  the  dark, a nd  this  increases wi th  the  
original sulfur  content .  

3. Certainly no t  all of the  H l S thus  formed is a resul t  of "no rma l"  
metabolism, as the  results of the  exper iments  wi th  heated and  toluene- 
t r ea ted  bacter ia  show. 

4. The largest amoun t s  of I-I2S are produced in  the presence of 
molecular  H I. 

W h a t  does this  H i S format ion  signify ? 
Since it  is dependen t  u p o n  the presence of free sulfur, a nd  since H 2 S 

is no t  produced from sulfate or thiosulfate,  the  process responsible 
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cannot be termed sulfate reduction. The well-known cases of formation 
of Hz S from added sulfur under the influence of anaerobically meta- 
bolizing cells [phy~ochemical reduction, igeuberg and coworkers (14)] 
seem to supply an analogy. However, it is also known that  such phyto- 
chemical reductions must be considered as side paths of a normal meta- 
bolism and that ,  quantitatively, they are rather unimportant .  

Now a simple comparison shows conclusively, tha t  the quantities 
of H~ S actually found are but  a fraction of those which might have been 
expected if the conversions had been quantitative. From chemical 
determinations it  appears (see section 9) tha t  such cells as used in experi- 
ments 3 and 4 contain as much as 35 % of their dry weight in the form 
of free sulfur. Consequently 1000 mg of wet, sharply centrifuged bacteria 
(dry weight • 20 ~ ) contain 70 mg of sulfur, from which about 75 mg 
of HaS might have been formed. The largest amount found in these 
experiments (4.66 rag) thus appears to fit in with the idea that  

the HaS production by T h i o r h o d a e e a e  containing considerable 
amounts o/ /ree sul/ur would be a phytoch~mical reduction, and thus 
cannot be regarded as a normal physiological pq'ocess. 

The experiments repor tedby Ga//ron in i935 in support  of his 
theory indicated, however, the production of large amounts ok HzS. 
Because this sUbstance could readily be detected by  its odor and with the 
aid of lead-acetate p~per Ga/]ron assumed tha t  the estimated reduction of 
iodine by his suspensions would be due  entirely to It2S. The above 
mentioned results made it seem probable, however, tha t  the suspension, 
after having been kept in the dark, would contain reducing substances 
other than H 2 S. This actually appeared to be the ease. If  such sus- 
pensions are t i trated with iodine values are obtained which correspond 
quite well with those found by  Ga]]ron [el. e. g. (11), table VI, VII, VIII,  
IX, X, XVI, XVII,  XVIII ,  XIX,  XX]. But practically the same values 
are obtained if these suspensions are t i t rated after first driving off the 
I-I e S with a current of nitrogen, following acidification. Since suspensions 
t i t rated immediately after a period of illumination possess only a feeble 
reducing power it  follows tha t  the metabolism of the Thiorhodaceae in the 
dark gives rise to the production of reducing substances, but  for the 
greater par t  these are not  H a S. 

With the demonstration tha t  in the dark Thiorhodaeeae do not 
produce I-I s S from sulfates, and that  the H 2 S production from stored 
sulfur is quantitatively very insignificant indeed one of the main supports 
for Ga//ron's theory ef the metabolism of Thiorhodaeeae is eliminated. 

3. On carbon dioxide assimilation by Thiorhodaceae in the presence o] thiosulJate 
a~d measuring this process manometrically. 

I have remarked before [see also (12)] tha t  the interpretation of 
purple bacteria photosynthesis on the basis of data obtained by  mano- 
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metric measurements is not always simple, and that e. g. the experiments 
reported by  Ga//ron do not make it clear why the amount  of CO s assimi- 
lated in the presence of thiosulfate is so much below tha t  found as a 
result of chemical analysis of full grown cultures. I t  appeared entirely 
possible tha t  the values reported by  Ga]/ron do not at  all represent the 
final stages, but  tha t  in this case the manometr ic  method does not 
directly permit  the exact determination of an end-point.  I f  thiosulfate 
is utilized by  Thiorhodaceae in a way similar to tha t  demonstrated by  
Starlcey (16) for the oxidation of thiosulfate by  Thiobacillus spec., i. e. via 
the formation of polythionates, it is obvious tha t  then the respective 
steps in the photosynthetic process; 
during which ultflnately approximately 
2 reels of C 02 are reduced while 1 reel 
of Na,  S 2 0o~ is converted into sulfate (2), 
can be represented by  a series of reac- 
tions which at  first lead to the accu- 
mulation of alkaline products and the 
formation of sulfur-rich compound s 
which must  be oxidized to the final 
stage, so tha t  during the later phases 
free sulfuric acid must  be formed. This 
implies tha t  during the first stages 
much more CO e will disappear from 
the gaseous phase than  tha t  which is 
actually assimilated by  the bacteria 

[ J  ",~. 
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\ 
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Fig. 1. Diagram of re la t ions  be tween 
amounts  of C 0  2 in gas  phase  (A), 
l iquid phase (B), and assimilated (C) 
by  an organism which  produces acid 

d a r i n g  its photosynthet ic  act ivi ty.  

because the accumulation of alkali in the medium causes an additional 
C O 2 absorption. The resulting increase in bicarbonate of the suspension has 
been observed by  Ga]/ron in 1934 (11), and has been correctly interpreted 
as an indication tha t  the oxidation of thiosulfate proceeds via polythionate.  
But  it also implies tha t  during the later stages the formation of H 2 S 04 
will cause the decomposition of bicarbonate present in the medium, a 
purely chemical reaction which may  altogether obscure the assimilation 
of C 02 by  the bacteria. Hence, by  manometrical ly studying this process 
one would obtain a curve for "CO 2 up take"  by  bacteria plus medium 
according to A in fig. 1. This curve might lead one to believe tha t  at  
t ime t 1 the photosynthetic reaction has been completed. I f  one would 
follow quant i ta t ively the bicarbonate content of the medium (curve B) 
one might, however, find tha t  the observed uptake  of C Oe is largely due 
to the increase in bicarbonate. Correcting for the amount  of C 02 taken 
up or given off by  the medium as a result of secondary, and purely 
chemical reactions by  means of curve B one would, therefore, obtain the 
" t rue"  photosynthesis curve which in this hypothetical  case is a straight 
line (C) showing the occurrence of photosynthesis at  a normal  rate  long 
after the pressure changes have become positive. 

Arch iv  ffir Mikrobiologie. Bd. 7. 23 
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A n u m b e r  of exper iments  per ta in ing  to this  problem have been 
carried out, and  t hey  have borne out  the  correctness of these theoret ical  
considerations.  The curves represent ing the pressure changes which 
were observed when suspensions of Chromatium spec. (strain D) were 
i l lumina ted  in  an  a tmosphere  of oxygen-free N~ -~ 5 ~ C 03 and  in the  
presence of known quant i t ies  of ~ %  S 2 0~ are all f u n d a m e n t a l l y  similar 
and  i l lus t ra ted  b y  f ig .2 .  

I0 20 ~0 ~/0 50 60 70 80 90 100 HOrn/ns 
Eme 

Fig. 2. Pressure changes due to the activity of 2 ecru of an illuminated suspension of Chrom. 
spec. (strain D) in the presence of 0.05 ecru m/10 Na 2 S 203. One experiment 

terminated after 30 minutes. 

De te rmina t ions  of to ta l  C 03 at  different mome n t s  showed t h a t  the  
up take  of CO s, i . e .  photosynthesis ,  proceeds long after the  pressure 
changes would indicate  the  cessation of CO s ass imi la t ion;  as demon- 
s t rafed b y  Table  I .  

T a b 1 e I. Assimilation of Chromatium spec. (strain 19) in the presence 
of ~ a  2 S~O3. 

2 ccm suspension, addition of 0.05 ccm m/10 Na2S~Oa at 12.00. Quanti ty  
of carbon dioxide in cram. 

Time G 0~ in l iquid Changes in Assimilation 
phase C 02 gas phase of C 02 

12.00 102.2 (Initial) - -  - -  
12.30 162.7 - -  124.1 63.6 
2.00 18.8 - -  96.4 179.8 

After  1/e hour,  when negat ive  pressure changes were no longer 
observed, 124.1 cram of C 02 had  been absorbed, bu t  the  increase of the  
C O e con ten t  of the  l iquid phase a m o u n t e d  to 60.5 cmm. Consequent ly  
the  q u a n t i t y  of CO s ass imila ted was 63.6 cmm per 1/200 mil l imol of 
/~aeSeO~, i . e .  only  28.4 % of the  a m o u n t  required b y  the theoret ical  
equa t ion  

N%S~O 3 § 3 H~O § 2 CO s -+ 2 (CH~O) + N % S O  4 § H~SO 4. 

I t  m a y  be recalled t h a t  the  results  of chemical  analyses of cul tures  of 
Thiorhodaceae grown with  thiosulfate  had  suppor ted  this  equa t ion  (2). 
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After 2 hours, however, the liquid phase contained 83.4 cram of 
002 less than  at  the beginning of the experiment.  The quant i ty  dis- 
appeared from the gas phase since the s tar t  was 96.4 cram, hence the 
total  quant i ty  of assimilated carbon dioxide was 179.8 emm, i .e.  over 
80 ~ of the amount  required by  the equation. 

I t  thus appears tha t  the end point of the conversion of the Na 2 S 2 03 
cannot be determined at  all from the continuous observation of the 
pressure changes. Wha t  seems to be an end-point is in reali ty an inter- 
mediate stage in the conversion from where onward the reactions taking 
place lead to the formation of acid products  in contrast  to what  holds for 
the initial changes. 

This experiment,  one out of a large number  of similar ones, clearly 
demonstrates the difficulties connected with an interpretat ion of da ta  
obtained with the manometr ic  technique in studies on metabolizing 
Thiorhodaceae. While in this particular ease a known substrate  had been 
added in definite quantity,  thus permit t ing a calculation and comparison 
of the results with those obtained by  purely chemical methods,  other 
experiments have shown convincingly t ha t  grave complications arise if 
bacteria contMning stored sulfur are used for manometric studies. AgMn, 
a single instance m a y  be discussed here in some more detail. A suspension 
in oxygen-free tapwater  with a trace of N a H C O  3 of Chromatium spec. 
(.strain D), grown in a medium containing sulfide, and consisting of cells 
contMning a moderate  amount  of stored sulfur, was illuminated for 
40 minutes in an atmosphere of nitrogen with 5 ~ COe. The manometr ic  
readings indicated tha t  no assimilation took place, only slight positive 
pressures were measured. A determination of CO 2 in the liquid phase 
revealed tha t  at  the end of this period 156.7 emm of CO 2 remained in 
solution; the initial C Oe-content of the liquid was 25i cram. Cor~se- 
quently 94.3 cmm of CO 2 had disappeared. The increase in pressure 
during the experiment eould account for a t  most  17.9 emm of COe, so 
tha t  76.4 emm of this gas must  have been assimilated. Considering the 
fact tha t  the first phase of the previously discussed experiment appears 
a:s a negative pressure of 60 mm of Brodie solution, the slight positive 
pressure observed in the last one (only 7.5 m m  in 40 minutes t) could 
easily be interpreted as a sign tha t  wact ica l ly  no metabolism had taken 
p]ace, whereas in reMity the assimilatio~ of CO 2 was of the same order 
of magnitude in both experiments.  

With ~ view to complicate the interpretation of the experiments  on 
the Hti[iza, tion of organic ~uh.~t~tnce~ and molecular hydrogen as little 
as po:~sible t}m followiux tXl~Crimc~ts h~tve, theref()re, been carried out 
with cells fre(~ from st.(),(~(t sulflir [cf. also (;hi/Ton ( l I)]. 

23* 
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6. On carbon dioxide assimilation by Thiorhodaceae in the presence o/ 
organic substances and inorganic sul]ur compounds. 

Failing to corroborate Ga//ron's experimental results concerning the 
effect of sulfates on the carbon dioxide assimilation in the presence of 
organic substances Roelo/sen, working with pure cultures of Thiorhodaceae, 
rejected Ga//rou's explanation and ascribed the latter author 's  finding to 
the presence of sul]ate reducing bacteria in his cultures. Ga//ron has 
rightly remarked that  this explanation is untenable ; in order to produce 
the observed results in these experiments of short duration the number 
of such sul/ate reducing bacteria would have to be so large tha t  they 
could not possibly have been overlooked by  microscopical examination. 

I t  is most remarkable tha t  Roelo]sen (9, 10), although stating: 
"These experiments were repeated by me in exactly the same way",  
nevertheless used experimental conditions widely different from those 
described by  Ga//ron (8). Thus, while the latter suspended the centri- 
fuged Thiorhodaceae in m/200 N a H C O  a, Roelo/sen's suspensions were 
made up in H~O with 2 % NaC1 and m/28 (0.3 ~ ) N a H C O  s. Since, later, 
Ga//rou was able to reproduce his previous results, the idea presented 
itself tha t  the discrepancies between the facts observed by the two 
authors might have been caused by  the different experimental conditions. 

Because of the significance which attaches to the positive outcome 
of these experiments as reported by  Ga[/ron it seemed of importance to 
establish this beyond doubt.  

Cultures of Thiorhodaceae particularly suited for such experiments, 
i. e. cultures in which the individual cells do not contain stored sulfur can 
be obtained by using media containing sulfide or thiosulfate. In  tha t  case 
one has to wait till the sulfur containing substrate has been completely 
oxidized. Since the storage and further oxidation of sulfur by the 
individual cells does not  take place in exactly the same manner or at 
exactly the same rate, some cells will be sulfur-free long before the 
others. By  prolonging the incubation period until  the last visible traces 
of sulfur have disappeared, the act ivi ty of the culture is often impaired. 
Furthermore, it is difficult to judge, on the basis of a microscopical 
examination, whether the cells are entirely sulfur-free. In  a number of 
manometric experiments such microscopically adequate cultures have 
been found to assimilate quite appreciable quantities of carbon dioxide in 
the absence of any added substrate with the simultaneous production of 
acid, and it seems necessary, in these cases, to assume tha t  the assi- 
milation has been made possible on account of the presence of some 
sulfur in the ceils. 

A far more certain way to obtain cultures of sulfur-free cells is the 
method of culturing the organisms in media with organic substrates. 
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Particularly with sodium malate development is quite rapid and abundant .  
A prerequisite for such cultures is, of course, an inoeulum from a pure 
culture, tTor most  of the following experiments such mMate cultures have 
been used. The results obtained with  this material  have all been checked 
however, with cultures grown in thiosulfate or sulfide media, and these 
have led, without exception, to a complete confirmation. 

Muller (4) has shown tha t  several organic substances enable the 
Thiorhodaceae to develop anaerobically in the light, and the only organic 
products of metabolism were found to be "bacterial  cells". Yet, not. all 
these substances are equally well suited for manometric measurements of 

Fig. 3. Pressure changes due to the 
activity of 2ecru of an illuminated 
suspension of Chrom. spec. (stragn D). 

A: with the addition of 0.i ecru 
roll0 Na 2 $2 0a and 0.1 ccm m/10 
Na-propionate. 

B : w i t h  the additon of 0.1 eem 
roll0 Na~ $2 0a only. 

O: with the addition of 0.t cam 
roll0 Na-propionate only. 

D: no additions. 
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a "carbon dioxide assimilation", because in the major i ty  of eases the 
photosynthetic activity of the bacteria also results in the production of 
carbon dioxide. Only when organic compounds are used of which the 
percentage composition indiea,tes tha t  they  are more reduced than the 
bacteria themselves the conversion of the organic substance into bacterial 
cell material  is accompanied by the actual disappearance of carbon 
dioxide. Thus, the saturated fa t ty  acids with more than 2 carbon atoms 
promised to be the most  satisfactory substrates. Now, Muller has also 
demonstrated by  culture experiments that ,  whereas all strMns used by  
him are able to develop in propionate with the uptake of carbon dioxide. 
only a limited number  of them can a t tack butyrate .  In  order to avoid 
negative results by  using f a t ty  acids higher than acetate in conltiimttion 
with bacteria which cannot a t tack  them, sodium propionate was used 
at the s tar t .  

A typical experiment is represented in fig. 3, whe,'e Chro~uatium 
spec. (strain ])) wa.s illuminated without substrate,  in the presence of 
Na2S203, Na2S~() 3 + Na-propionate, and t)roi)ionate al(me. 
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F r o m  this figure it appears  tha t ,  judging  merely  b y  pressure diffe- 
rences, propionate  a l o n e  is no t  a t t acked  a t  all, whereas an assimilation 
wi th  this compound  is quite obvious in the  presence of thiosulfate.  This 
is borne out  b y  de terminat ion  of to ta l  carbon dioxide. The changes 
f o u n d  were as follows: 

C O~ assimilation by  control 0, 
. . . .  with propion~te 0, 
, . . . . .  Shiosulfate 197.4 cram, 
. . . . . .  thiosulfate -~ propionate 266.8 cram. 

If, in the  last culture, the  assimilation wi th  thiosulfate would account  
for 197.4 cmm, then  the  assimilation wi th  propionate  would have 

3O 

2O 

10 

0 

D 
/ /~" + 7  

/ z 

~0 ~0 60 80 I00 120 IgO 160rains. 
~'me . 

Fig. 4. As Fig. 3. 
A:  with the additionof 0.05 ecm 

m J10 Na2 $20a  and 0.05eem mr10 
Na-propionate. 

B:  with the addition of 0.05 eem 
m/10 Na u S 2 03 only. 

C: wi th  the addition of 0.02 ecru 
m/10 Na2 S 2 08 and 0.05 eem m]10 
Na-propionate. 

D: w i t h  the addition of 0.01 corn 
m]10 ~Na 2 S 2 03 and 0.05 ecru m/10 
Na-propionate. 

amoun ted  to  69.4 cmm, i .e .  approximate ly  0.25 molecules of CO 2 per 
molecule of propionate .  One has to evaluate  this  result  as a qual i tat ive 
one, since obviously  the  exper iment  was no t  completed.  

The remarkable  influence of thiosulfate on the  assimilation with 
propionate  led to  inquire how this influence would depend u p o n  the  
concentra t ion of the  sulfur compound.  Fig. 4 depicts an  exper iment  of 
this kind.  

The corresponding d a t a  for to ta l  C 02 are given in the  following 
Table I I  : 

T a b l e  I I .  

cram In ereas e 
C02 in CO~ in 
liquid liquid 
phase phase 

/ 
With 0.05ecm NaaS20z alone 244.0 / 101.5 

, 0.05 ,, Na~Sa03 ~- 0.05ccmProp. 284.0 t 141.8 
, 0.02 , Na2S~Oz-]- 0.05 ,, , 207.0 64.5 
,, 0.01 ,, Na~SaOs-t-0.05 , ,, 206.0 63.5 

Control . . . . . . . . . . . . . .  142.5 

Changes Total C 0 2 
in CO. in assimi- 
gas phase lated 

I 
- -  124.2 I 22.7 

209.1 t 67.3 
127.7 63.2 
98.9 35.4 
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There can be no doubt tha t  the assimilation with propionate appears 
the more rapid the higher the initial thiosulfate concentration. A quanti- 
tative evaluation of the data is, however, made difficult by the fact tha t  
the total quanti ty of C 02 assimilated with 0.05 ccm m/10 Na 2 Se 0 a is only 
22.7 cram, or 0.1 mol per 0.5 mol of Na2SzO s. By assuming that  the 
same amount has been gssimilated per 0.05 ccm of Na2S20 ~ also in the 
presence of p rop iona te - -  an assumption which needs not to be correct I - -  
one finds that  the decomposition of 0.05 ccm m/10 propionate has caused 
the uptake of 44.6, 54.1 and30.9 cmm I~o 
of COs, while the theoretically re- 
quired amount for a conversion into 1z0 
carbohydrate is 45 cram. zo 

These experiments prove that  luu 
Thiorhodaceae which, under the given su 
experimental conditions, cannot assi- 8o 
inflate C 02 in the presence of pro- I ]8 
pionate, can be induced to carry ~6u 
out this process if simultaneously 
thiosulfate is present. ,~o 

gO 
Figure 5 presents the results of 

30 
a series of measurements relating to 
the question whether the influence 2o 
of thiosnlfate is a direct or anindirect 70 
one. I t  was hoped that  by  deter- 
mining the effect of the addition of 
propionate to suspensions of Chroma- 
tium spec. (strain D) in the presence 
of thiosulfate after different time 
intervals an answer to this question 
could be given. The curves indicate 
that  it makes little or no difference 
whether thiosulfate and propionate 
are added at the same moment, or 

I 
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F i g .  5. AS Fig .  3. 
A :  w i t h  0.05 ecru m[10 N a 2 S 2 0 3  and 

0.05 eem rai l0  Na -p rop iona t e  ; a f t e r  
45 m i n u t e s  a g a i n  0.05 ecru ra i l0  Na- 
p rop iona t e  added.  

B : w i t h  0.05 cem m/10 N a  2 S 2 0a  alone ; 
a f t e r  45 m i n u t e s  0.05 cem m/10 Na- 
p rop iona t e  added.  

C, C ' :  w i t h  0.05 cem m/10 Na  2S  2 0 3  
a lone ;  C' d i s con t inued  a f t e r  
45 m i n u t e s .  

whether the propionate is added 1 hour later. In  this experiment the 
following data for changes in dissolved and gaseous C 02 were collected 
(Table I I I ) :  

By assuming that  in all cases the assimilation with thiosulfate has 
proceeded at the same rate the quanti ty of C 02 assimilated with the 
propionate then is found to be: 

For 0.05 ccm m/10 Na-propionate . . . . . . .  34.7 cram, 
For 2 . 0.05 ccm m/10 Na-propionate . . . . .  70.6 cram, i. e. about 63 e/0 
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T a b l e  I I I .  

Total 
CO z in change in 

liquid phase gaseous C02 assim. 
phase 

cram cmm cram 

Initial . . . . . . . . . . . . . . .  
After I hour with 0.05 cem m/10 Na2S ~ 03 
After 2 hours 

a) with 0.05 cem m/10 Na2S~03 only 
b) with 0.05 cem m/10 prop. added 

at start ~- 0.05 cem added after 
1 hour . . . . . . . . . . . .  

c) with 0.05 eem prop. added after 
1 hour . . . . . . . . . . . . .  

140 
221.6 

179.6 

313.2 

256.7 

- -  114.8 

- -  86.7 

- -  291.9 

- -  198.5 

33.2 

47.1 

118.7 

78.8 

of t he  t heo re t i ca l ly  requ i red  a m o u n t  of 1/2 molecule  of C O 2 per  molecule  

of p rop iona te .  

I t  is c lear  t h a t  these  resu l t s  do n o t  l end  s u p p o r t  to  t he  a s s u m p t i o n  
of a d i rec t  influence,  which  m i g h t  have  been infer red  f rom those  illu- 
s t r a t e d  in fig. 4. The  fac t  t h a t  t he  r a t e  of a s s imi la t ion  wi th  p rop iona te  is 
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Fig. 6. As Fig. 3. 
A: wi th 0.05 ccm m/10 Na2S203 

and 0,1 ccm roll0 Na-propionate. 
B: with 0.05 cem m/10 Na2S203 

alone. 
C : with0.1 eemmI10Na-propionate. 
D : wi th0.1eem roll0 Na-propionate 

and 0.I ecm m/10 KzSO 4. 

p rac t i ca l ly  i n d e p e n d e n t  of t he  m o m e n t  
a t  which  i t  is a d d e d  would  lead  one to  
suppose  t h a t  t h e  inf luence is m a i n l y  

ind i rec t .  

A compar i son  of the  influence of 
th iosu l f a t e  a n d  of sulfa te  on the  propio-  
ha te  ass imi la t ion  is r ep resen ted  in fig. 6. 
The effect of the  s imul taneous  p re  7 
sence of th iosu l fa te  a n d  p rop iona t e  
agrees w i t h  t he  p rev ious ly  r epo r t ed  ob- 
se rva t ions ;  an  inf luence of sulfa te  could 

n o t  be observed.  

This  seems in con t rad ic t ion  wi th  
t he  resul t s  r epor t ed  b y  Ga//ron. I t  
m u s t  be r emarked ,  however ,  t h a t  in t h e  
before-ment ioned  expe r imen t s  the  con- 
d i t ions  used  b y  Ga//ron were no t  a lways  
exac t l y  dup l i ca ted .  Thus,  t he  b i ca rbona te  
concen t ra t ion  of t he  suspens ion  l iqu id  
was somet imes  less t h a n  m/200 in order  
to  fac i l i ta te  the  de t e rmina t i on  of dis- 
solved carbon  dioxide .  B y  v a r y i n g  the  
in i t i a l  b i ca rbona te  con ten t  of t he  l iquid 
phase  i t  soon a p p e a r e d  t h a t  t h i s  had  a 
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tremendous influence upon the results, and it became possible to 
demonstrate tha t  under quite special conditions also sulfate exerts a 
pronounced effect on the propionate assimilation. The following 
composite figure 7 shows this graphically: 

Thus it becomes apparent that  there are conspicuous differences 
in the behaviour of the bacteria towards sulfate owing to what might at 
first sight seem unimportant  details in the experimental conditions. The 
phenomenon observed and described by Ga//ron is perfectly reprodu- 
ceable provided the initial bicarbonate concentration of the suspension 
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Fig. 7. Pressure changes due to the activity of 2 ccm of Chrom. spee. (strain 1)) in the pre- 
sence of 0,05 cem m/10 Na-propionate without (A) and with (B) 0.1 ccm m/10 K 2 S 0a, in media 

with different NaHCOa-content .  
L 0riginal C 02-content of suspension 90.7 cram. IL Original C 02-content of suspension 155 cram. 

III .  Original C02-eontent of suspension 288.6 cram. 

is adjusted in such a manner tha t  the C02-content of 2.2 ccm of sus- 
pension amounts to 200--250 cram, i .e .  1/200 Mol NaI{COao With 
concentrations appreciably below this, sulfate has no effect. 

The experiments, discussed in this section, and demonstrating that  
under special conditions propionate leads to a marked carbon dioxide 
assimilation only in the presence of thiosulfate or sulfate tend to give 
considerable weight to the theory put  forward by Ga[]ron, viz. tha t  the 
assimilation of organic substances takes place via an interaction of these 
substances with inorganic sulfur compounds. 

In  repeating these experiments with the substitution of butyrate 
for propionate the results have been entirely negative. Neither in the 
presence of sulfate nor of thiosulfate could any uptake of carbon dioxide 
due to the butyrate  be ascertained. Hence it is probable that  the culture 
used (Roelo/sen's strain D) is characterized by its inabihty to utilize bury- 
rate. Culture experiments, inwhich butyrate  media of different composition 
were applied, have supported this view. Whenever development in such 
media was observed, due to the addition of small quantities of sulfide or 
thiosulfate, it could also be proved tha t  this development could be 
ascribed to the conversion of these added substances o'nly; the butyrate  
could always be recovered. Now, the important  problem was to deter- 
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mine the way in which organic compounds are utilized by Thiorhodaceae, 
and not so much to s tudy which organic substrates can be used, or to 
detect differences in this respect which might exist between different 
strains. Hence, for the present no more attention has been paid to 
the possible assimilation of carbon dioxide by Thiorhodaceae in the 
presence of butyrate. 
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5. On the influence o] sul]ur-]ree salts on carbon dioxide ass6nilation by 
T h i o r h o d a c e a e  in  the presence of organic substances. 

The experiments discussed in section 2 have shown that  Thiorhoda- 
ceae are unable to reduce sulfates in the dark. Yet, sulfate has a marked 
effect on the carbon dioxide assimilation with propionate. How can this 
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Fig. 8. Pressure changes due to 
the activity of 2 ccm suspension 
of Chrom. spec. (strain ~) in the 
presence of 0.05 eem m]10 Na- 
propionate. Original  C02-con- 
tent of suspension 155 cram. 

After 60 minutes  added : 
A:  0.05 ecru roll6 N a H C 0 s .  
B:  0.05 ecru m/10 K 2S04.  
C: 0.05 ecm m i d  K C1. 

D : 0.05 ecru I t  20.  

influence be explained ? In  order to answer 
this question it was necessary to establish 
first of all whether the observed effect is 
specific for sulfur containing compounds. 
Because the "sulfate-effect" could be ob- 
served only in suspensions with a limited 
range of bicarbonate concentrations these 
further experiments were carried out under 
very similar conditions. 

Fig. 8 presents ihe results of a series 
of measurements on the influence of 
KeS04, KC1, and N a K C O  a on the assimi- 
lation by  Chrom. spec. in the presence of 
propionate. 

With the additions of 0.05 ccm 
m/10 •a-propionate only an assimilation 
cannot be observed during the first 
21/3 hours. The simultaneous addition of 
0.05 ccm m/10 KeSO ~ caused the assimi- 
lation to proceed at once. But the same 
effect was obtained by adding 0.05 ccm 

m/10 KC1, or 0.05 ccm m/16 NaI-ICO a. The small differences observed 
in the rate of C O2-uptake may be ascribed to the fact that  the concen- 
trations which were compared differed in ionic strength. Thus it appears 
tha t  the influence of sulfate is far from specific and has no connection at 
all with its sulfur content. The most striking effect is caused by the 
bicarbonate, even though its concentration is appreciably less than that  
of the sulfate. That  NaC1 has the same influence was ascertained in 
further experiments, and is to be expected. 

I t  must  be emphatically stated that  the phenomena reported here 
have been observed only in those cases where the determination of 
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carbon  d ioxide  d i sso lved  in the  2.1 ccm of suspens ion  4 - s u b s t r a t e  
y ie lded  figures be tween  200 a n d  250 cmm. I f  t he  or iginal  c a rbon  d iox ide  
con ten t  was nea r  t he  u p p e r  h m i t  y e t  ano the r  obse rva t ion  was made .  F o r  
t hen  an  ass imi la t ion  became a p p a r e n t  even w i thou t  t he  add i t i on  of 
sal ts ,  s t a r t ing ,  however ,  a t  a slow rate ,  and  af ter  a long per iod  
dur ing  which  a p p a r e n t l y  no th ing  (i. e. manome t r i ca l l y  measurab le ! )  
h a p p e n e d ,  genera l ly  abou t  1 hour .  I f  t he  b i ca rbona te  concen t ra t ion  
of t h e  suspension was such that the in i t ia l  quantity of dissolved 
carbon dioxide amounted to 160 cram this "induction period" was 
found to be very much prolonged (3 hours !), so that in a normal run, 
lasting only from 1 to 2 hours, it could not be detected. Quite instruc- 
tive is the following example for a demonstration of this behavior 
(Table IV). 

T a b l e  IV. 
2 ccm of Ch~o~atium spec. (~tradn D) suspended in dilute N a H C O  3 

in each vessel. 

Added at 11.00 

Enitial C 0 2 - e o n t e n t  . . . 
Y I a n o m e t r i c  c h a n g e s  f r o m  

11.00--12.00 
12.00-- 1.00 
1.00-- 2.00  . . . . . .  

T o t a l  c h a n g e  . . . . . .  
F i n a l  COn c o n t e n t  . . . 

Vessel 1 

0,05 cem 
rail0 Ha prop. 

+ 0.05 ccm 
H 2 0  

cram 

155 

-- 7.4 

- -  7,4 
147 

Yessel  2 

0.05 ccm 
m]lO :Na prop. 

+ 0.05 ecru 
ra/i0 K~ S O~ 

cram 

155 

- -  40 
- -  30.8 

- -  70.8 
153 

Yessel 3 

0.05 ccm 
m]lO Na prop. 

+ 0.05 ecru 
m]:0 K C1 

c r a m  

155 

- -  2 7  

- -  4 3 . 2  

- -  70.2 
154 

Vessel 4 
0.05 ccm 

roll0 Na prop. 
+ 0.05 ecru 

0.5 01~ 
~ a H C u  3 

cram 

222 

- -  52 
- - 1 8  

- -  70.0 
218 

It will  be seen t h a t  t he  a d d i t i o n  of t he  b ica rbona te ,  ra i s ing  the  
in i t ia l  ca rbon  d iox ide  con ten t  to  222 cram, was insuff ic ient  to  e l imina te  

Fig. 9. Pressure  changes due to the 
act ivi ty  of 2 ecm suspension of Chrora. 

spec. (s train/ ) )  ; original  CO2-conten~ of 
suspension 308 cram. 

A: wi th  0.05 corn roll0 Na-propiouate 
and 0.05ccm roll0 NaC1 (•215215 
wi th  0.05 ccm rail0 Na-propionate 
and 0.05ecru m/10 KsSO~ ( o o o )  
wi th  0.05 ccm roll0 Na-propionate 
and 0.05 ccm m/10 KC] ( . . . )  

B:  wi th  0.05 ccm m/10 Na-propion~te 
and 0.05 corn ]:{20. 

35 

39 

fO 

G 

0 

/0 20 38 ~ .59 mzns. 
~'m e ----- 
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the "induction period" altogether ; it merely effeeted, like the other salts, 
a decrease of the latter from 3 hours to 1 hour. 

If  the bicarbonate content is raised still higher (above 300 cram of 
CO 2 in solution) the "induction period" of course should no longer be 
observable. In  that  case one can no longer detect any influence as a 
result of the addition of salts. The following figure 9 shows this. 

I t  now becomes clear tha t  Roelofsen could not possibty have observed 
the phenomenon which Ga//ron had discovered, viz. the effect of sulfate 
on the assimilation with organic compounds. The high concentrations of 
bicarbonate and sodium chloride which Roelofsen used as a suspension 

100 

SO ~ "  g 

70 Fig. 10. 2 acm Chrom. spec. (strain D) 
suspended in dilute NaHC0:~-solu- 

~ s  A :  wi th  0.05 ecru rai l0 N a - p r o -  
pionate.  

C : wi th0 .05cem m/10Na-propionate  
aud 0.05 cem m]10 Na 2 S 20s .  

,0 i I 
0 20 r 60 80rains. 

liquid are far beyond the very ]imited range over which this effect is 
demonstrable. 

Inasmuch as the influence of sulfate is exerted also by sulfur-free 
inorganic salts it is obvious that  GaHrorb's explanation cannot be correct. 
This is also in line with the experimental results reported in section 2. 
Furthermore, it is clear that  the effect of thiosulfate (section 4) is not 
necessarily due to an interaction of the sulfur compound and the organic 
substance. In  section 3 it has been shown that  - -  in accordance with 
Ga]/ron's previous observations - -  the assimilation in the presence of 
thiosulfate results in a rapid accumulation of bicarbonate in the medium. 
Consequently the observed effect of thiosulfate on the assimilation with 
propionate might have been caused solely by the increase in bicarbonate. 
That  this explanation actually holds good appears most clearly from 
experiments on carbon dioxide assimilation in the presence of both 
thiosulfate and propionate in media which contain sufficient bicarbonate 
to eliminate the "induction period". In  such eases one observes that  the 
"propionate assimilation" does not succeed the first stage of the "thio- 
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sulfate assimilation", but  the two processes take place simultaneously, 
and manometer-readings for the experiment with thiosulfate and pro- 
pionate during any  t ime interval can be calculated quite accurately from 
the sum of those observed in the two separate controls (see fig. lO), in 
contrast  to what  holds for the experiments reported in the previous 
section. 

The collectivity of data  thus far presented shows conclusively tha t  a 
direct carbon dioxide assimilation in the presence of organic substances 
by  Thiorhodaceae can take place, provided care is taken to supply the 
necessary environmental  conditions, i. e. an initial bicarbonate concen- 
t rat ion of approximate ly  0.075 tool. 

But  why are these precautions necessary in experiments with 
Thiorhodaceae, while they  can be disregarded in similar ones with Athi~- 
rhodaceae ? The fact tha t  in media with less than  a certain minimum 
concentration of bicarbonate (0.035mol) an assimilation cannot be 
induced even by  the addition of sulfates or chlorides, indicates tha t  
perhaps the reaction of the medium m a y  be of great importance. In  
general the Thiorhodaceae seem to be decidedly more acid-sensitive than 
the Athiorhodaceae, and for one of the representatives of this latter group 
Ga//ro~ (5) has already demonstrated its sensitivity towards free fa t ty  
acid. This has been confirmed for other strains; a t  p~ 5.8 the assi- 
milation with butyra te  is already greatly inhibited at  concentrations of 
m/250 and above of the f a t ty  acid. I t  is conceivable tha t  the sensitivity 
of the Thiorhodacea~ is markedly  greater yet, and tha t  an assimilation in 
media with m/200 f a t ty  acid becomes possible only when the p~ rises well 
above 7, as is certainly the case if Thiorhodaceae are grown in the pre- 
sence of sulfide. [For the influence of p~ and sulfide concentration on 
Thiorhodaceae cf. (2), p. 34--44. Roelo]sen, too, has stressed the de- 
sirability of maintaining an alkaline reaction in studies on the meta- 
bolism of Thiorhodaceae.] I t  must  be remembered tha t  in all the experi- 
ments  reported here the liquid phase wa.s in equilibrium with an atmo- 
sphere of nitrogen containing 5 % carbon dioxide, and tha t  the pE of 
such a suspension rises above 7 only if the bicarbonate concentration 
is greater t han  0.05 tool. 

I t  has also been shown (2) tha t  the tolerance of Thiorhodaceae for 
sulfide is appreciably increased b y  the addition of NaC1. Thus the 
"sulfate effect", also observed with other inorganic salts, might  be due 
to the fact tha t  the inhibitory influence of the f a t ty  acid is decreased 
by salt additions. 

A closer s tudy of all the data  at  hand reveals, moreover, tha t  this 
supposed difference in acid-sensitivity between Thio- and Athiorhodaceae 
may  be greatly enhanced by  another circumstance. I f  representatives of 
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the latter group of purple bacteria are illuminated in the presence of 
salts of fa t ty  acids one observes tha t  the bicarbonate (C 02) content of the 
liquid phase increases by  very nearly one molecule per molecule of fa t ty  
acid assimilated [Ga/]rorb (5, 6)]. This is almost never the case if 
Thiorhodaceae are t reated similarly. Frequently the changes in bi- 
carbonate content are negligeable (cf. e. g. Table IV). One would, 
therefore, be led to assume that  the conversions of the fa t ty  acids 
by  Thio~hodaceae result in the production of acids. Yet, the studies of 
Muller (4) have proved that  here, too, the organic substrate is converted 
practically completely into bacterial cell material, so tha t  the assumption 
of an incomplete conversion with the production of some acid must be 
deemed highly improbable. The only possibility of reconciling these 
conflicting observations would seem the acceptance of a metabolic 
process in which acid is produced by  the Thiorhodaceae but which has no 
direct connection with the asslmilatory activity proper. Now, Ga//ron (8) 
has shown conclusively that ,  in the dark, these organisms produce 
considerable amounts of acid, accompanied by  varying quantities of C 03, 
although this author has wrongly stated tha t  these products would be 
formed in the course of the supposed process of sulfate reduction. 
Roelo]seu has confirmed the occurrence of a dark reaction in which some 
unknown acid and carbon dioxide originate, and believes tha t  this is the 
normal physiological process by  which the Thiorhodaceae meet their 
energetic requirements in the dark. If  this process would continue during 
periods of illumination, for which Ga/]ron's recent experiments ( l i )  as 
well as many of the herein reported experiments, also those with comple- 
tely sulfur-free bacteria, furnish proof, then it might well account for the 
observed facts. For it is clear tha t  such a reaction would render the 
immediate environment, or the inside, of the cells rapidly acid, unless 
the medium is quite strongly buffered. Particularly the fact tha t  the 
occurrence of a similar process in the Athiorhodaceae has not been 
detected lends support to this idea. In  tha t  case the effect of the addition 
of neutral salts might be the result either of an increased tolerance for 
acid, as mentioned above, or of an influence on the acid production. Up 
till the present time too little is known with certainty about these two 
possibilities. 

6. On photosynthesis of Thiorhodaceae in the presence of various organic 
substances, and the complications caused by simultaneously occurring processes. 

I t  has been shown that  the Thiorhodaceae are capable Of assimilating 
carbon dioxide in the light in the presence of organic substances, also if 
sulfur-containing compounds are absent, but  tli~t this process takes 
place at a measurable rate only then, when the medium contains suffi- 
cient bicarbonate. Thus one may conclude tha t  the fundamental diffe- 
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fence in the  p h o t o s y n t h e t i c  abi l i t ies  of the  two groups  of purple bacteria 
as c la imed b y  Ga]/ron does no t  exis t .  

Consequent ly  i t  seemed of impor t ance  to  es tab l i sh  whe the r  t h e  
q u a n t i t a t i v e  re la t ionsh ips  be tween  organic  s u b s t r a t e  and  carbon  d iox ide  
ass imi la t ion ,  or p roduc t ion ,  as found  b y  Muller in g r o w t h e x p e r i m e n t s  
w i th  Thiorhodaceae, and  b y  Ga//ron in manome t r i c  expe r imen t s  wi th  
Athiorhodaceae, could now be de t e rmined  also for Thiorhodaceae wi th  the  
a id  of t h e  m a n o m e t r i c  t echn ique .  

I n  the  p rev ious  sect ions numerous  expe r imen t s  have  a l r e a d y  been 
d iscussed  in which  i t  was shown t h a t  a carbon d iox ide  u p t a k e  can be 
d e m o n s t r a t e d  due to  t he  add i t i on  of p rop iona te .  However ,  t he re  are 
on ly  a few amongs t  these  which  p e r m i t  of a ca lcu la t ion  of t he  quan-  
t i t a t i ve  re la t ionsh ips  m e n t i o n e d  above .  

I t  wil l  be obvious  t h a t  these  can be de te rmined  theore t ica l ly ,  a p a r t  
f rom a n y  preconce ived  idea  concerning the  mechanism,  if i t  is kep t  in 
m i n d  t h a t  the  resu l t  of the  a c t i v i t y  of t he  bac te r i a  is a convers ion  of 
organic  subs tance  (J r  C02) in to  bac te r i a l  cells (-~ C02), t he  re la t ive  
p ropor t ions  of carbon,  hydrogen ,  and  oxygen  of t he  organic compound  
and  of the  bac te r i a  respec t ive ly  de t e rmin ing  whe the r  C 0 e will  be used up  
or p roduced  in th i s  react ion .  The expe r imen t a l  examina t i on  of these  

T a b l e  V. 
Assimilation of Chromatium spec. (strain D) in the presence of propionate.  
Each  vessel contains 2 ccm of bacter ia  in m/200 l~aI~ICO~ solution; 

CO2 produced or absorbed in cmm. 

Added at  
11.00 

11.00 
12.00 

1.00 
2.00 
3.00 

1. 

0,1 ecru 
2 n  H 2 S 0 ~  
§ 0.1 eem 

H 2 0  

+ 256 

2. 

0 .1eem H 2 0  

m 

+ 1 2  
+ 10 
+ 9 
+ 8 

3. 

0.05 cem H 2 0 
+ 0.05 eem 

m/10 propio-  
na te  

- - 1 0  

- -  58 
+ 1 2  
q- 12 

4 .  

0.02 ccm H 2 0 
+ 0.08 cram 

m/10 propio-  
nate  

- -  6 

- -  6 0  

- -  50 
+ 18 

5. 

0.1 eem 
m/10 propio-  

ha te  

+ 12 
- -  53 
- -  5 1  

- -  4 2  

0.05 eem 0.05 eem K 2 S 0 N a H C 0 a  0.05ecru N~C1 0.05eem H 2 0  
Added :  _ (06 cmm C02) + 0.05ccm + 0.05ecru + 0.05ecru 

+ 0.05 ecru m/10 propio-  roll0 propio- rai l0 propio-  
m/10 propio- nate  , ha te  na te  

ha te  I 
4.00 - -  - -  43 - -  43 - -  39 - -  51 
5.00 - -  - -  36 - -  28 - -  27 - -  27 

0,1 ecru 0.1 cam 0.1 ccm 0.1 ocm Added : 
2 n  H 2 S 0 4  2 n  H 2 S 0 4  2 n  H 2 S 0 4  2 n  H 2 S 0  4 

5.10 - -  + 202 + 173 + 199 + 230 
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relationships, especially by  manometric methods, is, however, seriously 
complicated by the fact tha t  one must be certain that  the conversions 
studied are the only ones which take place during the period of measure- 
ment, or, else, tha t  the simultaneously occurring reactions are quanti- 
tat ively known. The striking lack in agreement between several such 
experimentally determined values for one and the same compound made 
it necessary to s tudy the conditions which could be held responsible for 
this situation. The following experiment ( ]?able V and figure 11) suggests 
a simple solution of this problem. 

qoo I 
s~ z ~  
eo /2 

# 
ao / / -.,,,~ 

20 ~ 
r ,4 

IO 

-10 ~ j 

-gO~ 50 IO0 150 ,~00 gSO 300 350 /lOOmins. 
Time ---,.- 

Fig. 11. Chrom. spec. (strain 1)) and Na- 
propionate. 0riginal C 02-content of sus- 

pension 256 cram. 
A : Originally no additions, after 

265 minutes 0.05 eem m/10 Na-pro- 
pionate and 0.05 ecru m/16 Nai l  C 02 
( ~  66 cram C02). 

B: Originally 0.05 ecru roll0 Na-pro- 
pionate ; after 265 minutes 0.05 ecru 
m/10 Na-propionate and 0.05 eem 
m/10 K 2 S 0~. 

C : Originally 0.08 ecru m/10 Na-pro- 
pionate ; after 265 minutes 0.05 ~cm 
m/10 Na-propionate and 0.05 ecru 
roll0 NaC1. 

D:  Originally 0.10 ecru roll0 Na-pro- 
pionate ; after 265 minutes 0.05 ecru 
roll0 Na-propionate  and 0.05 ecru 
r I20 .  

A calculation with the aid of these data shows that the assimilation 

in the various vessels amounted to: 

160 cram of COs for 0.05 ccm m/10 propionate ~ 320 cram per 0.01 millimol 

198 ........ 0.1 ,, m/10 ,, ~ 198 .... 0.01 ,, 

221 ........ 0.13 ,, m/10 ,, ~ 170 .... 0.01 ,, 

238 ........ 0.15 ,, m/10 ,, ~ 159 .... 0.01 ,, 

If these figures are compared with more reliable ones, obtained in other 

experiments (80--90 cmm per 0.01 millimol of l~a-propionate) they all 

appear too high, and they  deviate the more the smaller the quant i ty  of 
propionate has been. This undoubtedly must mean that  besides the 
assimilation with propionate some other assimilation process has also 
occurred, and the influence of the latter on the final figures must have 
increased with a decrease in the absolute figure for the assimilation with 
propionate. 

The difference in C O 2 uptake between Nos. 2 and 3 (38 cram) might 
be ascribed to the assimilation of CO~ with 0.05 ecm m/10 propionate. 
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T h e n ,  t h e  " u n k n o w n "  a s s i m i l a t i o n  ( p r o b a b l y  c o m p a r a b l e  w i t h  t h e  

r e a c t i o n  d e s i g n a t e d  as  " a u t o - a s s i m i l a t i o n "  b y  Roelo[sen) i n  t h e s e  t w o  

ve s se l s  w o u l d  a p p e a r  t o  h a v e  b e e n  126 c r a m .  A p p l y i n g  t h i s  c o r r e c t i o n  t o  

iN'os. 4 a n d  5 o n e  o b t a i n s  v a l u e s  of 95 c r a m  of C O  2 fo r  0 .13 c c m  m / 1 0  

p r o p i o n a t e ,  or  36 .5  c r a m  p e r  0 .05  ccm,  a n d  108 c m m  of C O  2 for  0 .15  ccm 

m / 1 0  p r o p i o n a t e ,  or  36 .0  c r a m  p e r  0 .05 ccm.  T h i s  r e s u l t  i n d i c a t e s  t h a t  

t h e  " u n k n o w n "  a s s i m i l a t i o n  p r o c e s s  p r o c e e d e d  a t  a n o r m a l  a n d  un -  

a l t e r e d  r a t e  b e s i d e s  t h e  p r o p i o n a t e  a s s i m i l a t i o n .  F r o m  t h e  b e h a v i o r  of 

t h e  c u r v e s ,  as  wel l  as  f r o m  a g l a n c e  a t  t h e  f i n a l  b i c a r b o n a t e  v a l u e s  i t  

a lso a p p e a r s  t h a t  t h i s  p r o c e s s  g i v e s  r i se  t o  t h e  f o r m a t i o n  of a c id  p r o d u c t s .  

Y e t  t h e r e  a r e  a lso  a n u m b e r  of e x p e r i m e n t s  w h i c h  t e n d  t o  s h o w  

t h a t  t h e  a s s i m i l a t i o n  w i t h  t h e  a d d e d  s u b s t r a t e ,  a n d  t h e  " u n k n o w n "  

T a b l e  VI .  

C a r b o n  d ioxide  a s s i m i l a t i on  of Chromatium spec. (strai~ D) in  t he  presence  
of sod ium p rop iona te .  

E a c h  vessel  c o n t a i n e d  2 ccm suspens ion  in  d i lu te  N a H C O a ,  and ,  w i t h  t he  
excep t ion  of t h e  b l a n k ,  0.05 ecru m / 1 0  p r op i ona t e .  O t h e r  add i t ions  m e n t i o n e d  

below. 

cmm of 
CO 2 in 
liquid 
phase 

Assimi-  
changes  of lation 
C 0 ~ in gas  A ssimi- corrected. 

phase lation Propionate 
assimi-  

cram emm lation 

Exp. A. 

" At start :  323.6 
At close : 

1. 0.05 ecm H~O 313.0 
2. 0.05 ,, NaC1 353.0 
3. 0.05 K C l  332.0 
4. 0.05 ',', K 2 S O ,  . . . 333.0  
5. Blank (no propionate) 316.0 

Exp. B. 

At  start  : 323 
At close : 

1. 0.05 ecru H~O 342 
2. 0.05 ,, KC1 3[5 
3. 0.05 ,, K~$04 . �9 �9 322 
4. Blank 277 

Exp. C 

At start :  
At  close: 

I 1. 0.05 ecru H20  

i 
2. 0.05 ,, HaO 
3. 0.05 , prop. 
4. 0.05 ,, prop. 
5. Blank 

At start :  . . . . . . . .  
At  close : 

Exp. D. 1. 0.05 ecru H20 . . . .  
2. Blank . . . . . . . .  

Arehiv flit Mikrobiologie. Bd. 7. 

282 

328 
320.2 
394 
364 
267 

- -  27.1 37.7 38.3 
- -  55.2 25.8 26.4 
- -  47.7 39.3 39.9 
- -  47.8 38.4 39.0 
+ 8.2 - -  0.6 - -  

72.9 53.9 26.0 
- -  51.2 59.2 31.3 
- -  57.8 58.8 30.9 
q- 18.1 27.9 - -  

- -  80.4 
- -  75.4 
- -  193.2 
- -  179.0 
q- 11.4 

9 5 . 9  

T 40.9 

34.4 
37.2 
81.2 
87.2 

.6 

24 

38.0 
40.8 
84.8 
90.8 

3 9 . 2  
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6O 

/ /5  

r  I] / /  
/ / 

5 �9 

0 10 20 30 qOrnins. 
Time - - ~  

F i g ' .  12. C,~rom. spec. 
(strain D) in the pre- 

sence o f  

A :  0 . l o o m  r o l l 0  H a -  

acetate (2 expts.). 
B: 0.05 eem m/10 Na- 

propionate. 

ass imi la t ion  process  are  no t  two en t i re ly  i ndependen t  react ions .  F o r  
t he  app l i ca t ion  of t he  va lue  ob ta ined  in a b l ank  exper imen t ,  and  t hus  
represen t ing  t h e  "au to -as s imi l a t ion" ,  as  a correc t ion  in order  to ob ta in  
the  a m o u n t  of carbon  d iox ide  t a k e n  up  for a g iven a m o u n t  of subs t r a t e ,  
leads,  in some cases, to  a b n o r m a l l y  low values .  A n  example  is offered 
b y  the  expe r imen t s  summar ized  in t he  Table  VI  (p. 347). 

I t  will be seen t h a t ,  a l though  the  figures in one and  the  same 
expe r imen t  are r a the r  cons is tenU,  t h e y  somet imes  dev ia t e  qui te  consi- 

d e r a b l y  in exper imen t s  made  a t  d i f ferent  t imes  
wi th  di f ferent  mater ia l .  GaJ[ron has  made  the  
same observa t ion  in his s tudies  on the  ass imi la t ion  
of Athiorhodaceae (6). The  unavo idab le  con- 
clusion is t h a t  dependab le  quan t i t a t i ve  d a t a  
canno t  be ob ta ined  un t i l  the  na tu r e  of th is  
mys te r ious  process  of "au to -a s s imi l a t ion"  is more  
comple te ly  unders tood .  Hence  the  following re- 
sul ts  have  p r i m a r i l y  a qua l i t a t ive  significance, 
a l though a judic ious  compar i son  permi t s  of dra-  
wing a p p r o x i m a t e  quan t i t a t i ve  inferences.  

The  expe r imen t s  w i th  p rop iona te  have  shown 
tha t ,  in general ,  per  molecule  of p rop iona te  ap- 
p r o x i m a t e l y  0 .3- -0 .35  molecules of C 02 are assi- 
mi la ted .  Higher  f a t t y  acids  appea r  no t  to  be 
a t t a c k e d  b y  the  s t ra ins  used.  Ace ta te ,  however,  
gives rise to  a r a p i d  u p t a k e  of CO 2 f rom the  
gas phase .  Fig .  12 gives an idea  of the  observed  
changes.  

S imul t aneous ly  there  is a considerable  in- 
crease in d isso lved  COe, as appears  f rom the  follow 
ing d a t a  (Table  V I I ) :  

T a b l e  VII .  
Assimilation of Chromatium spec. (strain D )  in the  presence of acetate .  
2 ccm of suspension in dilute NaI-][CO3 solution. Changes in cmm of COg 

resulting from the addi t ion of 0.1 ccm m/10 Na-acetate .  

Initial . . . .  
At end 1 . . . 

2 . o . 

Initial . . . .  
At end 1 . . . 

2 . . . 

Changes in C02 C02-production C02 content liquid gas phase 

361.8 
506 
508 

390 
585 
582 

- -  90.4 
- -  88.7 

- -  135 
- -  1 3 5  

~ -  53.8 
+ 57.5 

+ 60 
+ 57 

z An  exce 3tion seems to be Exp. A, 2. I t  is, of course, possible tha t  the  
addi t ion of NaC1 in this  case has also influenced the "auto-assimilat ion" to 
an unknown extent.  
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From one molecule of acetate there would thus result the production 
of 0.24--0.27 molecules of CO~, which is in good agreement with the data 
collected by  Muller (4) on the basis of chemical analysis of full-grown 
cultures of Thiorhodaceae (average of 0.33 reels of C O~ per reel of acetate 
in one set of experiments, and of 0.17 in a second series, in which the 
recovery of the total  carbon disappeared was 75 %) , and by  Gaffron for 
photosynthesis of Athiorhodaceae in the presence of acetate. 

Also formate is rapidly attacked, but  the pressure changes are small. 
Yet the end-point can still be determined accurately. Quantitative 
determinations, uncorrected for auto-assimilation, have .yielded values 
which indicate a production of 0.53--0.55reels of CO: per mol of 

Fig. 13. Gas production by Chrora. 

spec. (strain-O) in the presence of 
0.1 ecru m/10 ~Na-pyruvate. Accu- 
racy of manometer-readings 0.5 mm! 
One experimenf terminated after 20, 
the second after 40, the third 

after 60 minutes. ! 
O ,~0 20 30 qO s 

T/me 
60 m l ;  s. 

formate. I t  is likely, however, tha t  these figures are too low, and tha t  
somewhat larger values will be obtained by  applying the proper blank 
corrections. 

In  addition to the three fa t ty  acids a number of other organic acids 
were used, chiefly lactic, pyruvic, and malic acid. The results are com- 
parable with those obtained by  Muller and show in all cases the pro- 
duction of smaller or larger quantities of 002. As a result of the consi- 
derable acid production, simultaneous with, but not due to the de- 
composition of the added substrate, also here the observed manometric 
changes are but small, in the case of p~ 'uva te  even slightly, with malate 
distinctly positive. 

Of particular interest in this connection is an experiment especially 
designed to determine whether these minute positive changes observed 
with pyruva te  still permit.of an exact  determination of the end-point.  
For this purpose a number  of vessels was prepared in exactly the same 
way, each receiving 2 ecru of a suspension of Chrom. spec., strain D, and 
in the 2 side bulbs, 0.1 ccm 2 n H~SO a, and 0.1 ecru m/10 iNa-pyruvate 
respectively. After equilibrium had been reached the pyruvate  was 
added to all, the I-I~ S 04 to the first one for the determination of bi- 
carbonate. After 20 minutes the second culture was acidified, after 
40 minutes the third, after 60 minutes the last. Pressure changes were 
determined at  5 minute intervals, and fig. 13 shows the result. I t  will be 
seen that ,  although the manometric changes amount to only one half to 

24* 



350 C.B. van ~iel: 

one mm per 5 minutes, yet the changes end abruptly after 45 minutes. 
A determination of CO 2 production yielded the data presented in 
Table VII I .  

Table  VIII .  

i Initial COx Gaseous C02 Total CO 2 produced 
287.8 -- --  

after 20 minutes . . . 338 12.4 62.6 
40 ,, 402 18.2 132.4 
60 , 413 18.2 143.0 

These show convincingly that  45 minutes after the addition of the 
pyruvate the reaction is completed. A comparison of this result with those 
published by Ga//ron for similar studies on Athiorhodaceae in the presence 
of pyruvate (cf., e. g., 6, Fig. 2) shows the effect of the acid production in 
Thiorhodaceae cultures. 

The uncorrected values for CO 2 production from these substrates 
obtained in a large number of experiments were found to be: 

Mols of C O2 per mol of substrate. 

Sabstrate Values found Muller's determinations 

Lactate . . . .  
Pyru~ate . . . 
Malate . . . .  

0.14--0.20 
0.64--0.72 
1.06--1.18 

0.20- 0.38 
not determined 

1.12--1.36 

Again, the agreement with Muller's figures is satisfactory. 
I t  should be mentioned here that  the previously suggested inhibitory 

effect of propionate in a medium with acid reaction was not observed with 
lactate, pyruvate, and malate. The decomposition of lactate and ma]~te 
proceeds at p~ 6.4, 7.0 and 7.2 at approximately the same rate;  the 
decomposition of pyruvate is distinctly slower at p~ 6.4 than at 7.2, but  
still it starts immediately upon the addition of the substrate. These 
observations show that  the effect of p~ on assimilation varies with the 
organic substance, and, for the compounds tested, is pronounced only in 
the case of propionie acid. 

Several experiments with ethyl alcohol as an organic substrate have 
yielded entirely negative results; an assimilation in the presence of this 
substance has not been observed. 

7. On the assimilation o] molecular hydrogen by Thiorhodaceae.  

Roelo/sen (9, 10) ha~ made the important discovery that, in the 
light, Thiorhodaceae rapidly absorb hydrogen in the presence of CO 2, and 
has attributed this fact to the ability of the organisms to use molecular 
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hydrogen as hydrogen donor for a photochemical reduction of carbon 
dioxide. Ga[[ron (11) has explained this phenomenon as the result of a 
production of HsS in the dark, from sulfur-containing compounds and 
hydrogen, only the sulfide being used in the photosynthetic process. In  
view of the p r e c e d i n g  experiments on the significance of hydrogen 
sulfide formation (section 2) and on the existence of a direct assimilation 
with organic substrates it seemed probable tha t  also the assimilation 
of molecular hydrogen by  Thiorhodaceae would proceed directly, as was 
established by GaMro~ for Rhodovibrio. 

Experiments  with Chromatium spec. (strains A and D), grown in 
"sulfur-free" inmate media, have shown tha t  this is actually the case. 
Suspensions in dilute bicarbonate and illuminated in an atmosphere of 
oxygen-free hydrogen, cause a rapid decrease in pressure, for some time 
at  a perfectly s teady rate, which later on decreases, probably due to an 
increasing alkaline reaction of the medium. Even at pH 9.5 the reaction 
rate is, however, hardly affected. 

I f  no carbonate or bicarbonate is added to the suspension, the 
uptake  of hydrogen is slow but  measurable, probably owing to a slow 
production of CO s b y  the organisms. The addition of known amounts  of 
carbonate or of organic substances which are assimilated with the pro- 
duction of COs, the elegant procedure followed by  Ga]/ron (6) for deter- 
mining the quanti tat ive relationships between hydrogen- and carbon- 
dioxide uptake, have shown tha t  per molecule of CO 2 approximately 
2.4 molecules of hydrogen are assimilated, and that,  under these cir- 
cumstances, 1 molecule of pyruvate  is equivalent to almost 0.5 molecule 
of carbonate. The experiments with organic compounds and hydrogen, 
do not, of course, reveal anything about the mechanism of the assimilation 
and leave open the problem whether the hydrogen uptake is due to a 
direct photochemical rednction of carbon dioxide, which originates from 
the simultaneous decomposition of the organic substances, or to a 
reduction of the latter.  Ga/[ron has expressed himself on this question in 
terms which m a y  be interpreted in favor of the second alternative (8). 
Elsewhere i have pointed out (12) tha t  the uptake of hydrogen can, for 
the present, be more easily explained by  assuming tha t  the uptake of 
hydrogen occurs because the organic substrate is a source of CO 2. That  
acetic acid makes no exception is clearly shown by the experiments on 
the assimilation with acetate reported in the previous section. The 
agreement between the data  gives there (0.24--0.27 tools of CO 2 pro- 
dueed per mot of acetate added) and those obtained by GaMron on 
hydrogen assimilation (8, Table XII ,  0.47--0.60 mols of H s assimilated 
per mol of acetate) is as perfect as can be expected. 

These experiments do not suffice to warrant  the conclusion tha t  all 
Thiorh, odaeeae can assimilate molecular hydrogen, just, as Ga//ron's 
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leave this unanswered for the Athiorhodaceae. From several preliminary 
experiments, carried out in the course of the past  5 years, the impression 
has been gained tha t  there exist just  as marked differences between 
various representatives of Thio- and Athiorhodaceae in this respect as 
between strains of Thiorhodaceae with regard to their abili ty to use 
butyra te .  

8. On oxygen prod~ctio~ by photosynthesizing ~urple bacteria. 

Quite recently Czurda (16) has published experimental  results which 
this author considers as a proof for the production of oxygen during 
photosynthesis of purple bacteria. 

The experiment which Czurda reports  is not new; essentially the 
same experiment was published by  van Niel in 1931 (2, p. 102). At tha t  
t ime the oxidation of reduced methylene blue and reduced indigo carmin 
by  illuminated purple bacteria was not considered as an indication for the 
production of O 2 during photosynthesis of the purple bacteria, but  as a 
first example of the ability of these organisms to use oxidizable organic 
substances instead of H2S for a photochemical reduction of carbon 
dioxide. This possible interpretation of the experimental results is not 
considered at all by  Czurda, who writes: ,,Schon die ersten Fortzucht-  
v e r s u c h e . . ,  haben das unerwartete  Ergebnis gehabt, daf~ auch im 
C02-Assimilationsprozel,~ dieser Art  Sauerstoff entstcht,  wie bei der 
griinen Pflanze" (p. 111). 

I t  is true tha t  the experimental  result - -  the observation tha t  
reduced indigo carmin in the presence of illuminated pur.ple bacteria 
turns blue as soon as the excess H 2 S is used up - -  can be interpreted as 
oxygen production. In  view of the great difficulties which this inter- 
pretat ion implies if all the known facts about bacterial photosynthesis 
are taken into consideration, I have previously adopted the other 
explanation of the same result. 

Because of the importance which attaches particularly to this point, 
I want  to briefly review the main reasons here. 

1. With the aid of luminous bacteria, without  doubt a still more 
sensitive reagent for molecular oxygen than  reduced indigo carmin, 
oxygen production by  purple bacteria could not be demonstrated.  This 
holds also for suspensions in which H2S was not present [Molisch (17)]. 

2. I f  one determines, by  purely chemical methods, the amounts  of 
carbon dioxide and hydrogen sulfide which disappear during the de- 
velopment of Thiorhodaceae, one finds tha t  in no case is there any  de- 
monstrable disappearance of C 0 e in excess to thgt  which can be accounted 
for on the basis of the equation 

2 CO 2 § 2 H20  § H2S --> 2 (CH20) § H~SO4. 
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This is quite independent of the t ime at which the analyses arc made;  
even if the culture is incubated in continuous light for 23 days after the 
complete oxidation of H2S to sulfate the amount  of carbon dioxide 
which is used by  the bacteria does not increase [(1), p. 166 ; (2), p. 89]. 

The production of oxygen would, of course, imply tha t  the photo- 
synthetic process of the purple bacteria is altogether independant of the 
presence of oxidizable inorganic or organic compounds. The mere fact 
tha t  this is not so, therefore makes the interpretation which Czurda now 
places upon the results doubtful. However, it has become clear that ,  
although the previously given explanation for the oxidation of reduced 
dyes is in accord with the other facts, the experiment itself is not as 
conclusive as it might have been. Consequently I have repeated these 
experiments in a different manner  which, a priori, would seem to permit  
of an unambiguous decision which one of the two different explanations 
is correct. 

I f  the oxidation of reduced indigo carmin is the result of the fact 
tha t  the organisms can use it as a substi tute for H2S, propionate, etc., 
then it is obvious tha t  the oxidation could take place only if the bacteria 
can come in contact with the reduced substance. 

If, however, the oxidation results from the liberation of oxygen by 
the illuminated bacteria, no such contact is necessary. From these 
considerations the experimental  set-up follows logically. 

5 tom of a heavy suspension of a young pure culture of purple bacteria 
in dilute Na H C O~ solution were incubated in an atmosphere of oxygen- 
free nitrogen. Separated from the suspension, but  in contact  with the 
gas phase, was a small quant i ty  (0.3 ccm) of reduced indigo carmin. 
Two experiments were star ted simultaneously, and the vessels shaken 
side by  side in a thermosta t  at  300 C. One vessel was illuminated, while 
the other one was kept  dark. The lat ter  control is essential because small 
amounts o~ oxygen m a y  remain dissolved in the suspension, even if 
nitrogen is passed over it for 20 minutes, and, upon shaking, diffuse out, 
oxidizing the leuco-dye. 

I t  has so far been impossible to carry out these experiments in 
a system which was completely oxygen-free. Even by  using nitrogen 
which had first been led over heated copper, and subsequently through 
a solution of reduced indigo carmin, and by  flushing the system with 
this gas for a considerable length of time, the presence of traces of oxygen 
could still be detected because during the first 15 minutes of incubation 
the indicator solution changed to a very faint blue. But  after this period, 
during which the color changes of the indicator in the illuminated and in 
the non-illuminated vessel were exact ly the same, no further changes 
could be observed, not even after 18 hours illumination, as proved by  a 
comparison of the indicator solutions in the illuminated vessel and in the 
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control. Yet it could be ascertained that  the bacteria were quite active 
afterward s. 

This result throws considerable doubt upon Czurda's interpretation, 
and may be taken to prove that  illuminated purple bacteria do not 
produce molecular oxygen. Hence, at present, there seems to be no need, 
,,die Vorstellungen fiber den Stoffweehsel der Thiorhodaceen, welche 
van IYiel, Muller, Roelo/sen auf umfangreiche eingehende Arbeiten und 
theoretische ~berlegungen in so fiberzeugender Weise zu st/itzen gesucht 
haben, neu aufzubauen" (Czurda, p. 113). 

9. On the chemical composition o/ the purple bacteria, with remarks on the 
'~photosynthetic quotient" and the mechanism o] their assimilation processes. 

The quantitative results obtained previously on photosynthesis of 
Thiorhodaceae (2), as well as those published by  Muller and by Ga//ro~ 
and, finally, the ones discussed in this communication all have shown that  
the relationship existing between the quanti ty of carbon dioxide reduced 
and of substrate oxidized is not as simple as one might expect on the 
basis of the generalized equation suggested to cover the assimilation 
processes of green and purple bacteria 

COg -k 2 H2A -~ (CH~O) -k H20 -k 2 A. 

From the data furnished by the chemical analysis of full-grown cultures 
it was concluded that, inasmuch as the (CI-[20)-factor of the equation in 
that  case is represented by the bacterial cells, these cells would be more 
reduced than carbohydrate. The results obtained with the aid of the 
manometric technique can still be explained along the same lines if one 
assumes that  the first product of the assimilation does not accumulate, 
but is rapidly converted into bacterial substances of various composition 
and belonging to different groups of compounds, or, even, into new 
bacterial cells. Considering the enormous rate of growth of the organisms, 
and the high temperature (30--35 ~ C) at  which these experiments are 
carried out, this assumption is not in itself improbable. 

Up to the  present time, however, no data  have been published which 
support these views by direct chemical analyses. With a view of filling 
this gap to some extent such chemical analyses of purple bacteria have 
been made 1. 

The bacteria used for these analyses, representatives of the groups of 
Thio- and Ath~orhodaceae, were grown in the standard media, carefully freed 

1 I am very grateful to Prof. Dr. H. ter Meulon, Delft, for allowing me to 
carry out this work in his laboratory, where I could use the elegant and 
excellent methods developed there for elementary analysis under his ex- 
perienced supervision. I also want to express my gratitude to Miss It. H. J. 
Ravenswaay for much generous ~ssistance. 
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f rom p rec ip i t a t e s  before  inocu la t ion ,  a n d  cen t r i fuged  before  a n y  p r e c i p i t a t e  
h a d  fo rmed .  T h e y  were  w a s h e d  t h o r o u g h l y ,  a n d  r a p i d l y  d r i ed  on  c lean  glass 
p la t e s  a t  t e m p e r a t u r e s  n o t  exceed ing  370 C to  a n  a i r -d ry  f i lm w h i c h  was  
s c r a p e d  off a n d  k e p t  in  v a c u u m  in  a des icca to r  ove r  ca l c ium chlor ide  t i l l  t h e  
ana lyses  were  made .  T h e n  t h e y  were  g r o u n d  to  a f ine powder ,  a n d  d r i ed  a t  
1150 C t o c o n s t a n t w e i g h t ,  wh ieh  d id  n o t  t a k e l o n g e r  t h a n  1 - - 2  hours .  Changes  
in t h e  a p p e a r a n c e  of t h e  m a t e r i a l  were  n o t  obse rved  excep t  in  t h e  case of 
"Streptococcus varians t~wart", a p u r e  cu l tu re  of brown bacteria r e sembl ing  
t h e  o r g a n i s m  desc r ibed  b y  Ewart in  1897 u n d e r  t h i s  name .  H e r e  a color  
c h a n g e  was  o b s e r v e d  f rom a r edd i sh  b r o w n  to  a d i r t y  b rown-green ,  a p p a r e n t l y  
caused  b y  t h e  decompos i t i on  of some p i g m e n t .  

T h e  ana lyses  inc lude  a d e t e r m i n a t i o n  of ca rbon ,  hyd rogen ,  n i t rogen ,  a n d  
a sh  for  a l l  s t ra ins .  The  e s t i m a t i o n s  of t h e  a s h - c o n t e n t  were  m e a n t  chief ly  
as a con t ro l  on  t h e  p u r i t y  of t h e  m a t e r i a l  a n d  a re  r e l a t ive ly  inaccura t e ,  
because  a n  o r d i n a r y  a n a l y t i c a l  b a l a n c e  w i t h  a s e n s i t i v i t y  of 0.1 m g  was  used,  

T a b l e  I X .  Chemica l  ana lyses  of some  s t r a i n s  of purple bacteria. 

Organism o/o N 

Spirillum rubru~ 
(strain G) 

Spirillum rubrun, 
(strain L) 

Rhodomonas spee. 

"Streptococcus 
varians" 

Chromatium(1)) spec. I 
"Sulfur-free" 

52.7 
90.3 

64.9 
72.5 
57.0 

1.184 
1.188 

2.064 
1.063 

54.2 
54.4 

55.5 
55.3 
55.4 

11.80 
11.82 

11.81 
11.81 

11.68 
11.10 
11.22 

11.20 
11.31 

10.88 
10.94 
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Organism sample mg BaSO~ ecru nil00 II 0/0 S It ~ethod 

I I It} 'ar~ Spirillum rubrum 76.2 

Chromatium spec. 

"Sulfur-free" 

(D) ttvdrogenation 
"Sulfur-rich" 10.5 

and the to ta l  quant i ty  of residue after  incineration was of the  order of 
magni tude of 1 mg. Carbon and hydrogen were determined simultaneously, 
and nitrogen in an addit ional  sample according to the methods worked out  
by  ter ~Ieulen c.s .  (15). 

A determinat ion of the  sulfur content  of Chromatium spec. (strain D), 
containing considerable amounts  of s tored sulfur, was carried out  by  ter 
Meulen's hydrogenat ion method (15). For  comparison the sulfur content of a 
sample of a "sulfur-free" culture of the  same organism and of one of the 
Athiorhodaceae was also determined. 

The resu l t s  are  col lected in Table  I X .  
A mos t  s t r ik ing  fea ture  is t h  e r emarkab l e  cons i s tency  of t he  resu l t s ;  

i t  seems as  if the  composi t ion  of all  t he  s t ra ins  used  is p rac t i ca l ly  ident ica l .  
This  is t he  more as ton i sh ing  because  the  cul ture  med ia  were no t  t he  
same in al l  cases;  t he  two s t ra ins  of Spirillum rubrum were grown in 1 %  
peptone-so lu t ions ,  Rhodomonas spec. and  Streptococcus varians in mala t e  
med ia  wi th  t he  add i t i on  of 1 ~o y e a s t  ~uto lysa te ,  Chromatium species 
in a ma la t e  m e d i u m  wi th  inorganic  sal ts  only.  

Of impor t ance  is also t h e  fac t  t h a t  a compar i son  of t he  composi t ion  
of t he  purple bacteria wi th  t h a t  of a c a r b o h y d r a t e  reveals  a much  lower 
oxygen  conten~ of t h e  fo rmer :  

C 
H 

Purple bacteria 
o/o 

55.7 
7.4 

Carbohydrate ] I] Purple bacteria 

~176 ] ~ N  ~176 
40.0 15.1 

6.7 11.8 

Carbohydrate 
0/0 

53.3 

This  p roves  conclus ively  the  correc tness  of the  p rev ious ly  m a d e  assump-  
t i on  t h a t  t h e  purple bacteria would  be  more  r educed  t h a n  ca rbohyd ra t e .  
I t  also implies  t h a t  in the  convers ion  of organic  subs t r a t e s  of t he  empir ica l  
composi t ions  of a c a r b o h y d r a t e  (e. g. acet ic  a n d  lact ic  acids) in to  bac te r ia l  
cells some e x t r a  hydrogen  is necessary ,  or, expressed  different ly ,  some 
CO 2 wil l  be p roduced .  
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Of more interest yet is a comparison of the analytical data  with 
those published by  Ga//ron (5) for a substance isolated by  him from 
iourlole bacteria, and to which a composition (C4I-I602) n is assigned on 
the basis of carbon and hydrogen determinations. 

Purple bacteria 1 Gaffron's product 

% I % 

C 55.7 55.8 
H 7.4 7.0 

This comparison reveals a nearly complete identi ty of the results as far as 
carbon and hydrogen content are concerned. Now it mus tbe  remembered 
tha t  Ga/fron has considered this substance as a direct assimilation 
product of ~rple  bacteria photosynthesis,  and this par t ly  because the 
quanti tat ive relationships found to exist between the amounts of carbon 
dioxide assimilated per molecule of various f a t ty  acids fitted in with his 
supposition. The mechanism which Gaf/ron (16) postulates for these 
conversions is not satisfactory. Brut to  equations like 

2 CH~COOH 4- H~ -~ QH002 
C7H140 ~ 4- CO~ -~ CsH~40 ~ --~ (C4H002) ~ 
O0Hl~0~ 4- CO~ 4- CH20 ~ (C4H60~)~ + H~0 
C9H1~O ~ § 2 COs + CH20 ~ (C~H~O2)3 + I-I20 

fail to express one of the most  important  advances made in biochemical 
research, viz. the conviction that even the most complex biological 

conversions are the ult imate result of a series of simple step reactions. 
I t  is true tha t  the present knowledge of bacterial photosyntheses does not 
yet permit  of its reduction to a series of intelligible steps. But the 
demonstration tha t  the composition of these cells as far as the relative 
amounts of carbon and hydrogen are concerned corresponds so closely 
with Ga/Jron's product, then serves to show tha t  the considerations applied 
to furnish evidence for the assumption tha t  this product  would be a 
direct photosynthate  can be used with equal justification in defence of 
the more probable view tha t  the reactions studied till now have dealt 
chiefly with the conversion of the substrate into entire bacterial cells (12). 

10. S,ammary and conclusions. 
The foregoing studies have shown tha t  there is no need to modify 

the previously expressed concept of the metabolism of Thiorhodaceae in 
the light. I t  could be demonstrated tha t  oxygen is not evolved during 
photosynthesis, and tha t  Thiorhodaceae, like Athiorhodaceae, are capable 
of utilizing molecular hydrogen and organic substances directly in their 
assimilation process. 

The production of H2S by  Thiorhodaceae in the dark  is quanti- 
tat ively insignificant, and,  inasmuch as its extent depends upon the 
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a m o u n t  of s to red  sulfur  in t he  cells, i t  is p r o b a b l y  due  to  a process  s imi lar  
to  t he  " p h y t o c h e m i c a l  r e d u c t i o n s " .  

The  m a n o m e t r i c  s t u d y  of pho tochemica l  c a rbon  d iox ide  r educ t ion  
b y  Thiorhodacea~ yie lds  resu l t s  which  are  in ag reemen t  w i th  those  
obtaLned b y  the  m e t h o d  of chemica l  ana lys i s  of ful l -grown cul tures ,  
a l t hough  the  mere  d e t e r m i n a t i o n  of p ressure  changes  dur ing  photo-  
synthes i s  m a y  be  mis leading.  

I n  a m e d i u m  which  conta ins  suff icient  b i ca rbona t e  to  m a i n t a i n  a 
s l igh t ly  alcal ine r e a c t i o n  the  f a t t y  acids  u p  to  propionic  acid  are  assi-  
m i l a t e d  i m m e d i a t e l y ;  if t h e  m e d i u m  is s l igh t ly  acid,  th i s  process  t akes  
place  on ly  in  t he  presence of ( inorganic)  sal ts .  The  l a t t e r  exe r t  a non- 
specific effect.  I n  a s t i l l  more  ac id  env i ronmen t  p rop iona te  canno t  be 
ass imi la ted .  

I n  t he  l ight  as well  as  in t h e  d a r k  the  Thiorhodaceae produce  acid  (s). 
This  accounts  for t he  difference in the  r a t e  and  e x t e n t  of CO s u p t a k e  
f rom the  gas  phase  b y  suspens ions  of Thio- a n d  Athiorhodaceae in t he  
presence  of sa l ts  of organic  acids.  

C~emical  ana lyses  of r ep resen ta t ives  of Thio- and  Athiorhodaceae 

prove  t h a t  t he  organisms are  more  r educed  t h a n  ca rbohydra t e ,  and  t h a t  
t he  degree of r educ t ion  cor responds  w i th  t h a t  of a subs tance  which  
Ga/[ron considers  as a d i rec t  p r o d u c t  of p h o t o s y n t h e s i s  b y  these  
organisms.  
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