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There has been an increasing interest in cyanobacteria because these
photosynthetic organisms convert solar energy into biomass and
because of their potential for the production of biofuels. However, the
exploitation of cyanobacteria for bioengineering requires knowledge
of their transcriptional organization. Using differential RNA sequencing, we have established a genome-wide map of 3,527 transcriptional
start sites (TSS) of the model organism Synechocystis sp. PCC6803.
One-third of all TSS were located upstream of an annotated gene;
another third were on the reverse complementary strand of 866
genes, suggesting massive antisense transcription. Orphan TSS located in intergenic regions led us to predict 314 noncoding RNAs
(ncRNAs). Complementary microarray-based RNA proﬁling veriﬁed
a high number of noncoding transcripts and identiﬁed strong ncRNA
regulations. Thus, ∼64% of all TSS give rise to antisense or ncRNAs in
a genome that is to 87% protein coding. Our data enhance the information on promoters by a factor of 40, suggest the existence of
additional small peptide-encoding mRNAs, and provide corrected 5′
annotations for many genes of this cyanobacterium. The global TSS
map will facilitate the use of Synechocystis sp. PCC6803 as a model
organism for further research on photosynthesis and energy research.
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yanobacteria are important primary producers but also are
considered promising resources for the production of biofuels
such as hydrogen (1), ethanol (2), isobutyraldehyde and isobutanol
(3), ethylene (4), volatile isoprene hydrocarbons (5), and alkanes
(6). The unicellular model species Synechocystis sp. PCC6803
(Synechocystis 6803) has an ∼3.6-Mbp genome encoding 3,172
proteins and was the ﬁrst phototrophic organism to have its genome sequenced (7).
DNA-based annotation has a limited ability to determine the
transcriptional organization of a genome and therefore increasingly
is being complemented by experimental high-throughput discovery
of transcriptional start sites (TSS). A global TSS mapping can help
identify transcripts from seemingly empty genomic regions that
might be regulatory RNAs or mRNAs of short peptides, both of
which are not commonly covered by traditional gene annotation;
it also detects potential antisense transcripts (asRNA) originating
from the reverse complementary strand of annotated genes. Using
a recently developed differential RNA-sequencing approach
(dRNA-seq) that is selective for the 5′ ends of primary transcripts
(8), we present a genome-wide map of Synechocystis 6803 with
more than 3,500 experimentally mapped TSS. The annotated primary transcriptome of Synechocystis 6803 will facilitate the use of
this genetically tractable organism as a model for biofuel-producing
microalgae, photosynthesis research, and systems biology.

the other, “(+),” in which primary transcripts were enriched by
the use of terminator exonuclease. In total 358,083 sequence
reads were obtained by pyrosequencing, and 8.7 million bases of
cDNA were mapped to the Synechocystis 6803 chromosome and
its four megaplasmids.
Fig. 1 gives an overview of our genome-wide TSS mapping and
an example of differential cDNA coverage as shown for the protein-coding trxA gene. In total, we identiﬁed 3,213 chromosomal
TSS and 314 TSS on the four megaplasmids pSYSA, pSYSG,
pSYSM, and pSYSX (SI Appendix, Table S1). All TSS were classiﬁed based on their location (Fig. 1B) upstream of annotated
genes (gTSS) (mostly mRNAs) or in intergenic spacers (nTSS)
[noncoding RNA (ncRNA) TSS] or by their inverse orientation to
annotated genes (aTSS) (suggesting antisense transcription). TSS
in sense orientation located internally within annotated genes were
designated “iTSS.” For 185 of these TSS, we found associations
with more than one category (Fig. 1C).
Our data conﬁrmed 44 of 64 TSS that previously had been
mapped for 59 genes or operons (SI Appendix, Table S2); the
other 20 TSS/genes were expressed too weakly for our analysis.
Besides the already published ones, we identiﬁed additional TSS
for the photosystem I gene psaD, Synechocystis noncoding RNA 2
(SyR2), the type 3 sigma factor gene sigF, and the ammonium
transporter gene amt1. The two TSS of amt1 are in close proximity
to each other. As in some other cyanobacteria (9), the −35 element of one of them (TSS2) overlaps with the binding site of the
nitrogen-responsive regulatory protein, NtcA. Thus, our data
agree well with previous promoter analyses and often seem to be
more sensitive. In ∼89% of all transcripts, transcription started
on a purine (2,274 A; 751 G); C or T almost equally marked
the ﬁrst nucleotide in the remaining 502 TSS. Elements with
similarity to the enterobacterial −35 box (5′-TTG***-3′) were
detected upstream of 19.7% of all TSS (Dataset S1, Table S3), a
percentage similar to our previous low-scale study of the marine
cyanobacterium Prochlorococcus MED4 (10). Transcripts originating at 10 nTSS were positive in a BLASTX search against the
National Center for Biotechnology Information (NCBI) protein
database and seem to encode small proteins of 31–94 amino acids
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Results

1

Large-Scale Mapping of Primary 5′ Ends Using dRNA-Seq. According

2

to the published dRNA-seq protocol (8), we sequenced two
cDNA libraries prepared from the same total RNA, one referred
to as “(−)”covering both primary and processed transcripts and
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(SI Appendix, Table S4), prompting their reclassiﬁcation as gTSS.
The associated reading frames were named “Norf1–8” (Norf1
and Norf5 have two TSS each). All Norfs except Norf2 have
closely related annotated genes in other cyanobacteria, and
Norf3 and Norf8 appear to be pseudogenized copies of transposase genes belonging to the ISY120 and IS3/IS911 families of
insertion elements.
We focused on the chromosomally located TSS. A global and
semiquantitative overview of the occurrence of all TSS along
a linear plot of the chromosome is given in Fig. 2. The highest
number of reads was associated with the nTSS of the ncRNAs
SyR10–SyR12 and members of the Yfr2 ncRNA family, which is
ubiquitous within the phylum cyanobacteria (11).
TSS2
TSS1

TSS3

B

C

Fig. 1. TSS in the chromosome and plasmids pSYSA, G, M, and X of Synechocystis 6803. (A) (Upper) Three closely spaced TSS are found in the region
upstream of trxA/slr0623, encoding one of four thioredoxins in Synechocystis
6803, illustrated by the 199 primary (+) sequencing reads starting in this
region. These reads start at position −49 (TSS1, seven reads), −38/−36 (TSS2,
184 reads), and −32 (TSS3, eight reads). (Lower) All three TSS exhibit a reliable score for a −10 element at a distance of six plus or minus one nucleotides from the ﬁrst transcribed nucleotide. TSS2 and TSS3 correspond to two
previously detected major primer extension products (40). The total number
of sequencing reads from the (+) and (−) cDNA libraries is shown in light gray
along the length of the gene in the upper panel. (B) Details of annotation
and classiﬁcation of 3,527 TSS into 1,165 gTSS giving rise to mRNA, 1,112
aTSS producing asRNA, 821 iTSS for internal sense transcripts, and 429 nTSS
for candidate ncRNAs. Case a: A TSS was classiﬁed as gTSS if the TSS was
located 0–100 nt upstream of an ORF or if at least 1 of the 454 reads reached
into the coding sequence or the 10 nt in front of it. Case b: The TSS is located
antisense to an annotated gene or within ≤50 bp of its 5′ or 3′ UTR. Case c:
The TSS is positioned within an annotated sequence. Case d: Putative ncRNA
(nTSS). (C) Overlaps between different categories of TSS. Many TSS associate
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TSS of Protein-Coding and Noncoding Genes. The distances between
the identiﬁed gTSS and start codons of protein-coding genes
ranged from 0–278 nt with a median distance of 42 nt. A high
number of reads was found for the gTSS in front of several genes
that encode ribosomal, photosynthetic, pilin, cell division, and
hypothetical proteins (Dataset S1, Table S5). We also noticed
several overlapping but divergently transcribed promoters such
as for psbN/psbH in which the two −10 elements almost fully
overlap on the plus and minus strand of DNA.
Ten gTSS mapped to the start of reading frames, coinciding with
either the A of start codon AUG or the preceding nucleotide.
Based on the presence of N-terminally shorter homologs in other
bacteria, ﬁve of these gTSS indicated misannotated start codons,
and another was associated with transposase pseudogene sll1542.
However, the four remaining gTSS of rps12 (sll1096), apcE
(slr0335), slr1079, and slr0846 (a transcriptional regulator) clearly
indicated that these genes are translated from leaderless mRNAs.
For several genes such as rfbB (slr0809), a gene-internal iTSS
hinted at an incorrectly annotated start codon (Fig. 3A). The rfbB
gene encodes dTDP-glucose 4,6-dehydratase and is annotated in
several databases as an ORF of 987 nt; by contrast, our data
suggest a shorter reading frame of 930 nt, preceded by a 5′ UTR of
21 nt. In total, start sites were reannotated for 58 reading frames
(SI Appendix, Table S6). The remaining 732 iTSS might represent
TSS of genes located downstream. If so, their positions should be
biased toward the 3′ end of the genes in which they are found.
However, most of these iTSS are located in the ﬁrst 3% of their
associated genes and otherwise are distributed throughout annotated reading frames (Fig. 3B). Thus, these iTSS might yield
primarily short sense transcripts and truncated alternative
mRNAs. For example, the gTSS of ntcA previously was mapped to
a constitutive promoter at position −408 (12) (SI Appendix, Table
S1), indicating cotranscription with the gene ssl2781 located upstream (Fig. 3C). In addition, we mapped a second gTSS at −51
and two iTSS, at +618 and +249. The combined results of dRNAseq, microarray detection, and Northern blot probing demonstrate two abundant short sense transcripts which originate from
the iTSS at +249 (Fig. 3 C and D). Comparison with available
tiling microarray data using direct labeling of RNA samples (13)
supports our dRNA-seq–based predictions of short sense transcripts from iTSS (Fig. 3E) and reveals their frequent differential
regulation as compared with the respective full-length mRNA
(Supplementary data ﬁle 3, available at http://www.cyanolab.de/
Supplementary.html).
The set of 370 chromosomally located nTSS led us to predict
314 ncRNA candidates, some of which have more than one TSS.
This class of transcripts contains several TSS with highest cDNA
coverage (Dataset S1, Table S8), among them the nTSS for the

with multiple categories according to Fig. 1B. Thus, 102 of the 1,165 gTSS
actually are located antisense, and 62 are located in sense orientation within
another annotated gene. One example is the slr1470 mRNA starting from an
iTSS within rnpA (slr1469). We also observed 21 aTSS that were located geneinternally because of overlapping transcription. An example is the aTSS for
the asRNA to slr0320, which starts internally within the rpoD (sll0306) coding
sequence. None of the 429 nTSS overlapped one of the other three categories; therefore these TSS are not shown in the diagram.
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Yfr2b ncRNA which is known to be transcribed from a strong
promoter (14). The nTSS for the RNase P RNA (rnpB), 4.5S
RNA (ffs), 6S RNA, and tmRNA (ssrA) matched the published
experimental data (15, 16) or genome annotation. We also
detected the very short 6S RNA-associated product RNA
(pRNA) (17) starting at position c1686546, which corresponds to
the bulge-internal adenosine position of Escherichia coli 6S RNA
(17). Although the cyanobacterial pRNAs are slightly longer
(19–30 nt) than their counterparts in E. coli (14–20 nt), their
detection in a phylogenetically distant cyanobacterium suggests
that 6S RNA-mediated regulation of RNA polymerase activity is
very widely conserved.
Regulation Under Conditions Relevant for a Photosynthetic Organism.

Complementary microarray transcript proﬁling strongly supported
the dRNA-seq results. Cultures were grown under high light,
darkness, CO2 depletion, and standard growth conditions (Table
1), and typical markers such as the high light induction of HliA
(encoded by ssl2542) (Supplementary data ﬁle 3) (18) were used to
verify differential mRNA expression under the chosen conditions. Fig. 4 shows the hydrogenase operon which encodes all
proteins required for pentameric bidirectional Ni-Fe hydrogenase
(HoxEFUYH). This operon uses a single TSS located 168 nt upstream of hoxE (19), and its regulation is well studied (19–21).
Intriguingly, we found that the operon is framed by two highly
expressed ncRNAs, one of which [SyR1 (14)], was strongly upregulated under high light, whereas the other (ncr0700) was maximally expressed in the dark (Fig. 4B). Moreover, overexpression of
SyR1 from an inducible promoter caused a severe phenotype accompanied by loss of pigmentation (Fig. 4C). Thus, it is tempting to
speculate that the two ncRNAs have roles in the dark/light adaptation of the cyanobacterial cell.
A previous study indicated widespread antisense transcription
in Synechocystis 6803 (13). Our comprehensive mapping of 1,011
aTSS in the chromosome revealed that a quarter of all chromosomal genes are subject to antisense transcription (Dataset S1,
Table S9). At the extreme end, the slr1028 gene encoding a giant
∼418-kDa protein of unknown function is associated with 15 aTSS
over its length of ∼12 kb (SI Appendix, Fig. S1). Several aTSS are
associated with genes with key functions in photosynthesis and
produce, for example the highly abundant as_ndhH and IsrR
species (13, 22). Furthermore, antisense RNA as_ndhB affects
a gene (sll0223) that is conserved from bacteria to plants. Interestingly, the plant ortholog, which usually is chloroplast borne,
also has an asRNA (23). An asRNA overlapping the very 5′ end
was discovered for the psbA gene family that encodes photosystem
II protein D1 (Dataset S1, Table S9). Speciﬁcally, we detected
aTSS within the 5′ UTRs of psbA2 and psbA3, located 19 nt upstream of the respective start codons. Intriguingly, the aTSS is
opposite RNase E cleavage sites in the 5′ UTR of psbA2 which
previously were implicated in psbA mRNA destabilization in the
2126 | www.pnas.org/cgi/doi/10.1073/pnas.1015154108

Fig. 2. Occurrence of 3,213 TSS along a linear plot of the
Synechocystis 6803 chromosome. The genome position is
drawn along the x axis and is given in nucleotides. Mapped TSS for the forward strand are plotted above the
x axis, and mapped TSS for the reverse strand are plotted
below the x axis. The number of sequence reads is given as
a proxy for gene expression on the y axis (logarithmic
scaling). The location of each of the TSS according to Fig.
1B served for classiﬁcation of the respective TSS as gTSS
from which an mRNA would originate (blue), nTSS for
a putative ncRNA (green), aTSS for antisense transcripts
(red), or iTSS (gray).

dark (24). We also noticed a potential asRNA to the psaA-psaB
intergenic spacer, originating at position c944069. In Synechocystis
6803, photosystem I genes psaA and psaB are cotranscribed from
well-characterized promoters (25), but under some conditions
psaA accumulates predominantly as a monocistronic mRNA (26).
Thus, it is conceivable that differential mRNA accumulation from
the psaAB dicistron is determined by the intergenic asRNA,
similar to the reported activity of GadY sRNA in the E. coli gad
operon (27). Another intriguing example is an aTSS within furA
(sll0567) encoding the ferric uptake regulator. Expression of the
furA ortholog in the cyanobacterium Anabaena PCC7120 is ﬁnetuned by antisense transcription (28), with important consequences
for iron homeostasis (29).
A global comparison of our dRNA-seq results with microarray
proﬁling data conﬁrmed the high complexity of the Synechocystis
6803 transcriptome and also revealed a high degree of consistency
between the two technologies (Supplementary data ﬁle 3). In the
microarray analyses, 404 asRNAs and 166 ncRNAs were veriﬁed
as signiﬁcantly expressed, although asRNAs generally seemed less
prone to regulation than ncRNAs and mRNAs (Table 1). However, the calculation of ratios between the absolute microarray
transcript abundances of all asRNA:mRNA pairs revealed a
number of very characteristic expression changes (Supplementary
data ﬁle 4, available at http://www.cyanolab.de/Supplementary.
html). For example, the as_ndhB:ndhB (sll0223) pair showed
a ratio >1 under dark incubation and <<1 under high light and
CO2 depletion and thus induction of the CO2 uptake system (SI
Appendix, Fig. S2A). The mRNAs of several other proteins involved in the uptake of carbon, for example, the ndhF3/ndhD3/
cupA/orf133 genes encoding the NDH-13 complex and ccmK
encoding a protein of the carbon concentrating mechanism (SI
Appendix, Fig. S2B), also were associated with asRNAs and showed
similar ratio changes. Together, these asRNAs might help turn off
gene expression rapidly when cells reenter noninducing conditions.
Other important functions are associated with asRNAs, such as
the NADH-dependent glutamate synthase small subunit (gltD
gene; SI Appendix, Fig. S2C) and ATPase (SI Appendix, Fig. S2D).
The very good concordance between dRNA-seq and microarray
results is illustrated further for internal sense transcripts (SI Appendix, Fig. S2 E and F) as well as for several ncRNAs and the
riboswitch elements RF00442 and RF00379 (SI Appendix, Fig. S3).
Discussion
Within the last 2 y, RNA-seq technology has revolutionized the
global identiﬁcation of TSS in prokaryotes and has triggered
a wave of studies that are setting new standards in this ﬁeld (8, 30,
31). Our data provide insight into the complexity of the primary
transcriptome of Synechocystis 6803, revealing the location of
3,527 TSS on the chromosome and the four megaplasmids of
Synechocystis 6803. In addition to the TSS map of cyanobacteria,
we provide an annotation of 5′ UTRs and a reannotation of
Mitschke et al.
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reading frames for 58 genes. It is likely that additional TSS will be
identiﬁed in future studies that go beyond the present bacterial
culture under standard conditions and include the induction of
stress or starvation. Nonetheless, our present study already
has identiﬁed strongly transcribed promoters without a detectable −10 element that usually are associated with nonstandard
growth conditions.
The 1,098 identiﬁed chromosomally located gTSS will improve
the analysis of mRNA promoter regulation signiﬁcantly. Moreover, some of the nTSS might give rise to both ncRNAs and long 5′
UTRs of mRNAs, as in the case of Yfr2b and Yfr2c, which are
transcribed from an nTSS that also could be a gTSS for the
downstream slr0199 and sll1477 genes (14). However, even if some
Mitschke et al.

of the 370 chromosomal nTSS are gTSS, the majority seem to drive
the transcription of independent RNA species. With the use of
microarray analysis to corroborate the dRNA-seq data, 404 of 537
asRNAs and 166 of 194 ncRNAs were veriﬁed as signiﬁcantly
expressed. We found that 29.8% and 13.2% of all mRNAs had
a signiﬁcantly reduced or enhanced expression level, respectively,
in any of the three conditions (high light, CO2 depletion, or dark),
as compared with the control. Similar percentages were found for
the ncRNAs (30.9% and 15.5%, respectively), whereas only 13%
and 6.7%, respectively, of all asRNAs showed signiﬁcantly altered
expression (Table 1). Thus, similar fractions of ncRNAs and
mRNAs are regulated under these three conditions (which are highly
relevant for a photosynthetic organism), strongly suggesting that the
PNAS | February 1, 2011 | vol. 108 | no. 5 | 2127
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Fig. 3. Gene-internally located TSS (iTSS). (A) Example for the reannotation of start codons based on a newly discovered TSS. (Upper) Reads of (+) and (−)
libraries mapping to the rfbB (slr0809) region are shown according to Fig. 1A. (Lower) An alignment of rfbB sequences (5′ region) from the cyanobacteria
Microcystis aeruginosa NIES 843, Synechococcus elongatus PCC7942, Cyanothece sp. ATCC 51142, and Synechocystis 6803 is shown. The here discovered
TSS is displayed by an arrow downstream of the original start codon (boxed in red). The highly conserved reannotated AUG and the possible Shine–
Dalgarno element are boxed in green. The −10 box of the new TSS is boxed in purple. (B) Distribution of 732 iTSS relative to their positions within the
reading frames in which they are located. The number of iTSS belonging to each percentile ia plotted along the y axis, and the nucleotide positions are
plotted along the x axis (in %). (C ) The ntcA gene and its four mapped TSS. The light blue box shows the region from which a very abundant sense
transcript originates. Microarray probes are indicated by short vertical tabs linked by short colored lines, and their expression values are plotted on the
left y axis. (D) Northern hybridization. RNA was extracted from cultures grown in a time-course experiment following the removal of nitrate (in hours).
The induction of the ntcA full-length mRNA (arrow 1) at 4 h can be reversed by the readdition of nitrate (4r). The sense transcripts originating at the iTSS
at +249 accumulate in the form of two dominant bands (arrows 2). (E ) Comparison of dRNA-seq data with previous tiling microarray analysis (13) validates
the accumulation of short sense transcripts from iTSS within genes encoding the glycolate oxidase subunit F (glcF ), the ferrichrome-iron receptor (fhuA),
or the transketolase (tktA). The gene regions from which short sense transcripts originate are drawn in light blue; conﬁrmed asRNAs are shown in red. The
normalized expression values (left y axis) are plotted for microarray probes (black dots). Read numbers for the (+) and (−) libraries are plotted in dark and
light gray, respectively (log2 scale on right y axis).

Table 1. Number of differentially regulated transcripts on the
Synechocystis 6803 transcriptome microarray under three
different conditions

mRNA
asRNA
ncRNA

Dark

High light

CO2

%

Total

−560
336
−12
22
−25
13

−211
252
−48
8
−16
7

−170
129
−10
6
−19
10

29.8
13.2
13.0
6.7
30.9
15.5

3,152
537
194

Each condition [dark incubation for 1 h, incubation under high light (500 μmol
photons m−2·s−1) for 30 min, or under CO2 depletion] is compared against standard
growth conditions (50 μmol photons m−2·s−1). For each condition, the number of
features with signiﬁcantly changed expression and the total number of genes,
asRNAs, and ncRNAs represented on this array are indicated. Negative fold change
indicates reduced expression and positive fold change represents enhanced expression against standard conditions. A graphical overview on the combined
results of microarray and 454 analyses is presented in Supplementary data ﬁle 3.

ncRNAs identiﬁed here are functionally relevant. These ncRNAs
might act to regulate the turnover or processing of di- or multicistronic mRNAs of key photosynthesis operons; however, given the
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notoriously high false-positive rates of available algorithms (32), we
abstain here from predicting possible ncRNA–mRNA interactions.
The 1,013 aTSS in the Synechocystis 6803 chromosome with
3,172 annotated ORFs (NCBI annotation) demonstrate the level
of complexity in the transcriptome of this model organism. To
exclude the possibility that the aTSS were experimental artifacts
of nonspeciﬁc priming during cDNA synthesis (33), the dRNAseq results were compared with available tiling array data (13)
and with a transcriptome array in which RNA was labeled directly to avoid such artifacts. This comparison veriﬁed the existence of a plethora of antisense transcripts in this organism and
recapitulates recent ﬁndings of massive antisense transcription in
other prokaryotes (34). The compact genome of the human
pathogen Helicobacter pylori transcribes asRNAs for 46% of all
annotated ORFs (8), and in the archaeon Sulfolobus solfataricus
6.1% of all genes were associated with asRNAs (30). Thus, many
of the antisense transcripts are likely to have important roles in
gene regulation in Synechocystis 6803 as well.
Gene-internal transcripts initiating at iTSS might give rise to
alternative mRNAs, resulting in the synthesis of more than one
polypeptide from the same gene. In Synechocystis 6803, a second
isoform of the ferredoxin:NADP oxidoreductase is generated by an
in-frame initiation of translation from the petH gene (35). Although
such cases generally have been sparse in bacteria (36), we speculate

control
dark
HL
CO2

fabF

syr1

as_sll1223
1673750

1672500

ncr0700
1676250

1675000

sll1225

hoxY hoxU sll1222

10

hoxH

1678750
1677500

hoxF

hoxE

ssr2227
ncr0710

log2 read number

9

11

(-) total RNA
(+) with primary 5’ ends

14

12

log2 expression

13

RNAseq reads:

ncr0700

0 2x10

5

SyR1

8x105

C

co dark HL −CO2

−3 −1 0 1 2

co dark HL −CO2

−1 0 1 2 3 4

log2 FC

normalized expression
5
6x105
0 2x10

B

dark HL −CO2

dark HL −CO2

Fig. 4. The hydrogenase (hox) operon is framed by two highly expressed ncRNAs, SyR1 (14) and ncr0700. (A) Both strands are shown with the location of
annotated genes (blue boxes), 5′ UTRs (light gray), internal sense RNAs (light blue), asRNAs (red), and intergenic ncRNA genes (yellow). The TSS of the hox
operon (19) is indicated by the black arrow. The read numbers for the enriched library (+) are plotted in dark gray, and reads for the untreated library (−) are
in light gray and are given in log2 scale (right y axis). The normalized log2 expression values of four different microarray experiments are plotted in blue
(control), black (dark incubation), yellow (incubation at high light), and green (CO2 depletion). The scale for the microarray data are given at the left y axis. All
probes of a single RNA feature are connected by lines. (B) Mean expression (Upper) and mean fold changes (FC) of the two short ncRNAs SyR1 and ncr0700
(Lower Right) under control conditions (co), dark incubation, incubation at high light (HL), and CO2 depletion (−CO2). (C) The SyR1 RNA was overexpressed
under control of the petJ promoter, causing a severe phenotype with a loss of pigmentation (Left, cuvettes; Right, whole-cell absorption spectra).
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Methods
Full protocols are available in SI Appendix and SI Methods.
Growth Conditions and Mutagenesis. Synechocystis 6803 was grown at 30 °C
in BG11 medium under 50 μmol photons m−2·s−1 of white light. SyR1 was
overexpressed from the conjugative plasmid pVZ-spec under control of the
petJ promoter. Exconjugants were selected on BG11 agar plates containing
40 μg·mL−1 kanamycin and 20 μg·mL−1 spectinomycin.
Preparation of RNA, Pyrosequencing and Expression Analysis. Total RNA was
isolated as previously described (22). Details of the dRNA-seq method are
provided in ref. 8. The cDNA libraries were prepared and analyzed on
a Roche FLX sequencer as previously described (39). After addition of 5′
linkers with unique tags for each library and poly-A-tailing, the RNA was
converted into cDNA. A total of 169,360 and 188,723 sequence reads were
obtained for the (−) and (+) populations, respectively. From these populations, 129,346 and 148,767 sequence reads, respectively, were ≥18 nt in
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length, and 106,018 and 131,943 sequence reads, respectively, matched the
sequences of the genome or one of the four megaplasmids of Synechocystis
6803. In addition, TSS for 80 different genes were determined manually by 5′
RACE as described (10).
The microarray design, hybridization procedure, and data analysis have
been described previously (13). The microarray data are available in the GEO
database (accession nos. GSE16162 and GSE14410). Features are stated as
signiﬁcantly expressed if at least one probe at one condition passed the
threshold of 211.12 after subtraction of the SD. The threshold was deﬁned by
the mean of non-Synechocystis control probes (after adding the SD of the
control probes).
Computational Methods. For the (+) population, 95,413 sequencing reads ≥18
nt (excluding ribosomal sequences) were mapped to the Synechocystis 6803
chromosome, and all 5′ ends located within a window of three consecutive
nucleotides were joined and considered to be possible TSS. A threshold for the
position-speciﬁc weight matrix (PSWM) for the −10 element was set at +2.00
based on a computation of the possible gain of true positives against the
chance of acquiring more false positives (SI Appendix, Fig. S4), the comparison
with published data (SI Appendix, Table S2), and additional experimental
veriﬁcation (SI Appendix, Table S7). We prioritized gTSS over aTSS and iTSS,
and all remaining TSS were automatically considered nTSS. All scripts used
were written in Python 2.5.2 and Biopython V 1.42 (http://biopython.org/) and
are available on request.
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that some of the iTSS reported here could produce shorter isoforms
of Synechocystis 6803 proteins. Alternatively, some internal sense
transcripts may have a regulatory scavenger function, acting as
target mimicry for ncRNAs, as has been reported for plant miRNAs
(37), or may act as independent ncRNAs.
In summary, the annotated primary transcriptome of Synechocystis 6803, together with its recently modeled metabolic
network (38), will greatly facilitate the use of this organism as
a simple photosynthetic model in fundamental and systems biology and for the establishment of biofuel-producing microalgae.

