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SUPPLEMENAL FIGURES
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Figure S1. Strand specificity of RNAP bindings.
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Figure S2. Sequence motifs of σ-factors.
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Figure S3. The majority of σ38-specific promoters were bound by σ70 when rpoS is missing. 
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Figure S4. Examples of up-regulated and down-regulated genes when rpoS is knocked out. ycbB is an example of a down-regulated gene upon rpoS knock-out, and ycbK, ycbL, and nmpC are up-regulated genes. ycbB was not bound by σ70 when σ38 was missing, which resulted in no significant recruitment of RNAP enzyme complex, which was supported by no transcriptional expression of the particular gene. On the other hand, nmpC was more strongly bound by σ70 when σ38 was absent, which resulted in more RNAP binding and stronger expression.
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Figure S5. Comparison of transcriptional regulation by two major σ-factors, σ70 and σ38, in two closely-related bacteria. 
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Figure S6. Comparison of transcriptional level of σ-factors and their anti-σ-factors.
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Figure S7. Purine and pyrimidine preferences at TSS and -1 site.
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Figure S8. Number of TSSs found in one or multiple conditions.
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Figure S9. COG clustering analysis of σ-factor regulons.
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SUPPLEMENTAL NOTES
Previously reported negative regulation by σ38
The up-regulation of genes with σ38-specific promoters when rpoS is deleted is consistent with previous studies [1, 2] investigating negative regulation by σ38. uspA and uspB, encoding universal stress proteins, are divergently transcribed stasis-induced genes. The expression of uspA that was thought to have a σ70-specific promoter increased when rpoS was mutated, while the expression of uspB with a σ38-specific promoter was down-regulated[1]. The expression data from this study confirmed this expression pattern. In another independent study[2], 7 other genes, fimA, glnQ, mglA, mutH, mutS, sdhA, and xylF, were found as negatively affected by σ38, and they all agreed with our data. Thus, negative regulation by presence of σ38 is a regulation mechanism that is not limited to a small number of genes, but covers ~4% of the whole genome.

Expression level of σ70 during stationary phase
To confirm the expression level of transcripts and proteins in the E. coli K-12 MG1655 strain, we analyzed the transcriptomic expression level of genes encoding RNAP core subunits, σ-factors, and anti-σ factors under 3 different conditions: WT during exponential phase, WT during stationary phase, and ΔrpoS during stationary phase (Figure 3c, Figure S5). Compared to exponential phase, the transcription level of all RNAP core subunits, rpoA, rpoB, rpoC decreased significantly during stationary phase, whereas transcription of rpoD actually increased, and rsd transcription was down-regulated. This observation suggests the possibility of the concentration of σ70 being high enough to have a significant role during stationary phase. Unlike rpoD, the transcription change of rpoS between exponential and stationary phase was less dramatic, resulting in a slight decrease (Figure 3c). However both rpoD and rpoS mRNA transcripts are subject to complicated post-transcriptional regulation in E. coli[2], necessitating measurement of protein levels of those gene products. In E. coli WT, decrease of protein level of RpoB was accompanied with decrease of their transcriptional level, whereas the protein level of σ70 remained similar, and the amount of σ38 increased as cells entered stationary phase (Figure 3c). Thus, in E. coli K-12 MG1655, the expression level of σ70 in stationary phase is as high as in exponential phase, while the expression level of σ38 increases as cells enter stationary phase. 
Does the expression level of σ70 change in in ΔrpoS strain during stationary phase? The answer to this question is important because σ38 binds directly upstream of rpoD and regulates its transcription (Figure 1d, Figure 3c). Based on the transcriptomic data, the transcriptional expression of rpoD indeed decreased by 4.9 fold, however the translational expression of σ70 did not decrease upon rpoS knock-out (Figure 3c). Thus, in conclusion, σ70 is the σ-factor with the highest concentration under stationary phase, and this is also the case when rpoS is knocked out, although some fraction of σ70 may be bound to Rsd, an anti-σ70 factor.

Comparison of σ-factor binding between E. coli and K. pneumoniae
crp provides a good example for conserved σ-factor binding (Figure 4c). In both species, crp was bound by σ70 and σ38 in exponential and stationary phase, and the transcription initiation was detected by TSSs upstream of crp gene. The transcription initiation resulted in primary transcripts under the specified conditions. While crp is regulated in the same manner with two major σ factors, cutA represented altered σ factor binding and changed transcription unit structure. In both species, cutA is located between dcuA and dipZ orthologous genes in the lagging strand. However, those 3 genes were expressed in a contiguous transcript, indicating one transcription unit. The first gene, dcuA, was bound by σ70 and had two TSSs. On the other hand, in K. pneumoniae, cutA was directly bound by σ70 and dcuA was not. Although no TSS was identified upstream of cutA in K. pneumoniae, a sharp edge at the transcription starting point indicated a transcription initiation from that particular gene. panD showed another noteworthy example of disruption in the transcription unit and change in σ factor association, in two closely related microorganisms. In E. coli, yadD got in between panD and panC, resulting in 3 transcription units, while K. pneumoniae had an intact gene order and one transcription unit. In K. pneumoniae, panBCD made one transcription unit, supported by expression profiling and TSS dataset, and was bound by σ70 under exponential phase. However, interestingly, there were 3 distinct transcription units, panD, yadD, and panBC, which were expressed and regulated respectively. Their separate expression was confirmed by expression profiling and TSS determination, and panD and panBC transcription units were both bound by σ70. ydeA represents a case where σ factor binding is swapped between σ70 and σ38. ydeA and marC are adjacent in both genomes. However, ydeA lies on the leading strand in E. coli, while it is on the lagging strand in K. pneumoniae. Interestingly, it is regulated by σ38 in E. coli; however it is bound by σ70 in K. pneumoniae. 

Statistics on TSSs
TSSs for 4 conditions, exponential phase, stationary phase, alternative nitrogen source, and heat shock, were analyzed in this study. Only TSSs that lay within promoter regions identified with ChIP-chip datasets were kept, and this resulted in 4,724 TSSs associated with RNAP and/or σ-factors. Identified TSSs showed no strand preference, with 48.2% on the leading strand and 51.8% on the lagging strand. As reported previously[3], purine (A and G) was preferred at TSS/+1 sites, whereas pyrimidine (T and C) was used more at -1 sites (Figure S6). Among 4,724 TSSs, 48.5% were identified in more than two conditions, indicating that a large fraction of TSSs and their promoters were active in transcription initiation under multiple conditions (Figure S7).
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