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Editor: Emmanuelle Charpentier

ABSTRACT

Regulatory RNAs play versatile roles in bacteria in the coordination of gene expression during various physiological
processes, especially during stress adaptation. Photosynthetic bacteria use sunlight as their major energy source.
Therefore, they are particularly vulnerable to the damaging effects of excess light or UV irradiation. In addition, like all
bacteria, photosynthetic bacteria must adapt to limiting nutrient concentrations and abiotic and biotic stress factors.
Transcriptome analyses have identified hundreds of potential regulatory small RNAs (sRNAs) in model cyanobacteria such
as Synechocystis sp. PCC 6803 or Anabaena sp. PCC 7120, and in environmentally relevant genera such as Trichodesmium,
Synechococcus and Prochlorococcus. Some sRNAs have been shown to actually contain μORFs and encode short proteins.
Examples include the 40-amino-acid product of the sml0013 gene, which encodes the NdhP subunit of the NDH1 complex.
In contrast, the functional characterization of the non-coding sRNA PsrR1 revealed that the 131 nt long sRNA controls
photosynthetic functions by targeting multiple mRNAs, providing a paradigm for sRNA functions in photosynthetic
bacteria. We suggest that actuatons comprise a new class of genetic elements in which an sRNA gene is inserted upstream
of a coding region to modify or enable transcription of that region.

Keywords: comparative transcriptome analysis; cyanobacteria; differential RNA-seq; gene expression regulation;
photosynthesis; sRNAs

INTRODUCTION

All bacteria have developed extensive regulatory systems to
adapt to limiting nutrient concentrations and abiotic and bi-
otic stress factors. Non-coding RNAs are an essential compo-
nent of bacterial regulatory systems, acting primarily at the
post-transcriptional level (Storz, Vogel and Wassarman 2011).
Cyanobacteria and other photosynthetic bacteria use sunlight
as their major energy source; therefore, they are exposed to a
particular set of additional regulatory challenges distinct from
other bacteria.

In addition to the interest in oxygenic photosynthesis,
cyanobacteria are studied as prokaryotic hosts for sustainable
biofuel production and for their ecological role as many species
are important primary producers. Cyanobacteria occupy very

diverse ecological niches. Many are free-living species that
thrive in marine and freshwater, others belong to terrestrial
ecosystems but there are also obligate symbionts (Nowack,
Melkonian and Glockner 2008; Ran et al. 2010; Thompson et al.
2012; Hilton et al. 2013) and endolithic forms (Gaylarde, Gaylarde
and Neilan 2012). Accordingly, members of the phylum exhibit
vastly different morphological and metabolic adaptations, in-
cluding filamentous andmulticellular forms. Their physiological
capabilities include oxygenic photosynthesis, photosynthetic
carbon fixation and also dinitrogen fixation in several species.
Some of them even live in extreme environments like deserts,
arctic regions or thermal waters. Recently, cyanobacteria have
been discovered that lack photosystem II (Thompson et al. 2012),
whereasmembers of the genusGloeobacter (Nakamura et al. 2003;
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Figure 1. TSS classification based on fixed-length thresholds. Based on fixed-length thresholds, a TSS can be annotated as gTSS, aTSS, iTSS or nTSS. In this example,
a TSS is classified as gTSS (gene TSS, TSS and exemplary sequencing reads are shown in blue) if it is at most 100 bp upstream of a protein-coding gene. An aTSS

(antisense TSS, shown in purple) must be within 50 bp of a protein coding gene or directly antisense to it, and an iTSS (internal TSS, shown in green) must be located
in sense orientation within a coding sequence. A TSS that is located in IGRs and thereby does not match any of the previous criteria is classified as nTSS (non-coding
TSS, shown in orange) that gives rise to sRNA candidates (another common nomenclature for this class is orphan TSS or oTSS; Sharma et al. 2010; Dugar et al. 2013).

Saw et al. 2013) possess a fully competent photosynthetic appa-
ratus but lack thylakoids, the intracellular membrane systems
otherwise considered indispensable for oxygenic photosynthe-
sis in cyanobacteria, algae and plants. This diversity is reflected
also at the genomic level. Genome sizes within the cyanobac-
terial phylum vary from 1.44 Mbp in Candidatus Atelocyanobac-
terium thalassa (UCYN-A) (Thompson et al. 2012; Bombar et al.
2014) to 12.1 Mbp in Scytonema hofmanni PCC 7110 (Dagan et al.
2013). Therefore, great heterogeneity exists in the regulatory sys-
tems of different cyanobacteria, which is in accordance with
their genomic, metabolic, physiological and morphological di-
versity. Regulatory RNA is likely to be an integral part of this reg-
ulatory complexity and diversity.

Indeed, during recent years, comprehensive transcriptome
analyses have identified hundreds of regulatory RNA candi-
dates in model cyanobacteria, such as Synechocystis sp. PCC
6803 (Mitschke et al. 2011a; Billis et al. 2014; Kopf et al. 2014b),
Synechocystis sp. PCC 6714 (Kopf et al. 2015a), Anabaena sp. PCC
7120 (Flaherty et al. 2011; Mitschke et al. 2011b) and Synechococ-
cus PCC 7942 (Vijayan, Jain and O’Shea 2011; Billis et al. 2014),
as well as in environmentally relevant genera, such as Tri-
chodesmium (Pfreundt et al. 2014), Nodularia (Voss et al. 2013;
Kopf et al. 2015b), marine Synechococcus (Gierga, Voss and Hess
2012) and Prochlorococcus (Steglich et al. 2008; Thompson et al.
2011; Waldbauer et al. 2012; Voigt et al. 2014). Most of these reg-
ulatory RNA candidates are non-coding small RNAs (sRNAs),
while others are several kb long. Still others turned out to be
small mRNAs rather than non-coding transcripts or were iden-
tified as the crRNAs of the CRISPR-Cas systems (Hein et al. 2013;
Scholz et al. 2013). These crRNAs act as guide RNAs within the
prokaryotic RNA-based defense system against invading DNA
or RNA and are reviewed within another article of this issue
(Plagens et al. 2015).

In this review, we provide an overview of these poten-
tial regulatory RNA molecules with a focus on recent reports
from cyanobacteria. Regulatory RNAs in non-oxygenic photo-
synthetic bacteria and the functions of the RNA-binding chap-
erone Hfq in anoxygenic and oxygenic bacteria have been
recently reviewed (Hess et al. 2014) and will not be cov-
ered here. We pay special attention to new concepts based
on recent findings in photosynthetic cyanobacteria, includ-

ing small proteins as an emerging field of research and
the identification of actuatons as a novel class of genetic
elements.

Identification of regulatory RNA candidates
in cyanobacteria

Regulatory RNA candidates in cyanobacteria were identified by
computational prediction and subsequent experimental verifi-
cation (Axmann et al. 2005; Voss et al. 2009; Ionescu et al. 2010),
microarray-based approaches (Steglich et al. 2008; Georg et al.
2009; Gierga, Voss and Hess 2012) and RNA sequencing (RNA-
Seq; Mitschke et al. 2011a, b; Waldbauer et al. 2012; Voss et al.
2013; Billis et al. 2014; Kopf et al. 2014b; Pfreundt et al. 2014; Voigt
et al. 2014). Among these methods, an RNA-Seq variant called
differential RNA-Seq (dRNA-Seq; Sharma et al. 2010) proved as
themost prolific approach for sRNA identification. dRNA-Seq al-
lows for the precise identification of all active transcription start
sites (TSS) at single nucleotide resolution (Fig. 1), including those
that give rise to putative sRNAs (nTSS, non-coding RNA tran-
scriptional start site).

An overview of the dRNA-Seq-based transcriptome analy-
ses in cyanobacteria is presented in Table 1. The comparison
of dRNA-Seq data from seven different cyanobacteria consis-
tently shows that only 25–33% of all TSS drive the transcrip-
tion of annotated genes. The majority of the transcriptional
output is likely non-coding, but with a surprisingly broad per-
centage of nTSS among all TSSs, ranging from 5.1% in Prochloro-
coccus MED4 to 26% in Trichodesmium erythraeum sp. IMS101
(Table 1). When compared to the non-coding RNA fraction of
other bacteria, in the Campylobacter jejuni SuperGenome a con-
served share of 1.8% nTSS was reported (Dugar et al. 2013), 3.4%
nTSS was reported in Escherichia coli MG1655 (Thomason et al.
2015), 3.5% in Listeria pneumophila strain Paris (Sahr et al. 2012),
5.4% in Helicobacter pylori (Sharma et al. 2010), 6% in Salmonella
enterica serovar Typhimurium (Kröger et al. 2012), 6.4% in L. mono-
cytogenes (Wurtzel et al. 2012) and 12.2% in Bacillus subtilis (Irnov
et al. 2010). The different percentages of nTSS predicted by dif-
ferent published dRNA-seq data sets need to be considered with
caution. There are differences in the RNA isolation and bio-
chemical protocols, in sequencing depths, in the numbers of
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Table 1. Numbers and types of putative TSSs mapped for different cyanobacteria by dRNA-Seq. TSS classification into four types from which
the transcription of protein-coding genes (gTSS), antisense and intragenic transcripts (aTSS and iTSS) and non-coding RNAs (nTSS) is given
according to the mentioned references (see Fig. 1 for classification of different TSS types). The respective percentage of nTSS from all TSS
is indicated. Ana, Anabaena sp. PCC 7120; Nspu, N. spumigena CCY9414; MED4 and MIT9313, Prochlorococcus sp. MED4 and MIT9313; S6714 and
S6803, Synechocystis sp. PCC 6714 and 6803; IMS101, T. erythraeum sp. IMS101.

No. Ana Nspu MED4 MIT9313 Sy6803 Sy6714 IMS101

gTSS 4186 1472 1059 1284 2245 1924 1858
aTSS 4172 1460 658 2256 2327 1976 855
iTSS 3933 1476 1566 3231 1734 862 1746
nTSS 1414 621 176 639 371 306 1621

% nTSS 10.3 12.3 5.1 8.6 5.5 6 26.7
All TSS 13 705 5029 3459 7410 6677 5068 6080

Reference Mitschke et al.
(2011b)

Voss et al.
(2013); Kopf
et al. (2015a)

Voigt et al.
(2014)

Voigt et al.
(2014)

Mitschke et al.
(2011b); Kopf
et al. (2014a)

Kopf et al.
(2015a)

Pfreundt et al.
(2014)

studied growth conditions as well as in the definition of tran-
script types. Nevertheless, the percentage of reported nTSS and
of sRNAs among all transcriptional units is higher in cyanobac-
teria than in many other bacteria.

In Prochlorococcus MED4 and MIT9313, 176 and 639 nTSS, re-
spectively, were reported to drive putative non-coding RNA tran-
scription from intergenic regions (IGRs). These numbers corre-
spond to 5.1 and 8.6% of all TSS, respectively. Prochlorococcus
is an ecologically important primary marine producer that nu-
merically dominates the phytoplankton of the oligotrophic open
oceans with up to 105 cells per ml, and it typically thrives within
the euphotic layer of the tropical and subtropical regions (re-
viewed by Partensky, Hess and Vaulot 1999). Prochlorococcus oc-
curs in several distinct ecotypes; the most important of these
have been defined according to their ability to adapt to high light
(e.g. the laboratory model strain MED4) or low-light regimes (e.g.
the MIT9313 strain) (Moore, Rocap and Chisholm 1998). There-
fore, these two strains were analyzed. Prochlorococcus typically
contains a compact and streamlined genome of 1.6–2.4 Mbp
(Rocap et al. 2003), with only few annotated genes encoding pro-
tein regulators, which raised the question whether the regula-
tory network is highly dependent on regulatory RNA (Steglich
et al. 2008).

In the unicellular Synechocystis strains PCC 6803 and PCC
6714, dRNA-Seq identified 371 and 306 nTSS, corresponding to
5.5 and 6% of all TSS, respectively (Table 1) (Mitschke et al. 2011a;
Kopf et al. 2014b, 2015a). Synechocystis sp. PCC 6803 is a popu-
lar cyanobacterial model organism as it is amenable to straight-
forward genetic manipulation and was the first phototrophic
organism and the third organism ever for which a complete
genome sequence was determined (Kaneko et al. 1996). Syne-
chocystis sp. PCC 6714 is closely related to Synechocystis sp. PCC
6803 as they share 99.4% 16S rDNA identity (Kopf et al. 2014a) and
2854 protein-coding genes, leaving 829 unique genes in Syne-
chocystis sp. PCC 6803 and 916 in Synechocystis sp. PCC 6714 (Kopf
et al. 2014a,c).

High numbers of putative sRNAs have also been reported for
filamentous and dinitrogen-fixing cyanobacteria (Table 1). An-
abaena sp. PCC 7120 (also known as Nostoc sp. PCC 7120) is a fil-
amentous cyanobacterium capable of nitrogen assimilation by
dinitrogen fixation and is used as amodel for the developmental
biology of heterocyst differentiation (for reviews, see Flores and
Herrero 2010; Muro-Pastor and Hess 2012). The primary tran-

scriptome of wild-type Anabaena sp. PCC 7120 and of a strain
with mutated hetR gene, the central regulator of heterocyst dif-
ferentiation, was studied under nitrogen-replete conditions and
8 h after nitrogen step-down. This analysis identified 1414 nTSS,
corresponding to 10.3% of all TSS (Mitschke et al. 2011b).

Nodularia spumigena CCY9414 frequently dominates the an-
nual late summer cyanobacterial blooms in brackish water
ecosystems such as the Baltic Sea. Its genome is smaller than
that of Anabaena sp. PCC 7120 (Voss et al. 2013). Accordingly, its
transcriptome is less complex, yet 621 nTSS corresponding to
12.3% of all TSS were identified in the dRNA-Seq-based tran-
scriptome analysis under three different conditions (Voss et al.
2013; Kopf et al. 2015b). Finally, the highest percentage of puta-
tive nTSSwas identified in T. erythraeum sp. IMS101, as discussed
below (Pfreundt et al. 2014).

A high percentage of putative sRNAs in Trichodesmium

From all cyanobacteria studied thus far, the T. erythraeum sp.
IMS101 transcriptome stands out as 26.7% putative nTSS were
identified from all TSS (1621 of 6080 TSS) (Table 1). Many of
these nTSS give rise to sRNAs that were independently veri-
fied by Northern analyses (Pfreundt et al. 2014). When the TSS
were ranked according to the absolute numbers of associated
sequencing reads, 18 of the 20 strongest TSS were nTSS. Among
them were the TSS of one of the two rRNA operons and the RNA
component of RNase P, a ribozyme involved in tRNAmaturation.
Closer inspection revealed that several of these highly abundant
sRNAs were associated with two different series of sequence
repeats. The most highly expressed sRNAs originated from a
>6000 bp long tandem repeat array consisting of 7 repeats, each
being 736–973 bp long (Pfreundt et al. 2014). The transcribed por-
tion of repeats 2–6 was ∼250 nt long and almost identical. The
function of these sRNAs is still unclear but their high abundance
suggests that they are functionally relevant. Another sRNA that
accumulated as an abundant 265 nt transcript was the template
repeat RNA of a diversity generating retroelement (DGR). Such
elements were also found in other cyanobacteria, for example,
N. spumigena sp. CCY 9414 (Voss et al. 2013). DGRs introduce se-
quence diversity into a short, defined section of a protein-coding
genewithout interrupting it. Themechanism is based on the hy-
permutation of a variable sequence element within the 3′ region
of protein-coding genes through recombination with a mutated
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cDNA copy generated by the element-encoded reverse transcrip-
tase from the template repeat sRNA (Doulatov et al. 2004; Guo
et al. 2008; Schillinger and Zingler 2012). The identification of
the template repeat sRNA allows for the identification of its pu-
tative target genes due to sequence similarity. The previously
documented DGRs have one or two such targets in a bacterial
genome that harbors such an element. Unexpectedly, the DGR
of T. erythraeum sp. IMS101 diversifies residues of at least 12 dif-
ferent proteins (Pfreundt et al. 2014).

Another interesting finding was the identification of mRNAs
for several genes that had not been annotated during T. ery-
thraeum sp. IMS101 genome annotation. Genes encoding small
proteins (<50 amino acids) are often not modeled by automatic
genome annotation due to the high background of theoreti-
cally possible reading frames. Therefore, such cryptic protein-
coding genes are often initially misclassified as sRNAs in tran-
scriptome analyses. However, it is possible to evaluate all sRNA
candidates for their coding potential using the program RNA-
code (Washietl et al. 2011) by comparing them against possi-
ble homologs. In the case of T. erythraeum sp. IMS101, this ap-
proach led to the identification of 13 genes for small proteins,
including three encoding photosynthetic proteins (petN, psaM
and psbM), emphasizing the validity of this approach (Pfreundt
et al. 2014). These three genes encode small subunits of three dif-
ferent photosynthetic complexes. They are functionally impor-
tant and principally well conserved. Their missing annotation
in the Trichodesmium genome sequence underscores the prob-
lems in the identification of μORFS also in bacteria. Otherwise,
these are very conserved proteins: petN encodes the 28 amino
acids cytochrome b6-f complex subunit PetN and exhibits 85%
sequence identity with the Synechocystis sp. PCC 6803 homolog.
The gene psaM encodes the 31 amino acids subunit XII of the
photosystem I reaction center (77% identity with the Synechocys-
tis homolog) and psbM encodes the 39 amino acids photosystem
II reaction center protein M (60% identity with the Synechocystis
homolog). Almost all of the 10 remaining small protein-coding
genes have homologs in other cyanobacteria, qualifying them
as candidates for more detailed analysis. Whereas the identifi-
cation of such small protein-coding genes is a useful by-product
of transcriptome sequencing, this strategy also reinforced the
view that the majority of initially identified nTSS indeed give
rise to sRNAs. The high incidence of non-coding transcripts in T.
erythraeum sp. IMS101 matches the high percentage of nTSS in
its genome sequence. Only 60% of its genome encodes proteins
compared to ∼85% in other sequenced cyanobacterial genomes
(Larsson, Nylander and Bergman 2011). The recent comparison
to other Trichodesmium draft and metagenome sequences sug-
gests that the high non-coding genome share is a conserved
characteristic of this genus (Walworth et al. 2015). However, it
is difficult to make functional assignments for these sRNAs in
this cyanobacterium. Although recently developed bioinformat-
ics approaches (Wright et al. 2013, 2014) can help, the definite
identification of sRNA functions requires their genetic manipu-
lation, which is not possible due to the lack of a genetic system
for Trichodesmium.

From sRNA identification to function: regulatory RNAs
in Synechocystis sp. PCC 6803

In any given bacterium, the total number of existing sRNAs
should be estimated and the most interesting candidates iden-
tified, before focusing on individual sRNAs and their functions.
Criteria for further analysis then include the abundance, regu-

lation of expression, conservation of individual sRNAs in other
species and the proximity of the genes to other genes of interest.

In Synechocystis sp. PCC 6803, one of the most well-studied
cyanobacterial models, substantial sRNA transcription, intra-
genic transcripts and antisense transcripts have been reported.
Approximately, 64% of all TSSs give rise to these transcript types
in a genome that is otherwise 87% protein coding (Mitschke et al.
2011a). Therefore, it is interesting to determine the total num-
ber of sRNAs in Synechocystis sp. PCC 6803. A weakness of most
existing dRNA-Seq-based studies is that a fixed-length thresh-
old was used to assign the identified TSS to mRNA, sRNA or cis-
encoded antisense RNA (asRNA) (Fig. 1). For example, in the ini-
tial analysis of Synechocystis sp. PCC 6803, a TSS was classified as
a gene TSS (gTSS) if it was located 100 nt upstream of an anno-
tated gene, in the study of C. jejuni, 300 nt was used, and in the
study of Anabaena sp. PCC 7120, 200 nt was used (Mitschke et al.
2011b; Dugar et al. 2013). These arbitrary values are required for
automatic annotation but can be biologically incorrect because
the actual lengths of the untranslated regions (UTRs) can differ
greatly. For example, the transcription factor HetR in Anabaena
sp. PCC 7120 is transcribed from four different gTSS, yielding 5′

UTRs of 696 nt and 728 nt for the two most distal TSSs (Buikema
and Haselkorn 2001; Muro-Pastor et al. 2002; Ehira and Ohmori
2006; Rajagopalan and Callahan 2010). Even when additional in-
formation was considered, for example from primer extension
experiments, only aminority of TSSwas re-classified. Therefore,
it is necessary to consider genome-wide biological information
when assigning transcript lengths and coverage.

In the comparative analysis of the Synechocystis sp. PCC 6803
primary transcriptome, the information from a classical RNA-
Seq dataset was included to define transcriptional units (Kopf
et al. 2014b) according to a newly developed protocol (Bischler,
Kopf and Voss 2014). This strategy directly links the TSS, operon
and UTR information and lowers the potential for false positive
TSS predictions as a TSSmust be followed by a region covered by
reads from the classical RNA-Seq library. Hence, genome-wide
maps of active TSSs under 10 different conditions were linked
to the respective transcriptional units. From the 4091 transcrip-
tional units identified, only 191were true non-coding transcripts
(Kopf et al. 2014b), compared to 429 nTSS defined in the first
Synechocystis sp. PCC 6803 genome-wide TSSmap (Mitschke et al.
2011a). In contrast, the number of transcriptional units encom-
passing protein-coding genes was determined to be 2012 (Kopf
et al. 2014b) compared to the previously identified 1165 gTSS un-
der standard growth conditions (Mitschke et al. 2011a). These
differences primarily result from the fact that many TSSs that
are antisense, intragenic or intergenic to annotated genes also
give rise to transcriptional units that include protein-coding
genes. In contrast, some transcripts that clearly accumulate in
the sRNA form belong to longer transcriptional units because
downstream genes are transcribed by read-through over the
sRNA’s terminator of transcription or because the sRNA is post-
transcriptionally processed from the longer transcript. Exam-
ples in Synechocystis sp. PCC 6803 include the SyR9 sRNA/sll0208
transcript (Klähn et al. 2014), NsiR4 and Ncr0700 (Kopf et al.
2014b).

Many sRNAs are also highly regulated. Bacterial sRNAs are
frequently only conditionally expressed, and several sRNAswere
not expressed in Synechocystis sp. PCC 6803 under standard
laboratory growth conditions (Mitschke et al. 2011a), whereas
they were strongly and specifically upregulated under certain
stress conditions. This was studied in cultures exposed to 10
different conditions, including darkness, high light, cold and
heat stress, depletion of iron, phosphate, nitrogen or inorganic
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Figure 2. Accumulation of 33 abundant sRNAs in Synechocystis sp. PCC 6803 under nine different growth conditions. (A and B) The 10 most abundant sRNAs and an
additional 23 abundant sRNAs with interesting expression patterns were chosen. The relative abundance of sRNAs was estimated by the number of associated reads
in dRNA-seq analysis (Kopf et al. 2014a). Selected sRNAs with condition-dependent high accumulation were independently verified. These include the high abundance

of PsrR1 in high light conditions (Mitschke et al. 2011b; Kopf et al. 2014a), IsaR1 in the -Fe condition (Hernandez-Prieto et al. 2012; Kopf et al. 2014a), NsiR4, CsiR1 and
PsiR1 during nitrogen, carbon or phosphate depletion (Kopf et al. 2014a) and the accumulation of SyR9 as part of the two-gene locus for alkane biosynthesis (Klähn
et al. 2014). High PsrR1 expression under high light is functionally relevant (Georg et al. 2014). By analogy, other stress-inducible sRNAs are top candidates as regulatory
molecules under each respective condition. Some identified sRNAsmay encode short peptides. The phosphate stress-inducible sRNA PsiR1 contains two short reading

frames (see also Fig. 6), and the high light-inducible sRNA HliR1 contains a short reading frame with 33 of its 37 residues conserved in the gene product D082 13860
in the sister strain Synechocystis sp. PCC 6714 (Kopf et al. 2014b). (B) Enlargement of the 23 less abundant sRNAs from panel (A) for better resolution. Note that the
sequences of the 33 transcripts were inferred from transcriptome analysis (Mitschke et al. 2011b; Kopf et al. 2014a) and are available for download (Supplemental

file 1).

carbon, exponential and stationary growth phase (Kopf et al.
2014b). Here, we have summarized these findings by plotting the
relative read numbers for 33 abundant sRNAs in Synechocystis sp.
PCC 6803 (Fig. 2). For further detailed information, we have pro-
vided the exact sRNA sequences (Supplemental file 1). The ac-
cumulating sRNA pool is dominated by the very abundant sRNA
Ncr0700, which accumulates in the dark, stationary phase and
under heat stress. Its accumulation as a separate sRNA has been
demonstrated, despite its association with the ssr2227 gene as
a chimeric transcriptional unit (Mitschke et al. 2011a; Kopf et al.
2014b). Interestingly, Ncr0700 accumulation peaks in the night
phase of rapidly growing cultures with a diurnal cycle (Beck et al.
2014).

Taking these results into consideration, the total number of
sRNAs in Synechocystis sp. PCC 6803 is 371 (Table 1).

Altogether, the Synechocystis sp. PCC 6803 transcriptome in-
cludes more than 4000 transcriptional units, of which approx-
imately half represent non-coding RNAs. Most of these are
antisense transcripts (asRNAs) (Kopf et al. 2014b). Among these
antisense RNAs are at least four important photosynthetic gene
expression regulators, IsrR, As1-Flv4 and PsbA2R and PsbA3R
(Dühring et al. 2006; Eisenhut et al. 2012; Sakurai et al. 2012). In-
terestingly, these asRNAs appear to have repressive (IsrR and
As1-Flv4) and activating (PsbA2R and PsbA3R) effects on gene
expression.

Synechocystis sp. PCC 6803 PsbA2R and PsbA3R originate from
the 5′ UTR of the psbA2 and psbA3 genes, just upstream and
on the complementary strand of the ribosome binding site
(Sakurai et al. 2012). These genes encode the D1 reaction cen-
ter protein of photosystem II and are highly conserved from
cyanobacteria to higher plants (Cardona, Murray and Ruther-
ford 2015). When cells are exposed to excess light, the D1
protein becomes rapidly damaged and must be continuously
replaced (Järvi, Suorsa and Aro 2015). Accordingly, several dif-
ferent mechanisms exist to sustain maximum psbA gene ex-
pression, particularly under high light. One mechanism is gene
amplification—most cyanobacteria have three to six copies of
the psbA gene (Cardona, Murray and Rutherford 2015). An ex-
treme case is Leptolyngbya sp. Heron Island J with eight copies
(Paul et al. 2014). Other mechanisms include strong promoters,
and codon usage poised for efficient translation. The regula-
tion of psbA gene expression occurs primarily at the transcrip-
tional level in cyanobacteria (Golden, Brusslan and Haselkorn
1986; Mulo, Sakurai and Aro 2012). Intriguingly, the PsbA2R and
PsbA3R asRNAs are transcribed from aTSS located just 19 nt
upstream of the respective start codons, leading to a 30 and
69 nt overlap with the 5′ UTR of the psbA2 and psbA3 mRNAs,
respectively (Sakurai et al. 2012). This particular location en-
ables PsbA2R and PsbA3R to specifically protect their cognate
mRNAs from a particular form of endonucleolytic attack. The
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RNA endonuclease RNase E is well known in many bacteria as
a key player in determining transcript stability and mediating
post-transcriptional control, often together with trans-encoded
sRNAs (Saramago et al. 2014). The psbA2 and psbA3 mRNAs pos-
sess an RNase E-sensitive site in their 5′ UTRs, the ‘AU box’,
which is located very close to the ribosome binding site (Horie
et al. 2007). The psbA mRNAs are cleaved at these AU boxes un-
der darkness when the transcript is not required (Agrawal et al.
2001; Horie et al. 2007), but they are not recognized by RNAse E
under light. The overlap with PsbA2R and PsbA3R is just long
enough to shield these sites from RNase E cleavage, in concert
with the initiation of translation at the ribosome binding sites
(Sakurai et al. 2012). Therefore, PsbA2R and PsbA3R are positively
coregulated with their mRNA targets upon the transfer of cul-
tures to higher light intensities, but jointly disappear when cells
are shifted to darkness. This protective effect has physiological
relevance (Sakurai et al. 2012). Consequently, this example illus-
trates that asRNAs can act as positive post-transcriptional gene
expression regulators.

In contrast, IsrR and As1-Flv4 possess negative regulatory
functions by controlling the concentrations of their respective
mRNAs in a codegradation mechanism (Dühring et al. 2006;
Eisenhut et al. 2012). Codegradation between an mRNA and
its frequently inversely regulated asRNA has been observed in
many bacterial systems and has been reviewed in great detail
separately (Georg and Hess 2011).

Whereas the targets of potential asRNA:mRNA interactions
are obvious, it is very different to assess the possible regulatory
functions of the plethora of sRNA candidates. However, it is very
interesting to note that a similar percentage of putative trans-
encoded sRNAs (46.4%) and mRNAs (43%) showed significantly
reduced or enhanced expression when cyanobacterial cultures
were exposed to three conditions considered relevant for pho-
tosynthetic growth (Mitschke et al. 2011a), and the extension
of this type of analysis to several more stress conditions con-
firmed these findings (Fig. 2). Thus, in a ‘guilty-by-association’
approach, the sRNAs with the most pronounced regulation of
expression are likely to be functionally relevant in the condi-
tions when their expression is at a maximum. Following this
logic, Ncr0700 is an interesting candidate in the dark, stationary
phase and under heat stress, NsiR4, PsiR1 and IsaR1 are interest-
ing during nitrogen, phosphate or iron depletion and PsrR1 (for
Photosynthesis regulatory RNA1) is interesting in the high light
condition (Fig. 2). In particular, there are several sRNAs whose
expression is connected to the availability of inorganic carbon:
Ncr0700, CsiR1, Ncr1220 and SyR52 (Klähn et al. 2015). Inorganic
carbon availability is an important environmental factor for pho-
tosynthetic cyanobacteria. Therefore, these sRNAs are very in-
teresting candidates for further study, although their functions
are currently entirely unknown.

The trans-encoded sRNA PsrR1 controls oxygenic
photosynthesis by targeting multiple mRNAs

The sRNA PsrR1, initially named SyR1 (for Synechocystis RNA1),
was first identified by biocomputational prediction and exper-
imental validation in Synechocystis sp. PCC 6803 and two other
cyanobacteria species (Voss et al. 2009). Transcriptome pyrose-
quencing and the inclusion of PsrR1 probes in custom mi-
croarrays revealed its high expression at higher light intensi-
ties and its rapid downregulation when cultures were trans-
ferred to darkness (Georg et al. 2009; Mitschke et al. 2011a).
During the diurnal cycle, PsrR1 expression peaks early in the
morning (Beck et al. 2014). In Synechocystis sp. PCC 6803, PsrR1

is 131 nt long and originates from the IGR between the fabF
(slr1332) and hoxH (sll1226) genes (Voss et al. 2009). The two
neighboring genes encode a 3-oxoacyl-(acyl carrier protein)
synthase II (fabF) and the hydrogenase large subunit (hoxH),
which do not provide insight into the role of PsrR1. How-
ever, when PsrR1 was overexpressed from an inducible pro-
moter under non-stress conditions, a bleaching phenotype
with considerably reduced amounts of photosynthetic pigments
rapidly developed (Mitschke et al. 2011a). This result suggested a
function of PsrR1 in the control of pigment biosynthesis, photo-
protection or photosynthetic protein synthesis. Moreover, psrR1
gene homologs can be predicted in cyanobacteria genomes that
belong to morphologically and phylogenetically distant groups
(Fig. 3). Based on different morphotypes, five cyanobacteria sub-
sections have been defined (Rippka et al. 1979), and genome
sequences are available for representatives from all five sub-
types (Shih et al. 2013). By sequence similarity, PsrR1 homologs
can be predicted in cyanobacteria from all five subsections,
including unicellular species such as Synechocystis, Cyanothece,
Microcystis and filamentous cyanobacteria capable of cell differ-
entiation such as theNostoc andAnabaena species. Homologs are
absent or undetectable in some section V (ramified) cyanobacte-
ria, in Thermosynechococcus sp. BP1 (Voss et al. 2009), T. erythreaum
and in α-cyanobacteria such as the marine picocyanobacte-
ria Prochlorococcus spp. and Synechococcus spp. (Fig. 3). More-
over, actual PsrR1 transcription has been observed in the tran-
scriptome datasets available for Synechococcus sp. PCC 7002
(Ludwig and Bryant 2012), N. spumigena sp. CCY9414 (Voss et al.
2013; Kopf et al. 2015b), Anabaena sp. PCC 7120 (Mitschke et al.
2011b) and Synechocystis sp. PCC 6714 (Kopf et al. 2015a). Its reg-
ulation in Synechocystis sp. PCC 6803 and its broad occurrence
suggest a widely conserved and important function for PsrR1.

Therefore, PsrR1 was chosen for detailed functional analy-
sis that included the detailed characterization of the pheno-
typic effects of knock-out and overexpressionmutations and the
molecular analysis of possible target genes. In addition to the
effects on photosynthetic pigments, PsrR1 overexpression led
to a considerable decrease in the PSI trimer-to-monomer ratio
(Georg et al. 2014). The combination of microarray analysis upon
pulse PsrR1 overexpression with recently developed advanced
computational target prediction (Wright et al. 2013, 2014) yielded
26 possible target mRNAs. The majority of these target candi-
dates may be functionally linked to photosynthesis or thylakoid
membrane function (Fig. 4). Among themwere themRNAs for α-
and β-phycocyanin subunits (genes cpcA and cpcB), cpcC1, apcE
and apcF encoding phycobilisome linker proteins, btpA, psaK1,
psaJ and psaL encoding several photosystem I or photosystem
I-related proteins, petJ, encoding cytochrome c553 and chlN en-
coding the subunit N of the light-independent protochlorophyl-
lide reductase (Georg et al. 2014). Seven targets were tested at
the molecular level by fusing their respective 5′ UTR sequences
to a sequence coding for the superfolder green fluorescence pro-
tein (Corcoran et al. 2012) and transforming them into an E. coli
strain overexpressing PsrR1. The selected target mRNAs were
cpcA, psaL, psaK1, hemA, chlN, psbB and psaJ, which were ranked
on positions 1, 3, 6, 8, 34, 38 and 41 of the CopraRNA predic-
tion (Georg et al. 2014). The results of this work demonstrated
the putative function of PsrR1 as a post-transcriptional repres-
sor of psaL, psaJ, chlN, psbB and cpcA, whereas none or only mi-
nor effects were detected for the hemA and psaK1 5′ UTR fusions
(Georg et al. 2014). To scrutinize these results further, microarray
experiments were performed with an inducible PsrR1 overpro-
ducer strain. Altogether, the levels of 16 different mRNAs were
identified as significantly affected by PsrR1 overexpression. The



Kopf and Hess 307

(I) Unicellular

(II) Baeocystous

(III) Filamentous

(IV) Heterocystous

(V) Ramified

Anabaena variabilisATCC 29413

Anabaena sp. PCC 7120

Nostoc sp. PCC 7107

Nostoc sp. PCC 7524

Cylindrospermum stagnale PCC 7417

Nostoc azollae 0708

Anabaena cylindrica PCC 7122

Nodularia spumigena CCY 9414

Anabaena sp. 90

Nostoc punctiforme PCC 73102

Fischerella sp. PCC 9339

Cyanobacterium PCC 7702

Calothrix sp. PCC 6303

Calothrix sp. PCC 7507

Rivularia sp. PCC 7116

Chamaesiphon minutus PCC 6605

Crinalium epipsammum PCC 9333

Microcoleus sp. PCC 7113

Chroococcidiopsis thermalis PCC 7203

Gloeocapsa sp. PCC 7428

Arthrospira sp. PCC 8005

Oscillatoria acuminata PCC 6304

Trichodesmium erythraeum IMS101

Acaryochloris marina MBIC11017

Pseudanabaena sp. PCC 7367

Geitlerinema sp. PCC 7407

Gloeobacter violaceus PCC 7421

Synechococcus elongatus PCC 7942

Prochlorococcus MIT 9313

Prochlorococcus MED4

Prochlorococcus NATL2A

Stanieria cyanosphaera PCC 7437

Leptolyngbya sp. PCC 7376

Synechococcus sp. PCC 7002

Cyanobacterium aponinum PCC 10605

Dactylococcopsis salina PCC 8305

Halothece sp. PCC 7418

Cyanothece sp. ATCC 51142

Cyanothece sp. PCC 8801

Pleurocapsa sp. PCC 7327

Microcystis aeruginosa NIES843

Synechocystis sp. PCC 6714

Synechocystis sp. PCC 6803

93

100

100

100

100

100

98

84

92

84

98

80

86

73

79

74

80

80

84

0.01

PsrR1
Yfr1

TUTU79 (PsiR2)

TU1647 (HliR1)
PsiR1

NsiR1

Figure 3.Unrooted cyanobacterial species tree and the distribution of selected sRNAs. The tree is based on an alignment of 16S rRNA genes from selected cyanobacteria.
Major morphological characteristics are color coded according to the designations by Shih et al. (2013). Bootstrap values ≥70% are given at the respective nodes.
The distribution of four non-coding sRNAs and two putative coding small mRNAs (PsiR1 and HliR2) is indicated by colored rectangles. The non-coding sRNA NsiR1

was first described in Anabaena sp. PCC 7120 and verified to exist in at least 19 other cyanobacteria that share the capability for nitrogen fixation and heterocyst
differentiation (Ionescu et al. 2010). NsiR1 is transcribed from a tandem array of direct repeats upstream of hetF (Ionescu et al. 2010), a known regulator of heterocyst
differentiation (Wong and Meeks 2001). NsiR1 expression is controlled by NtcA and HetR, two transcription factors critical for N2 fixation and heterocyst development
and is restricted to developing heterocysts (Ionescu et al. 2010; Muro-Pastor 2014). The non-coding sRNA Yfr1 (cyanobacterial functional RNA1) was initially identified

in marine picocyanobacteria (Axmann et al. 2005) and later found to be widely distributed throughout the cyanobacterial phylum (Voss et al. 2007). Yfr1 has been
suggested to control sbtA expression, which encodes the sodium-dependent bicarbonate transporter SbtA in Synechococcus elongatus PCC 6301 (Nakamura et al. 2007)
and outer membrane proteins (soms or porins) in Prochlorocococus sp. MED4 (Richter et al. 2010). PsrR1 was initially predicted by comparative genome analysis (Georg
et al. 2009) and has recently been functionally characterized (Fig. 4 and (Georg et al. 2014).
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Figure 4. Regulon controlled by the sRNA PsrR1. Based on the functional enrichment analysis of its computationally predicted targets, PsrR1 is predicted to control
genes (orange squares) that encode proteins involved in photosynthesis and tetrapyrrole metabolism (Georg et al. 2014). Those genes that were verified experimentally

in a heterologous reporter assay as PsrR1 targets are labeled by a black square, and targets suggested by microarray analysis (Georg et al. 2014) by a blue square. The
computational predictions were done using CopraRNA (Wright et al. 2013, 2014). All top 15 CopraRNA target predictions are shown plus selected genes from the top
85 predicted candidates that were functionally enriched. Reprinted from the publication (Georg et al. 2014) in modified form and with the courtesy of ASPB and the
authors.

microarray results revealed significant overlap with the compu-
tational predictions and the results of the E. coli reporter assay.
Among them psaK1, petJ as well as psaL and psaI, which form
a dicistronic operon. But also the other affected genes pointed
strongly toward the regulation of photosynthesis (Fig. 4). Hence,
these results supported the function of PsrR1 in the regulation of
photosynthesis-related gene expression when cells are exposed
to high light intensities. But the results also extended the com-
putational predictions as several of the genes identified in the
microarray experiment had not been predicted as putative PsrR1
targets.

In case of the psaL mRNA encoding the photosystem I re-
action center protein subunit XI, the interaction with PsrR1
inhibits ribosome binding (Georg et al. 2014). In addition, a
single cleavage site for the RNA endonuclease E becomes ex-
posed within the third codon, which during active translation
would be protected by ribosomes. Hence, there are two coop-
erating processes, first the inhibition of initiation of transla-
tion and then the endonuclease-mediated destabilization of the
mRNA that lead to the post-transcriptional repression of psaL
(Georg et al. 2014). With these data, PsrR1 has been established
as a novel regulator of the high light response in cyanobac-
teria. In addition, this work demonstrated the multiple-target
regulation by PsrR1. Furthermore, not only psaL, psaJ, chlN,
psbB and cpcA, but also several other photosynthesis-related
gene products are likely controlled by PsrR1. The elucidation
of the exact molecular mechanisms is an interesting topic of
further research. In analogy to PsrR1, other stress-inducible
sRNAs such as Ncr0700, NsiR4, CsiR1, PsiR1 and IsaR1 appear
as top candidates for regulatory factors in response to darkness,
or to the depletion of nitrogen, inorganic carbon, phosphate or
iron.

Comparative analyses in Synechocystis sp. PCC 6714

The identification of 33 abundant sRNAs in Synechocystis sp. PCC
6803 (Fig. 2) suggested that several potentially highly relevant
regulators could be among them. To analyze them further, the
comparison to a distinct but closely related strain can be pro-
ductive. For several years, there has not been such a genome se-
quence available, but this has recently changedwith the genome
analysis of the sister strain Synechocystis sp. PCC 6714 (Kopf
et al. 2014a,c). Indeed, 221 of the 371 sRNAs identified in Syne-
chocystis sp. PCC 6803 are conserved in strain 6714 (Fig. 5), and
many of them show similar regulation of expression (Kopf et al.
2015a). PsrR1, Ncr0700, NsiR4, IsaR1, SyR9 and Yfr1, Yfr2a, Yfr2b
and Yfr2c are among the conserved sRNAs, whereas the car-
bon or phosphate stress-inducible sRNAs CsiR1 and PsiR1 are
not conserved. Interestingly, no homologs were found in Syne-
chocystis sp. PCC 6714 to the PsbA2R and PsbA3R asRNAs that
originate from the 5′ UTR of the psbA2 and psbA3 genes in Syne-
chocystis sp. PCC 6803. This fact is surprising, given the 97% nu-
cleotide sequence conservation between the psbA genes of both
strains. The detailed comparison revealed the existence of two
nucleotide polymorphisms in the respective promoter regions.
In particular, a single nucleotide polymorphism, a G-to-A tran-
sition within the –10 element of the asRNA PsbA2R promoter
appears as a likely gain-of-functionmutation in Synechocystis sp.
PCC 6803 (or loss-of-function in Synechocystis sp. PCC 6714). Thus,
a single mutationmust have led to the activation or inactivation
of this antisense promoter when the two strains are compared
(Kopf et al. 2015a). This difference is also of physiological inter-
est at it points to a possible difference in the respective func-
tions, here in photosystem II, between the two strains. The lack
of PsbA2R and PsbA3R should make Synechocystis sp. PCC 6714
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Figure 5. Accumulation of 33 abundant sRNAs in Synechocystis sp. PCC 6714 under nine different growth conditions. (A and B) The 10 most abundant sRNAs and an
additional 23 abundant sRNAs with interesting expression patterns were chosen. Relative abundance of sRNAs was estimated by the number of associated reads in
dRNA-seq analysis (Kopf et al. 2015a). If conserved in Synechocystis PCC 6803, the corresponding sRNA name or transcriptional unit is given in parentheses. With PsrR1
(high light), IsaR1 (-Fe) and NsiR4 (nitrogen depletion), selected sRNAs with condition-dependent high accumulation were independently verified for Synechocystis sp.

PCC 6714 (Kopf et al. 2015a). Similar to Synechocystis sp. PCC 6803, several other stress-inducible sRNAs are top regulatory candidates under each respective condition,
and some sRNAs may encode short peptides. (B) Enlargement of the 23 less abundant sRNAs from panel (A) for better resolution. The sequences of these sRNAs were
inferred from transcriptome analysis (Kopf et al. 2015a) and are available for download (Supplemental file 2).

more vulnerable to high light intensities than Synechocystis sp.
PCC 6803.

Emerging insight into the functions of short
protein-coding transcripts

The sRNA PsiR1 is transcribed from the second most highly in-
duced TSS under phosphate stress from a promoter contain-
ing putative pho boxes (Kopf et al. 2014b), which are known
to be recognized by SphR, the PhoB homolog of Synechocystis
sp. PCC 6803 (Suzuki et al. 2004). Although PsiR1 accumulates
mainly as an sRNA of approximately 500 nt, it forms a joint tran-
scriptional unit with the sll1552 gene encoding an uncharacter-
ized N-acyltransferase superfamily protein. Moreover, the PsiR1
sRNA contains two possible reading frames for two small pro-
teins, 46 and 55 codons in length, referred here as PsiR1pep1
and PsiR1pep2. These two possible proteins are very similar to
each other. The only match in the database is the small protein
Nos7524 3710 in the cyanobacterium Nostoc sp. PCC 7524 (Fig. 6).
Its gene is directly adjacent to the Nos7524 3711 gene, which is a
Sll1552 homolog (46% identical residues), suggesting that PsiR1
and sll1552 belong to a gene cassette that occurs at a low fre-
quency within cyanobacterial genomes. However, their function
within the phosphate stress regulon is unclear. Nevertheless,
the similarity among the three putative short proteins is clear
(Fig. 6) and suggests that some transcripts initially defined as
sRNAs are in fact short mRNAs or dual-function RNAs. Infor-
mation about such chimeric dual-function sRNAs is still scarce
(Vanderpool, Balasubramanian and Lloyd 2011), but there are a

few prominent examples for this class of regulators with the
RNAIII from Staphylococcus aureus (for review, see Durand et al.
2015), the SR1 regulatory sRNA from B. subtilis (Gimpel et al. 2010)
and the SgrS sRNA from enteric bacteria (Horler and Vander-
pool 2009). Short transcripts encoding short proteins, so-called
μORFs, are an emerging class of molecules with a role that
has largely been underestimated (Storz, Wolf and Ramamurthi
2014). It is likely that sRNA datasets frequently contain misclas-
sified mRNAs for such short proteins. In addition to the possible
PsiR1pep1 and PsiR1pep2 peptides (Fig. 6), there are several ad-
ditional candidates or confirmed examples in Synechocystis sp.
PCC 6803. The HliR1 sRNA strongly induced by high light (Fig. 2)
is likely an mRNA encoding a 37-amino-acid peptide. This se-
quence gave a single database match, to the protein D082 13860
of Synechocystis sp. PCC 6714 with 89% identity (Fig. 3) that is also
induced by high light (Fig. 5). Because the transcript originates
from a syntenic position upstream of the sodB gene encoding su-
peroxide dismutase and shows the same inducibility (Kopf et al.
2015a), it is likely an ortholog. Two additional examples for likely
or confirmed short proteins in Synechocystis sp. PCC 6803 are the
Norf1 peptide and NdhP.

Norf1 (Mitschke et al. 2011a) has a 48-codon reading frame
in a 378 nt long transcriptional unit in Synechocystis sp. PCC 6803
that ismaximally induced under darkness, but is also induced to
some extent during the stationary phase and under heat stress,
with an expression pattern similar to that of Ncr0700 (Kopf
et al. 2014b). As it appears to be present in all β-cyanobacteria
and shows the same regulation and high abundance in Syne-
chocystis sp. PCC 6714, it is likely a relevant unknown subunit or
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Figure 6. Putative peptides encoded by the Phosphate stress-inducible sRNA 1 (PsiR1). (A) The genome arrangement around the putative peptide-coding genes Psir1pep1
and Psir1pep2 in Synechocystis sp. PCC 6803 and Nostoc sp. PCC 7524 shows the slightly different arrangement of the conserved adjacent genes sll1552 and hlyB. Genes
that are conserved in the other organism are colored and unconserved genes are shown in gray. Genes with the same color in both organisms are homologs. (B) Multiple

sequence alignment of the putative PsiR1pep1 and PsiR1pep2 peptides in Synechocystis sp. PCC 6803 and of the single database match, the short protein Nos7524 3710
from Nostoc sp. PCC 7524.

regulatory factor. Because the transcript is more than twice as
long as the coding frame, it is also possible that the norf1 tran-
script is a dual function RNA. The best example illustrating the
functional relevance of short proteins in cyanobacteria is the
sml0013 gene product. Its reading frame encodes a 40-amino-
acid-long short protein that is 100% conserved in Synechocys-
tis sp. PCC 6714, and has clear homologs in all cyanobacterial
genomes and some cyanophages, with aweak similarity to plant
proteins (Schwarz et al. 2013). Its functional characterization re-
vealed that sml0013 encodes a previously unknown subunit of
the cyanobacterial NDH1 complex and was therefore renamed
NdhP. Although it is very short, NdhP mediates coupling of the
NDH1 complex to respiratory or photosynthetic electron flow
(Schwarz et al. 2013).

The actuaton, a new class of distinct genetic elements

In the course of sRNA identification by comparative transcrip-
tomics, we identified a class of mRNAs that originate from read-
through of an sRNA that accumulates as a discrete and abun-
dant transcript while also serving as a 5′ UTR. We initially found
that some previously known sRNAs were seemingly misclas-
sified as gTUs because a downstream gene was in the sense
orientation, lacked a specific gTSS and was apparently cotran-
scribed with the sRNA due to incomplete transcription termina-
tion. This arrangement exists in at least 10 cases in Synechocystis
sp. PCC 6803 where abundant sRNAs belong to a chimeric pre-
cursor transcript and give rise to the respective mRNAs, which
otherwise have no or only weak TSSs (Kopf et al. 2015a). Exam-
ples include the CsiR1 element specific to Synechocystis sp. PCC
6803, the Ncr0700 sRNA that originates from a free-standing TU
in Synechocystis sp. PCC 6714, which became part of a chimeric
TU in Synechocystis sp. PCC 6803 due to rearrangement by trans-
position, and the sRNA SyR9 that forms a dispensable part of
the mRNA encoding aldehyde deformylating oxygenase (Klähn
et al. 2014), the key enzyme for cyanobacterial alkane biosynthe-
sis conserved in both Synechocystis strains discussed here (Figs 2
and 5).

Evolutionary events such as gain or loss of an sRNAwithin or
close to a promoter may turn the respective sRNA into an actua-
ton that directly affects the expression of the downstream gene.
The Yfr2c sRNA illustrates this effect (Fig. 7). Yfr2c belongs to
a family of sRNAs that is widely distributed among cyanobac-
teria. The Yfr2 sRNA family genes occur in different genetic ar-
rangements and in copy numbers from one to nine (Gierga, Voss

and Hess 2012). Synechocystis sp. PCC 6803 expresses three fam-
ily members, which accumulate as 80, 65 and 70 nt sRNAs (Voss
et al. 2009). All three are conserved in Synechocystis sp. PCC 6714
and are present in the same genomic context with yfr2c linked
to the respective orthologous protein-coding gene.

Such an sRNA/mRNA structure, which we have termed an
‘actuaton’, constitutes an additional way for bacteria to remodel
the output from their transcriptional network. A hallmark of
these elements is that they are followed by a protein-coding
gene in the sense direction that lacks a gTSS. Nevertheless, the
major accumulating RNA species is an sRNA that accumulates
as an abundant and discrete transcript, and therefore, consti-
tutes a clearly separate entity. Therefore, an actuaton gives rise
to an sRNA and simultaneously constitutes part of the 5′ region
of a gene. Even long 5′ UTRs of well-characterized genes, such as
those encoding RNase E, may belong to this class. The change
in expression of the mRNA portion of an actuaton can result
only from the sRNA promoter replacing the original one. Inmore
complex scenarios, it may also result from events causing differ-
ential termination, for instance from the riboswitch-mediated
attenuation of transcription. Actuatons may also be predeces-
sors or derivatives of riboswitches in which the sRNA function
is modified to serve as the metabolite-sensing entity regulating
the expression of the protein-coding portion.

The actuaton concept is consistent with the increasing un-
derstanding that functional RNA elements possess plasticity
(Mellin et al. 2014). Other examples include a riboswitch in
L. monocytogenes, which also acts as a regulatory sRNA (Loh
et al. 2009). Non-coding RNAs constitute the evolutionarily most
flexible transcriptome component, and it is likely that actua-
tons are genetic elements found also in organisms outside of
cyanobacteria.

CONCLUDING REMARKS

Cyanobacteria are frequently the dominant primary producers
in aquatic ecosystems, but they also thrive on land as part of
the microbial assemblages that form soil crusts, as well as in
deserts and other arid habitats. They frequently form symbioses
with organisms from very different phyla, and some species
are endolithotrophs. Morphologically, many cyanobacteria are
unicellular but there are also baeocystous, heterocystous and
ramified morphotypes. Genome sizes vary in size from between
1.44 Mb and 1200 genes for Candidatus A. thalassa (UCYN-A)
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Figure 7. The actuaton concept. (A) The transcriptional organization of the yfr2c actuaton region in Synechocystis sp. PCC 6803. The colored graphs represent the
accumulation of treated reads from a dRNA-seq analysis of Synechocystis sp. PCC 6803 under 10 different conditions (Kopf et al. 2014a). All TSS positions inferred from
the TEX-treated cDNA library are indicated by black arrows, and the graphs for the following 100 nt are highlighted. Transcriptional units (TUs, red) were inferred
from the untreated read coverage (gray). Protein-coding genes are displayed in blue and previously predicted sRNAs are shown in yellow (Mitschke et al. 2011b). Data

for the forward strand is shown above and data for the reverse strand is shown below the axis that shows the chromosomal locus in bp. A gTSS upstream of sll1477
gives rise to both the sRNA Yfr2c (Voss et al. 2009) and the mRNA for protein Sll1477, a protease of the abortive phage infection (abi, CAAX) family, and the respective
TU3575 is therefore classified as an actuaton. Further downstream, TU3575 contains an internal start site (iTSS). On the forward strand, the TU3576 TSS gives rise to

a weakly expressed asRNA to TU3575. The arrangement is well conserved in the closely related strain Synechocystis sp. PCC 6714 (Kopf et al. 2015a), with the exception
of the exact TSS position of the asRNA, which is slightly different. (B) Model of the actuaton concept. The expression of a downstream gene is driven by read-through
(RNA-seq coverage shown in light gray) over the terminator from an sRNA that accumulates as a discrete and abundant transcript (RNA-seq coverage shown in dark
gray). Because the downstream gene lacks an own TSS, it is classified in a joint transcriptional unit (TU) together with the sRNA.
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diazotrophic cyanobacteria (Tripp et al. 2010; Bombar et al. 2014)
to 12 356 protein-coding genes in S. hofmanni PCC 7110 (Dagan
et al. 2013). Accordingly, great variation can be expected within
the regulatory systems of different cyanobacteria, including var-
ious roles and types of regulatory RNAs. Thus, it is important to
catalog the pool of potential regulatory RNAs throughout this
phylum, but the analytical approaches should be as efficient as
possible, involving the different types of RNA-Seq aswell as tools
for the definition of transcriptional units, comparative analysis
and target prediction, as described in this review. Existing data
show that non-coding RNAs in cyanobacteria have an important
role in the control of photosynthetic functions and adaptation
to abiotic stress. Functional characterization of cyanobacterial
sRNAs will likely focus on the most interesting sRNA candi-
dates in model strains that are amenable to genetic manipula-
tion, but aspects relevant for their ecological success and pos-
sible biotechnological exploitation are equally interesting. An
important aspect is the integration of regulatory RNAs with pro-
tein activities. Although it likely functions quite differently from
its homolog in enteric bacteria, recent findings have shed new
light on the cyanobacterial Hfq homolog (Puerta-Fernandez and
Vioque 2011; Schürgers et al. 2014). Other promising factors in-
clude cyanobacterial RNA helicases (Owttrim 2012) and the var-
ious, still largely uncharacterized RNA endo- and exonucleases
(Matos et al. 2012; Chan et al. 2015; Zhang et al. 2014). Finally,
the use of ribosome display and related technical approaches
will greatly advance the finding and characterization of dual-
function sRNAs and of mRNAs encoding small proteins that
were initiallymisclassified as non-coding transcripts but are im-
portant molecules with regulatory or modulating functions.
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