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A B S T R A C T

Cyanobacteria are photosynthetic bacteria that populate widely different habitats. Accordingly, cyanobacteria
exhibit a wide spectrum of lifestyles, physiologies, and morphologies and possess genome sizes and gene
numbers which may vary by up to a factor of ten within the phylum. Consequently, large differences exist
between individual species in the size and complexity of their regulatory networks. Several non-coding RNAs
have been identified that play crucial roles in the acclimation responses of cyanobacteria to changes in the
environment. Some of these regulatory RNAs are conserved throughout the cyanobacterial phylum, while others
exist only in a few taxa. Here we give an overview on characterized regulatory RNAs in cyanobacteria, with a
focus on regulators of photosynthesis, carbon and nitrogen metabolism. However, chances are high that these
regulators represent just the tip of the iceberg.

1. Introduction

1.1. Cyanobacteria in their natural environment

Cyanobacteria are the only bacteria that perform oxygenic photo-
synthesis. Therefore, they are of paramount ecological importance as
primary producers at the bottom of the global food chain. This is illu-
strated by estimations that a single cyanobacterial genus,
Prochlorococcus, is with a population size of ~1027 cells the most
abundant photosynthetic organism on Earth [1,2]. In addition to the
capability of cyanobacteria for the fixation of inorganic carbon (Ci)
through the photosynthetic Calvin-Benson-Bassham (CBB) cycle [3],
diazotrophic species contribute substantial amounts of combined ni-
trogen into the biosphere by converting N2 into ammonia, a process
which is known as nitrogen fixation [4].

Cyanobacteria are not restricted to aquatic environments but oc-
cupy diverse ecological niches. While many thrive in marine and
freshwater, others belong to terrestrial ecosystems and some even live
in extreme environments like deserts, the polar regions or thermal
waters. Cyanobacteria are not always free-living but many are essential
for structuring complex microbial communities, such as in stromatolites
[5], coastal microbial mats [6] and desert biological soil crusts [7].
There are endolithic forms [8] and others are symbionts of certain
higher plants [9], the water-fern Azolla [10], fungi (to form lichens) or

several different unicellular eukaryotes [11–14].
Because of the vastly different lifestyles, cyanobacteria vary sub-

stantially with regard to morphologies, physiology, genome size and
ultimately, the machinery for the control of gene expression. For ex-
ample, the number of protein-coding genes varies between ca. 1200 for
Candidatus Atelocyanobacterium thalassa (UCYN-A), a unicellular
marine N2-fixing symbiont [15] and more than 12,300 for the multi-
cellular N2-fixing Scytonema hofmanni PCC 7110 [16]. Cyanobacterial
metabolism is postulated to possess substantial plasticity in responding
to environmental cues. Most of these cues are common also to other
microbes, but the predominance of oxygenic photosynthesis-driven
primary metabolism presents an additional set of regulatory challenges,
mostly related to light and iron availability, setting cyanobacteria apart
from other bacteria. Indeed, the machinery for oxygenic photosynthesis
is one of the most iron-rich cellular systems. The full complement of
photosystem I (PSI) complexes of a unicellular cyanobacterium were
estimated to contain about one order of magnitude more iron than an
average E. coli cell [17,18]. Consequently, oxygenic photosynthesis is
fundamentally vulnerable to phases of iron starvation, a situation that
occurs frequently in nature [19]. In addition to light and iron, limita-
tions in the availability of the macronutrients Ci and N are major
challenges for cyanobacteria.

To summarize, while distinct cyanobacterial lineages may differ in
many aspects from one another, they are monophyletic as a phylum and
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face certain challenges that apply to them all alike. Therefore, there are
large differences in the complexity and composition of the regulatory
networks between individual species but also some components that are
shared by many different cyanobacteria and set them apart from other
groups of bacteria.

1.2. The control of carbon and nitrogen assimilation in cyanobacteria:
basics

For the growth of cyanobacteria, Ci and N are macronutrients of
central importance. Intriguingly, the concentrations of available Ci and
N molecules influence the capacity for assimilation of the other mac-
ronutrient. There is only a limited capacity to store an excess of fixed
carbon if nitrogen is a limiting factor and, similarly, a limited supply of
carbon skeletons will limit the assimilation of nitrogen. This relation-
ship is known as the C/N balance. It is for this reason that the cell
enhances carbon uptake if nitrogen becomes easily available and, vice
versa, why carbon limitation lowers the uptake and assimilation of
nitrogen. The genetic responses linked to these aspects, with a focus on
filamentous, heterocystous cyanobacteria such as Anabaena, have re-
cently been reviewed [20].

One point where carbon and nitrogen assimilation pathways inter-
sect is the C5 compound 2-oxo-glutarate (2-OG). Whereas 2-OG is a
central intermediate of the tricarboxylic acid (TCA) cycle, it is also a
substrate of the glutamate synthase (glutamine oxoglutarate amino-
transferase, GOGAT), which catalyzes the transfer of the amino group
from glutamine to 2-OG, yielding two molecules of glutamate. This
glutamate then is the substrate for the key enzyme of nitrogen assim-
ilation in cyanobacteria, glutamine synthetase (GS, encoded by the gene
glnA), which catalyzes the synthesis of glutamine from glutamate and
ammonium. Depending on the nitrogen and carbon availability, the
level of 2-OG varies, making this metabolite an excellent indicator of
nitrogen status and the C/N ratio [21,22]. Indeed, the levels of 2-OG are
sensed by several proteins involved in the regulation of nitrogen as-
similation. The activity of the main transcriptional regulator of nitrogen
assimilation, NtcA, is modulated by binding 2-OG directly [23,24].
Under nitrogen-replete conditions (e.g., in the presence of NH4

+), the
2-OG level is low and NtcA is present in a less active form, with low
affinity to its target promoters [25]. Therefore, it is physiologically
meaningful to stimulate NtcA activity when the 2-OG level is increasing
due to a lack of available nitrogen. However, 2-OG is also sensed by two
other regulators of nitrogen assimilation in cyanobacteria, the proteins
PipX and PII. According to the nitrogen status, PipX can interact with
either NtcA or PII, depending on the 2-OG level [26,27]. In the complex
with NtcA it enhances the binding affinity of this complex to target
promoters further [28]. PII proteins, more generally, regulate nitrogen
assimilation reactions by sensing the metabolic state of the cells
through binding of 2-OG and ATP/ADP as effector molecules [29].
Extending these findings, SbtB, another member of the PII superfamily
in cyanobacteria, has recently been shown to function as a sensor for
the levels of intracellular inorganic carbon (Ci) via cAMP binding [30].
The metabolite 2-OG was reported as effector for another regulatory
protein, where it acts together with NADP+ as co-repressor of the
transcriptional regulator of carbon uptake and assimilation, NdhR/
CcmR [31]. Other metabolites which exert regulatory functions in the
context of C/N metabolism in cyanobacteria are 2-phosphoglycolate (2-
PG) and ribulose 1,5-bisphosphate, which stimulate promoter-binding
of the activator CmpR [32]. Furthermore, upon binding to NdhR, 2-PG
functions as inducer of carbon uptake and assimilation, directly coun-
teracting the function of 2-OG [33]. Therefore, the key intermediates 2-
OG from the TCA cycle and 2-PG from photorespiration connect cya-
nobacterial carbon and nitrogen metabolism at a central point (recently
reviewed by Zhang et al. [34]). In addition to ATP/ADP, NADP+ and
the non‑nitrogenous metabolites 2-OG, 2-PG and ribulose 1,5-bispho-
sphate, glutamine has recently been recognized as an important meta-
bolite in signaling the C/N status, sensed through a unique riboswitch

[35].
Recent findings have shown that several different regulatory RNAs

are involved in the control of carbon and nitrogen assimilation in cy-
anobacteria. In the following sections of this review we are summar-
izing recent findings on the involvement of regulatory RNAs in the
control of iron, carbon and nitrogen assimilation in cyanobacteria as
well as on the utilization of light, and place these findings in their re-
spective physiological and developmental context.

1.3. Transcription of non-coding RNAs is abundant in cyanobacteria

Several hundreds of potentially regulatory non-coding (nc)RNAs
such as trans-acting small (sRNAs), antisense RNAs (asRNAs) over-
lapping other transcripts in cis as well as riboswitches have been
identified in cyanobacteria. While the first individual candidates for
regulatory RNAs were identified by computational prediction and ex-
perimental validation [36–38], transcriptomic approaches have been
yielding a much more comprehensive picture.

In the unicellular model strains Synechocystis sp. PCC 6803 (from
here Synechocystis 6803) and Synechocystis sp. PCC 6714 (from here
Synechocystis 6714), 371 and 306 transcriptional start sites (TSS) were
assigned to the transcription of sRNAs, which corresponded to 5.5%
and 6% of all TSS, respectively [39–41]. Similar numbers were reported
for the fast-growing cyanobacterial model strain, Synechococcus elon-
gatus UTEX 2973, with 1380 TSS for asRNAs and 229 nTSS from which
sRNAs originate, corresponding to 4.8% of all TSS [42]. High numbers
of putative sRNAs were also reported for the filamentous multicelluar,
N2-fixing cyanobacteria Nostoc, Nodularia and Trichodesmium (Fig. 1).
For Nostoc (Anabaena) sp. PCC 7120 (from here Nostoc 7120), 1414
nTSS were identified that give rise to likely sRNAs, corresponding to
10.3% of all TSS [43], while for Nodularia spumigena CCY9414 621
nTSS were reported, corresponding to 12.3% of all TSS [44,45]. The
extreme was found for Trichodesmium erythraeum sp. IMS101, with 1621
nTSS that were assigned to sRNAs out of a total of 6080 TSS corre-
sponding to 26.7% [46], which has been linked to the high share of
non-coding DNA in the genome [47].

The comparison of dRNA-Seq data from eight different cyano-
bacteria consistently shows that only 27–51% of all TSS drive the
transcription of protein-coding genes (Fig. 1). Thus, a large fraction of
the transcriptional output is non-coding, even when considering dif-
ferences in the study designs, in the biochemical protocols, in sequen-
cing depths, the definition of transcript types and the fact that some
sRNAs later may turn out to encode previously unrecognized small
proteins [48]. Hence, there are many sRNAs, asRNAs and also some
riboswitches in cyanobacteria, which likely are relevant for the reg-
ulation of photosynthetic processes, iron homeostasis and control of the
C/N balance.

2. A set of mutually titrating pairs of sRNAs are conserved
throughout the cyanobacterial phylum

Early computational analyses identified sRNAs called Yfr1 to Yfr7
(Yfr stands for cyanobacterial functional RNA) in the marine picocya-
nobacterium Prochlorococcus, which later turned out to have homologs
in most other cyanobacterial genomes [36,37,49–51]. The sRNAs Yfr2,
Yfr3, Yfr4 and Yfr5 belong to one family of closely related sRNAs in
Prochlorococcus MED4. While these four sRNAs make up the Yfr2 family
in the initially studied strain, Prochlorococcus MED4, there are up to
nine individual sRNAs that belong to this family in some other cyano-
bacteria [50]. Three copies of Yfr2 genes exist in Synechocystis 6803 and
6714, respectively, where they were called yfr2a, yfr2b and yfr2c. Al-
though the respective sRNAs accumulate as distinct transcripts, 80, 65
and 70 nt in length [52], only Yfr2a is transcribed from a free-standing
gene, while yfr2b and yfr2c are fused to the coding regions of protein-
coding genes constituting their 5′UTRs, a genetic set-up called an ‘ac-
tuaton’ [41,53].
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A function was shown for Yfr1 in Prochlorococcus MED4 in the
control of gene expression for the two major outer-membrane porins
PMM1119 and PMM121 [54]. In addition, Yfr1 was suggested to con-
trol in Synechococcus elongatus PCC 6301 the expression of sbtA en-
coding a sodium-dependent bicarbonate transporter [55].

All Yfr1 homologs share the ultraconserved sequence motif
5′-ACUCCUCACAC-3′ (Fig. 2), which in addition in several Pro-
chlorococcus strains is present in another sRNA, called Yfr10, which
hence can be considered another member of the same sRNA family
[56]. The Yfr1 and Yfr2 sRNAs were suggested to interact with each
other because the most conserved segments of these sRNAs have an
almost perfect sequence complementarity to each other over 13 con-
secutive nucleotides [57]. This sequence complementarity is conserved
throughout the cyanobacterial phylum and can be observed in cyano-
bacteria ranging from Prochlorococcus to heterocystous strains. More-
over, in predictions of secondary structures, these likely interacting
sequences are located in single-stranded regions. Interaction in vitro
has been shown for Yfr1 and Yfr2 from Nostoc 7120 [58].

Indeed, recent analyses in Prochlorococcus MED4 using a hybrid
sRNA-target pulldown followed by sequencing (called CRAFD-Seq)
showed strong enrichment for Yfr1 and Yfr10 when Yfr2 was used as
bait and vice versa, in the reciprocal fishing approach, largely Yfr2 and
its three homologs interacted with Yfr1 or Yfr10 [59]. In addition, a
large but distinct set of mRNAs was enriched in the pull downs and are
thus potential targets for sRNAs belonging to one or the other sRNA
family. Of particular interest has been the finding that several mRNAs
encoding proteins involved in carbon primary metabolism became en-
riched as potential targets of Yfr1 and Yfr10. Some of these mRNAs
possess asRNAs that were found enriched as likely Yfr2 targets. One
striking example is the glgC mRNA encoding glucose-1-phosphate ade-
nylyltransferase (gene PMM0769 in Prochlorococcus MED4), which is

bound by Yfr1, Yfr10 and by its asRNA, asGlgC, which in turn, was
targeted by Yfr2 [59]. The collected evidence suggested that similar
complex post-transcriptional regulation may exist for the gap2 gene
encoding glyceraldehyde-3-phosphate dehydrogenase, pgk encoding
phosphoglycerate kinase and pgmI encoding phosphoglycerate mutase,
PMM1434. All these genes appear to be controlled by Yfr1/Yfr10 and
by specific asRNAs, which, in turn, are titrated by Yfr2 [59]. But how
would this mechanism work if sRNAs of one or the other family would
just basepair, effectively neutralizing each other? A likely answer is
that, while Yfr1 was constitutively expressed, two of the Yfr2 sRNA
homologs became highly upregulated during the shift to HL or nitrogen
starvation in Prochlorococcus MED4, the latter response controlled by
the GntR family transcriptional regulator PMM1637 [60]. This has been
taken as evidence that the resulting differences in the ratio between the
members of each sRNA family favor regulation through either the Yfr1
or the Yfr2 arm of this mechanism (Fig. 2). Thus, the Yfr1-Yfr2 system
appears to be at the core of a post-transcriptional regulatory mechanism
in cyanobacteria that tunes gene expression according to the C/N bal-
ance.

Once such a mechanism of mutually titrating sets of sRNAs, each
with specific mRNA targets and involving asRNAs, had evolved, it likely
became stabilized because the mutation or loss of key elements such as
Yfr1 and Yfr2 sRNAs would have been detrimental (Fig. 2). Indeed,
repeated attempts to delete the yfr1 gene from Synechocystis 6803 failed
(W.R. Hess, unpubl. observations). On the other hand, once such a
mechanism became available, additional targets might have evolved,
while other target genes or target sequences might have got lost over
time (Fig. 2). Hence, large variation in the gene complement influenced
by the Yfr1-Yfr2 system might be expected when representatives of
distant cyanobacteria are to be analyzed. In fact, a recent report shows
that in Nostoc 7120, Yfr1 is an important regulator of cell wall
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Fig. 1. Composition of the primary transcriptomes of eight different cyanobacteria. According to its location, a transcriptional start site (TSS) was categorized as
driving the transcription of an annotated gene (gTSS), an asRNA (aTSS), or an sRNA (nTSS), while mapped sites within annotated genes in sense orientation were
called iTSS, for internal TSS. The compared cyanobacteria are multicellular N2-fixing, unicellular model strains or strains belonging to the group of marine pico-
cyanobacteria (boxed in yellow, green and blue). The data are from the following studies: Nostoc 7120 [43], Trichodesmium erythraeum sp. IMS101 [46], Nodularia
spumigena CCY9414 [44,45], Synechocystis 6803 [39,40], Synechocystis 6714 [41], Synechococcus elongatus UTEX 2973 [42] and two different Prochlorococcus strains
[102]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The interplay between members of the Yfr1 and Yfr2 sRNA families as central element of a post-transcriptional regulatory mechanism.
Central to this model is the capability for titration between sRNAs belonging to the Yfr1 or the Yfr2 families. Most cyanobacteria harbor multiple genes for these
sRNAs, which can diverge over time and target individual mRNAs as well as asRNAs. Moreover, gene gain and gene loss contribute to a targetome changing over
time. This is illustrated by the different sets of target genes in Prochlorococcus compared to Nostoc. A. In ProchlorococcusMED4, Yfr1 and Yfr10 target the expression of
genes encoding porins and proteins involved in carbon primary metabolism while targets of Yfr2 include asRNAs to some of these mRNAs [59]. Moreover, Yfr2 can
interact through the same sequence motif with either Yfr1 or Yfr10. In these picocyanobacteria, Yfr1 is expressed constitutively, while the expression of Yfr10 is
influenced by the light conditions [59], illustrated by the sun and moon symbols. In Prochlorococcus, Yfr2 family sRNAs are upregulated upon transfer to high light or
nitrogen starvation, which is controlled by the GntR transcription factor PMM1637 if the promoter contains the CGRE1 motif [59,60]. Dotted lines indicate that the
regulatory factor is unknown. B. In more complex cyanobacteria, such as Nostoc 7120, Yfr1 targets genes encoding outer membrane proteins and enzymes related to
peptidoglycan biosynthesis and turnover [58].
In both types of cyanobacteria, changes in the concentration of one sRNA will affect the possible outcome for any of the other sRNAs. Such a titration mechanism
would be fully reversible. Secondary structures of sRNAs and their interactions were predicted by RNAcofold as part of the ViennaRNA Package [103] and visualized
using VARNA [104]. Positive regulation is indicated by arrows, negative regulation by lines with blunt ends.
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homeostasis and correct cell wall remodeling during heterocysts dif-
ferentiation [58].

These observations are reminiscent of the competing endogenous
RNA (ceRNA) hypothesis in eukaryotic cells, which suggests that
competition for a limited pool of regulatory RNAs mediates cross-reg-
ulation of mRNAs [61,62]. Evidence that a network of RNA crosstalk
operates in bacteria has been discussed [63] and the Yfr1-Yfr2 system
existing in cyanobacteria extends these suggestions by adding sets of
sRNAs capable of mutually titrating each other.

3. Light and iron: important factors for oxygenic photosynthesis

The light quantity and quality and the concentration of bioavailable
iron are of outstanding relevance for oxygenic photosynthesis and ul-
timately, the fixation of Ci and therefore the C/N balance. Several
ncRNAs play an important role in the acclimation to changes in these
conditions in cyanobacteria.

3.1. Non-coding RNAs in the acclimation to low iron in cyanobacteria

Regarding the acclimation to low iron, multiple asRNAs and sRNAs
were found in Synechococcus WH 7803, Nostoc 7120, Synechocystis 6803
and Synechocystis 6714 that exhibited dramatic abundance changes
when cultures were transferred to iron-deplete conditions
[40,41,64,65]. However, only two of these asRNAs and a single sRNA
have been studied at the molecular detail so far.

Expression of the gene for the ferric uptake regulator (furA), the
transcription factor which governs the repression of many genes under
iron-replete conditions, is covered by an asRNA from the extremely
long 3′ UTR of gene alr1690 in Nostoc 7120 [66]. Mutants lacking
alr1690 and this asRNA developed an iron deficiency phenotype [67],
suggesting functional relevance of this regulation. Analogous asRNAs to
the furA gene were also found in the unicellular cyanobacteria Micro-
cystis aeruginosa PCC 7806 and Synechocystis 6803 [68,69], supporting
the possible relevance of these putative regulators further.

In both Synechocystis 6803 and Synechocystis 6714, the isiA gene
encoding the iron stress-induced protein A is associated with an asRNA
called IsrR. IsrR is transcribed from a constitutive, relatively weak
promoter but accumulates under all conditions, except low iron, to a
high level [41,65]. The function of IsrR is to prevent the premature
expression of isiA by co-degradation in a threshold linear-response
mechanism [70–72]. The tight relationship between isiA and its asRNA
IsrR is further pronounced by the presence of an identical HLR1 (“high
light regulatory 1”) element in their promoters. The HLR1 element
consists of a pair of imperfect 8-nt long direct repeats (G/T)TTACA(T/
A)(T/A) separated by two random nucleotides and constitutes the
binding site for the transcription factor RpaB [73,74]. According to its
relative location within the promoter, RpaB can repress or activate
transcription (recently reviewed by Riediger et al. [75]). With regard to
the isiA/IsrR system, the HLR1 element is in a repressing position in the
promoter of the asRNA and in an activating position in the isiA gene
promoter [76].

The 68 nt sRNA IsaR1 (iron stress-activated RNA1) was initially
found in Synechocystis 6803, called NC-181 or Ncl1600 [40,65]. IsaR1
was later recognized to be widely conserved and to exist in unicellular
and filamentous, freshwater, marine, symbiotic, mesophilic, or ther-
mophilic cyanobacteria [77]. IsaR1 functions mainly as a repressor of
gene expression during phases of low iron availability. IsaR1 is func-
tionally highly relevant because its deletion in Synechocystis 6803 leads
to a lethal phenotype under prolonged iron starvation [77]. Among its
targets are mRNAs encoding electron carriers such as the major ferre-
doxin Fed1, cytochrome c6 (PetJ) and the cytochrome b6f complex
proteins PetABDC1 (Fig. 3). Furthermore, IsaR1 is a repressor of the
iron sulfur cluster biogenesis proteins SufBCDS, the tetrapyrrole bio-
synthesis enzymes HemA and ChlN and two iron-containing enzymes,
the superoxide dismutase subunit SodB and the aconitate hydratase

AcnB [77]. Homologs of the latter two targets are also recognized by
RyhB, an sRNA in E. coli [78]. Moreover, similar to RyhB, whose
transcription is repressed by the ferric uptake regulator (Fur) and
therefore becomes de-repressed when Fe2+ concentrations are low,
IsaR1 is under control of the cyanobacterial Fur homolog [77]. In Sy-
nechocystis 6803, Fur that is not bound to DNA is rapidly degraded by
the heteromeric FtsH1/3 protease preventing re-binding and hence
exerting an additional level of control [79,80].

IsaR1 shows no sequence or structural similarity to RyhB or the
homologs of functionally related sRNAs in other bacteria than cyano-
bacteria. Therefore, the regulation of iron homeostasis through sRNAs
in very different groups of bacteria must be highly advantageous. With
regard to cyanobacteria, the major target of IsaR1 is the photosynthetic
apparatus, which is impacted in multiple ways (Fig. 3).

Under natural conditions, microorganisms are rarely exposed to a
single stress factor but multiple different stress factors may occur in
parallel. Therefore it is interesting that, in addition to the mentioned
iron-related genes, IsaR1 targets also the ggpS mRNA [81]. GgpS is the
key enzyme for the catalysis of the compatible solute glucosylglycerol,
which allows the cell to survive moderate increases in salinity. As a
result, IsaR1 helps prioritizing the acclimation to low iron over the
acclimation to increased osmolarity by delaying the increase in ggpS
expression [81].

3.2. Changes in light intensity and the role of non-coding RNAs

Light is the major source of energy for a photosynthetic organism.
Therefore, changes in light intensity are sensed and can lead to dra-
matic changes in gene expression. There are several ncRNAs in cya-
nobacteria that play a role in the acclimation to different light condi-
tions (Table 1). Some of these ncRNA were reviewed previously [53]
and will be covered here only briefly.

There are three asRNAs in Synechocystis 6803, RblR, PsbA2R and
PsbA3R, which play a protective role for their respective partners, the
rbcL, psbA2 and psbA3 mRNAs [82,83], rather than participating in co-
degradation with their cognate mRNAs. In case of PsbA2R the protec-
tive function was studied in more detail and found to be due to
shielding an RNase E-sensitive site, which led to a measurable increase
in the psbA-encoded D1 protein content and photosynthetic capacity
under HL conditions [82]. The function of As1-Flv4, to the contrary, is
to prevent the premature expression of the flv4-2 operon after shift to
LC via co-degradation [84].

Transcriptome analyses identified sRNAs with strongly increased
expression levels after shifts to higher light intensities in several species
(Table 1). Such sRNAs are candidates for regulators of photosynthesis
because the photosynthetic machinery responds very sensitive to
sudden increases in irradiance. However, only a single sRNA, PsrR1, has
been characterized in detail thus far. PsrR1 is widely conserved in the
cyanobacterial phylum. Its overexpression led in Synechocystis 6803 to a
bleaching phenotype [39] indeed suggesting a photosynthesis-related
function of PsrR1. The combined screening by experimental and com-
putational methods led to the identification of several target genes,
which mainly encode proteins with a role in photosynthesis, such as
phycocyanin subunits, phycobilisome linker proteins, several photo-
system I-related proteins, cytochrome c553 and subunit N of the light-
independent protochlorophyllide reductase [85]. Following these re-
sults, the function of PsrR1 was established to down-regulate the ex-
pression of photosynthesis-related genes when cells are exposed to in-
creased light intensities. To achieve this regulation, transcription of
PsrR1 becomes upregulated at the higher light intensity. This upregu-
lation is mediated by RpaB, which loses the capacity for DNA binding
upon shift to HL, leading to a rapid de-repression of psrR1 transcription
within a few minutes [86]. For Synechocystis 6803, the measured
binding of RpaB to the psrR1 promoter DNA dropped from 65% to less
than 20% already 5 min after transfer to 300 μmol quanta m−2 s−1

[76]. The identification of RpaB as the major regulator of PsrR1
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transcription revealed a particular feature in the action of this sRNA.
RpaB acts as an important transcription factor, enhancing the tran-
scription of many PSI genes under low light (recently summarized by
Riediger et al. [75]), with a large overlap in genes also targeted by
PsrR1. This points to the dual repression of PSI genes after shifts to HL -
at the transcriptional level by RpaB because it becomes rapidly inactive

and at the post-transcriptional level through repression by PsrR1 [85],
together constituting a feed-forward loop in the regulation of these
genes.
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Fig. 3. IsaR1 and the photosynthetic membrane. Under low iron conditions, IsaR1 is controlling the photosynthetic machinery in several different ways. (1) IsaR1
directly represses the translation and stability of mRNAs encoding proteins involved in photosynthesis such as ferredoxin, cytochrome c6 and the cytochrome b6f
complex; (2) IsaR1 controls the only and essential pathway for the biosynthesis of iron sulfur clusters in Synechocystis 6803; (3) IsaR1 represses hemA encoding
glutamyl-tRNA reductase, the first committed enzyme in the C5 pathway, the only and essential pathway for the production of tetrapyrroles (chlorophylls, heme
groups and linear tetrapyrroles), while chlorophyll synthesis is affected further through another two targets, chlN and chlH [77]. The Ferric uptake regulator Fur is
depicted either with Fe2+, binding to DNA or without, not binding to DNA. In the unbound state, Fur is rapidly degraded by the cell membrane-associated FtsH1/3
protease preventing re-binding [80]. The FtsH1/3 protease also affects expression of the NdhR-, the Pho- and the NtcA-regulons during phases of limitations in the
respective nutrients Ci, phosphate or nitrogen [80], indicated by “other targets”. Hence, the FtsH1/3 protease complex exerts an additional level of control in the
acclimation responses to these stress situations.

Table 1
Selected ncRNAs in cyanobacteria with a characterized role in the acclimation to different light conditions or changes in Ci supply. The name of the respective ncRNA
is given, followed by information on whether it is an sRNA or asRNA, the length of detected major bands in nt, the strain in which the characterization primarily was
carried out, the condition under which strong regulation was observed (LC, low carbon; HL, high light; DK, darkness) and the direction of this regulation. Finally, the
function is briefly mentioned, together with the level of evidence (E, experimental; P, prediction only) and the respective publication.

Name Type Length Species Regulation Function Ref.

As1-Flv4 asRNA 500, 280 Synechocystis sp. PCC 6803 LC down Preventing premature expression of the flv4–2 operon after shift to LC (E) [84]
PsbA2R asRNA 130, 220 Synechocystis sp. PCC 6803 HL up Protecting psbA2 mRNA from premature degradation (E) [82]
PsbA3R asRNA 160, 180 Synechocystis sp. PCC 6803 HL up Protecting psbA3 mRNA from premature degradation (E) [82]
RblR asRNA 113 Synechocystis sp. PCC 6803 Unknown Activating rbcL expression (E) [83]
PsrR1 sRNA 131 Synechocystis sp. PCC 6803 HL up Limiting expression of photosynthesis-related genes upon shift to HL, psaL, psaJ, chlN,

psbB, cpcA and several others (E)
[85]

PmgR1 sRNA 251 Synechocystis sp. PCC 6803 DK up; LC up Required for photo-mixotrophic growth and regulation of glycogen accumulation (E) [101]
Sye_sRNA3 sRNA 500 S. elongatus UTEX 2973 DK up Unknown [42]
Yfr20 sRNA 89 Prochlorococcus MED4 HL up Unknown [56]
i403 sRNA 60 Synechococcus sp. WH 7803 HL up cpeB, mpeB (P) [64]
i812 sRNA 60 Synechococcus sp. WH 7803 HL up cpeB, mpeB, cpeE, petA (P) [64]
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4. Riboregulatory controls in nitrogen and carbon metabolism in
cyanobacteria

This section covers N-regulated ncRNAs in different cyanobacteria
except those in multicellular species that were assigned to the HetR
regulon and therefore might be potentially involved in the differentia-
tion and/or the function of heterocysts. Those are reviewed in chapter 5
below.

Global analyses of the N-responsive transcriptome allowed the
identification of N-regulated ncRNAs both in unicellular and fila-
mentous strains of cyanobacteria [40,41,43,56]. Similar to observations
made in the case of other CRP-family transcription factors, the NtcA
regulon includes N-regulated sRNAs and asRNAs. These sRNAs were
designated Nitrogen stress induced RNAs (NsiR) or Nitrogen stress re-
pressed RNAs (NsrR) depending on the direction of regulation
[38,43,51].

Using ChIP-Seq as an alternative approach, Giner-Lamia et al.
characterized the NtcA regulon in Synechocystis 6803 [87]. In their
study, 18 sRNAs and 5 asRNAs with assigned NtcA binding sites in their
respective promoters were identified. The combined results from these
studies demonstrated that there is a considerably understudied set of
ncRNA regulators potentially involved in the control of nitrogen me-
tabolism. A particularly interesting candidate is the sRNA NsiR7
(Ncr0210) in Synechocystis 6803, which was experimentally validated
to be under NtcA control [87] and which is also induced under condi-
tions of carbon limitation and is likely co-regulated by NdhR [88,89].
Thus, NsiR7 likely plays an integrative role related to the C/N status but
the possible targets have not been analyzed so far.

Two NtcA-regulated sRNAs, NsrR1 [90] and NsiR4 [91] have been
further characterized (Fig. 4). Transcription of NsrR1 (nitrogen stress
repressed RNA1) is regulated in response to nitrogen availability in
Nostoc 7120, and its repression under nitrogen limitation is operated, at

least partially, by binding of NtcA to the promoter of nsrR1 [90]. Se-
quences encoding NsrR1 homologs are found in the genomes of het-
erocystous cyanobacteria and some unicellular strains that are phylo-
genetically close, but not in more distantly related cyanobacteria,
suggesting its function might be linked to some specific trait of this
group of cyanobacteria. Prediction of possible targets of NsrR1 reg-
ulation pointed to nblA, encoding a protease adaptor involved in de-
gradation of the cyanobacterial antenna complexes, called phycobili-
somes, in response to different stresses. Interaction of NsrR1 with the 5′
UTR of nblA leads to increased degradation of the nblA mRNA and
therefore modulates phycobilisome degradation in response to nitrogen
availability. Therefore, NsrR1 participates, together with NblA, whose
expression is positively regulated by NtcA, in a coherent feed-forward
regulatory loop. Transcription of NsrR1 under nitrogen sufficient con-
ditions sets a threshold for NblA expression and ensures that the ac-
cumulation of NblA, and therefore the degradation of phycobilisomes is
not triggered by fluctuating nitrogen availability unless nitrogen lim-
itation is established [90].

It was demonstrated both in Synechocystis 6803 and Nostoc 7120
that the sRNA NsiR4 is strongly upregulated under nitrogen-deplete
conditions and that this upregulation is mediated by NtcA [91].
Homologs of NsiR4 exist in distantly related cyanobacteria. Two genes
were identified as targets of NsiR4 in Synechocystis 6803, gifA (ssl1911)
encoding the glutamine synthetase inactivating factor IF7 and ssr1528
encoding a DUF4090 domain-containing small protein of unknown
function [91]. The expression of both genes is repressed under nitrogen
depletion consistent with their negative regulation by NtcA. IF7 is one
of two inhibitory factors that lead to the inactivation of the enzyme
glutamine synthetase when nitrogen supply exceeds demand [92].
However, the second factor, called IF17, encoded by the gifB gene and
considered the physiologically more relevant inhibitor of glutamine
synthetase activity, is not controlled by NsiR4. Nonetheless, expression
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of the gifB gene was found to be under riboregulatory control, but
through a fundamentally distinct mechanism. Based on previous work
that had characterized the ~60 nt long so-called glnA RNA motif of
Synechococcus elongatus and the downstream peptide (DP) motif of Sy-
nechococcus sp. CC9902 as glutamine-binding aptamers [93], a homo-
logous element was identified and characterized as a riboswitch within
the gifB 5′UTR [35]. Both types of aptamers have some similarity but
the glnA element consists of a three-way helical junction with a loop E
motif, while the other contains a pseudoknot. Klähn et al. suggested to
rename the glnA and DP riboswitches to glutamine type 1 and gluta-
mine type 2 riboswitches, respectively [35]. Using a GFP fusion, it was
demonstrated that the glutamine type 1 riboswitch acts as an ON switch
to control the synthesis of IF17 [35]. The structure of the glutamine
type 2 riboswitch ligand binding domain has recently been solved by X-
ray crystallography revealing three coaxial helical domains, from which
the central one contains the pseudoknot, which exhibited partial triplex
character [94]. These findings showed that glutamine is indeed a sig-
naling molecule in cyanobacteria and that, in contrast to any other
bacterial phylum investigated thus far, the glutamine level is specifi-
cally sensed by an RNA element. This sensing establishes a feedback
mechanism by inducing the accumulation of the major GS inhibitor
IF17, which in turn inactivates GS and leads to a rapid drop in gluta-
mine synthesis (Fig. 4).

Hence, cyanobacteria evolved efficient and unique mechanisms to
control N assimilation that differ considerably from the archetypical
model developed for E. coli and utilize, with NsiR4 and the glutamine
riboswitch, two different riboregulatory components.

5. Regulatory RNA in the control of nitrogen fixation and
heterocyst differentiation

Several groups of cyanobacteria are able to carry out nitrogen
fixation, which, due to the extreme sensitivity of the enzyme ni-
trogenase to O2, requires sophisticated strategies to avoid damage by
photosynthetically produced O2. One such strategy is the differentia-
tion, in a semi-regular pattern along the filaments, of certain cells, the
heterocysts, devoted to nitrogen fixation. In addition to morphological
changes that reduce the entry of gases, the metabolism of the vegetative
cells that differentiate as heterocysts must be completely transformed to
meet the needs of a nitrogen-fixing factory. During differentiation, re-
spiration is enhanced, photosynthetic CO2 fixation and O2 production
stops and the mature heterocyst becomes heterotrophic, since it relies
on carbon-containing molecules imported from adjacent vegetative
cells. These metabolic adjustments require precise regulation of gene
expression, presumably both at the transcriptional and the post-tran-
scriptional levels.

Transcriptional control of the development of heterocysts has re-
cently been reviewed and depends both on the global nitrogen control
regulator NtcA and the regulator of cellular differentiation HetR [95].
Expression of both genes is mutually dependent and is increased in cells
becoming heterocysts [96]. HetR-dependent changes in the abundance
of every transcript generated from the whole genome of Nostoc sp. PCC
7120, have been analyzed [43,97]. The HetR-dependent transcriptome
includes, in addition to protein-coding genes, several sRNAs, such as
NsiR1 [38], NsiR2 [43], NsiR8 and NsiR9 [51], as well as transcripts
annotated as asRNAs. Post-transcriptional regulation exerted by these
heterocyst-specific transcripts could contribute to the metabolic fea-
tures of these specialized cells.

NsiR1, the first nitrogen-regulated sRNA described in cyanobacteria,
was identified in Nostoc 7120 as a 60 nt molecule transcribed from a
region that included an array of predicted transcriptional terminators,
each corresponding to one copy of the nsiR1 gene [38]. Expression of
NsiR1 requires HetR and takes place from promoters containing the
DIF1 motif found associated to very early expression specifically in cells
that are becoming heterocysts [43,98]. The observation that NsiR1 is
transcribed from several copies, each of them bearing heterocyst-

specific promoters, suggests that a strong differential expression of
NsiR1 takes place in heterocysts. Interestingly, one of the copies of
nsiR1 is located antisense to the 5′UTR of the hetF gene required for
heterocyst differentiation, raising the possibility of a post-transcrip-
tional regulation of hetF by NsiR1. This arrangement is conserved across
genomes of heterocystous cyanobacteria.

Similar to NsiR1, three sRNAs that are encoded in the genomes from
several heterocystous strains, NsiR2, NsiR8 and NsiR9, also appear
transcriptionally co-expressed with previously known heterocyst-spe-
cific genes, and in fact NsiR2 and NsiR8 are transcribed from promoters
bearing the recently described DIF2 motif, which, similar to DIF1 is
associated to heterocyst-specific transcription during initial steps of
differentiation. In contrast, expression of NsiR9 takes place at later time
points during heterocyst differentiation [97]. Although no function has
been described for these sRNAs so far, the observation that they are
conserved in several cyanobacterial genomes and transcribed from
HetR-dependent, heterocyst-specific, promoters with conserved se-
quence motifs strongly suggests these transcripts might be exerting
some type of yet unknown post-transcriptional regulation specifically in
differentiating cells.

Several asRNAs have been described in the HetR regulon that are
transcriptionally co-expressed with previously described genes involved
in early aspects of the morphological and metabolic transformation of
vegetative cells into heterocysts [97]. The function of one asRNA could
be clarified in this context (Fig. 5). Transcription of as_glpX takes place
specifically in heterocysts from a promoter containing a DIF1 motif. The
interaction between as_glpX and the glpX mRNA encoding the Calvin-
Benson-Bassham cycle enzyme sedoheptulose-1,7-bisphosphatase leads
to RNase III-mediated degradation of the duplex, therefore contributing
to downregulating the levels of this enzyme and to a reduction of the
photosynthetic capacity specifically in the (pro)heterocysts that pro-
duce as_glpX. The regulation operated by a heterocyst-specific asRNA
would thus contribute to the extensive metabolic reprogramming that
takes place during maturation of this specialized cell type.

6. Concluding remarks

Accumulating evidences point to abundant non-coding transcription
in all bacteria analyzed. Although some ncRNAs described in this re-
view have been analyzed in detail, the vast majority of likely relevant
ncRNAs are still uncharacterized, also in model cyanobacteria.
However, both their phylogenetic conservation across genomes of re-
latively distant cyanobacteria and their regulated transcription in re-
sponse to some major stresses for these photosynthetic bacteria (in-
cluding light shifts, iron, nitrogen or Ci availability) suggests that some
of these ncRNAs may be of regulatory relevance.

Similar to the observations made for major transcription factors in
other bacteria, whose regulons have been analyzed in detail, ncRNAs
are found among the transcripts regulated by NtcA (global nitrogen
regulator in cyanobacteria) or RpaB (operating regulation in response
to light shifts). The interplay between a transcription factor such as
NtcA, Fur or RpaB and some type of regulatory RNA (Fig. 4), and the
resulting mixed circuits yield unique regulatory features, including
different forms of feed-forward loops and feedback loops and thus are
fundamental architectural elements of regulatory networks [99,100].

To summarize, recent findings in cyanobacteria have demonstrated
the existence of versatile riboregulatory mechanisms which are in-
volved in keeping the C/N balance in check. It can be assumed that
analogous mechanisms likely exist for other photosynthetic organisms
as well. Even more so surprising is the total lack of such information for
plants, hence encouraging a view that the search for appropriate
miRNAs and other types of ncRNA regulators should be extended.
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