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Biochemical Factors Affecting Symbiosis Among Bacteria 

By VEIKKO NURMIKKO 1, Helsinki, Finland 

The symbiotic interrelationships of micro-organisms 
among microbes or between microbes and higher or- 
ganisms, are of fundamental importance in nature. 
Even a few classic examples are sufficient to indicate 
the great significance of the symbiosis phenomenon in 
biology and human ecology. Among the most im- 
portant of these are symbiosis between root-nodule 
bacteria and leguminous plants, mycorrhiza formation 
between certain fungi and higher plants and lichen 
formation between algae and fungi, In addition, men- 
tion may be made of the cooperative associations of 
cellulose-decomposing fungi (or bacteria) and nitrogen- 
fixing bacteria in which, however, the relationships 
between the different organisms are not so strictly 
symbiotic as in the former cases. 

Despite the fact that symbiotic and other associative 
relationships of microorganisms play an important 
role in nature and also in many fields of industrial 
microbiology, the functional mechanisms in symbiotic 
systems have, from a biochemical point of view, been 
comparatively little explored. (It  may be stated that 
only symbiotic nitrogen fixation has been extensively 
studied by biochemists, e.g. by VIRTANEN and co-work- 
ers.) Consequently, our present knowledge of the 
metabolic pathways and chemical steps involved in the 
symbiotic interrelationships existing between different 
organisms is also, generally speaking, very meagre. 

In particular, the lactic acid bacteria have a great 
ability to enter into associative relatiofiships in mixed 
cultures. Their significance in the dairy industry is a 
well known example of their great importance. How- 
ever, the associative, and especially symbiotic, re- 
lationships of lacticacid bacteria have been very little 
explored, and the biochemical nature of the associa- 
tive growth is mostly not definitely known, on the 
other hand our knowledge concerning the nutritional 
requirements of these bacteria has increased exten- 
sively during the recent 3rears (e.g. reviewed by SNELL 2 
and RITTER3), and this affords new possibilities also 
for the study of the biochemistry of associative 
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relationships between lactic acid bacteria. The recent 
investigation has therefore been made with these 
bacteria with the special aim to obtain information 
concerning the biochemical factors underlying as- 
sociative growth. The purpose of this article is to sum- 
marize the results of these experiments and it may 
conveniently be divided into the following sections: 
(1) Symbiosis between different species of lactic acid 
bacteria. (2) The s~anbiotic technique in the study of 
synthetic pathways of growth factors. (3) Conclusion. 

Symbiosis between di/]erent species o/lactic acid bacteria 

During the course of investigation of factors in- 
fluencing the associative growth of lactic acid bacteria 
it was found by the author in 1952 that close sym- 
biotic interrelationships may exist between different 
species of' these organisms 4. When certain vitamin(s) 
and amino acid(s) essential for the growth of two 
strains were omitted from the otherwise complete 
synthetic medium (described ~by HENDERSON and 
SNELL~), both organisms were able to grow in sym- 
biosis despite this lack, each producing the vitamins 
and amino acids needed by the other. On the basis of 
microbiological determinations made from the culture 
filtrates, it was concluded 'that the growth factors 
permitting symbiotic growth must be those vitamins 
and amino acids which are required for the growth of 
the separate symbionts. Figure 1 shows a typical 
example of these experiments. Two lactic acid bacteria 
Streptococcus /aecalis R and Lactobacillus arabinosus 
77--5 did not grow alone, but were able to grow 
together in a medium lacking folic acid (pteroyl- 
glutamic acid) and phenylalanine, although folic acid 
is required by Str. [aecalis R and phenylalanine by 
Lb. arabinosus 17-5. 

Symbiosis was likewise exhibited by the following 
pairs of lactic acid bacteria in synthetic media lacking 
other essential growth factors °. Lb. arabinosus 17-5 
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(a phenylalanine-requiring strain) and Str./aecalis R 
(a folic acid-, threonine-, histidine-, and serine- or gly- 
cine-requiring strain) can grow in symbiosis when (a) 
phenylalanine, threonine and folic acid, or (b) phenyl- 
alanine and histidine, or (c) phenylalanine, serine and 
glycine were omitted from the synthetic medium. Leuco- 
nostoc mesenteroides P -gO (a proline-, phenylalanine-, 
and glycine-requiring strain) and Str./aecalis R (a folic 
acid-requiting strain) were abie to grow in symbiosis 
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Fig. 1.--Growth of Lactobacillus arabinosus 17- -5  and Streptococcus 
[aecalis R in symbiosis. Synthet ic  basal medimn without  pbenyl- 
alanine and folio acid (pteroylglutamic acid). Curve I : Str. laccalis R 
(folio acid-requiring strain). Curve 2: Lb. arabinosus 17- -6  (phenyl- 
alanine-requiring strain). Curve 3: Lb. arabinosus 17--6  and Str. ]ae- 

calls R together. 

in media lacking (a) proline and folic acid or (b) pro- 
line, phenylalanine, glycine, and folic acid. Further 
Lb./ermenti-36 (a phenylalanine-requiring strain) and 
Str./aecalis R (a folic acid-requiring strain) were able 
to grow in symbiosis in a medium lacking folic acid and 
phenylalanine, and likewise Lb. leichmannii (ATCC 
4797) (vitamin Bin-requiring strain) and Leuconostoc 
citrovorum (ATCC 8081) (folinic acid-requiring strain) 
in a medium (described by STEELE et al. ~) from which 
vitamin B:~ and folinic acid were omitted s. A similar 
symbiosis experiment as the lastmentioned was made 
recently also by DOCTOR and COUCH 9. 

On the basis of these symbiosis experiments it was 
concluded that  the following growth factors (or in 
certain cases probably compounds possessing their 
activity) were excreted into the growth medium by the 
lactic acid bacteria used: phenylalanine, proline, 
threonine, histidine, glycine, serine, Iolic acid, folinic 
acid, and vitamin B:2. The amounts of some amino 
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acids and vitamins were also determined using the 
microbiological assay method. 

Similar interrelationships were observed in experi- 
ments in which different species of lactic acid bacteria 
were separated from each other by a dialyzing mem- 
brane i 0. Using a dialysis cell with several compartments 
especially designed for these experiments it was found 
that  different species can grow not only in pairs in 
symbiosis, but also in associations of more than two 
different species. Figure 2 shows a symbiosis experi- 
ment made with six species of lactic acid bacteria. 
Among these bacteria only Str. lactis (ATCC 7963) was 
able to grow alone in a medium (described by ANDER- 
SON and ELLIKER 11) lacking folic acid, folinic acid, and 
phenylalanine. Of these growth factors folic acid was 
required by Str. ]aecalis R, folinic acid by Ln. citro- 
vorum (ATCC 8081), and phenylalanine by Lb. ara- 
binosus 17--5, Lb./ermenti--36, and Ln. mesenteroides 
P--60. Although these essential growth factors were 
omitted from the medium all six strains were able to 
grow despite this lack when inoculated into separate 
compartments of the dialysis cell. The growth in the 
compartments was found to be due to the ability of the 
different species to synthesize and excrete into the 
medium vitamins and amino acids required by the 
strain of the adjoining compartment. The growth 
factors produced in each compartment then passed 
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Fig. 2.--Symbiosis between six different species of lactic acid bac- 
teria in a dialysis cell with six compartments.  

across the dialyzing membrane to each adjoining 
compartment, permitting symbiotic growth in the 
dialysis cell. 

The symbiotic technique 
in the study o/synthetic pathways o/growth/actors 

The symbiotic technique is based on the fact that 
different species and strains of lactic acid bacteria are 
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able to carry out defined steps in the biosynthesis of 
certain growth factors and that during growth they 
are also capable of excreting growth factors into the 
medium. By cultivating together two strains, each 
capable of carrying out only a limited part of the 
biosynthesis of a certain growth factor, it is possible to 
form a symbiotic system which may afford possi- 
bilities of investigating in detail the synthetic pathway 
of the growth factor concerned. The principles of this 
method may be illustrated by means of the ]allowing 
scheme: 

Symbiotic system formed by two lactic acid bacteria 
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The symbiotic system shown above is formed by two 
organisms each able to carry out only a limited reaction 
sequence in the biosynthesis of a growth factor E. It 
depends on the deficient synthetic abilities of the two 

organisms that the growth factor E is required by one 
of these organisms (organism 1) and an intermediate 
product C by the other (organism 2). In addition to 
forming an intermediate stage in the synthesis of E, 
compound C also functions as a precursor in the 
synthesis of another compound, P. 

When both essential growth factors C and E are 
omitted from the nutrient solution neither of the 
organisms is able to grow in this incomplete medium 
alone. However, when inoculated together, they can 
grow well, The. symbiotic growth is due to the fact 
that organism 1 synthesizes and excretes into the 
medium the growth factor C required by organism 2, 
which then synthesizes the compound E, an essential 
growth factor for organism 1. 

If, for instance, one wants to investigate possible 
intermediates existing in the reaction sequence 
C-->D-->E, not only compounds C and E but also 
compound D, which is supposed in this exampIe to be 
the only known intermediate in this reaction sequence, 
are omitted from the nutrient solution, If the reac- 
tion(s) catalyzed by the growth factor E is (are) known, 
the endproduct(s) of this reaction can perhaps also be 
excluded from the medium, in order that. the require- 
ment of organism 1 for the growth factor E may in- 
crease. The exclusion of the intermediate D and the 
endproduct(s) of the reaction(s) catalyzed by the 
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Fig. 3.--Scheme showing relationships between p-aminobenzoic acid, folic acid, folilxic acid, phenylalanine, 
sulfanilamide, and benzoic acid during the symbiotic growth of Lactobacillus arabinosus 17- -6  and 

Strep~coccus ]aecalis R .  



248 V. NURMIKKO : Biochemical Factors Affecting Symbiosis Among Bacteria ~EXPI~RIENTIA VOL. XlI/7] 

growth factor E may result in a distinct retardation in 
the symbiotic growth. By investigating which of the 
compounds related to C, D, and E have the ability to 
restore the initial vigorous symbiotic growth it is pos- 
sible to conclude which compounds may function as 
intermediates in the reaction sequence C-+D-->E. If 
those compounds which are able to replace D and E 
are denoted as di, d2, d3, and e 1, e 2, e 3 one gets the follow- 
ing reaction sequence as the synthetic pathway for the 
growth factor E from the precursor C: 

C--> dl--> d~-+ G-+ D--> el--> ee-+ e3--> E. 

It  should be especially noted that  the essential 
growth factor C is a precursor for two different bio- 
syntheses. I t  is this fact which makes it very difficult, 
and in some cases even impossible, to investigate the 
reaction C--> E by using organism 1 alone. One should 
then at the same time have to examine which com- 
pounds belong to the reaction stages C---> D and C--+_P. 
If the compound C, for instance, is an amino acid 
required by organism 1 for its protein synthesis (P), 
the finding of suitable intermediate compounds for the 
reaction C--+P presents extreme difficulties at the 
moment. 

Using a symbiotic system formed by the species Lb. 
arabinosus 17--5 and Str. ]aecalis R, the author has 
made an investigation into the biosynthesis of p- 
aminobenzoic acid x2. I t  was found that  the metabolic 
reaction sequences of these strains with respect to the 
growth factors phenylalanine, p-aminobenzoic acid, 
folic acid, and folinic acid were coupled together in the 
way shown in Figure 3. As appears from the scheme, 
Str. ]aecalis R was able to carry out only the first part  
of the biosynthesis of folinic acid, up to phenylalanine, 
and Lb. arabinosus 1 7 - 5  only the latter part  of this 
synthesis, i.e., the reaction phase phenylalanine ---> fo- 
linic acid. 

To investigate with this symbiotic system the 
mechanism involved in the biosynthesis of p-amino- 
benzoic acid, the growth factors phenylalanine, p- 
aminobenzoic acid, folic acid, and folinic acid were 
omitted from the medium, a distinct retardation in the 
symbiotic growth resulting. By testing which of the 
compounds related to p-aminobenzoic acid and 
phenylalanine were able to restore the initial sym- 
biotic growth, it was possible to discover some com- 
pounds which may constitute intermediates in the 
synthetic pathway of this vitamin. On the basis of the 
observations made it seems reasonable to postulate the 
following mechanism for the biosynthesis of p-amino- 
benzoic acid: 

shikimic acid --> phenylalanine ---> (intermediate: 
p-aminophenylpyruvic acid or p-aminophenylpro- 

12 V. NURMIKKO, Acta chem. Scand. 7, 942 (i953); Ann. Acad. 
Sci. Fennicae [AII] 54, 1 -  58 (1954). 

pionic acid) --> p-aminophenylacetic acid ---> p- 
aminobenzoic acid. 

Moreover, the finding that  phenylalanine has a 
powerful influence upon the production of folinic acid 
by Str. lactis (ATCC 7953) confirms the assumption that 
in lactic acid bacteria this amino acid functions as a 
precursor of p-aminobenzoic acid 13, a vitamin which is 
in itself an intermediate compound in the synthesis of 
folinic acid. 

Conclusion 

In the light of the experimental findings obtained in 
this investigation, it seems very probable tha t  sym- 
biosis among micro-organisms affords, from the bio- 
chemical point of view, a new and interesting object 
for research with possibilities of elucidating various 
metabolic processes in the living cell. Summarizing, it 
may be stated that  this investigation showed that  the 
different species of lactic bacteria growing in associa- 
tions were capable of forming close symbiotic inter- 
relationships in nutritionally deficient media. I t  was 
also found that  the symbiosis phenomenon can be 
applied to the study of the mechanism of the bio- 
synthesis of growth factors. Using this method, called 
the symbiotic technique, evidence has been obtained 
indicating that  the amino acid phenylalanine may 
function as a precursor in the biosynthesis of the vit- 
amin p-aminobenzoic acid. I t  should especially be 
noticed that  in the experimental example given, the 
phenylalanine required by  Lb. arabinosus 1 7 - 5  is an 
essential precursor for two different syntheses, namely 
for that mentioned above, and in addition for protein 
synthesis. This being the case, the investigation of the 
mechanism of conversion of phenylalanine to p-amino- 
benzoic acid using Lb. arabinosus 7 7 - 5  alone as a 
growing system would present great experimental 
difficulties. Also the fact, discovered in symbiosis ex- 
periments, that  p-aminobenzoic acid is an essential 
vitamin for the growth of Lb. arabinosus 77-5,  but 
only in the absence of phenylalanine, seems very 
difficult to establish using this organism alone. As these 
observations indicate, it is possible by means of the 
symbiotic technique to discover new growth factor re- 
quirements in bacteria, and also to investigate the 
biosynthetic pathways of growth factors where, per- 
haps, investigations using the classical pure culture 
methods would have given no result. 

Finally, it ought to be emphasized that  our know- 
ledge of the living processes in the microbial cell is 
based almost entirely on the  pure culture studies. 
However, pure cultures of a single micro-organism 
seldom exist in nature. On the contrary, microbes live 
in soils, water, alimentary tract  of human beings and 
animals etc., in mixed populations with complex inter- 
relationships. Consequently, in the pure culture the 

13 V. NURMIKKO, Suomen Kemistilehti [B] 2s, 62 (1955). 
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metabolic  funct ions of a cer ta in  microorganism m a y  

not be a t rue  representa t ion  of its chemical  ac t iv i ty  in 

nature. Par t icu la r ly  therefore  there  is a need of in- 

vest igat ing the  b iochemical  mechanisms whereby  the 

metabolic  processes of associat ive organisms are 

coupled together .  On the  basis of the findings described 

in this paper  it  m a y  be concluded tha t  the  symbiot ic  

technique as opposed to the  classical pure cul ture  
method  is useful in the  s tudy  of the b iochemis t ry  

of microbial  associations exis t ing in different  na tura l  

conditions. 
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Zusammen/assung 

Die zusammenwirkenden,  insbesondere symbionti-  
schen Faktoren,  die in einer Bakter ienmischkul tur  zur 
Wirkung kommen,  sind noch wenig bekannt.  Der vor- 
liegende lJbersichtsart ikel  orientiert  fiber die gegen- 
seitige F6rderung verschiedener Milehsiturebakterien in 
synthetischen NtLhrl6sungen mi t  besonderer Beriick- 
sichtigung einiger biochemischer Faktoren.  Bei allen 
Versuchen wurden best immte,  ffir das Wachs tum un- 
entbehrliche Vi tamine oder Aminos/iuren aus den N~hr- 
l~sungen weggelassen. Es ergab sich, dass verschiedene 

Milchstturebakterienst~imme in einer NtthrlOsung mit-  
einander gedeihen k6nnen, in welcher der eine oder der 
andere S tamm ffir sich allein mangels lebenswichtiger 
Vitamine oder Aminos/iuren nicht  htitte gedeihen 
k6nnen. Einige Milchstturebakterien sind somit  zur 
Synthese der von anderen Organismen ben6tigten Vit- 
amine und Aminos~iuren befithigt. Beispiele: Lacto- 
bacillus arabinosus 17-5 bildet die Iiir Streptococcus/ae- 
calls R notwendige Folstiure (oder Folins~iure) und um- 
gekehrt  Str. [aecalis R das fiir Lb. arabinosus 17-5 un- 
entbehrliche Phenylalanin (Abb. 1). 

Auf Grund dieser symbiontischen Beziehungen zwi- 
schen verschiedenen MilchsAurebakteriensttimmen wur- 
de eine Methode, die sogenannte Symhiose-Technik,  ffir 
die Untersuchungen der Biosynthese der versehiedenen 
\Vachstumsfaktoren entwickelt.  Die theoretische Grund-  
tage dieser Methode ist vom Verfasser ausgearbei te t  
worden. Mit Hilfe dieser Mcthode wurden Untersuchun-  
gen fiber die Biosynthese yon p-Aminobenzoesiiure aus- 
geftihrt. Die Versuche zeigen, dass die Aminosliure 
Phenylalanin bei Milehsiiurebakterien als Vitamin-Vor-  
stufe auftr i t t .  

Die Ergebnisse lassen vermuten,  dass die erwtihnten 
zusammenwirkenden symbiontischen Wachstumsfak-  
toren (AminosS.uren und Vitamine) bei der Entwick-  
lung von Bakter ienmischkul turen in der Na tu r  eine 
wichtige Rolle spielen. Der Verfasser hebt  besonders 
hervor, dass das Studium der Symbiose in der Na tu r  mi t  
HiKe dieser neuesten Methode sehr interessant w~ire. Es 
lttsst sich denken, dass zum Beispiel bei diesem Vorgehen 
neue biochemische Prozesse und Wachs tumsfaktoren  
gefunden werden, die mi t  Hilfe der klassischen t~ein- 
kul turmethoden nur schwierig festzustellen w~iren. 

Br+ves c o m m u n i c a t i o n s  - Kurze  M i t t e i l u n g e n  
Brevi c o m u n i c a z i o n i  - Brief  Reports  

Les auteurs sont seuls responsables des opinions exprim6es dans ees COmmunications. - Ffir die kurzen Mitteilungen ist aussehliesslieh 
der Autor verantwortlieh. - Per le brevi comunicazioni ~ responsabile solo l'autore. - The editors do not hold themselves responsible for 

the opinions expressed by their correspondents. 

R a u w o l f i a  A l k a l o i d s  X X V I I  

T h e  C o n v e r s i o n  of  3 - I s o r e s e r p i n e  t o  R e s e r p i n e  

The synthesis of d,l-3-isoreserpine recently reported by 
WOODWARD 1 gives added import  to the conversion of 
3-isoreserpine to reserpine for which 'we wish to record 
two methods. The epimerization of reserpine and its 
derivatives at  C-3 was previously stated to proceed to 
completion under the reaction conditions employed as 
far as could be measured ~- This conclusion was based 
on the failure to isolate unepimerized reserpine from the 
reaction mixture.  Mindful of the l imitations of this 

i R. B. WOODWARD, Nichols Award Address, March 16, 1956. 
New York, N. Y. 

2 H. B. MACPHILLAMY, L. DORFMAN, C. F. HUEBNER, E. SCHLITT- 
LEE, and A. F. ST. ANDRe, J. Amer. chem. Soc. 77, t071 (1955}. - 
H. B. MACPHILLAMY, C. F. HUEBNER, E. SCHLITTLER, A. P. ST. 
ANDRt, and P. R. ULSHAFER, J. Amer. chem. Soc. 77, 4335 (1955). 

means of assaying the completeness Of the reaction, we 
applied the more precise method of paper chromato-  
graphic analysis to the problem. In  the system benzene- 
cyclohexane (1:1) as the mobile phase on formamide- 
methanol (7:3) impregnated Whatman  No. 1 paper, 
reserpine and 3-isoreserpine had R/ values of 0.32 and 
0.82 respectively. This is a slight modification of the 
system already described for the paper chromato-  
graphy of Rauwolfia alkaloids s. 

A s tudy of the isomerization of reserpine in various 
new media led to the observat ion tha t  in refluxing acetic 
acid a considerable amount  of reserpine remains unepi- 
merized. 3-Isoreserpine, prepared as already described 4 
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F. WmNFELDT, J. org. Chem. 21, in press (1956). 
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