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Review

Streptomycetes grow in a complex life cycle undergoing exten-
sive morphological changes from spores to filamentous mycelia. 
Their ability to degrade chitin and cellulose makes them envi-
ronmentally important in their habitat.1,2 Furthermore, strep-
tomycetes produce a variety of secondary metabolites. Not only 
two-thirds of all known antibiotics are produced by these bac-
teria, but also immunosuppressants, antivirals, and herbicides, 
making them highly relevant for pharmaceutical and industrial 
purposes.1,3,4

The life cycle of streptomycetes is a complex succession of mor-
phological changes in response to altered environmental condi-
tions (Fig. 1). In general, bacteria have to adapt constantly to their 
environment. Still, changes in gene expression and morphology 
as grave as shown by streptomycetes are rarely observed among 
other microorganisms. Their life cycle starts with the germination 
of a monogenomic spore that prolongs, mainly by growing from 
the tip, into filamentous tubes.5 Those grow into the substrate 
and form a highly branched mycelium, the so called vegetative or 
primary mycelium. When nutrition becomes scarce in the vegeta-
tive colonies, part of the mycelium undergoes programmed cell 
death to serve as substrate for aerial hyphae growing out of the 
soil.6 Each hyphal filament of this aerial or secondary mycelium 
contains several copies of the chromosome. Eventually, the single-
layered septa in the filaments from vegetative growths are replaced 
by thick, pigmented, double-layered septa forming monogenomic 
spores. The single chromosome is well protected by the outlasting 
mantle and the spores can be reactivated even after decades.7-10

Streptomyces coelicolor, the Model Organism  
for Gram-Positive, GC-Rich Bacteria

S. coelicolor is considered the model organism for streptomy-
cetes. It has a linear chromosome of nearly 8.7 Mb with almost 
8000 annotated open reading frames (ORFs). The linear chro-
mosome is kept in a circularized manner by proteins on the free 
5′ends. Replication takes place bidirectionally from a central 
origin of replication. The distribution of genes throughout the 
chromosome shows a distinction between the core region and 
the distal arms located on the left and right. The core region 
contains most housekeeping genes, such as those for DNA rep-
lication, cell division, and translation, whereas the arm regions 
mostly code for less essential functions as secondary metabolites 
or exoenzymes.1 Due to their complex life cycle, streptomyce-
tes are in need of efficient regulatory machinery. Therefore, it 
is not surprising that S. coelicolor possesses a large diversity of 
such regulators. More than 12% of their proteins are predicted 
to have a regulatory function and hundreds of transcription 
factors are described.11 In addition to that, nearly 70 different 
sigma factors for the direct influence of the promotor activity 
are known or predicted. Compared with only seven sigma fac-
tors in E. coli, the amount of regulators mirrors not only the 
need for a strong regulation in organisms with a larger genome, 
but also their ability to adapt to constantly changing environ-
mental conditions.12

Small Non-Coding RNAs—Novel  
Regulators in Bacteria

Within the last years it has become obvious that small non-
coding RNAs (sRNAs) represent a further level of regulation in 
bacteria. These usually untranslated sRNAs are characterized by 
their small size of ~50–300 nucleotides (nt) and commonly are 
encoded in the intergenic regions (IGR) of the genome. Generally, 
they are transcribed from their own promoters, which often are 
induced by specific stress conditions or environmental and mor-
phological changes. This leads to a very efficient and defined reg-
ulation of sRNA expression.13 Besides some examples of sRNAs 
binding to and thereby modifying the function of proteins, the 
majority of these regulators directly target mRNAs. They do so 
by imperfect basepairing within or close to the translation ini-
tiation region, thus influencing initial steps of translation. The 
imperfect basepairing, in Gram-negative bacteria often mediated 
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Streptomycetes are Gram-positive, GC-rich, soil dwell-
ing bacteria, occurring ubiquitary throughout nature. They 
undergo extensive morphological changes from spores to 
filamentous mycelia and produce a plethora of secondary 
metabolites. Owing to their complex life cycle, streptomycetes 
require efficient regulatory machinery for the control of gene 
expression. Therefore, they possess a large diversity of regula-
tors. Within this review we summarize the current knowledge 
about the importance of small non-coding RNA for the control 
of gene expression in these organisms.
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by the chaperone Hfq, allows them to recognize and regulate the 
expression of multiple target mRNAs. Those targets rarely are 
encoded in close proximity to the sRNA gene itself, but rather are 
dispersed all over the genome. Thereby, the functions of sRNAs 
are tremendously versatile. In contrast to other RNA transcripts 
in prokaryotes, termination of sRNA transcription mainly occurs 
Rho-factor independent. Instead, intrinsic stem-loops serve as ter-
minator structures.14,15 sRNAs not only form their own terminator 
structures, but also fold themselves into highly structured confor-
mations, which are crucial for their function.

It is still unclear if sRNAs are—in evolutionary terms—quite 
old or rather recent inventions. When comparing the conserva-
tion however, known protein binding RNAs like 6S or tmRNA 
are generally more widely conserved than the ones targeting 
mRNAs. Often the genetic neighborhood helps to overcome the 
lack of sequence conservation in an sRNA to identify homologs in 
other species by pointing the researcher to the right region of the 
genome. The sRNA scr5239 of S. coelicolor, for example, has—
up to now—always been found encoded up- or downstream of 
the same histidine kinase. A functional connection between the 
sRNA and this kinase remains to be elucidated. A comprehensive 
review of sRNA function, evolution, and conservation has been 
presented recently by Susan Gottesmann.16

Up to now, the majority of knowledge about sRNAs was 
gathered from Gram-negative bacteria such as E. coli and 
Salmonella. Little is still known about their abundance and 
function in Gram-positive bacteria. Due to their size, their 
interesting morphological development, and the ability to 
produce a multitude of secondary metabolites, we assumed 
that sRNAs are important regulators in streptomycetes, too. 
Therefore, we performed a bioinformatic analysis and a deep 
sequencing approach of the primary transcriptome of S. coeli-
color M145. Within this review we will summarize the current 
knowledge of sRNAs in streptomycetes obtained by our lab and 
others, what is known about their occurrence and function, and 
what is similar and different to other bacteria.

Approaches to Identify sRNAs in Streptomycetes

The first attempt to identify sRNAs in streptomycetes was 
done by Vohradský and co-workers.17 They performed a BLAST 
search of conserved intergenic regions between S. coelicolor and 
S. avermitilis. In the next step, the co-localization of the iden-
tified conserved sequences with Rho-independent terminators 
was analyzed. The resulting 32 IGR were proposed to contain 
sRNAs. Microarray analysis revealed the expression of 20 sRNAs 
within these predicted 32. Expression of nine of them was further 
validated by RT-PCR. In addition, the grade of conservation of 
the secondary structure was also taken in consideration, which 
was generally high among the predicted sRNAs. The authors 
also performed a search for functional homologs of already 
known sRNAs of other species, like spot42, micF, or 6S RNA. 
Interestingly, only one sRNA, with similarities to the 6S RNA of 
E. coli, was identified.17

A further, bioinformatic approach came from the Elliot lab.18 
Notably, they concentrated their search on the IGR of the core 
regions of the chromosome. The combination of conserved 
sequences found by BLAST search in different Streptomyces spe-
cies combined with the results of sRNA Finder, a program that 
considers secondary structural conservation, resulted in 114 IGR 
with potential sRNA transcripts. Twenty of those sequences were 
chosen for further analysis. Expression of six sRNAs could then 
be validated by northern blot.

Further experiments were performed in several bld and whi 
mutant strains, which are impaired in development of aerial 
hyphae or spore formation, respectively. sRNA expression was 
analyzed under several conditions in these strains. For at least 
one sRNA it was shown that it might be dependent on a certain 
sigma factor. Interestingly, only two of the sRNAs identified in 
this study had been found by the Vohradský group.18

In 2011, we performed a first deep sequencing approach. RNA 
of S. coelicolor cultures harvested at the end of the exponential 
phase (where streptomycetes start to switch on their secondary 

Figure  1. Complex life cycle of streptomycetes. (A) Morphological diversity of different Streptomyces strains. (B) The life cycle of  
S. coelicolor. Monogenomic spores of S. coelicolor germinate and grow into the soil. When nutrition becomes limited the vegetative mycelia digest 
themselves to serve as substrate for aerial mycelia growing out of the soil. Those aerial hyphae differentiate into spores again through insertion of 
septa.
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metabolism) was sequenced using the 454 technology, resulting 
in about 40 000 reads. The majority of the reads corresponded to 
known open reading frames (ORFs), rRNAs, and tRNAs. Besides 
these, sequencing revealed over one thousand transcripts located 
in IGR, most of them located in the core region of the chromo-
some. For further analysis, stringent filtering criteria were applied. 
Those required minimum length of 80 nt, no overlap with other 
transcripts, and a minimum distance of 60 nt to known ORFs, 
respectively. This left 24 putative sRNAs, which were tested for 
expression in northern blot analysis. For these, RNA prepared 
from three different time points during growth was used. That 
way 11 sRNAs were validated, nine of them—all encoded in the 
genomic core—showed a strong growth phase dependency.

Examination of the degree of conservation of these sRNAs 
among all available microbial genomes showed that all 11 sRNAs 
could only be found in Streptomyces species. The grade of con-
servation inside of the genus of Streptomyces is highly variable, 
ranging from abundance in all available streptomycete genomes 
analyzed to being present in S. coelicolor only. It has to be men-
tioned though, that the high GC-content of streptomycetes might 
inhibit sequence-based search tools such as BLAST from finding 
homologs in lower GC species. The comparison of our work to 

previous sRNA predictions could solely yield an overlap of one 
sRNA: scr5676, which has not been further characterized, yet.19

Another streptomycete species, S. griseus, was analyzed by the 
Horinouchi group in 2009.20 They used a bioinformatic analy-
sis in combination with experimental validation via northern 
blot and RT-PCR. Originally, they identified 321 transcripts 
in IGR by looking for sequence homologies between S. griseus, 
S. coelicolor, and S. avermitilis. They further reduced this num-
ber by excluding known RNA sequences like those for rRNAs, 
tRNAs, and established ribowitches. Furthermore, they required 
a minimum length of 80 nt and a minimum distance of 10 nt 
of a conserved sequence to the next ORF. In the end, 12 of 54 
predicted sRNAs were validated by northern blot analysis and 
RT-PCR experiments. The identified sRNAs showed a growth 
phase-dependent expression. Similar to Swiercz et al.,18 they also 
detected differences in sRNA expression in strains with devel-
opmental defects. However, no distinct function could be iden-
tified. Interestingly, only two sRNAs were found in this study 
that had been identified by the Vohradský group,17 and only one 
sRNA from the work of Swiercz et al.18 Taken into account that 
different approaches and parameters were used in all studies, 
such a small overlap is not too big a surprise.20

Figure 2. Agarase DagA controlled by scr5239. (A) Agarase assay of S. coelicolor wild-type, scr5239 deletion, and overexpression strain. Agarase expres-
sion is visualized as a pale halo around the colony. (B) Electrophoretic mobility shift of radiolabelled scr5239 (open circle) incubated with an increasing 
amount of a 100 nt mRNA fragment containing the target site of dagA. Complex formation (closed circle) was visualized by gelelectrophoresis. (C) 
Secondary structure of scr5239 alone (top) and in complex with the mRNA target site (bottom). The structure was calculated using RNAfold29 and con-
firmed by structural probing. Stems (pedesand = P) are numbered, the 5′ and 3′ end of each RNA is indicated.
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A recent RNA sequencing study of the Elliot lab compared the 
transcriptome of S. coelicolor, S. avermitilis, and S. venezulae.21 
The bacteria were grown under similar conditions and the RNA 
was sequenced at different developmental steps. This time the 
authors did not only screen for sRNAs but also for non-coding 
antisense transcripts (asRNAs).

asRNAs are encoded on the complementary strand of their 
target genes, which guarantees perfect basepairing to its mRNA. 
As a result, they usually have only one target each. Fifty-nine 
new asRNAs were detected in S. avermitilis, 79 in S. venezuelae, 
and 99 in S. coelicolor. Most of these new asRNAs were found 
to be species specific, only 11 of them were conserved in other 
Streptomyces species.

Using an adjusted set of parameters that had been successfully 
employed in earlier studies, Moody et al.21 identified 90 sRNAs 
in S. coelicolor, with 71 of them being novel. The number of newly 
found sRNAs in S. avermitilis (199) and S. venezuelae (176) were 
distinctly higher than in S. coelicolor. This came with little sur-
prise, as this was the first screen for non-coding RNAs in these 
two species. Conservation of the 90 newly identified transcripts 
in the three used species corresponds to the fact of sRNAs gener-
ally showing a higher degree of conservation than asRNAs. In 
all three Streptomyces strains, the expression of conserved sRNAs 
showed a strong dependency on the growth phase. A similar pat-
tern was observed in non-conserved sRNAs within the respective 
species, though. This is little surprising, as a life cycle as complex 
as the one being used by streptomycetes offers a wide field for 
regulation. Therefore, the 105 sRNAs discovered in S. coelicolor 
today may likely be only the tip of the iceberg. Swiercz et al.18 
already showed growth phase dependency for sRNA transcripts, 
most often in connection to the offered nutrition source, which 
we could also observe for many transcripts in own experiments 
(unpublished data).

In a recent publication, they tried to unravel the biological 
function of the transcript scr4677, which was identified in their 
transcriptomics approach.11 The work led to insights into the gen-
eral behavior of this small RNA, such as differential expression in 
different media; however, it did not fully reveal a clear target or 
function for scr4677. The proposed potential of the sRNA to regu-
late the neighboring operon SCO4676–SCO4677 has to be fur-
ther examined. The sRNA also shows alternate processing under 
different nutrition conditions. Interestingly, one of the sRNAs 
under survey in our lab, scr4632, also shows a similar pattern of 
potentially processed RNA transcripts (unpublished data). In both 
cases, an involvement of procession regulation has not been entirely 
understood at present. To what extend this is important for sRNA 
mediated regulation in streptomycetes has to be determined, still.

Nomenclature of Small Non-Coding  
RNAs in Streptomycetes

A nomenclature for sRNAs has been introduced by the Elliot 
lab.18 scrXXXX stands for Streptomyces coelicolor small RNA, 
with XXXX as the SCO number of the gene downstream of the 
sRNA. As an example, scr5239 is a small RNA in S. coelicolor 

located upstream of the gene SCO5239. Consequently, sRNAs 
from S. griseus are named sgrXXXX, those from S. venezuelae 
svrXXXX, and of S. avermitilis sarXXXX, respectively. Up to 
now, the nomenclature of antisense RNA is not uniform yet with 
cncXXXX used by the Takano lab and asRNA by the Elliot lab.

What’s Same, What’s Different—sRNA 
Characteristics of Streptomyces

The sRNAs discovered in streptomycetes so far all are exclu-
sively found in the genus of Streptomyces. Even conservation to 
closely related actinobacteria has not been determined. This may 
be due to the high GC-content of streptomycetes, which makes 
a sequence-based discovery of sRNAs difficult in other species. 
However, it is also possible that sRNAs from streptomycetes are 
highly species-specific and related to the production of secondary 
metabolites or developmental changes, and therefore, simply can-
not be found elsewhere.

The conservation of sRNAs within the genus of Streptomyces 
exists to different extents, ranging from abundance in all avail-
able streptomycete genomes to being present in S. coelicolor only. 
Relating to the distribution across the genome the majority of 
sRNAs is located in the core region of the linear chromosome 
(about 80%), with only a lesser amount being encoded in the 
arm regions. sRNAs have been identified in all developmental 
stages and have even been found in spores of S. coelicolor, some to 
quite a high degree (unpublished data).19

Another insight that several groups share is the presence of 
stems with C-rich loops within the sRNA structure.19,21 Those 
are assumed to act as alternative termination structures to known 
Rho-independent termination.17 Besides that, C-rich loops have 
also been shown to act as an initial binding site to the mRNA 
target followed by the melting of the stem, thereby leading to 
a conformational change enabling the binding of the target.22,23 
These studies, however, were done in Gram-negative bacteria 
with a significantly lower GC-content. If a C-rich loop yields 
enough target specificity in a high-GC organism, it remains to 
be experimentally validated.

Within the last years, it came into focus that sRNAs might 
be encoded even within a 5′ or 3′UTR of an mRNA.24 Moody 
et al. detected a putative sRNA in S. venezuelae that is highly 
expressed out of an internal 62 nt-long region of the mRNA; 
in Salmonella, the derivation of sRNAs out of the 3¢UTR was 
shown by Chao et al., whether there is a specific functional role 
of this mechanism remains unclear.21,25 Regarding the predicted 
structure of the 3¢UTR arisen sRNA in S. venezuelae, it seems 
plausible that this stem-loop-like structure could be a terminator, 
whose stable stem resists RNase digestion for a bit longer than 
the rest of its mRNA, and therefore, is found to be enriched in 
RNA sequencing.

A similarity of streptomycetes to other organisms is their usage 
of RNase III for sRNA-mediated regulation. RNase III degrades 
RNA by cleaving at the double stranded basepairing region of 
mRNA–sRNA complexes. A homolog to the E. coli RNase III 
has been identified in S. coelicolor.26 It shows endonucleolytic 
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activity specific for double strands. Gatewood et al. used RNaseq 
to compare the transcriptome of S. coelicolor M145 and an RNase 
III deletion mutant in order to find substrates for the RNase III 
homolog in S. coelicolor. They identified several sRNAs from ear-
lier studies both in the wild-type strain and the deletion mutant. 
For most of them, the expression was more or less the same in both 
strains. Yet, two sRNAs (scr6925 and scr2101) showed a higher 
expression in the deletion strain: scr6925 2-fold and scr2101 even 
7-fold. A direct interaction with RNase III has not been shown so 
far, because the targets of both sRNAs are not known, yet.

sRNA With Known Function in S. coelicolor

One of the currently best-characterized sRNAs in Streptomyces 
is probably scr5239. It was initially identified in a deep sequenc-
ing approach of S. coelicolor and is encoded between the genes 
SCO5238, a TetR family regulator of unknown function, and 
SCO5239, a highly conserved histidine kinase.19 The sRNA 
sequence and structure is well conserved and can be found in 
silico in 19 of the 31 Streptomyces genomes currently available, 
its expression has been shown in five of them by northern blot.27 
Interestingly, and as already discussed above, the sRNA could 
not be detected outside the genus of Streptomyces by bioinfor-
matic means.

Expressional analysis showed that scr5239 is constitutively 
expressed at a basal level during the whole developmental cycle 
under most conditions tested. Expression level of scr5239 was 
only decreased when the cells reached stationary phase under 
nitrogen-limiting conditions.

The secondary structure of the sRNA was analyzed by Inline 
and enzymatic probing. It folds into five consecutive stem-loops, 
which share an even higher degree of conservation among strep-
tomycetes than the sequence alone. Most notably, the interac-
tion site with at least one of its target-mRNAs, the agarase dagA, 
is buried in stem P4 that has to open up before an interaction 
can take place. This makes the interaction, in vitro, temperature 
dependent.

The aforementioned target of scr5239, dagA, was determined 
by phenotype analysis of scr5239 overexpression and deletion 
strains.27 The scr5239 overexpression strain did not sink into the 
medium as the wild-type and deletion strains do, a phenomenon 

that is caused by the utilization of agar as a carbon source 
(Fig. 2A). The agarase DagA is responsible for the first step of 
agar decomposition, the cleavage of agar into the disaccharide 
neoagarobiose.

The interaction site of scr5239 with dagA was found to 30 nt 
within the coding region of the mRNA. Surprisingly, northern 
blot analysis showed that while scr5239 overexpression leads to a 
repression of agarase expression, it has no influence on the steady-
state level of the agarase mRNA (Fig. 2B).

A second sRNA with a known function in S. coelicolor is the 
cis-encoded antisense RNA cnc2198.1.28 It is encoded antisense 
the glutamine synthase gene I glnA. Overexpression of cnc2198.1 
led to a ~40% reduction of GlnA as seen in western blot analysis. 
Another of the currently identified asRNAs is proposed to be 
involved in the regulation of complex I formation, an important 
subunit of the respiratory transport chain. Still, this assumption 
has yet to be verified.21 Further functions of sRNAs or asRNAs 
have not been determined so far.

Conclusion

Clearly, more work needs to be done on the identification of 
sRNAs under different conditions, such as the variation of nutri-
ent conditions, the application of stress situations, and most defi-
nitely on the growth phase dependency. All of the previous works 
stated that the found sRNAs are connected to their experimental 
setting and that another setup of the conditions may alter the 
findings enormously. Besides that, it will be very interesting to 
determine where the “standard” binding site of sRNAs on their 
target mRNA is located, as all sRNAs characterized so far bind 
their target mRNA within its ORF. In addition, the constantly 
increasing number of accessible Streptomyces genomes will pro-
vide an even greater tool for sRNA and target search in the future.
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