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1. METHODS 

Bacterial strains and growth conditions. Liquid cultures of Synechocystis 6803 

wild-type and mutant strains (Moscow subtype) were grown at 30°C in BG11 medium 

under continuous illumination with white light of 50 µmol photons m-2 s-1. Control 

cultures that were later studied by transcriptome microarray analysis were grown to 

an OD of 0.6 at 750 nm and an illumination of 50 µmol photons m–2 s–1. Subcultures 

were either transferred to the dark for 1 h, transferred to high light (500 µmol photons 

m–2 s–1) for 30 min, or depleted for CO2 by washing once in carbon-free BG11 (w/o 

NaCO2, pH 7.0) and then cultivated in carbon-free BG11 for 6 h without aeration. 

Mutagenesis. The plasmid used for overexpression of SyR1 was constructed by 

fusing the petJ promoter fragment and the syr1 gene in a two-step PCR using 

primers PpetJfm, Syr1-PpetJrm, PpetJ-Syr1fm, and Syr1rm (Table S10). The 

resulting 427 bp fragment was ligated into the pDrive vector (Qiagen, Valencia, CA), 

excised by PstI/SalI digestion and finally inserted into plasmid pVZ-spec (modified 

version of the self-replicating vector pVZ321 (1)) in which the plasmid’s Cm 

resistance cassette was replaced. As an additional selection marker, this vector 

contained a spectinomycin/streptomycin resistance cassette, which had been 

inserted into the plasmid XbaI site. The resulting plasmid, pVZ-syr1, was transferred 

to WT cells by conjugation (1) and exconjugants were selected on BG11 agar plates 

containing 40 µg ml-1 kanamycin and 20 µg ml-1 spectinomycin. Plasmid pVZ-spec 

was used for conjugation to generate an isogenic wild-type control strain. The petJ 

promoter, which is induced under Cu2+ deficiency, was activated for seven days 

under standard conditions in Cu2+-free medium. Whole cell absorption spectra were 

recorded with a Shimadzu UV-2401PC spectrophotometer and normalized to the 

optical density at 750 nm. 
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Preparation of RNA and pyrosequencing. Total RNA was isolated as previously 

described (2). Details of the dRNA-seq method were provided elsewhere (3). In 

bacteria, most primary 5’ ends resulting from initiation of transcription of mRNAs as 

well as ncRNAs carry a characteristic 5’ tri-phosphate. In contrast, RNA fragments 

resulting from processing or degradation carry a 5’- mono-phosphate (5’P). These 

differences were employed here by synthesizing one cDNA library (-) from the 

original RNA pool containing both primary and processed transcripts, and another 

one following enrichment for primary transcripts by selective degradation of RNAs 

containing a (5’P) by treatment with TerminatorTM 5’ P-dependent exonuclease 

(Epicentre), (+) library. For linker ligation RNA was treated with tobacco acid 

pyrophosphatase to generate 5’-monophosphates. The cDNA libraries were prepared 

and analyzed on a Roche FLX sequencer as previously described (4). After addition 

of specific 5’-linkers with unique tags for each library and poly-A-tailing, the RNA was 

converted into a cDNA library as previously described (5) but omitting size 

fractionation. A total of 169,360 and 188,723 sequence reads were obtained for the (-

) and (+) populations, respectively. From these, 129,346 and 148,767 sequence 

reads were ≥18 nt in length and from these 106,018 and 131,943 sequence reads 

matched against the sequences of the genome or one of the four megaplasmids of 

Synechocystis 6803.  

 

Experimental analysis of RNA for verification. 

To confirm the pyrosequencing data independently, TSSs for 80 different genes were 

determined by 5’ RACE following published methods (6) with modifications as 

described (7). Based on the fact that primary transcripts in bacteria carry a 5' tri-

phosphate that can be cleaved specifically by tobacco acid pyrophosphatase, the 
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resulting 5' monophosphates were ligated to the 3' hydroxyl group of an RNA 

oligonucleotide (5' adaptor), followed by reverse transcription with a gene-specific 

oligonucleotide that was placed within the first 200 nt downstream of a start codon 

and PCR amplification with a 5' adaptor and a nested gene-specific primer. 

Dephosphorylation of RNA (10 μg) prior to ligation (control) was performed using 10 

units of calf intestine phosphatase (AP Biotech, Sweden) in a buffer containing 50 

mM Tris-HCl, pH 7.9, 100 mM NaCl, 10 mM MgCl2, and 1 mM DTT, at 37 oC for 30 

min, followed by phenol/chloroform extraction and ethanol precipitation. All enzymatic 

treatments of RNA were performed in the presence of 2 units of Super RNase 

Inhibitor (Ambion, USA). An amount of cDNA equaling 75 ng of starting RNA was 

used as a template in 30 μl PCR reactions, of which 15 μl (equal loading throughout 

the whole set of experiments) were run on 3% Nusieve agarose gels. The amplified 

fragments were cloned into plasmid PCR 2.1-TOPO (Invitrogen) or pGEMT 

(Promega). After transformation into E. coli XL1-Blue, plasmid inserts were screened 

by colony PCR. The PCR fragments were then purified on QIAquick spin columns 

(Qiagen, Germany), and sequenced using an ABI 373 automatic DNA sequencer 

(Applied Biosystems Inc., Perkin Elmer). Upon cloning and sequencing of the 

amplification product, the first nucleotide downstream of the 5' adaptor RNA was 

assigned to the TSS. In total, 244 sequences were generated for 80 different genes 

of Synechocystis 6803. From these, 214 sequences were assigned to a total of 89 

different TSS (Table S7). 

 

Gene expression microarray 

The microarray design, hybridization procedure and data analysis have been 

described previously (8). The microarray data are available in the GEO database with 

the accession numbers GSE16162 and GSE14410. Features are stated as 
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significantly expressed if at least one probe at one condition passed the threshold of 

211.12 after subtraction of their standard deviation. The threshold was defined by the 

mean of non-Synechocystis control probes (after adding the standard deviation of the 

control probes). 

 

Oligonucleotides 

For each gene to be tested by manual 5’-TAP-RACE, one oligonucleotide was 

synthesized for reverse transcription (rt-oligo) and a second, nested oligonucleotide 

was synthesized for the subsequent RACE PCR (p-oligo). Following the identification 

of a TSS, a third oligonucleotide (t-oligo) was employed for each gene overlapping 

the TSS, with its 5’ end located at least 10 nt upstream the TSS. These served in a 

second series of RACE reactions as controls to either verify the detected TSS or to 

detect another, more upstream promoter. A complete list of all oligonucleotides is 

presented in Table S10.  

 

Computational methods 

 The genome sequence of Synechocystis 6803, accession number 

NC_000911, was downloaded on 25-Jan-2009 from the NCBI ftp-server. The more 

reads from the cDNA (+) library map to a distinct nucleotide position, the more likely 

this position is as a functioning TSS. After filtering out all reads mapping to the 

ribosomal RNA operons, a total of 95,413 sequencing reads for the (+) population 

≥18 nt were mapped to the Synechocystis 6803 chromosome. All 5’ ends located 

within a window of three consecutive nucleotides were considered a single TSS. As 

an additional criterion, we derived a position-specific weight matrix (PSWM) for the -

10 element as the most common promoter element expected in a distance of 5 to 7 

nt positions upstream of these putative TSSs. The relationship between the number 
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of (+) reads mapped to a certain position, the minimum score for the -10 element, 

and the resulting number of TSSs for the chromosome of Synechocystis 6803 is 

given in Table S11. For example, 1,294 TSSs meet the threshold of at least five 

reads initiated at one site with a minimum -10 element score of +2.00, and 3,213 with 

a minimum of 2 reads at a score of +2.00 (Table S11). Based on a computation of 

the possible gain of true positives against the chance to acquire more false positives 

(Fig. S4) and the comparison to published data (Table S1) and our own experimental 

verification (Table S7), we set the TSS minimum threshold at a PSWM score of + 

2.00 for the -10 element if followed by at least 2 sequence reads. All 3,213 

chromosomally located TSSs possess a suitable -10 element as the most common 

promoter element (Fig. S5). We found only 54 TSSs (21 for tRNAs) with more than 

20 sequence reads but lacking a -10 element. The absence of a -10 element might 

indicate that these promoters are recognized by an RNA polymerase using one of the 

four type 3 alternative sigma factors (SigF, SigG, SigH and SigI) present in 

Synechocystis 6803. Therefore, these elements were analyzed separately. 27 of 

those possess a -10 element at a distance of 8 nt to the TSS with a PSWM score 

from 2.48 to 7.82. Seven gTSS give rise to transcripts that would otherwise not be 

taken into account due to the lack of a -10 element. From these TSSs, mRNAs 

originate for the following genes: slr1842, sll1184 (ho1), slr1838 (ccmK3), sll0927 

(metX), sll3044, slr1918 and ssr2831 (psaE). Some of these genes become induced 

under conditions of low oxygen (9).  

 We prioritized gTSS over aTSS and iTSS, and all remaining TSS were 

automatically nTSS. After annotation according to Fig. 1B, several additional manual 

corrections were carried out (Supplementary data file 2). 

 The input data used for the in silico studies were 89 TSSs of 80 genes found 

by a systematic analysis of promoters in Synechocystis 6803 (Table S7). When 
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aligning the 89 experimentally determined promoter sequences at their mapped TSS, 

overrepresented nucleotides only appeared in the -10 region and at the TSS. 85% 

(185 of 214) of assigned TSS were an adenine or guanine nucleotides, indicating that 

there is a strong preference for a purine at the first transcribed nucleotide. The other 

preferences are a thymine at positions -7 and -12 and an adenine at positions -11 

and -8. Thus, the presence of these conserved bases indicated typical eubacterial -

10 elements.  

 The -10 region of the final alignment is shown in Fig. S5 in the form of a 

sequence logo of all 89 sequences. Adenine (position 2) and thymine (positions 1 

and 6) are highly conserved. These base preferences were also apparent from 

counts of each base at each position shown in Fig. S5 (upper part), which were 

calculated to create a scoring matrix for the whole genome analysis.  

 A set of sites can be used to create a scoring matrix with the nucleotides A, T, 

C and G as columns and the individual positions as rows. Each entry of the matrix is 

determined from the logarithm of the ratio of actually observed frequencies and the 

number of expected nucleotides. The conservation of a position is given by the sum 

of the scores of one column of the scoring matrix. Thus, if the sum is close to 2 bits, it 

is completely conserved, and zero stands for no conservation (compare Fig. S5). 

One pseudocount was added to each entry of the table in Fig. S5 to avoid zeroes 

which otherwise would occur for small sets of known sites and in order to develop the 

PSWM. The entries of this PSWM were obtained by taking the logarithm (base 2) of 

the ratio of observed to expected frequencies, respecting the GC-content of 0.47% 

within the intergenic regions of the Synechocystis 6803 genome (0.235 for C or G 

and 0.265 for A or T). As an example, if we take the first position, the frequent 

nucleotide T gets a score of  
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1.3991
4890.265

164
log2 =

)+(

+


 

whereas the nucleotide G gets a score of  

6425.1
4890.235

16
log2 


=

)+(

+
   

All used software tools are freely available. The multiple alignments were performed 

with CLUSTALX (10). The sequence logos were created with WebLogo 

(http://genome.tugraz.at/Logo/) developed by Schneider and Stephens (11). All 

scripts were written in Python 2.5.2 and Biopython V 1.42 (http://biopython.org/) and 

are available on request.  

 In addition to the -10 element, around position -35 of sigma70-specific 

promoters, a second conserved hexamer (consensus in enteric bacteria: 5’-TTGACA-

3’) might be expected. A general consensus sequence for the -35 element was not 

obtained, even if all or only highly expressed RNAs (20 or more reads) were 

considered. However, in E. coli, the first three nucleotides of this hexamer are more 

conserved than the other (5’-TTG*** -3’) (12). Therefore, we selected all hexamers 

separated from the respective -10 element by a distance of 15-21 nt and containing 

these three highly conserved nucleotides at the correct position, yielding Table S3. 

  



9 

 

2. Supplementary data files: http://www.cyanolab.de/Supplementary.html 

 

Supplementary data file 1 “Syn6803TSS.gbk“. Genbank file of the Synechocystis 

6803 chromosome with all annotated TSS.  

 

Supplementary data file 2 “Flow chart” illustrates all filter steps and manual 

changes done for chromosomally located TSSs during the analysis and annotation. 

All initially found 784 iTSS were screened for possible misannotations (mainly 5’ ends 

of CDS), lowering the number of iTSS to 752. One iTSS was considered to be an 

nTSS, another as the gTSS for the downstream located gene slr1470. Another iTSS 

was corrected to be the gTSS of phoH since manual verification showed a long 

contiguous 5’UTR. One further iTSS was corrected to be the aTSS of as_slr320. The 

number of 411 initially found nTSS was lowered to 370 nTSS: e.g., 18 were corrected 

as gTSS upon comparison with the Cyanobase protein database. Another 10 were 

corrected to be iTSS, 1 indicated a 5' misannotation of a CDS upon a Blastp search, 

identifying itself as a gTSS of ssl0241, a hypothetical protein. Five nTSS turned out to 

be aTSS. According to the manual 5’RACE mapping, 5 more nTSS were corrected 

as gTSS of genes with very long 5'UTRs, one to be the aTSS of asRNA_sll1864. 

Initially, 1030 aTSS were found. By comparison against Cyanobase, 5 aTSS were 

corrected as iTSS (1), gTSS (2), nTSS (2). 15 aTSS were corrected to be gTSS 

according to long secondary reads. Two aTSS were re-annotated as iTSS but then 

re-re-annotated as gTSS based on conservation of reading frames and corrected 5' 

misannotations of open reading frames. One aTSS is a gTSS at the +1 position of 

slr0280, coding for an hypothetical protein. Moreover, 2 aTSS were corrected to 

gTSS and another one to nTSS (SyR2) based on our manual verification. Thus, 1013 

aTSS were left in the dataset. The number of initially 988 gTSS was lowered to 984 
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by reclassifying three as nTSS and one as an aTSS upon comparison against 

Cyanobase. Adding the numbers from iTSS, nTSS and aTSS and ten gTSS for 8 

novel protein-coding genes yielded the final number of 1098 gTSS. The final 

numbers for iTSS were 732, and 370 for nTSS, and 1013 for aTSS.  

 

Supplementary data file 3 "genomeplot_conditions_w_lines.pdf". Genome-wide 

overview combining the number of 454 reads (accumulated read numbers, scale on 

the right) from the (+) and (-) cDNA populations with the log2-normalized expression 

values (left scale) from the microarray analysis of cultures kept under the four 

different conditions as indicated by the coloured lines.  

 

Supplementary data file 4 “FCratioplots.pdf”. Overview over all asRNA:mRNA pairs 

measured in the transcriptome microarray. For each pair, the respective fold changes 

of mRNA and asRNA against the control conditions (log2) are shown on the left, 

together with the average of normalized probe set signal intensities from three 

biological replicates in two technical replicates (right). The ratios of asRNA/mRNA 

signal intensities are indicated by filled circles in red. 
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3. Supplementary figures 

 

 

 

Supplementary Figure S1. Possible riboregulation at gene slr1028 encoding a 

giant protein. A. TSS within and around slr1028 (black arrows). The protein Slr1028 

possesses five integrin alpha domains, one laminin domain, one bulb-type mannose-

specific lectin domain and is supposed to be transported to the cell surface, but its 

precise function is unknown. Several related proteins in Synechocystis 6803 include 

the giant proteins Slr0408, Slr5005, and Sll0723. The location of microarray probes is 

indicated by grey boxes and of a single stranded RNA probe used in Northern 

hybridization in part D by a black box. B. A particularly strong TSS immediately 5’ of 

slr1028 (number of 454 reads given on x-axis) is downregulated under high light and 

CO2 depletion (location of probes indicated by triangles, probe intensities plotted to 

the right). C. Probe intensities of mRNA and asRNAs measured in the microarray and 

resulting ratio of probe intensities (average of normalized probe set signal intensities 

from three biological replicates in two technical replicates each). D. Northern 

verification of asRNA accumulation in a high resolution gel (left) and a standard 

agarose gel (right).   
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Supplementary Figure S2. Examples of the combined results of the dRNA-seq 

and microarray experiments in partial-genome plots. (A–F) The normalized log2 

expression values (scale on left) of four different microarray experiments are plotted 

for each probe as short horizontal bars that span the corresponding hybridization 

region. All probes of a single RNA feature are connected by lines. The genome plots 

(A–F) are accompanied by bar plots (a–f), which show the mean expression values 

and the mean fold changes (FC) of the selected features. C, control; D, dark 

incubation, HL; high-light stress, −CO2, CO2 depletion. For asRNAs (A–D and a–d) 

the data for the corresponding mRNAs and the expression ratios (asRNA/mRNA) are 

included. For internal RNAs (E–F and e–f) the data for the corresponding genes are 

added also. 
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Supplementary Figure S3. Examples for the combined results of the dRNA-seq 

and microarray experiments in partial genome plots. Examples for (A,B, a,b) 

intergenic ncRNAs, (D,d) RF00442 riboswitch, (E,e) RF00379 riboswitch. 
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Suppl. Figure S4. Relationship between the -10 element scores (x-axis) and the 

respective number of TSS (y-axis), based on all 5' ends with ≥20 reads. The slope of 

the resulting graph is shown in red underneath the x-axis. The turning point of this 

graph is at 0.2111.  
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Suppl. Figure S5. The -10 element of Synechocystis 6803. Alignment of 

sequences for the -10 elements (positions –12 to –7 with regard to the respective 

TSS) of 89 (+1 pseudocount) experimentally determined TSS (see Table S2) yields 

the numbers of nucleotides for each position (top), the PSSM, half-adjusting (middle) 

and the resulting sequence logo (bottom).  

 



16 

 

4. Supplementary Tables 

 

 

Suppl. Table S1. Overview on TSS mapped for plasmids pSYSA, pSYSG, 
pSYSM and pSYSX. 
 

 
pSYSA pSYSG pSYSM pSYSX Total 

 
NC_005230 NC_005231 NC_005229 NC_005232 

 length (nt) 103,307 44,343 119,895 106,004 - 

# of genes 106 49 132 110 - 

(+) reads 3039 1356 6356 6818 - 

(-) reads 11957 930 3699 2777 - 

gTSS 19 8 26 14 67 

aTSS 30 12 32 25 99 

iTSS 27 7 39 16 89 

nTSS 20 9 20 10 59 

Total: 96 36 117 65 314 
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Suppl. Table S2. Comparison of 454-anchored TSS with previously determined 

5’ ends. Gene names and references are given for previously determined TSS, 

followed by the systematic ID and the previously identified TSS position relative to 

the annotated start codon of an mRNA. Absolute coordinates are indicated for 

ncRNAs. The position of 454-mapped TSS is given in column 4, followed by the 

number of associated reads (in brackets). Two or more numbers are given if more 

than one closely spaced nucleotide was mapped belonging to the same -10 element. 

In the comment column, "not expressed" indicates that no reads were found by 

dRNAseq, "not found' indicates the presence of reads in the dRNAseq approach but 

that previously identified TSS were not confirmed.  

If more than one TSS was found, the most distally located was numbered TSS1.  

*TSS proposed by authors. 

 

Gene 
(Reference) 

ID TSS position  

Position of 
dRNAseq-mapped 

TSS (number of 
reads) 

comment 

photosynthesis genes 

psbA2 (13) slr1311 -49 -49 (13) TSS confirmed 

psbA3 (13) sll1867 -88 
-88 (82), -89 (1), -90 

(13) 
TSS confirmed 

psaAB (14) slr1834/slr1835 -144 -144 (5),-147 (37) TSS confirmed 

psaC (14) ssl0563 -63 -63 (105),-54 (2) TSS confirmed 

psaD (14) slr0737 TSS2 
-35,-34,-33*,-

32 
-32 (23), -31 (1) TSS P2 (14) confirmed 

psaD (14) slr0737 TSS1 
only 

postulated 
-72 (3) additional TSS 

psaE (14) ssr2831 -90 26 TSS confirmed 

psaFJ (14) 
ssl0819/sml0008 

TSS1 
-161*,-162 -161 (9) TSS P1 (14) confirmed 

psaFJ (14) 
ssl0819/sml0008 

TSS2 
-140*,-141 -140 (4) TSS P2 (14) confirmed 

psaK1 (14) ssr0390 -62,-63 - not found 

psaLI (14) slr1655/smr0004 
-52,-53,-54*,-

55 
-52 (17) TSS confirmed 

petH (15) slr1643 -523 -53 (4) 

TSS at -53 not found by authors 
(15), TSS at -523 not found here 
(possible read-through from prk 

aTSS at -1559?) 

isiA (16) sll0247 -211 N not expressed 

primary metabolism 

adhA (17) slr1192 -69 -73, -71 (1,10) TSS confirmed  

gap2 (18) sll1342 -50 
-50 (59), -49 (1), -48 

(1), -47 (1) 
TSS confirmed; gram-positive-like -

16 promoter element (18) 

prk (15) sll1525 -219 -219 (182) TSS confirmed  

house-keeping functions 
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pilA1 (19) sll1694 -54 -54 (85) 
TSS confirmed; SigF-dependent 

(19) 

sbtA (20) slr1512 -168 - not expressed 

regulatory genes 

abrB-like (21) sll0359 -64 -64 (11) TSS confirmed 

pixJ1, pisJ1 , 
taxD1 (19) 

sll0041 -32 - not found; SigF-dependent (19) 

sigE (22) sll1689 -202 -202 (11) TSS confirmed (22) 

sigF TSS3 slr1564 
not detected 

by authors 
-22 (2), -20 (3) additional TSS 

sigF TSS2 (23) slr1564 -43 - not found 

sigF TSS1 (23) slr1564 -189 - not found; SigF-dependent (19) 

cpH1/rcp1 (24) slr0473/slr0474 -149 -149 (10), -148(1) TSS confirmed 

phy, hik35 (25) slr0473 -149 -148 (1), -149 (10) TSS confirmed 

nitrogen metabolism 

glnA (26)  slr1756 -48,-47 -48(3),-47(11),-46(1) TSS confirmed  

glnN (26) slr0288 -31 -31(4) TSS confirmed 

gifA (24) ssl1911 -51 -51 (13) TSS confirmed 

gifB (24) sll1515 -104 not detected not expressed 

glnB (27) ssl0707 TSS1 -53, -54 -53 (4) TSS confirmed 

glnB (27) ssl0707 TSS2 -47 - not found 

glnB (27) ssl0707 TSS3 -33 
-33 (33), -32 (3), -30 

(1)  
TSS confirmed 

nirA (28) slr0898 -23 
-25 (3), -24 (4), -23 

(42) 
TSS confirmed 

nrsBACD (29) slr0793 -46 - not expressed 

nrsBACD (29) slr0793 -30 - not expressed 

nrsRS (29) sll0797 -11 - not expressed 

nrtA (28) sll1450 -47 -47 (8) TSS confirmed  

ntcA (28) sll1423 -408,-409 -408 (2) 
TSS confirmed plus TSS at -51 with 

7 reads 

amt1 (30) sll0108 TSS2 -142 
-138 (1), -139 (16), -

140 (2) 
TSS confirmed 

amt1 (30) sll0108 TSS1 
not detected 

by authors 
-148 (2) 

additional TSS; -35 element 
overlaps with NtcA binding site 

cpn60 (31) sll0416 -71 - not found (not expressed) 

stress adaptation 

ggpS (32) sll1566 -378 -377 (1), -378 (11) TSS confirmed 

deaD, crhR (33) slr0083 -110 not detected not found 

unkwn (33) slr0082 -143 
-143 (103), -142 (1), -

141 (7) 
TSS confirmed 

groEl-2 (34) sll0416 -45 - not expressed 

groES (31) slr2075 -74 -74 (2), -75 (2) TSS confirmed 

hoxE (35) sll1220 -168 -168 (4) TSS confirmed 

dnaK (36) sll0170 -1277  - not found 

hsp17 (23, 37) sll1514 -44 -44 (6) TSS confirmed 

trxA (38) slr0623, TSS3 -32 -32 (8) TSS confirmed 

trxA (38) slr0623, TSS2 -38, -36 -38 to -36 (184) TSS confirmed 

trxA slr0623, TSS1 
not detected 

by authors 
-49 (7) additional TSS 

lrtA (39) sll0947 -312 -312 (6) TSS confirmed 

other protein-coding 

sufBCDS TSS1  
(40) 

slr0074–slr0077 -126 not detected not found 
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sufBCDS TSS2 
(40) 

slr0074–slr0077 -264 -266 (9) 
TSS confirmed; 5’UTR contains 

highly structured RNA element (41) 

unkwn (19) sll0837 -41 -109 (23) 
TSS at -41 not found; SigF-

dependent (19)  

unkwn (17) sll1106 -31 -31 (8), -32 (6) TSS confirmed 

non-coding RNAs 

rnpB (42) RNase P RNA 153166 
-3 (1), -1 (1), 153165 

(78), +1 (3), 
TSS confirmed 

ssrA (43) tmRNA c3317166  c3317166 (65) TSS confirmed (43) 

isrR (2) asRNA IsrR 1518034 1518034 (48) TSS confirmed 

Yfr2a (41) ncRNA c1558975 
-2 (52), -1 (1), 

c1558975 (323), +1 (1) 
TSS confirmed 

Yfr2b (41) ncRNA 2730523 
-1 (1), 2730523 

(1798), +1 (13), +2 
(322) 

TSS confirmed 

Yfr2c (41) ncRNA c3398352 
-2 (7), -1 (11), 
3398352 (628) 

TSS confirmed 

SyR1 (41) ncRNA 1671919 1671919 (58), +2 (1) TSS confirmed 

SyR2 TSS2 (41) ncRNA 1431853 1431853 (1) not found 

SyR2 TSS1 ncRNA not detected -1 (1), 1431912 (9) additional TSS 
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Suppl. Table S3. List of the 634 TSS that had a -35 element [5'-TTG***-3'] 

 
See "Suppl. Table 3" within the Dataset S1. 
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Suppl. Table S4. New hypothetical proteins (Norfs) or transcribed pseudogenes. The 

respective gene name (ID), start and end coordinates, TSS, sequence and score of 

the -10 element is given, together with strand orientation (s) forward (f) or reverse (r), 

and the number of reads in the (+) cDNA library. 

 
 

 

*internal stop codon; #partial gene 

 
 
 
  

ID Start End s TSS -10  Score 
Reads 

(+) Comments 

Norf1 298829 298972 r 
298964 
(TSS2) TATGAT 5.54 10 conserved in cyanobacteria 

Norf1 298829 298972 r 
299115 
(TSS1) GATAAT 4.09 53 conserved in cyanobacteria 

Norf2 365077 365280 f 365050 TATTAT 5.04 6 conserved in non-cyanobacteria 

Norf3*
#
 608978 609223 f 608957 TAGAAT 7.09 15 

pseudogene ISY120 transposase 
partial copy; similarity to sll0986, 
sll1157, slr1903, slr2096 

Norf4 1148233 1148325 r 1148394 TACCAT 5.34 3 conserved in cyanobacteria 

Norf5 1418691 1418972 r 
1418899 
(TSS2) TAGGAT 5.50 4 

possible internal start in Norf5 
gene 

Norf5 1418691 1418972 r 
1418990 
(TSS1) TAAAAT 7.80 2 

similar to ssr2549, sll1954, 
ssr0759 

Norf6 1842719 1842856 r 1842906 TAAACT 5.85 11 
conserved in  N2-fixing 
cyanobacteria 

Norf7 2407236 2407409 f 2407215 TATACT 5.18 4 
similar to ssl7074, conserved in 
cyanobacteria 

Norf8
#
 3067193 3067311 r 3067311 GAGAAT 4.05 15 

pseudogene with similarity to 
IS3/IS911 transposase family 
domain 
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Suppl. Table S5. Protein-coding genes with a high number of pyrosequencing 

reads (≥20) in the (+) cDNA population. 

 
 

See "Suppl. Table 5" within the Dataset S1 
 
 

 

 

 

Suppl. Table S6. List of 58 protein-coding genes with 5’-corrected start codon.  

 

See "Suppl. Table 6" within the Dataset S1 
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Suppl. Table S7. List of primary 5’ ends mapped by manual 5’TAP-RACE to 

infer PSWM. The first transcribed nucleotide is in capital letters and in boldface. The 

underlined hexanucleotides indicate putative –10 regions. The number of sequenced 

clones is given for each gene together with the frequency of the respective TSS. In 

total, 244 sequences were generated, from these 214 were assigned to a TSS. 

Preference of the first transcribed nt is: A>>G>>C>T (128>>57>17>12). Multiple TSS 

for one gene are numbered consecutively TSS1, TSS2, etc. *Genes with incorrect 

annotation of start codons: ziaA and pacL2 (sll0672) begin only at codon 11 (30 nt 

shorter). 

 

# Gene & 
Reference 

ID sequence TSS 
position 

TAP-RACE clone 
numbers 

supporting TSS / 
total number 

1 sigA slr0653 agaccacaattaagccccatttttttgttatcgaggctacaatcaatgaA -222 13/14 

2 psbD TSS1 sll0849  cccggcggtgtagtttccaatcgtctcgtcttattagagaatggagtcTA -81, -80 1/6; 5/6 

3 psbD TSS2 sll0849  tgagagtgaatatgtcagaatgtaaaatatttgctaataatatgtaGAtG 

-270, -269, 
-267 1/6; 4/6; 1/6 

4 psbD TSS3 sll0849  acccctggcgatcggcgattatgagagtgaatatgtcagaatgtaaaAtA -290, -288 2/4; 2/4 

5 psbD2 slr0927 atccctttcgcactggcagattcccagaatttcctttacaatggataacA -123 7/7 

6 ureA slr1256 tgcctccaaatcattaatattgctcggactaatcgctatacttacggtcA -58 7/7 

7 psbA2(13) slr1311 cctgttacaaagctttacaaaactctcattaatcctttagactaagtttA -49 8/9 

8 psbA3(13) sll1867 ttttcagcaagctatttacaaattgttacaatcttgttatattactcatA -88 7/7 

9 petE sll0199 gctgtataatctacgacgggctgtcaaacattgtgataccatgggcagAA -101, -100 2/7; 5/7 

10 groES(31) slr2075 ctcaccggggtgttgcactgggtcaagcaatttagctaaattagcactCG -66, -65 1/6; 5/6 

11 ho1 sll1184 aaaaaacttaatggtacgactcaacgaatccgtttaggctaataaaCtAG 

-69, -67, -
66 3/15; 9/15; 1/15 

12 ndhD2 slr1291 tctcaaaaaaaattctcaaaagtttacaaagtttaatataatcggaggAA -29, -28 4/9; 2/9 

13 apcE slr0335 aagttaacaaagcccctgtagcgttccgaaacgttctaccctagatgctG -104 6/7 

14 murF slr1351 gtgatgcaagcacccatgggaggtgatctagatcacagataaaaattgCA -75, -74 3/8; 3/8 

15 rbcL slr0009 agagcattgccataagtaaaggcatcccctgcgtgataagattaccttCA -156, -155 1/12; 6/12 

16 ziaA* TSS1 sll1076  ctttttaggcgacaacagttaagtttgaatctttgtaagattgggaATcA 

-39, -38, -
37 5/9; 2/9; 2/9 

17 ziaA* TSS2 sll1076  ggcgatcgccattctggtgttatccaccccggccaatagaatgggatcAT -170, -169 2/4,2/4 

18 ftsZ sll1633 gctcagattcacattgacaaatttgctcaatatgcctagtgtagggacGA -154, -152 3/5,2/5 

19 sigB sll0306 ttcatcttggcccttgtggaatcccttaatgattcgtcatcatggtgatA -228 4/8 

20 sigC TSS1 sll0184  aaaagcctgccatcggccatagattttttgaaaggtttacaatggagagA -142 4/4 

21 sigC TSS2 sll0184  ggcagcgccgacaaaaaaatagacaattaaagaatgttacccttgacttA -31 6/8 

22 hyp. protein sll0815 gccaagtttgagtagatcattgcaaaggggcgttgtaggatggaatGtcA -273, -270 1/6; 5/6 

23 isiA(16) sll0247 AtaattttagttgctataaattctcatttatgcccctataataatTcGGG 

-216, -214, 
-213, -212 

1/10; 1/10; 2/10; 
6/10 

24 pacL1* sll0672 gtcagtaatttaagcttatgatcgttttcgattaaaatgaaagcttgTtG -19, -17 4/7; 2/7 

25 cpcF sll1051 aggtatttgtgcaggggttggggtcaaaccaatgttaaggtggttcacTG -31, -30 2/6; 3/6 

26 pacL2 slr0822 acggtcaattgtagtaggcccccaaacccggcctttaaaataggaaatAG -45, -44 3/8; 3/8 

27 apcA slr2067 tgttacgggggcagtgtaatcaggaacgcaatgcctgagaatggtttGGG 

-124, -123, 
-122 3/6; 2/6; 1/6 

28 
trxA(38) 

TSS1 slr0623  cacgatatttttccatacaggggtcaacaattggttatggtagtattCtA -38, -36 6/8; 2/8 

29 
trxA(38) 

TSS2 slr0623  atatttttccatacaggggtcaacaattggttatggtagtattctaatcA -32 3/3 
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30 chlP sll1091 agcggcgatcgcctacccctaagcaaaaagaccgtgataggatgcgatcC -190 3/6 

31 hyp. protein slr0798 atctgagcatatcttcaggtgtttcaagatttgtgctacggttcaaggAG -29, -28 4/7; 1/7 

32 yfr1 - caccggcaaaaaccctatgccccccgtcccaacctgtacaatgaagaGGG ncRNA 1/5; 3/5; 1/5 

33 isrR(2) sll0247 tgtccccccaccagatcttctaggctactgatgctggcaaaatgggtttG asRNA 10/10 

34 as_uvrA slr1844 ccagggtctggcggatgggcacactggttaaattgttaatgttgtactG asRNA 3/4 

35 as_rpoB sll1787 ctaggcgatcgccatcctcctgaaaaactaacgggaaaaatggttggGA asRNA 2/5; 2/5 

36 as_accA sll0728 gtgcatttcaaaccaatcatccgcaatggcttggatataatccaacgtA asRNA 4/4 

37 as_kaiBC 

slr0757
/ 

slr0758 gctaaatttagatttttaaagaagaaaaaagttagtaaaattaaaactA asRNA 8/10 

38 as_KaiA slr0756 tcaaataagggctcagataggctttctcaccatggtacggtgcaagttA asRNA 6/8 

39 as_hik31 sll0790 taaatcttcaactaaatcattgagacaacaaagggtaaactgggtcGGA asRNA 2/5; 1/5; 1/5 

40 kaiA sll0726 cggaagctatccggccaaggagcactcagattgtgttaacgttcagggG -122 6/7 

41 as_atpA sll1326 attgcagagtggcggggtcgttggcgttggcggccaccacaatggtatA asRNA 3/3 

42 ndhF sll1732 agcaaatggttgttgatctggaattttatttcccctatgatatggtgtA -241 3/3 

43 slr2006 slr2006 tggcgatcgccattgctattggtaccaaaacaaggatagaatctatgcA -112 3/3 

44 slr1804 slr1804 ccctatggggggaagtaaaatccattccagtttaggcaaagttgagatA -11 3/3 

45 slr1592 slr1592 ggctggattttctgcgtaacgctgagtgaactcagccagagtaaaataA -79 2/3 

46 slr1535 slr1535 agggaattgtaaccaatgccgaaaccgccccaatgctagcattaacctG -79 3/3 

47 ncr0380 slr1214 tcaaaaatcgaccaggacagggttgggaatttttcctaggatgggactG ncRNA 3/3 

48 ycf60 TSS1 sll1737 tttcggcggtgtaggtgttaaccatggcaaagcggtaataataaaagaA -226 3/4 

49 ycf60 TSS2 sll1737 ggggaagaccgaatctgggccatgacgaacccaggttaaaatcagggcA -41 2/3 

50 54f_ncRNA - tactaatctttatattcgcttttggtgggcgaacctatgatggtcttcA ncRNA 5/5 

51 yfr2a - ctacaggttcggctatcccgcccttaggcgatcggctaacatttatttG ncRNA 5/5 

52 yfr2b - tgtcatagtgtccatggggtaggtgggtgaggaagttattatctagagG ncRNA 5/5 

53 yfr2c - ccaggtctgaagccttgacaatccccgttggtgatttatacttaggacA ncRNA 2/3 

54 as_sll1586 sll1586 catcttggagatattgccaggggttatagctaatctttaaactttggaG asRNA 3/3 

55 as_infB slr0744 tgtacttccccttggggtaattgttccaaggagcctaaaatagcccccA asRNA 3/3 

56 as_sll0723 sll0723 tgaaccagtgcttgtcgccacactgagatcgccagtaaaataccggtcA asRNA 3/3 

57 as_sppA sll1703 taatatttcttcctgattacccagtaaactctgttgtagactgagagtA asRNA 3/3 

58 as_rfbA sll0207 ggttaagaaattaacccccggttgtctttataatacagactctaaattA asRNA 3/3 

59 as_ycf84 slr0882 gtcacaaaagtttgtgttttttcatcgaaaaaatagtataatgccttcG asRNA 2/3 

60 as_tktA sll1070 attcccattgacggaactgtttaatgtcttcgatggtcacactgtcaTA asRNA 1/3; 2/3 

61 as_sarA asRNA agcggtccataattttgaactgcttgcgagcttgatacaatagttgacT asRNA 3/5 

62 as_sll0503 sll0503 caaagcaaaaccctaaaagtatcaataactcttgtaatatcccagtttA asRNA 1/3 

63 as_sll0503 sll0503 atcttagggatgattgttttccttcttttttggctgtaactatggtcaA asRNA 2/3 

64 as_hat slr0143 attgacaaaaacatcgattaatttcctgtcggctggcaaaattctaggG asRNA 2/3 

65 as_slr0264 

slr0625
/ 

slr0624 accaattgccactggctatctgtgatgtccgtgctgtaaaattctcgaA asRNA 3/3 

66 as_fmu-fmv slr0679 gcaatgaaaaaaccatcttggtggtggtgatggggcaagatagtcagcA asRNA 3/3 

67 as_plpA sll1124 ggaggagaggccgtaacctggaggggaagattctgccacaattgacaaA asRNA 3/3 

68 as_rlpA sll0375 cggcccttggtggggaactaaagaaattagttcggtgtcttggaaagcA asRNA 3/3 

69 as_slr0580 slr0580 aaagtcagcgagggagccttgacaacttcccctaagaccaatcacttcT asRNA 3/3 

70 as_sll0217 sll0217 aacatggcactccgcacatctcccttttgagcggttaaaatatacagtC asRNA 3/3 

71 as_lepA slr0604 ttttcccgataaccaattaattgatattccatgctagcatagcccttG asRNA 3/3 

72 as_ndhH slr0261 gggcaacgtcacctagcggtccaccgatcccatgataatatcgatactA asRNA 3/3 

73 as_pknA slr1697 gtcaatcccccctgccccaacagagcctccatccgccatattggaggcA asRNA 3/3 

74 as_slr0645 slr0645 cattgttggcgtagatgtaagcaactttctcggcggtaacattgtcatA asRNA 2/3 

75 as_slr1963 slr1963 tcaccccttcaatggaaactttggtgcggctggcggtatcttggggagG asRNA 1/1 

76 as_rpl1 sll1744 ggccccaattgtttacccaaccgggcaattttgggcatcatatcagGgG asRNA 1/3; 2/3 

77 as_slr1028 slr1028 agctttgcagggcctgggtaataatctctaagttgctataatattggcC asRNA 3/3 

78 phoH slr2047 gcagaaagggttgaaaacatcaaccgagttttatggcaaaattttgacA -251 2/2 

79 as_slr1494 slr1494 atatcagcaatgccattgtcactgcctggataatggtaaactaatcctT asRNA 3/3 

80 as_mltA sll0016 gtgctccattgaacaaacttctgacacactagctgggaacctagagtcC asRNA 1/4 

81 as_sll1864 sll1864 tgttaattttgcttggctagtcaaattattatccctatcattttgtaaA ncRNA 4/7 
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82 as_sasA sll0750 agcggtccataattttgaactgcttgcgagcttgatacaatagttgacT asRNA 3/5 

83 as_dnaB slr0833 gactaccttttcagctaattctattttattgcttgtatattgaatagcA asRNA 6/6 

84 as_glgC slr1176 cgtaatccatgcggtagagatggtcgccggacagaataagatattcatC asRNA 4/7 

85 as_cobN slr1211 ttccgttggaaaatttcagtttgagcgcaattaatgatatttttagttA asRNA 3/3 

86 as_cpcE slr1878 ctccgtaaatctgtaaatttccaattatttcagagtaaactatccattA asRNA 1/3 

87 as_moxR slr0835 gggctaacacatggggagcaacaaatttcacatcgtcgtcaatggcatA asRNa 6/7 

88 as_nhaS5 slr0415 ctcaaaaatgggcggcaggatcagggtcaccaataataaaatagtgaaG asRNA 4/5 

89 ylxR ssr1238 tttggcgaattgtccgagtctatccatctcgaactgtacaattagatcA iTSS 3/3 
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Suppl. Table S8. TSS of top-scoring ncRNAs according to pyrosequencing (≥20 

reads) and their verification by microarray.  

 
See "Suppl. Table 8" within the Dataset S1 
 

 

 

Suppl. Table S9. List of top-scoring asRNAs (≥10 reads) and asRNAs 

mentioned in the text. The entries are listed according to the number of aTSS-

associated pyrosequencing reads.  

 
See "Suppl. Table 9" within the Dataset S1 
 

 

Suppl. Table 10. List of oligonucleotides. Primer were named after the respective 

target gene and a letter indicating their purpose (e.g., rt, reverse transcription; p, PCR 

amplification; t, control primers to search for additional transcription initiation sites). 

 
See "Suppl. Table 10" within the Dataset S1 
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Suppl. Table S11. Relationship between the number of sequence reads, the 

threshold for the -10 element according to a PSWM and the calculated number of 

TSS for the chromosome of Synechocystis 6803 which meet these criteria.  

 

 PSWM score at least 

number 
of reads 

-2 -1 0 1 2 3 

1 8378 6941 7397 6969 6399 5545 

2-4 3862 3696 3573 3427 3213 2872 

5-9 1464 1427 1387 1343 1294 1204 

10-14 728 708 691 672 650 612 

15-19 471 459 451 438 428 402 

>20 354 343 336 327 321 299 
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