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ABSTRACT 

Although secondary metabolites with antimicro- 
bial and other bioactivities are explored exten- 
sively, the natural or ecological role(s) of sec- 
ondary metabolites is not yet clearly known. We 
review here the different hypotheses for the eco- 
logical role of antibiotics, with particular focus 
on the genus Streptomyces which is unparal- 
leled in the richness of secondary metabolites. 
We first lay down our expectations from an eco- 
logical hypothesis for antibiotics and then weigh 
the six predominant hypotheses against them 
including antibiotics as weapons in competition, 
as aid in sporulation, as bartered benefits in 
symbioses, as signal molecules in community 
homeostasis, as weapons in predation and as 
metabolic waste or bi-products. The analysis 
shows that no single hypothesis meets all the 
expectations. While the waste or bi-product hy- 
pothesis can safely be eliminated all others have 
some evidence in support. It is possible there- 
fore that antibiotics serve a multitude of eco- 
logical functions and it is possible to visualize a 
pathway for the radiating functions. According 
to this synthesis antibiotics evolved primarily as 
weapons in predation on other microorganisms. 
The inevitable co-evolution with prey species led 
to diversification of the genes and pathways. 
Some of the secondary metabolites eventually 
radiated to acquire other functions such as com- 
petition between predators. Some secondary 
metabolites evolved animal toxicity as a mutu-
alistic barter to protect the symbiotic partner 

from grazing/predation by animals. Transcrip- 
tion modulation primarily evolved as activation 
of defense mechanisms by the prey which may 
have later radiated to serve interspecies signal- 
ing functions. The synthesis successfully links 
different functions of antibiotics with logical co- 
herence. 
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1. INTRODUCTION 

The single genus that has contributed to a large pro-
portion of antibiotics discovered so far is the genus 
Streptomyces [1-3]. Using trend analysis, Watve et al [1] 
showed that the reduction in discovery rate was not due 
to exhaustion of the resource. Fitting a model to the trend 
of antibiotic discovery they made an estimate of the total 
number of secondary metabolites the Streptomyces group 
may possess and argued that majority of antibiotics from 
this genus were yet to be discovered. The Streptomyces 
coelicolor genome published in the following year sup- 
ported the inference further [4]. After having genomic 
data on a few other members of this genus we know now 
that the Streptomyces group has a large number of gene 
clusters responsible for secondary metabolites which are 
not expressed at least during growth in conventional cul- 
ture. Further there is considerable beta diversity across 
different strains of this group as well [2,5-7], pointing to 
a large fraction of untapped total diversity of secondary 
metabolites in this group [8,9]. Genomic information 
across the bacterial world also asserts us that the appar-
ent majority of known antibiotics coming from mycelial 
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actinomycetes is not a bias introduced by screening me- 
thods. Genomically the richness of secondary metabo-
lites in Streptomyces and other mycelial actinomycetes 
remains unparalleled in the microbial world. Although 
we have extensive information on the chemistry, bioac-
tivity and genetics of a few thousand secondary metabo-
lites from this group, the fundamental questions as to 
their ecological role and evolutionary origins remain 
unanswered [10]. 

There have been a number of hypotheses suggested 
from time to time which we review and evaluate here. 
But before we could see the hypotheses we need to de- 
lineate our expectations from the hypotheses. Any hy- 
pothesis or a combination of them should explain the 
following known patterns in the biology of antibiotics. 

1.1. The Time of Production 

Almost all secondary metabolites are produced by the 
end or growth phase and beginning of stationary phase. 
Any hypothesis needs to explain the adaptive signifi- 
cance of this pattern. 

1.2. The Genomic and Physiological Costs  
of Secondary Metabolism 

Secondary metabolite gene clusters occupy a signifi- 
cant portion of the genome, (e.g. about 4.5% in S. coeli-
color). Also the synthesis involves operation of complex 
pathways involving several enzymes and endergonic 
reactions [2]. Any benefit of antibiotics should be suffi-
ciently large to justify the costs. 

1.3. The Alpha and Beta Diversity 

A large number of compounds have been discovered 
so far from Streptomyces and the number of undiscove- 
red compounds are claimed to be order of magnitude 
larger. The large diversity of secondary metabolites with- 
in species (alpha diversity) and the turnover across spe-
cies (beta diversity) in the mycelial actinomycetes is as-
tonishing. This is unlikely to have evolved by chance and 
needs specific explanation. 

1.4. The Unexpressed Majority 

Out of the extant diversity, a substantial fraction is not 
expressed in conventional culture. This needs to be ac- 
counted for by the hypothesis. 

1.5. The Overexpressed Minority 

A relatively small fraction of the compounds are pro- 
duced in large quantities. This minority has been a major 
resource of drug discovery for us. But the reasons why 
only a minority are overexpressed needs to be clarified 
and the hypothesis should help in this direction. 

1.6. Difference in Expression in Solid  
Surface versus Fluid Environment 

It was known from the early days of screening that not 
all isolates giving zones of inhibition in primary screen- 
ing give antibiotics at the shake flask or fermenter level. 
There is a difference in antibiotic production on solid 
surface and in liquid environment [11-15]. The transcrip-
tional response to sublethal doses of antibiotics is also 
different in solid and liquid environments [16] and this 
needs a logical adaptive explanation too. 

1.7. The Spectrum of Biological Action 

Secondary metabolites of Streptomyces have a variety 
of biological activities not restricted to antimicrobial 
action. There are immunomodulatory and other actions 
on mammalian physiology as well. They are unlikely to 
be coincidental and need an adaptive explanation. 

1.8. The Transcription Modulation Activity in  
Susceptible Organisms 

Almost all antibiotics tested so far have shown tran- 
scription modulation activity specifically in susceptible 
organisms in low doses [17,18]. Resistance to an antibi- 
otic also reduces the transcription modulation action sub- 
stantially [16]. Any hypothesis needs to account for this 
adequately. 

1.9. The Mycelial Bias 

Across the microbial world as well as within Actino-
bacteria the mycelial forms are richer in secondary me- 
tabolite diversity. As we will show below, this associa- 
tion is strong and therefore is likely to have an adaptive 
reason leading to this association. 

2. THE HYPOTESES 

In addition to being able to explain the above, the hy- 
pothesis needs to have experimental evidence and/or 
should make experimentally testable predictions. The 
spectrum of distribution of the hypothesized function and 
the strength of its association with antibiotic production 
within the genus Streptomyces and also across the micro- 
bial world can strengthen the hypothesis further. Having 
specified our expectations from an ecological hypothesis, 
let us now see the hypotheses suggested so far along with 
their major strengths and weaknesses. 

2.1. Competition 

Since antibiotics inhibit or kill a spectrum of other mi- 
crobial species that can be potential competitors, antibi- 
otics are implicated as weapons used in interference com- 
petition [18-28]. The potential problem in this hypothesis 
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is that most of the secondary metabolites are produced 
towards the end of the growth phase and therefore are 
unlikely to be useful during competition for growth. At- 
tempts to test whether antibiotic producers have an ad- 
vantage in experimental competition are few and have 
yielded mixed results [29-31] that have possible alterna-
tive interpretations. Other products such as microcins 
that have been clearly demonstrated to give a competi-
tive advantage are produced during the exponential phase 
[32]. Therefore the competitive role of antimicrobials 
produced past the exponential phase is questionable. 

2.2. Waste or Bi-Products 

Selman Waksman, the discoverer of streptomycin, ob- 
served that antibiotics played no real part in modifying or 
influencing living processes of the producer. It was sug- 
gested subsequently that secondary metabolites of plant, 
animal or microbial origins are metabolic spin offs from 
primary metabolism, or aberrant and valueless products 
inevitably formed in the systems [33-43]. It was sug-
gested that some of them happen to have other biological 
activities coincidently. However, this viewpoint was out 
of favor soon since the large majority of secondary me- 
tabolites were found to have some or the other biological 
activity. They are produced through various metabolic 
pathways controlled by different gene clusters, incurring 
costly investment for the cell [2]. Also the waste product 
or spin off hypothesis does not explain the great diversity 
of these compounds produced by a relatively smaller 
proportion of microorganisms. If secondary metabolite 
production was an inevitable metabolic demand, then it 
would have been distributed throughout the living world 
more or less evenly. 

2.3. Spore Development and/or Survival 

Majority of organisms that produce antibiotics go 
through a life cycle in which spores are produced. Both 
spores and antibiotic production are initiated towards the 
end of growth phase. It has therefore been suggested that 
antibiotics may be regulatory molecules that function to 
coordinate the developmental process or maintain the 
dormancy of the spore [44]. However, non-antibiotic- 
producing strains appear to produce spores normally and 
their spores do not seem to be inferior in any way. Mu- 
tants with blocked antibiotic production produce normal 
spores [45]. Although there is a strong association be- 
tween the time course of sporulation and antibiotic pro- 
duction the association is non-obligate since the signals 
for sporulation and antibiotic production are largely non- 
overlapping [46]. 

2.4. Symbiosis 

Many species of Streptomyces appear to have entered a 

mutualistic relationship with other organisms in which 
they protect the organism by their antibiotics and get 
nutrition in turn. For example Streptomyces symbionts in 
the beewolf digger wasp protect their cocoon from fun-
gal infection by producing a cocktail of 9 antibiotics and 
significantly enhance the larva’s chances of survival 
during hibernation in the soil [47,48]. Non leguminous 
angiosperm species having actinomycetes in root-nodule 
have also been noted [49-51]. Some of the fungus-grow- 
ing ants use antibiotic-producing actinomycetes to con-
trol garden parasites [52-59]. Marine soft bodied non- 
motile invertebrates such as sponges do not have active 
defenses and therefore appear to have depended on che- 
mical defense made possible by the secondary metabo- 
lites of symbiotic actinomycetes [60-62]. Less known is 
the symbiosis with lichens and honey bees [63]. It is not 
yet known how common such symbioses are, what frac-
tion of Streptomyces species are symbionts and therefore 
whether the symbiotic associations are sufficient to ex-
plain the richness of secondary metabolites in the genus. 

2.5. Antibiotics as Signaling Molecules 

One of the relatively recent suggestions has been that 
antibiotics are signaling molecules that may regulate the 
homeostasis of multispecies microbial communities in a 
coordinated manner [18,64-69]. So far there are no spe- 
cific suggestions as to the precise meaning of “homeo- 
stasis of microbial communities” [18] and the exact role 
of the signaling molecules. At low concentrations, anti- 
biotics can perhaps be beneficial for the behavior of sus- 
ceptible bacteria in natural environment. The response of 
susceptible bacteria is suggested to be “low dose stimu- 
lation and high dose inhibition” [66] or hormesis. The 
evidence for this suggestion is that a number of antibiot- 
ics tested have been shown to alter transcription of sev- 
eral genes in susceptible organisms. The precise nature 
and adaptive function of this signaling is not yet specu- 
lated. For the producing organisms it may serve a quo- 
rum sensing function, but the transcription regulation 
activity is seen in susceptible species as well whose fun- 
ction is not yet clearly known. If it serves an essential 
adaptive function then the unanswered question is why 
the diversity of secondary metabolites is biased towards 
some specific groups of microorganisms. Since the com- 
pounds are produced by specific groups of organisms, it 
is necessary to ask why some organisms bear the cost for 
a trait that is beneficial to a multispecies community. 

2.6. Predation 

A number of taxonomically diverse genera of bacteria 
have been shown to exhibit epibiotic mode of predation. 
Interestingly all the genera whose epibiotic predatory 
activity has been demonstrated are also shown to express  

Copyright © 2013 SciRes.                                                                    OPEN ACCESS 



C. Kumbhar, M. Watve / Natural Science 5 (2013) 26-40 

Copyright © 2013 SciRes.                                                                    OPEN ACCESS 

29

 
Table 1. Meta-analysis of predatory bacteria and their secondary metabolites. We searched literature for predatory bacterial genera. 
each of the genera was searched for evidence of secondary metabolites with antimicrobial action. It appears from this analysis that all 
epibiotic and wolfpack predatory bacteria have antibiotic activity whereas the parasite like forms do not. 

Group 
Predatory 
strategy 

Known habitats Known prey 
Antibiotic 
Production 

References 

α-Proteobacteria 

Alcaligenes denitrificans Epibiotic 
Eutrophic freshwater 

pond 
Cyanobacteria Siderophores [92-94] 

Ensifer adhaerens Epibiotic Soil Gram (+) bacteria Yes [72,95-98] 

Micavibrio sp. Epibiotic Soil, Sewage Gram (−) bacteria No [99-103] 

β-Proteobacteria 

Cupriavidus necator Epibiotic Soil 
Gram (−) / (+) bacteria yeast

and other fungi 
Yes [104-106] 

Aristabacter necator Epibiotic Soil Gram (−) / (+) bacteria, yes [107,108] 

γ-Proteobacteria 

Lysobacter sp 
Wolfpack, 
cell contact 

Soil 
freshwater Cyanobacteria, 

Gram (−) / (+) bacteria 
Yes [109-117] 

Stenotrophomonas maltophila Epibiotic Soil 
Stratified lake,  

Gram (−) / (+) bacteria 
Yes [118-120] 

Pseudomonas Epibiotic Soil Gram (−) / (+) bacteria Yes [107,121-124] 

δ-Proteobacteria 

Bdellovibrio sp 
Bacteriovorax sp 
Peredibacter sp 

Periplasmic 
Soil, freshwater, 

estuaries, sewage, 
marine sediments 

Gram (−) bacteria No [63,125-127] 

Myxobacteria Wolfpack 
cell contact 

Soil, dung, bark, 
Sediments 

Bacteria, fungi,  
protozoa, nematodes 

Yes [128-135] 

Chloroflexi 

Herpetosiphon sp Wolfpack 
Cell contact 

Freshwater lakes 
Un-encapsulated bacteria Yes [136-138] 

Bacteroidetes 

Saprospira sp Wolfpack 
wolfpack, cell contact 

Coastal sediment,  
sea water 

Bacteria, Cyanobacteria, 
Diatoms 

Yes [139-143] 

Flavobacter Epibiotic Marine Fresh Water Gram (–) / (+) bacteria Yes [165,166] 

Actinobacteria 

Streptomyces Epibiotic Soil Gram (–) / (+) bacteria Yes [71-74] 

Agromyces ramosus Epibiotic Soil Gram (−) bacteria, yeast Yes [144,145] 

Streptoverticillium sp. Eibiotic Soil Gram (+) bacteria Yes [146-149] 

Cytophagaceae 

Cytophaga sp. Epibiotic 
soil, rapidly digests 
crystalline cellulose 

Gram (−) bacteria Yes [150-152] 

Bacillales 

Bacillus Epibiotic Soil Gram (−) bacteria Yes 
[21,121,124, 

153-160] 

Paenibacillus Epibiotic 
Soil Water Rhizosphere 

Veg. matter 
Gram (−) bacteria Yes [161-164] 

 

http://en.wikipedia.org/wiki/Rhizosphere
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secondary metabolites having antimicrobial activity (Ta-
ble 1). Myxobacteria is an important group of predatory 
bacteria rich in antibiotics although not as much explored 
as actinomycetes. It is further demonstrated that mutants 
unable to express antibiotic activity failed to grow by 
predatory mode on prey cells [70]. This is perhaps the 
most direct demonstration of the involvement of antibi-
otics in predation. Predatory abilities are widespread in 
the genus Streptomyces too [71-73, Kumbhar et al, man- 
uscript under review]. If predation is defined as the abil- 
ity to lyse live cells and exhibit growth when no other 
nutrients are available, the initial experiments for antibi-
otic screening demonstrated predation although it was 
not interpreted that way. Waksman and Woodruff screened 
actinomycetes on a lawn of bacteria on a non-nutrient 
plate and observed zones of clearance of susceptible cells. 
This is nothing other than predation [74]. Predation is 
needed when other nutrients are scanty. This explains 
why antibiotics are produced by the end of growth phase 
or under nutrient stress. The strong association between 
predatory activity and antibiotic production across taxa, 
the demonstration that predatory abilities are extremely 
common in soil Streptomyces and the ability of the pre-
dation hypothesis to explain the time course of antibiotic 
production makes it a strong candidate hypothesis. 

3. HOW DO THE HYPOTHESES EXPLAIN  
THE PATTERNS  

We listed earlier a number of known patterns in the 
biology of antibiotics which any hypothesis needs to 
explain. We will see how each of them is accounted for 
by the competing hypotheses. The possible stand of each 
hypothesis on these patterns is summarized in Table 2 
and discussed elaborately below. 

3.1. Time of Production 

Most of the secondary metabolites are secreted by the 
end of the growth phase or under conditions of nutrient 
stress [75]. This has been a main argument against the 
competition hypothesis but is also inconvenient for many 
other hypotheses. If antibiotics are useful in facilitating 
growth by reducing competition, modulating transcript- 
tion or any other means then they should be produced 
during active growth. If they are bi-products of normal 
metabolism they should be produced when the metabo- 
lism is most active, i.e. during the growth phase. The 
time of production and nutrient stress is supportive of the 
sporulation hypothesis since this is the right time and 
stimulus for sporulation. The predation hypothesis also 
expects antibiotic production on exhaustion of other nu- 
trients. It is also possible that inclusion of some antibi- 
otic in the spore may help survival of the germinating  
spore by making predatory activity possible immediately 

after germination. There is some evidence that stored 
antibiotics are released by germinating spores [21]. The 
signal hypothesis may argue that the gene expression 
altered in response to antibiotics facilitates sporulation. 
Thus the sporulation, signal and predation hypotheses are 
compatible with the time and nutrient conditions of anti-
biotic production whereas other hypotheses face a diffi-
culty here. 

3.2. The Genomic and Physiological Cost of 
Secondary Metabolism 

A costly trait has evolutionary stability if the individu-
als incurring the cost get a specific benefit relative to 
others which is greater than the cost incurred. The sig-
naling hypothesis fails on this ground since the proposed 
benefit is shared by the multispecies community and the 
cost is borne by the producer alone. If the cost of pro-
ducing the signaling molecules is borne by some species 
and the benefit goes to the entire multispecies community, 
the evolutionary stability of such a system is question-
able. Therefore secondary metabolites are most unlikely 
to have evolved primarily for signaling purpose. The cost 
factor is also unfavorable for the waste product hypothe-
sis. Other hypotheses namely competition, symbiosis and 
predation confer direct benefits to the producer. Here too 
there is a chance of cheater mutants invading. As ex-
plained below, mycelial forms have tackled the cheater 
problem in a different way. 

3.3. Alpha and Beta Diversity of Antibiotics 

Co-evolutionary arms race is a process that can lead to 
such extraordinary characters. A good example is the 
diversity of immunity related genes in higher vertebrates 
which has evolved by a coevolutionary arms race with 
pathogens and parasites. Competition, symbiosis and 
predation hypotheses imply such co-evolutionary proc- 
esses whereas no other hypothesis offers a convincing 
explanation. Predation has been shown to boost diversity 
[76] and specialization on prey species by predators 
which is demonstrated in myxobacterial predation [77] as 
well as apparent in our studies with Streptomyces is suf- 
ficient to drive the co-evolutionary path to increasing 
diversity. A coevolutionary process implies evolution of 
counter-strategies too. This is evident by the wide variety 
of mechanisms of antibiotic resistance. 

3.4. The Unexpressed Majority of Secondary 
Metabolite Gene Clusters 

The most likely explanation for the wide diversity of 
unexpressed secondary metabolites is that their unex- 
pressed state is an artifact of studying them under re- 
stricted and unnatural cultural conditions. This is com- 
patible with the competition, signaling, symbiosis and  
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Table 2. Comparison of different hypotheses in explaining known patterns in antibiotic production. key: +, satisfactory explanation; ?, 
no clear explanation offered; –, a contradiction. See discussion for details. 

Hypothesis Competition Waste/bi-product Spore formation
Signal  

molecules 
Symbiosis Predation 

Time of production − − + + ? + 

Cost and evolutionary 
stability 

+ ? ? − ? + 

Alpha and beta diversity + − ? + + + 

Unexpressed majority + ? ? + + + 

Overexpressed minority ? ? ? ? + ? 

Failure in secondary 
screening 

? ? ? ? ? + 

Spectrum of biological 
activity 

? ? ? ? + ? 

Transcriptional modulation 
in sublethal doses 

+ − ? + ? + 

Mycelial bias + − − − − + 

 
predation hypotheses since conventional culture excludes 
all these interspecies interactions. It is also likely that the 
ecological role of these compounds is extremely local 
and therefore most of them are produced locally in small 
quantities under a specific set of conditions and therefore 
not detected in the overall culture. This is particularly 
applicable for predation which initiates under nutrient 
limiting conditions when energy economy is most critical. 
It is also likely that producing larger quantities will be 
maladaptive for predation since it will lyse prey cells at a 
greater distance from the producing tips releasing nutri-
ents that would encourage the growth of other competi-
tors. Therefore antibiotic release in large amounts is con-
trary to the predation hypothesis. The waste product and 
sporulation hypotheses offer no specific explanation to 
the apparently unexpressed gene clusters. 

3.5. The Over-Expressed Minority 

If energy economy is critical for secondary metabolite 
production, why a minority of them are overproduced in 
laboratory media? It appears that this phenomenon is 
distinct and may have evolved for a different function 
than the majority of apparently unexpressed ones. Preda- 
tion would involve local and limited production whereas 
competition and symbiosis may need production of large 
quantities. Symbiosis is particularly promising here since 
the secondary metabolite needs to serve a host function 
that might be spatiotemporally away from the mycelium 
producing it. For example the host applies the antibiotic 
to keep a fungal garden free from contamination. For 
such purposes the compound needs to be produced in 
larger quantities. Also since the host provides nutrients in 
the symbiosis, production of large quantities becomes 

affordable for the actinomycete partner. 

3.6. Difference in Expression on Solid  
Surface versus Liquid Environment 

Predation by Myxobacteria as well as by Streptomyces 
is a surface phenomenon. Proponents of other hypotheses 
have not offered any explanation for the difference be-
tween antibiotic expression under solid versus liquid 
environments. It is interesting to note that the initial at-
tempts for screening of Streptomyces antibiotics actually 
screened for predatory activity [74] which was soon re-
placed by screening for inhibition zones. The reason for 
this shift is not explicitly found in literature. It is possible 
that the rate of failure in secondary screening (typically 
shake flask) from predation screening (on solid medium) 
is higher than that from inhibition zone screening. There- 
fore the former was given up soon. The physical envi-
ronment makes a radical difference for predation. The 
transcriptional modulation effects are also shown to be 
different on solid versus fluid media but so far no spe-
cific explanation has been offered for this difference [16]. 
The predation hypothesis can potentially explain this 
difference as the predatory pressure is substantially dif-
ferent in solid versus fluid environment and the defense 
strategies in solid and liquid environments also need to 
be different. 

3.7. The Spectrum of Biological Activities 

Secondary metabolites have a wide spectrum of activi-
ties apart from their antimicrobial action. Effects such as 
antitumor agents, immunosuppressive agents, hypocho-
lesterolemic agents, enzyme inhibitors, antimigraine 
agents, and antiparasitic agents [78] are surprising on the 
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background of most of the above hypotheses. Competi-
tion and predation hypotheses explain the antimicrobial 
activities but do not explain other bioactivities. The only 
possible natural role of other activities is in symbiotic 
associations. For example animal physiological action 
might have evolved as vertebrate toxicity that can be 
used in a symbiosis to protect the symbiotic partner from 
grazing or predation by animals. This is particularly im- 
portant for organisms like sponges that have neither mo- 
tility nor hard skeleton as a defense against predators. 

3.8. Transcription Modulation in Sublethal  
Doses 

The widely demonstrated transcriptional modulation 
by sublethal concentrations of antibiotics is the heart of 
the signaling hypothesis. Competition and predation can 
also potentially explain the transcriptional modulation as 
defense strategies of the susceptible organisms [17]. It is 
interesting in this regard that the activities boosted by 
low doses of antibiotics include stimulation of growth on 
solid but not in liquid environment (unpublished study 
from our lab), biofilm formation [79], Exo-polysaccha- 
ride synthesis [80], enhancement of motility or increased 
rate of mutations [18] all of which can be potentially 
protective [81]. However not all transcriptional modula- 
tion has a clear protective interpretation which leaves the 
possibility of other functions. We will have to wait until 
the functional relevance of most of the transcriptional 
modulations is clear. The waste product, sporulation and 
symbiosis hypotheses have no specific suggestion to ex- 
plain transcriptional modulation activity in sensitive or- 
ganisms. 

3.9. The Mycelial Bias 

A common sociobiological problem associated with 
any costly extracellular activity is that a cheater mutant 
that does not make the extracellular product but shares 
the benefit of its function can get a net advantage and 
therefore invade the wild type population. It is therefore 
difficult to explain the evolutionary stability of extracel- 
lular activity of unicellular forms of life. In yeast, the 
cheater or defector phenotypes which do not produce 
invertase and thereby give rise to a show-drift game are 
well known [82]. Cellulytic bacteria in a rumen envi- 
ronment can also accumulate cheaters and predatory 
protozoa offer a possible solution by selectively preying 
on cheater cells [83]. It is perhaps because of this socio- 
biological reason that efficiency of biodegradation of the 
rumen crucially depends upon predatory protozoa. The 
problem of cheaters appears to have been circumvented 
by the mycelial forms. In mycelial microorganisms the 
biomass is multinucleate with or without septa and 
growth occurs only at the tips. Since there is no individ- 

ual cell identity except at the spore stage, a mutant “indi- 
vidual” is unlikely to get any specific advantage of faster 
replication. Therefore costly extracellular activity that is 
essential for growth could be more stable in mycelial 
forms than in cellular forms on an evolutionary time 
scale. This is likely to be the evolutionary reason why 
costly secondary metabolites are commonly produced by 
mycelial forms than by cellular forms among both pro- 
karyotic and eukaryotic microorganisms. 

It is well known that actinomycetes and fungi are the 
main sources of all antibiotics discovered so far. Among 
both prokaryotic and eukaryotic microorganisms it is the 
mycelial group that is the antibiotic producer. This may 
not be a coincidence. Further among the taxonomic 
group of actinobacteria, there is wide morphological di- 
versity and unequal distribution of secondary metabolite 
diversity among the different morphological forms. We 
attempted a meta-analysis to see the association between 
mycelial morphology and the genomic repertoire for se- 
condary metabolite production based on published re- 
views of genomic information on different members of 
actinobacteria [3,7,84]. The analysis showed a very tight 
association between mycelial morphology and the num- 
ber of gene clusters in the genome for secondary me- 
tabolites. The mycelial forms have substantially greater 
number of gene clusters for secondary metabolites than 
the cellular forms (Figure 1). This is compatible with our 
hypothesis of mycelial forms being more resistant to 
cheating and therefore having greater evolutionary sta- 
bility of extracellular products. Interestingly even among 
fungi, yeasts are not known to be antibiotic producers. 
Almost all fungal antibiotics are obtained from mycelial 
fungi. 

This logic extends beyond antibiotic production and 
should apply equally to other extracellular functions such 
as biodegradation of complex polymers by extracellular 
enzymes. It may not be a coincidence therefore that both 
actinomycetes and fungi are efficient biodegraders of 
natural polymers where their mycelial morphology en- 
sures evolutionary stability of extracellular functions. 

Myxobacteria are non-mycelial predators and antibi- 
otic producers and the sociobiological problem of cheat- 
ing is known to be common among them. They seem to 
have evolved other mechanisms to maintain complex 
social behavior in spite of cheaters [85]. Our understand- 
ding of the sociobiology of antibiotic production is very 
elementary at this stage but we can appreciate that anti- 
biotic production is a sociobiological phenomenon and 
mycelial morphology changes the norms of the game so 
that there is greater evolutionary stability. 

4. EXPERIMENTAL EVIDENCE 

Attempts to test one or more of the hypotheses are rare. 
Most of the evolutionary explanations are incidental and  

Copyright © 2013 SciRes.                                                                    OPEN ACCESS 



C. Kumbhar, M. Watve / Natural Science 5 (2013) 26-40 33

 
Figure 1. The gene clusters for secondary metabolites 
among different actinobacterial genera: From available ge- 
nomic information it can be notices that the genera with 
mycelial morphology have greater diversity of secondary 
metabolites as compared to cellular morphologies. 
 

attempts to make and test predictions are almost non- 
existent. Nevertheless some fragmentary evidence for or  
against some of them can be found in literature. Evi- 
dence for competition is contradictory [29-31] and much 
of the positive evidence claimed to support competition 
hypothesis has other possible interpretations. Predation 
can account for the most of the observations interpreted 
as competition. No difference has been shown in the 
spore production as well survival of antibiotic producers 
and non-producers and therefore role of antibiotics in 
spore production is not experimentally supported. No 
specific benefit of signaling by antibiotics to the produc- 
ers has been experimentally demonstrated so far. Al- 
though a number of cases of symbioses have been dem- 
onstrated so far, it is not know how common symbiotic 
association is among the entire group of mycelial actin- 
omycetes and whether it is sufficient to account for the 
evolution of secondary metabolites. The association be- 
tween antibiotic production and predatory abilities is 
strong across taxa and in at least one case, that of myxo- 
bacteria the role of antibiotics in predation has been di- 
rectly demonstrated [70]. Currently the nature of evi- 
dence for involvement of secondary metabolites in pre- 
dation by Streptomyces is indirect but in spite of that 
predation appears to be the most promising of all the 
hypotheses for the evolutionary origins and stability of 
antibiotics. The evidence for waste product hypothesis is 

necessarily negative by nature. This hypothesis was pro- 
posed whenever others were thought to be inconsistent. 
As evidence for any other hypothesis becomes strong, 
this hypothesis becomes increasingly irrelevant. 

5. TOWARDS A SYNTHESIS 

Compiling all the above arguments it can be seen (Ta- 
ble 2) that no single hypothesis explains all these ob- 
served phenomenon. It is likely therefore that secondary 
metabolites evolved by more than one selection pressures 
simultaneously or serially. Predation appears to be the 
most promising hypothesis of all which explains all the 
known phenomenon associated with antibiotics except 
the non antimicrobial actions of some of the secondary 
metabolites and over production of some of the antibiot- 
ics in nutrient rich environment. We feel that these two 
phenomena are better explained by the symbiotic role of 
actinomycetes. Symbiosis explains some important pat- 
terns that are not explained by other hypotheses. How- 
ever the relatively smaller proportion of over-expressed 
compounds and compounds without antimicrobial activ-
ity makes it unlikely that secondary metabolites primar-
ily evolved for symbiosis, although this has been sug-
gested [86]. 

It is challenging to make a logically coherent sense out 
of a large number of different and diverse observations 
and experiments. However an attempt towards a synthe-
sis can be largely rewarding and adds to our insights into 
a phenomenon (Figure 2). We will argue here that the 
predation hypothesis helps us join the wide array of facts 

 

 
Figure 2. A possible evolutionary pathway for the secondary 
metabolites of Streptomyces: the ancestral characteristics are 
expected to be most widespread and the specialized once in the 
specifically evolved lines. The theme might be more generally 
applicable to all microbial secondary metabolites. 
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and observations and make a coherent and consistent 
theory. We propose that Streptomyces are primarily K 
selected oligophilic bacteria [87] that have a relatively 
slow growth rate and high growth yield and an ability to 
grow at extremely low nutrient concentrations and yet 
produce a surprisingly large amount of biomass. The 
concentration of soluble nutrients available in soil and 
other natural environments of Streptomyces is orders of 
magnitude smaller than what is generally offered in com- 
monly used culture media. We have shown before that 
colony counts of bacteria from a variety of natural habi- 
tats are substantially greater in dilute but diverse media 
than those on the conventional rich nutrient media [87, 
88]. A number of isolates that can grow on oligotrophic 
media fail to grow on conventional media on primary 
culture although they may adapt to it after one or more 
subcultures. This indicates that most bacteria in soil and 
other ambient environments are in an oligophilic phase 
of metabolism [87]. Our previous experience has sug- 
gested that actinomycetes are a predominant group 
among the isolates obtained on dilute media. (We use the 
terms oligophilic and copiophilic to indicate the charac- 
teristics of organisms and their metabolism and the terms 
oligotrophic and copiotrophic to indicate habitat charac- 
teristics and growth environments). As a specific adapta- 
tion to oligotrophic environments this genus has evolved 
the abilities to make use of every possible source of nu- 
trient and as a result they have evolved remarkable bio- 
degradation abilities, predatory abilities and mycelial 
morphology that is essential for the evolutionary stability 
of these functions. 

It is likely therefore that secondary metabolites evo- 
lved primarily as weapons used in predation. This might 
be true across taxa as shown by the strong association 
(Table 1). Eventually some of the antibiotic producers 
entered non-obligate symbiotic associations with a vari- 
ety of other organisms and the bioactivities diversified 
further to fulfill the new niches created. Symbiosis needs 
much larger amounts of the compound to be produced. 
Therefore overproduction of some of the compounds 
might have evolved in a symbiotic environment. Never- 
theless symbiosis is only a small fraction of the diversity 
as well as life cycles of Streptomyces and therefore over- 
production remained a minority activity. In a nutrient 
limited natural environment there can be competition 
between predators. Antibiotics may be used as weapons 
for this competition and the antibiotic response to nutri- 
ent depletion is not incompatible with this type of com- 
petition. Presence of a myxobacterial predator has been 
shown to increase antibiotic production by Streptomyces 
[89] which is in support of this possibility. Incorporation 
of antibiotics in spores may help adopting a predatory 
role immediately after germination in certain environ- 
ments. Ultimately it is also likely that the transcription 

modulation response of potential prey organisms evolved 
primarily as a defense mechanism but eventually it di- 
versified into other signals involved in interactions with- 
in multispecies community. Since the cost of production 
is compensated by the primary function, evolutionary 
stability will not be a problem for the secondarily ac- 
quired signaling function. This evolutionary synthesis is 
most plausible and makes logically coherent links with 
the fragments of prior observations and knowledge. The 
synthesis eliminates waste product hypothesis and logi- 
cally links all other hypotheses with the predation func- 
tion being the origin as well as the crucial link to the evo- 
lution of other functions. 

6. TESTABLE PREDICTIONS AND  
RECOMMENDED LINES OF FURTHER  
RESEARCH 

Some of the testable predictions that need carefully 
designed experiments include attempts to demonstrate 
the expression of secondary metabolite gene clusters lo- 
cally at the tips of invading predatory mycelia and detec- 
tion of novel antimicrobial compounds in the gel sur- 
rounding the invading tips. This would need extremely 
sensitive detection methods since the amounts are ex- 
pected to be small. 

The possibility of the role of antibiotics in competition 
between predators is certainly testable by relatively sim- 
ple experiments and our synthesis predicts greater ex- 
pression of antibiotics, both qualitatively and quantita- 
tively during such a competition. There is at least one 
demonstrated example so far [89] but it is important to 
know how common this phenomenon is. 

The proposed role of symbiosis in evolution of the di- 
versity of bioactivity makes a testable prediction that 
non-antimicrobial bioactivities will be found more fre- 
quently in actinomycete species in symbiotic association 
with sponges and other species that have no other de- 
fense against grazing and predation. We already know a 
wide diversity of novel compounds in actinomycetes in 
marine symbioses [6,61,90,91] but quantitative ecologi- 
cal data are needed to test such a hypothesis. A counter- 
part of this prediction is that the free living mycelial ac- 
tinomycetes should have a greater proportion of antim- 
icrobial compounds. The main difficulty in testing these 
predictions is that since the symbiotic associations are 
non-obligate, the symbiotic species will also be found 
free living. Nevertheless quantitatively rigorous experi- 
mental designs should be able to detect the difference if 
real. If true, such an association can be useful in direct- 
ing screening attempts for the drug discovery industry. 
Another possible prediction of the synthesis is that if the 
so far “unexpressed” secondary metabolites have a role 
in predation in an oligotrophic environment, they could 
be much more potent in their antimicrobial action since 
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they have to work at extremely low concentrations. This 
is a possible new hope for the drug discovery sector. 
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