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ABSTRACT 

 

Cytokinesis in bacteria is initiated by polymerization of the tubulin homologue FtsZ into a ring 

like structure at midcell. This (Fts)Z-ring provides a scaffold for the cell division proteins 

responsible for septal peptidoglycan synthesis. Z-ring assembly is considered to be an 

autonomous process and not linked to other processes in the cell. To confirm this, we 

performed transcriptome analyses with the model bacterium Bacillus subtilis using mutants 

that lacked one of the key Z-ring proteins: FtsZ, FtsA, SepF, ZapA, EzrA or SftA, and 

mutants that lacked one of the two main Z-ring regulators: MinC and Noc. Surprisingly, all 

mutants showed differences in global gene regulation, indicating that these cell division 

proteins affect other processes in the cell. There was partial overlap in the profiles and in 

particular the expression of prophages PBSX and SPβ, and many SigB activated general 

stress response genes were affected in most mutants. Mutants that lacked either FtsA, MinC 

or ZapA showed an up- or downregulation of a number of genes involved in carbon 

metabolism. GFP fusions with different regulators did not reveal a regulator associated with 

the Z-ring. Interestingly, we found that several lacZ promoter reporter fusions showed no 

difference in expression, therefore, we speculate that mRNA stability is affected in several 

cell division mutants. 
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INTRODUCTION 

 

Cell division in bacteria begins with polymerization of the tubulin homologue FtsZ into a ring-

like structure at midcell, the Z-ring. This structure functions as a scaffold for the cell division 

proteins that synthesise the division septum. The timing of Z-ring assembly and its position in 

the cell are carefully regulated. In rod-shaped bacteria, such as Escherichia coli and Bacillus 

subtilis, blocking Z-ring formation does not affect growth and cells continue to grow 

exponentially in length, until they eventually lyse. In addition, early transcriptome analyses of 

FtsZ-depleted cells showed almost no effect on the expression of other genes 1-3. It is 

therefore assumed, at least in these organisms, that cell division is an autonomous process, 

unlinked from other cellular processes. However, the absence of the conserved Z-ring 

protein FtsA in B. subtilis does result in a slow growth phenotype 4, as does the 

overproduction of SepF, another conserved Z-ring protein 5, suggesting that these proteins 

can affect certain metabolic processes. To investigate this, we performed a comprehensive 

transcriptome analysis of B. subtilis cell division mutants.  

 To form a Z-ring, FtsZ polymers have to be tethered to the cell membrane, which is 

carried out by FtsA that binds directly to FtsZ 6,7. FtsA contains an amphipathic helix at its C-

terminus that inserts into the cell membrane 6,8. Gram-positive and cyanobacteria contain 

another membrane anchor, SepF, which fulfils the same function as FtsA 7,9, and B. subtilis 

has both. The conserved protein ZapA acts as a stabilizer of the Z-ring by forming crosslinks 

between FtsZ protofilaments 10,11. Many Bacilli contain an additional Z-ring protein, EzrA, 

which has an N-terminal transmembrane domain and also binds to the C-terminal tail of FtsZ 

12. A crystallography study has suggested that EzrA forms a spectrin-like scaffold around 

FtsZ polymers 13. EzrA appears to exert negative control on FtsZ polymerization 13,14, but it is 

also involved in the recruitment of the peptidoglycan synthetase PBP1 to the division site 15. 

To prevent dissection of chromosomes trapped by a closing septum, most bacteria employ 

Z-ring bound DNA translocases belonging to the group of FtsK-like proteins. B. subtilis 

contains two FtsK homologues, SpoIIIE and SftA 16,17. SpoIIIE is active during sporulation 
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and pumps chromosomal DNA into the forespore compartment. SftA is part of the Z-ring 

during normal growth and its recruitment depends partially on FtsA 18,19. In contrast to E. coli, 

both FtsK homologous are dispensable in B. subtilis. In fact, the only essential Z-ring protein 

in this organism is FtsZ itself. 

 In many rod-shaped bacteria the assembly of the Z-ring at midcell is controlled by the 

Min system and nucleoid occlusion. The Min system constitutes of the proteins MinC and 

MinD. The former protein binds to and inhibits FtsZ polymerization, the latter protein binds 

the former and anchors it to the cell membrane. The Min proteins are concentrated to the cell 

pole regions by interactions with other proteins, and prevent Z-ring formation close to cell 

poles, thus preventing the formation of anucleate minicells 20-23. Nucleoid occlusion prevents 

the polymerization of FtsZ over the nucleoid, when daughter chromosomes have not yet 

segregated. In B. subtilis this is achieved by Noc, which binds at specific sites on the DNA 

and also associates with the cell membrane 24. It is assumed that the large nucleoprotein 

complexes close to the cell membrane physically block FtsZ polymer assembly close to the 

cell membrane 24,25. Neither the Min proteins nor Noc is required for growth and cell division 

in B. subtilis, but the removal of both regulatory systems is synthetic lethal at high growth 

temperatures 25. 

 If Z-ring formation is an autonomous process, than neither the absence of individual 

Z-ring proteins nor the absence of the regulatory Min or Noc systems should affect other 

cellular processes. To test this, we examined the transcriptomes of the Z-ring mutants ΔftsA, 

ΔsepF, ΔezrA, ΔzapA and ΔsftA, and the Z-ring regulator mutants ΔminC and Δnoc. We also 

reassessed the transcriptome in cells that were depleted for FtsZ. Surprisingly, the 

transcriptome data showed that many different processes, including carbon metabolic 

pathways, stress pathways, prophage and biofilm regulation pathways were affected in these 

mutants, indicating that cell division in B. subtilis is not an autonomous process.  
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RESULTS 

 

RNA isolation 

ftsA, sepF, zapA, minC, noc and sftA are located in operons. To prevent any polar effects on 

downstream located genes, we constructed clean knockouts, using a marker-free gene 

deletion method (see Material and Methods for details). To examine whether these gene 

deletions affect growth of B. subtilis in LB medium at 37 °C, OD measurements were 

performed. As shown in Fig. 1A, only the ΔftsA mutant showed a substantial reduction in 

growth rate. 

 To determine the effect on the different cell division mutants on the transcriptome, we 

performed RNA-seq analyses. To this end, the different strains were grown in LB at 37 °C to 

an OD600 of ~0.5 (log-phase), after which cells were harvested for RNA isolation. These 

experiments were repeated so that 3 independent biological replicates were obtained. 

 Since FtsZ is essential, ftsZ could not be deleted, therefore we placed ftsZ under 

control of the IPTG-inducible Pspac promoter, enabling the depletion of FtsZ by growing cells 

in the absence of IPTG. The Pspac-ftsZ mutant was grown at 37 °C in LB with 1 mM IPTG to 

an OD600 of ~0.5, washed, and resuspended in pre-warmed LB without IPTG to an OD600 of 

~0.1. Cells were collected for RNA isolation when the culture reached an OD600 ~ 0.5. At this 

OD the average cell length is approximately 5 times longer compared to wild type cells (Fig. 

1C). Importantly, the Pspac-ftsZ mutant grows normally in the absence of IPTG during log 

phase, when cells are harvested for RNA isolation, and only in the stationary phase does the 

OD go down due to cell lysis (Fig. 1B). Again the experiment was repeated to obtain 3 

biological replicates.  
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Fig. 1. Growth rates of mutants 

(A) Growth curves of wild type strains 168 and the 

clean deletion mutants GYQ780 (ΔftsA), TNVS304 

(ΔsepF), GYQ112 (ΔezrA), GYQ111 (ΔzapA), 

GYQ115 (ΔsftA), GYQ117 (ΔminC) and GYQ114 

(Δnoc) grown in LB medium. (B) Growth curve of 

GYQ572 (ftsZ::Pspac-ftsZ) grown in presence or 

absence of 1 mM IPTG. (C) Cell length measurements 

of wild type strain 168 and strain GYQ572 grown in 

presence or absence of 1 mM IPTG. Samples were 

taken in the exponential phase (OD600 ~0.5). (D) Cell 

length measurements for GYQ572 cells grown without 

IPTG up to OD600 of 0.4, 0.8 and 1.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



149 
 

Transcriptome analyses 

As reference for the deletion mutants, the wild type B. subtilis strain was used. In case of the 

FtsZ depletion experiment, the reference condition was the Pspac-ftsZ strain grown in the 

presence of 1 mM IPTG. To check the quality of replicates, we first performed a principal 

component analysis (PCA), which looked promising (Fig. 2), but also showed that all mutants 

differed from the wild type situation, suggesting that the absence of these cell division 

mutants affect transcription of different genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Principal component analyses of RNA-seq data 

(A) Principal component analysis of three independent the RNA-seq experiments with wild type strain 168 and the 

different cell division mutants. (B) Principal component analysis of three independent the RNA-seq experiments 

with the FtsZ-depletion strain GYQ572 grown with or without 1 mM IPTG. 
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 To compare the transcription effects, we first plotted fold changes against P-values in 

Volcano plots (Fig. 3). The strongest effects on gene expression levels, reaching maximum 

difference in gene expression of ~9 to ~18 fold, was observed in the ∆ftsA mutant and FtsZ-

depleted cells, and in the ∆minC strain where two genes were even ~30 fold upregulated. A 

clear effect on the transcriptome in ∆ftsA cells was to be expected, since such mutation has 

a substantial impact on the growth rate. However, the substantial upregulation of genes in 

the ∆minC mutant and FtsZ-depleted cells was surprising since growth was unaltered in 

these cells, and previous reports have indicated that depletion of FtsZ has only a limited 

effect on the B. subtilis transcriptome 1,2. Another surprise was the fact that the absence of 

zapA affected a substantial number of genes, and some showed a difference in expression 

of up to ~5 fold, whereas this mutant shows no phenotype under normal conditions, even no 

cell division phenotype 10. A ∆noc mutant also does not show a clear phenotype 26. However, 

this protein binds to about 70 regions around the chromosome, and it can therefore affect 

transcription. Its absence primarily resulted in upregulation of genes, up to ~5 fold. The other 

DNA binding protein, SftA, has only a mild effect on transcription and its absence increased 

the expression of certain genes to maximally ~2.5 fold. Both the absence of SepF and EzrA 

gives a cell division phenotype. However, the absence of EzrA has a stronger effect on gene 

expression than the absence of SepF, as the former mutation resulted in a maximum down 

regulation of ~7 fold, whereas the latter mutation reduced expression maximally ~3 fold.  

 To determine whether the same genes were affected in the different mutants a 

heatmap was made of all differentially expressed genes with >2 fold change and P-values 

<0.05 (Fig. 4). The heatmap showed both clear differences between mutants, but also 

overlap. These overlapping expression profiles could be attributed to specific regulons. For 

example, genes regulated by the general stress response sigma factor SigB were largely 

upregulated in ∆minC and ∆noc mutant, and FtsZ depleted cells, whereas they were 

downregulated in the ΔftsA mutant (Fig. 4) 27. The PBSX and SPß prophages were 

downregulated in ΔftsA, ΔsepF, ΔezrA, ΔminC and FtsZ-depleted cells. These mutants also 

showed some downregulation of the large 15 gene long epsA operon required for the 
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extracellular polysaccharide synthesis during biofilm formation 28,29. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Volcano plots of transcriptome data 

Volcano plots depicting the a relation between log2 fold expression change (X-axis) against P-value (Y-axis) for 

the different mutants and for FtsZ depletion. 
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Transcriptome details 

A detailed overview of the most relevant genes affected in the different mutants is shown in 

Table 1. The table also indicates the expression differences in the other mutants. To limit the 

number of genes in the table, different fold change cut-offs have been chosen, and the 

values of genes that made the cut and belong to the same operon have been averaged. 

 The absence of sepF or sftA has the least effect on gene regulation, with a maximum 

upregulation of 2-fold and 2.5 fold, respectively, and a maximum down regulation of 2.2- and 

2.3-fold respectively. The absence of the DNA binding protein Noc also does not result in any 

strong down regulation (max 1.6-fold), but does result in the induction of several stress 

genes that are part of the SigB regulon (max 5.4-fold).   

 Deletion of zapA does not show any phenotype 10, yet when absent, it represses the 

expression of genes required for divalent cation efflux (cadA, czcD) 3- to 4-fold, and 

stimulates the expression of genes involved in different (poly)saccharides uptake systems 3- 

to 5-fold, including those for lichenan (licB), melibiose (msmR), ribose (rbsR), mannose 

(manR) and galactotriose (ganS). Overall, the expression profile of the ∆zapA mutant differed 

most from the other mutants.  

 The expression profile of the ∆ezrA mutant showed the strongest repression of PBSX 

prophage genes, up to 6-fold. The highest upregulated genes (3- to 7-fold) are part of 4 

operons, tcyP, yxeK, mccB and cysH, which belong to the CymR regulon involved in cysteine 

metabolism.  

 Deletion of ftsA was the only mutation that caused a reduction in growth rate. 

Unsurprisingly, the transcriptome profile of this mutant showed a large number of significantly 

up- and down-regulated genes. The strongest downregulated genes (5- to 10-fold) play roles 

in carbon metabolism, including mannitol utilization (mtlA), mannose uptake (manR, manP), 

and beta-glucoside utilization (yyzE). In contrast to ∆minC, ∆noc and FtsZ-depleted cells, a 

number of SigB-regulated stress genes are downregulated (3- to 4-fold). The most 

upregulated genes (3- to 9-fold) are all carbon utilization genes that are also upregulated in 

the ∆zapA mutant, including gntR, msmR, fruR, treP, dctP, acoR involved in the utilization of  
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Fig. 4 Heatmap of transcriptome data 

Genes that were up- or downregulated genes more than 2-fold with a P-value of <0.05, were used for the 

heatmap. Genes belonging to the SigB regulon, PBSX prophage, Spβ prophage and EPS operon are marked. 
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gluconate, melibiose, fructose, trehalose, succinate- fumarate-malate-oxaloacetate and 

acetoin, respectively.  

 Depletion of ftsZ affects the expression of many genes. Several genes and operons 

involved in glycerol utilization (glpD, glpF, glpT) were down regulated 2- to 5-fold. Compared 

to the other mutants, the absence of FtsZ had the strongest effect on the SigB regulon, and 

59 SigB-regulated stress genes were upregulated 3- to 18-fold. Another interesting set of 9 

genes that were upregulated 4- to 5-fold (dhbA, ykuN, besA) belonged to the large Fur 

regulon, which comprises genes that are involved in iron acquisition. 

 Aberrant division resulting in minicells also activates the general SigB-regulated 

stress response, but the most unique effects on expression in the ∆minC mutant is the very 

high, ~30 fold, induction of the lactose utilization operon (ldh) and the ~7 fold induction of the 

Cytochrome oxidase Subunit I, which is not found in the other mutants. Both operons are 

regulated by Rex, the transcriptional repressor of genes involved in anaerobic respiration and 

fermentation, although other genes of the Rex regulon are not induced. The strongest down-

regulated genes (~5 fold) are pftA and pftB coding for the pyruvate uptake system. 

 In conclusion, cell division proteins involved in Z-ring formation are linked to unrelated 

cellular processes. Several of these processes, such as the SigB-regulated general stress 

response and prophage regulation, are affected by a number of these cell division proteins, 

and there is some reciprocal regulation, but all mutants showed unique transcriptome 

features. 

 

Table. 1 Up- or down-regulated genes in transcriptome of different mutants. Genes with adjusted 

P-value larger than 0.05 were discarded. Red or green colour represents down-regulated or up-

regulated levels, respectively.  

ΔftsA ΔsepF ΔezrA ΔzapA ΔsftA FtsZ↓ ΔminC Δnoc gene/operon information 
>3x down-regualted in ∆ftsA   

-292.7 -1.0 1.0 1.0 -1.0 1.5 1.1 1.0 ftsA  
-8.9 -0.3 0.4 1.8 1.0 1.1 2.5 0.4 mtlA (3) mannitol utilization 
-6.7 -1.2 -1.4 4.0 -1.1 -2.3 -1.6 1.1 manR transcriptional activator manP operon 
-5.0 -1.0 -1.3 1.8 1.1 -1.7 -1.3 -1.0 yyzE (2) glucoside utilization 
-4.9 -1.2 -1.3 2.5 -0.3 -2.1 -2.1 1.2 manP (3) mannose uptake & phosphorylation 
-4.5 1.0 -1.0 1.1 1.0 -1.2 -1.1 -1.0 glcR transcriptional repressor  
-4.5 1.1 1.2 -1.0 1.2 1.1 1.7 -1.0 cggR repressor glycolytic gapA operon 
-4.0 1.1 1.2 1.1 -1.7 11.1 3.6 2.2 yflT SigB: general stress protein 
-3.8 0.4 -1.3 -1.7 -1.1 1.4 -1.3 -1.5 pyrB (3) pyrimidine biosynthesis 
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-3.8 1.1 1.1 1.4 1.2 1.1 1.4 -1.1 yrhG similar to formate transporter 
-3.8 -1.8 -2.7 -1.2 -1.2 -2.2 -2.8 1.3 yonA (5) SPβ prophage 
-3.8 -1.4 -2.0 0.0 -1.1 -1.3 -2.1 0.0 epsI-O EPS synthesis 
-3.6 1.0 -1.0 1.2 1.0 -1.4 -1.0 -1.0 ywpJ putative HAD superfamily phosphatase 
-3.6 1.1 2.2 -1.1 -1.0 1.6 -1.2 -1.0 ytlI alkyl-sulphur catabolism regulator 
-3.5 1.2 1.2 1.1 -1.4 15.0 3.5 1.9 ywjC SigB: general stress protein 
-3.5 1.2 1.2 1.0 -1.5 7.4 4.0 2.1 ywzA SigB: general stress protein 
-3.5 1.6 1.4 1.2 -2.3 17.9 4.4 3.2 csbC SigB: general stress protein 
-3.2 1.2 1.3 1.3 -1.3 10.7 4.0 3.4 ydaE (2) SigB: general stress protein 
-3.2 1.4 1.4 1.2 -2.3 12.8 4.4 5.4 katE SigB:  general stress protein 
-3.2 -1.8 -2.5 -1.1 -1.3 -1.2 -3.0 -1.2 tasA major component biofilm matrix 
-3.1 -1.8 -2.4 -1.2 -1.2 -1.7 -3.5 1.3 yomR(2) SPβ prophage 
-3.0 1.3 1.3 1.2 -1.6 18.4 3.1 2.8 gspA SigB regulon, general stress protein 
-3.0 1.2 1.3 1.3 -1.1 4.5 4.2 2.2 tasA major component biofilm matrix 

>3x up-regualted in ∆ftsA   

8.9 -1.2 -1.2 3.9 1.1 -1.3 1.2 1.4 gntR (2) gluconate utilization 
7.0 -1.2 -1.1 3.5 -1.0 -1.1 -1.3 1.2 yrbE unknown 
5.7 -1.2 -1.3 4.8 1.1 -1.2 1.1 1.3 yerA unknown 
5.5 -1.1 -1.1 2.2 -1.1 -1.8 1.0 1.1 yhaX SigE-dependent sporulation protein 
4.3 -1.0 0.0 4.5 1.0 -1.5 -1.4 1.1 msmR (2) regulation melibiose utilization 
4.0 -1.1 -0.4 1.5 0.3 -1.2 0.3 -0.3 fruR (2) fructose utilization 
3.6 -1.0 -1.0 2.0 1.0 1.0 -1.1 1.1 yjdB unknown 
3.4 -1.0 -1.1 1.8 1.0 1.8 1.4 1.0 ykoM unknown 
3.3 -1.2 -1.4 2.2 1.1 -1.2 -1.6 1.2 treP (2) trehalose utilization 
3.3 -1.2 -1.5 3.9 1.1 -1.0 -2.2 1.3 dctP uptake succ./fum./mal./oxal. 
3.2 -1.1 -1.1 -1.1 -1.0 -1.6 1.3 -1.0 kipR transcriptional repressor kip operon 
3.2 -1.2 1.1 -1.2 -1.0 1.3 -1.3 -1.0 yqjL general stress protein 
3.1 -1.1 -1.3 3.9 1.1 -1.3 -1.8 1.2 acoR activator of acoA (acetoin utilization) 
3.1 -1.1 -1.1 1.4 -1.1 1.4 1.1 1.1 dprA recombination mediator protein 

ΔftsA ΔsepF ΔezrA ΔzapA ΔsftA FtsZ↓ ΔminC Δnoc gene/operon information 
>1.5x down-regualted in ∆sepF   

1.2 -33.7 1.1 1.1 1 -1.1 1.2 1.1 sepF  
-2.4 -2.3 -3.3 -1.4 -1.4 -1.9 -1.8 ~1 fadG (2) fatty acid degradation 
-2 -1.8 -1.1 -1.4 -1.7 1.3 1.2 1 hxlA 3-hexulose-6-P synthase 
-1.9 -1.6 -1.1 -1.4 -1.7 1.3 1.3 1.1 hxlB 6-phospho-3-hexuloisomerase 
-8.4 -1.8 -2.5 -1.1 -1.3 -1.2 -3 -1.2 tasA major component biofilm matrix 
-2.8 -2.8 -6.1 -1.3 -1.5 -2.1 -2.7 -1.1 xhlA (2) PBSX prophage 
-2.9 -2.7 -5 -1.3 -1.5 -2.3 -2.4 1.1 ykzL (2) PBSX prophage 
-2.6 -2.6 -4.9 -1.3 -1.4 -2.1 -2.3 1.1 xlyA (2) PBSX prophage 
-2.8 -2.6 -5.1 -1.4 -1.5 -2.8 -2.2 1 xtmA (2) PBSX prophage 
-2.7 -2.5 -5.2 -1.4 -1.4 -2.7 -2.3 ~1 xkdB (22) PBSX prophage 
-2.7 -2.4 -5.2 -1.3 -1.4 -2.4 -2.2 1 xepA PBSX prophage 
-2.5 -2.4 -5 -1.5 -1.4 -2.6 -2.4 -1.1 xkzA-B (2) PBSX prophage 
-2.1 -2.1 -3.6 -1.5 -1.6 -2.4 -2.1 -1.1 xpf PBSX phage sigma factor 
-1.7 -1.9 -2.8 -1.5 -1.4 -3.6 -1.9 -1 xtrA PBSX prophage 
-3 -2.5 -3.8 -1.3 -1.5 -2.3 -2.1 -1 ybfG putative pepdidoglycan binding protein 
~1 -1.7 -2.4 -1.2 -1.2 -1.8 -3.2 1.2 yomR (5) SP-beta prophage 
~1 -1.7 -2.5 -1.2 -1.2 -1.7 -2.9 1.2 yonA (7) SP-beta prophage 
1.1 -1.8 -2.3 -1.2 -1.2 -1.6 -3.2 1.3 youA SP-beta prophage 

>1.5x up-regualted in ∆sepF   

1.5 2 1.9 1.8 1.3 1.4 1.5 1.8 txpA toxic peptide 
-1.9 1.8 2.3 1.1 2 2.1 2.7 1.6 bdbA (2) sublancin biosynthesis 
-1 1.7 1.9 1.1 1.5 1 2.8 1.6 yezA unknown 
1 1.7 2.7 1.1 2.5 -1.2 4 1.9 yybL similar to ABC transporter 
-1.1 1.6 1.4 1.2 -2.2 12.2 4.1 3.2 csbC SigB: general stress protein 
1.2 1.6 1.3 1.2 -2.2 9.3 2.8 2.4 rsbRD SigB: negative regulator SigB 
1 1.5 1.4 1.3 -2.1 9.4 4.3 2.2 ywiE SigB: minor cardiolipin synthetase 
-1.9 1.6 1.7 -1 1.8 -1.1 1.7 2 ybfE Unknown 
1.5 1.6 1.5 1.4 1.2 -1.5 -1 1.4 bmrB control BmrBC (multidrug transporter) 
1.3 1.5 1.4 1 1.2 -1.3 1.3 1.3 yopS SPβ prophage 

ΔftsA ΔsepF ΔezrA ΔzapA ΔsftA FtsZ↓ ΔminC Δnoc gene/operon information 
>2x down-regualted in ∆ezrA   

1 1 -132 -1 1 -1.1 1.1 -1.1 ezrA  
-2.8 -2.8 -6.1 -1.3 -1.5 -2.1 -2.7 -1.1 xhlA-B (2) PBSX prophage 
-2.7 -2.4 -5.2 -1.3 -1.4 -2.4 -2.2 1 xepA PBSX prophage 
-2.7 -2.5 -5.2 -1.4 -1.4 -2.7 -2.3 ~1 xtmA (22) PBSX prophage 
-2.8 -2.6 -5.1 -1.4 -1.5 -2.8 -2.2 1 xtmA (2) PBSX prophage 
-2.5 -2.4 -5 -1.5 -1.4 -2.6 -2.4 -1.1 xkzA (2) PBSX prophage 
-2.9 -2.7 -5 -1.3 -1.5 -2.3 -2.4 1.1 ykzL(2) PBSX prophage 
-2.6 -2.6 -4.9 -1.3 -1.4 -2.1 -2.3 ~1 xlyA (2) PBSX prophage 
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-2.1 -2.1 -3.6 -1.5 -1.6 -2.4 -2.1 -1.1 xpf PBSX phage sigma factor 
-1.7 -1.9 -2.8 -1.5 -1.4 -3.6 -1.9 -1 xtrA PBSX prophage 
-3 -2.5 -3.8 -1.3 -1.5 -2.3 -2.1 -1 ybfG putative pepdidoglycan binding protein 
-2.4 -2.3 -3.3 -1.4 -1.4 -1.9 -1.8 ~1 fadG (2) fatty acid degradation 
-1.7 -1.2 -2.6 2.5 1 -1.7 -2 -1.2 bglP (3) beta-glucoside uptake 
-8.4 -1.8 -2.5 -1.1 -1.3 -1.2 -3 -1.2 tasA major component biofilm matrix 
1.1 -1.8 -2.3 -1.2 -1.2 -1.6 -3.2 1.3 yonA (12) SPβ prophage 
-3.6 -1.4 -2.1 1.1 -1.1 -1.4 -2 ~1 epsH (2) EPS synthesis 

>2x up-regualted in ∆ezrA   

2.2 1.2 6.5 -1.1 -1.1 1.7 -1.2 1 tcyP cystine & diaminopimelate transporter 
1.5 1.1 3.8 ~1 ~1 1.7 ~1 1.1 yxeK (7) utilization S-(2-succino)cysteine 
1.8 1.1 3.2 1.1 1.1 1.6 1.1 1.1 mccB cystathionine/homocysteine lyase 
~1 1.1 2.9 ~1 ~1 1.9 ~1 ~1 cysH (6) sulfate reduction & activation 
1 1.7 2.7 1.1 2.5 -1.2 4 1.9 yybL similar to ABC transporter 
-1.8 1.7 2.6 1.1 2.3 2 2.1 1.7 bdbA thiol-disulfide oxidoreductase 
1.3 1.2 2.3 1.6 -1.8 9.7 5.7 3.8 katX SigB: catalase 
1.1 1.3 2.3 1.4 -1.3 6.5 6.1 4.3 yfkM SigB: glyoxalase III-like enzyme 
3.3 1.1 2.1 1.1 -1.1 3.4 2.7 1.8 yhcM SigB: general stress protein 

ΔftsA ΔsepF ΔezrA ΔzapA ΔsftA FtsZ↓ ΔminC Δnoc gene/operon information 
>2x down-regualted in ∆zapA   

-1.1 1 -1 -19.4 -1 -1.2 1 -1 zapA  
-2.2 -1 1.3 -4.2 1.1 1.6 -1.6 -1.3 cadA cadmium transporting ATPase 
-2.3 -1.1 1.2 -3.3 1.1 1.6 -1.4 -1.4 czcD (2) cation export 
-1.6 1.1 1 -2.8 -1 -1 1.2 -1.3 carB carbamoyl-P transferase-arginine 
-2.7 -1.1 -1.1 -2.7 -1.2 1.8 1.6 -1.4 yhjN unknown 
-2 -1.1 -1.1 -2.6 -1.1 1.6 2.2 -1.3 citB (2) aconitase & thiol-disulfide oxidoreductase 
-1.3 1.1 1.1 -2.4 -1 -1.6 1.4 -1.3 pyrK (2) pyrimidine biosynthesis 

>3x up-regualted in ∆zapA   

~1 -1.2 -1.4 5 ~1 ~1 -1.9 1.2 licB (4) lichenan uptake & phosphorylation 
1.6 -1 -1 4.8 1 -1.5 -1.5 1.2 msmR regulator melibiose utilization 
-1.4 -1.3 -1.5 3.7 1.1 1.4 -4.6 1.3 pftA (2) pyruvate uptake 
~1 -1.2 -1.6 3.7 1.1 -1.2 -3.2 1.3 rbsR (5) ribose utilization 
-1.5 -1.2 -1.4 4 -1.1 -2.3 -1.6 1.1 manR regulator mannose utilization 
2.4 -1.3 -1.2 3.9 1.1 -1.3 1.3 1.4 gntR (2) gluconate utilization 
-1.1 -1.2 -1.5 3.9 1.1 -1 -2.2 1.3 dctP uptake succ./fum./mal./oxal. 
2 -1.1 -1.3 3.8 1.1 -1.3 -1.8 1.2 acoR regulator acetoin utilization 
1.2 -1.1 -1.3 3.4 1 ~1 -1.8 1.1 ganS (4) uptake galactotriose 
2 -1.2 -1.2 4.7 1.1 -1.2 1.1 1.3 yerA unknown, similar to adenine desaminase 
2.2 -1.2 -1.1 3.5 -1 -1.1 -1.3 1.2 yrbE similar to dehydrogenase 

ΔftsA ΔsepF ΔezrA ΔzapA ΔsftA FtsZ↓ ΔminC Δnoc gene/operon information 
> 1.5x down-regulated in ∆sftA   

-1 1 1.1 -1 -24.5 1.1 -1.1 1.1 sftA  
1.1 1.2 1.3 1.1 -2.2 15.5 3 2.8 yhdN SigB: aldo-keto reductase 
-1.1 1.6 1.4 1.2 -2.2 12.2 4.1 3.2 csbC SigB: similar to sugar-H+ symporter 
1.2 1.6 1.3 1.2 -2.2 9.3 2.8 2.4 rsbRD SigB: probably part of stressosome 
1.2 1.3 1.4 1.2 -2.2 8 4.3 5.4 katE SigB: catalase 
1 1.5 1.4 1.3 -2.1 9.4 4.3 2.2 ywiE SigB: minor cardiolipin synthetase 
1.1 1.4 1.3 1.3 -2.1 18.4 4.2 2.7 ybyB SigB: general stress protein 
1.3 1.2 2.3 1.6 -1.8 9.7 5.7 3.8 katX SigB: catalase 
1.1 1.1 1.2 1.1 -1.7 11 3.6 2.2 yflT SigB: general stress protein 
1.2 1.2 1.3 1.2 -1.6 4.3 2.9 2.2 rsbX SigB: protein serine phosphatase 
1.1 1.2 1.3 1.2 -1.6 9.3 2.9 2.6 ywtG SigB: metabolite transporter 
1.4 1.2 1.5 1.1 -1.6 11.1 4.2 2.4 yjgC SigB: formate dehydrogenase 
1.6 1.4 1.4 1.2 -1.6 8.1 3.4 2.3 yfhK SigB: general stress protein 
1 1.4 1.3 1.2 -1.6 17.2 3 2.9 gspA SigB: general stress protein 
1.1 1.2 1.4 1.1 -1.5 4.4 3.8 3.1 ycbP SigB: general stress protein 
1.1 1.2 1.2 1.1 -1.5 6 3.8 3.5 ywzA SigB: general stress protein 
1.1 1.2 1.2 1.2 -1.5 17.2 3.2 2.1 mgsR SigB: regulator stress genes 
-2 -1.7 -1.1 -1.4 -1.7 1.3 1.3 1.1 hxlA (2) ribulose monophosphate pathway 
-2.1 -2.1 -3.6 -1.5 -1.6 -2.4 -2.1 -1.1 xpf PBSX prophage sigma factor 
-2.7 -2.7 -6.1 -1.4 -1.5 -2.7 -2.4 ~1 xtmA (10) PBSX prophage 
-2.7 -2.8 -5.1 -1.3 -1.5 -2.3 -2.6 1 ykzM PBSX prophage 
-2.7 -2.9 -5.9 -1.3 -1.5 -2.1 -2.8 -1.1 xhlA(2) PBSX prophage 

> 1.5x up-regulated in ∆sftA   

1 1.7 2.7 1.1 2.5 -1.2 4 1.9 yybL similar to ABC transporter 
-1.9 1.8 2.5 ~1 2 2.1 1.7 1.6 bdbA (2) sublancin biosynthesis 
-1.9 1.6 1.7 -1 1.8 -1.1 1.7 2 ybfE unknown 
-1.8 1.4 1.7 1.1 1.6 -1.1 2.5 1.8 yydC SigB: general stress protein 

ΔftsA ΔsepF ΔezrA ΔzapA ΔsftA FtsZ↓ ΔminC Δnoc gene/operon information 
>2x down-regualted in ftsZ depletion   
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3.1 1 1 1.1 -1 -73.8 1.2 1 ftsZ  
1.1 -1.1 -1.1 1.6 1.1 -4.5 -1 1.1 glpD glycerol-3-P dehydrogenase 
1.4 -1.2 ~1 2.3 1 -3.8 ~1 1.3 glpF (2) glycerol uptake 
-2.3 -1 -1.3 1.4 1.1 -2.1 -1.2 -1 glpT glycerol-3-P permease 
-2.5 -2.2 -4 -1.3 -1.3 -2.9 -2.1 1.1 ykzK (3) PBSX prophage 
-2.8 -2.6 -5.1 -1.4 -1.5 -2.8 -2.2 1 xtmA (22) PBSX prophage 
-2.6 -2.4 -5.1 -1.3 -1.4 -2.5 -2.2 ~1 xkdB (5) PBSX prophage 
-2.1 -2.1 -3.6 -1.5 -1.6 -2.4 -2.1 -1.1 xpf PBSX phage RNA sigma factor 
-3 -2.5 -4.8 -1.3 -1.4 -2.2 -2.1 1.1 ykzL PBSX prophage 
-1.3 1.1 -1 -1.1 -1.4 -3.2 3.3 -1.4 fabHB acyl carrier protein synthase 
1.3 -1.1 -1.2 -1.1 -1.2 -2.6 1.1 -1.2 truA pseudouridylate synthase I 
1.1 1.2 -1 1.5 -1.1 -2.5 1.4 -1 yuiF unknwon, membrane protein 
-1.5 -1 -1.2 2.4 1.3 -2.4 -1.8 1.2 maeN Na+/malate symporter 
-1.5 -1.2 -1.4 4 -1.1 -2.3 -1.6 1.1 manR regulator mannose utilization 
-1.6 -1.2 -1.4 2.5 ~1 -2.1 -2.1 1.2 manP (3) mannose uptake & phosphorylation 
1.3 1 1.1 1 1 -2.3 -1.2 1.1 queE 7-carboxy-7-deazaguanine synthase 
-3 -2.5 -3.8 -1.3 -1.5 -2.3 -2.1 -1 ybfG putative pepdidoglycan binding protein 
1.4 1.1 1 1.3 -1.1 -2.2 1.2 -1.1 nhaC Na /H  antiporter 
1.2 ~1 ~1 ~1 ~1 -2.2 1.1 ~1 yxiF (8) unknown, possible operon 
-1.1 -1.3 -1.5 1.9 1.1 -2.2 ~1 ~1 gltA (2) glutamate synthase 
-1.4 -1 -1.2 -1.2 1.2 -2.2 1.2 1.2 yorC SPβ prophage 
-1.1 -1.9 -2.8 -1.2 -1.2 -2.1 -2.8 1.3 yonD (2) SPβ prophage 
1 -1.6 -2 -1.2 -1.1 -2.1 -2.4 1.3 yomX SPβ prophage 
-8.6 -1.4 -1.9 1.2 -1.1 -2.1 -2.6 -1.1 epsA extracellular polysaccharide synthesis 

>3x down-regualted in ftsZ depletion   

1.1 1.4 1.3 1.3 -2.1 18.4 4.2 2.7 ybyB SigB: general stress protein 
1 1.4 1.3 1.2 -1.6 17.2 3 2.9 gspA SigB: general stress protein 
1.1 1.2 1.2 1.2 -1.5 17.2 3.2 2.1 mgsR SigB: regulator subsest SigB regulon 
1.1 1.1 1.3 1.2 -1.2 16.7 4.5 2.1 gsiB SigB: general stress protein 
1.1 1.2 1.3 1.1 -2.2 15.5 3 2.8 yhdN SigB: aldo-keto reductase 
-1.1 1.2 1.2 1.1 -1.4 14 3.4 1.9 ywjC SigB: general stress protein 
1.2 1.1 1.3 1.1 -1.2 13.1 3.5 1.7 ohrB SigB: general stress protein 
1.4 1.1 1.5 1.3 -1.1 12.8 5.6 2.5 csbD SigB: general stress protein 
-1.1 1.6 1.4 1.2 -2.2 12.2 4.1 3.2 csbC SigB: similar to pentose transporter 
1.1 1.1 1.3 1.2 -1.3 12 3.3 2.6 ydaG SigB: general stress protein 
1.1 1.1 1.2 1.1 -1.7 11 3.6 2.2 yflT SigB: general stress protein 
1.5 1.5 1.4 1.2 -1.3 11 3.5 3.6 yqhB SigB: general stress protein 
1.3 1.2 2.3 1.6 -1.8 9.7 5.7 3.8 katX SigB: catalase 
1 1.5 1.4 1.3 -2.1 9.4 4.3 2.2 ywiE SigB: minor cardiolipin synthetase 
1.6 1.3 1.3 1.3 -1.5 9.3 5.7 2.3 nhaX SigB: putative regulator 
1.2 1.6 1.3 1.2 -2.2 9.3 2.8 2.4 rsbRD SigB: negative regulator SigB 
1.1 1.2 1.3 1.2 -1.6 9.3 2.9 2.6 ywtG SigB: general stress protein 
1.5 1.1 1.5 1.1 -1.4 8.3 4.9 2.5 yjgC (2) SigB: general stress proteins 
1.6 1.4 1.4 1.2 -1.6 8.1 3.4 2.3 yfhK SigB: general stress protein 
1.2 1.3 1.4 1.2 -2.2 8 4.3 5.4 katE SigB: catalase 
1.5 1.2 1.3 1.2 -1.4 7.7 3.4 3.5 cypC SigB: fatty acid beta-hydroxylating 
1.2 1.2 1.4 1.2 -1.4 7.7 4.2 3.3 ydaD (2) SigB: general stress proteins 
1.4 -1.1 1.1 1.3 -1.3 7.3 2.6 2 yjzE SigB: general stress protein 
1.4 1.1 1.4 1.3 -1.2 7.2 3.4 2 ydaT (2) SigB: general stress proteins 
1 1 1.3 1.1 -1.2 6.7 2.4 2 ywmE SigB: general stress protein 
1.1 1.3 2.3 1.4 -1.3 6.5 6.1 4.3 yfkM SigB:  glyoxalase III-like enzyme 
1.3 1.2 1.6 1.2 -1.3 6.3 6.4 5.3 ygxB SigB: general stress protein 
1.2 1.2 1.6 1.3 -1.5 6 3.8 3.4 ycdF (2) SigB: similar to glucose dehydrogenase 
1.1 1.2 1.2 1.1 -1.5 6 3.8 3.5 ywzA SigB: general stress protein 
1.3 1.1 1.8 1.2 -1.3 5.8 3 3.2 ydhK SigB: general stress protein 
1.2 1.2 1.5 1.3 -1.5 5.4 2.8 3.2 iolW SigB: scyllo-inositol dehydrogenase 
1.2 1.3 1.3 1.2 -1.4 5.1 2.5 2.5 chaA (2) SigB: calcium export 
1.3 1.4 1.4 -1.1 -1.3 4.9 2.4 1.9 opuE SigB: proline transporter 
1.6 1.2 1.6 1.3 -1.2 4.7 5.4 2.9 bmrU SigB: multidrug resistance protein 
1.2 1.2 1.6 1.2 -1.2 4.7 3 3.3 ykgA SigB: general stress protein 
1.1 1.2 1.4 1.1 -1.5 4.4 3.8 3.1 ycbP SigB: general stress protein 
1.2 1.1 1.4 1.3 -1.1 4.4 3.8 2.3 yoxC (2) SigB: general stress protein 
1.2 1.1 1.3 1.3 -1.3 4.3 3.1 2.6 corA SigB: similar to magnesium transporter 
1.1 1.2 1.4 1.2 -1.1 4.2 3.1 2.6 ysnF SigB: general stress protein 
1.2 1 1.1 1.1 -1.1 4.1 2.7 2 ykzI SigB: general stress protein 
1.3 1.2 1.6 1.2 -1.1 4.1 2.9 2.6 yxbG SigB: similar to glucose dehydrogenase 
1.1 1.3 1.3 1.2 -1.5 4 3.1 2.3 rsbW (3) SigB: SigB & regulation 
1.1 1.3 1.4 1.2 -1.4 3.9 3.4 2.9 dps SigB: iron storage protein 
1.2 1.2 1.6 1.3 -1.2 3.8 3 2.8 yfkJ (3) SigB: general stress proteins 
-1.1 1.1 1.3 -1 -1.2 3.5 2.2 2.1 rpmEB SigB: binds ribosomes 
3.3 1.1 2.1 1.1 -1.1 3.4 2.7 1.8 yhcM SigB: general stress protein 
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1 1 1.3 1.1 -1.1 3.3 2.5 1.8 ydaC SigB: similar to N-methyltransferase 
1.2 1.4 1.7 1.4 -1.1 3.3 3.2 3.1 yfkT SigB: part of germinant receptor 
1.6 1.1 1.6 1.3 -1.1 3.2 4.6 2.6 guaD SigB: guanine deaminase 
1.1 1.1 1.4 1.1 -1.2 3.2 2.4 2.6 ydaP SigB: general stress protein 
-1.3 1.3 ~1 1.7 1.1 4.7 -1.9 1.2 dhbA (5) biosynthesis siderophore bacillibactin 
-1.1 -1.1 -1.1 2.7 ~1 4.4 -1.9 1.2 ykuN (3) replace ferredoxin under Fe limitation 
-1.7 1.1 -1 1.5 -1 3.5 -1.7 1.1 besA trilactone hydrolase, iron acquisition 
1.5 -1 1.9 1.3 -1.2 4.6 2.7 1.2 yomL SPβ prophage 
1.1 -1 1.2 -1 1.1 3.9 -1.3 1.1 padC phenolic acid decarboxylase 
1.5 1.1 1.8 1.1 -1.3 3.4 3.1 1.3 yumB unknown 

ΔftsA ΔsepF ΔezrA ΔzapA ΔsftA FtsZ↓ ΔminC Δnoc gene/operon information 
> 3x down-regulated in ∆minC   

1.2 -1 1 -1 -1 -1.1 -35.6 -1 minC  
-1.4 -1.3 -1.5 3.7 1.1 1.4 -4.5 1.3 pftA (2) pyruvate transporter 
-1.1 -1.8 -2.9 -1.4 -1.3 -1.8 -3.7 1 yonN SPβ prophage 
~1 -1.7 -2.5 -1.2 -1.2 -1.7 -3.4 1.2 yonA (6) SPβ prophage 
-1.1 -1.2 -1.6 3.5 1.1 -1.2 -3.4 1.3 rbsA (4) ribose ABC transporter 
-6.7 -1.7 -2.1 -1.1 -1.2 -1.2 -3.1 -1.2 tapA (2) major component biofilm matrix 

> 4x up-regulated in ∆minC   

~1 ~1 1.1 1.4 ~1 ~1 34.9 ~1 ldH (2) lactate dehydrogenase/permease  
~1 -1.1 ~1 ~1 ~1 ~1 7 ~1 cydA (3) cytochrome bd oxidase 
1.3 1.2 1.6 1.2 -1.3 6.3 6.4 5.3 ygxB SigB: general stress protein 
1.1 1.3 2.3 1.4 -1.3 6.5 6.1 4.3 yfkM SigB: glyoxalase III-like enzyme 
1.3 1.2 2.3 1.6 -1.8 9.7 5.7 3.8 katX SigB: catalase 
1.6 1.3 1.3 1.3 -1.5 9.3 5.7 2.3 nhaX SigB: general stress protein 
1.4 1.1 1.5 1.3 -1.1 12.8 5.6 2.5 csbD SigB: general stress protein 
1.6 1.2 1.6 1.3 -1.2 4.7 5.4 2.9 bmrU SigB: multidrug resistance protein 
1.5 1.1 1.5 1.1 -1.4 8.3 4.9 2.5 yjgC (2) SigB: general stress protein 
1.6 1.1 1.6 1.3 -1.1 3.2 4.6 2.6 guaD SigB: guanine deaminase 
1.1 1.1 1.3 1.2 -1.2 16.7 4.5 2.1 gsiB SigB: general stress protein 
1.2 1.2 1.4 1.3 -1.3 8.2 4.5 4.2 ydaE SigB: lyxose isomerase 
1.3 1.2 1.7 1.4 -1.4 6.9 4.5 3.7 ycdF SigB: similar to glucose dehydrogenase 
1 1.5 1.4 1.3 -2.1 9.4 4.3 2.2 ywiE SigB: minor cardiolipin synthetase 
1.2 1.3 1.4 1.2 -2.2 8 4.3 5.4 katE SigB: catalase 
1.1 1.4 1.3 1.3 -2.1 18.4 4.2 2.7 ybyB SigB: general stress protein 
-1.1 1.6 1.4 1.2 -2.2 12.2 4.1 3.2 csbC SigB: similar to sugar-H+ symporter 
1.2 1.2 1.4 1.3 -1.1 4.3 4.1 2.2 yoxB SigB: general stress protein 
1.2 1.1 1.4 1.3 -1.2 2.6 4.1 2.5 ytaB SigB: general stress protein 
1.5 1.3 1.5 1.2 -1.2 2.7 4.5 1.7 opuBC choline ABC transporter 
1.5 1.1 1.6 1.8 -1.2 2.1 4.4 1.7 yisI(2) unknown & Spo0A-P phosphatase 
1 1.7 2.7 1.1 2.5 -1.2 4 1.9 yybL similar to ABC transporter 

ΔftsA ΔsepF ΔezrA ΔzapA ΔsftA FtsZ↓ ΔminC Δnoc gene/operon information 
> 1.5x down-regulated in ∆noc   

-1.2 1 -1 -1 1 -1.1 -1 -42.9 noc  
-2.5 ~1 -1.3 -1.8 -1.2 1,2 -1.3 -1.6 pyrAA (2) PyrR regulon: pyrimidine biosynthesis 
-1.3 -1.1 -1.6 -1.1 -1.3 1 -1.3 -1.5 trnS-Leu1 transfer RNA-Leu 

> 3x up-regulated in ∆noc   

1.2 1.3 1.4 1.2 -2.2 8 4.3 5.4 katE SigB: catalase 
1.3 1.2 1.6 1.2 -1.3 6.3 6.4 5.3 ygxB SigB: general stress protein 
1.1 1.3 2.3 1.4 -1.3 6.5 6.1 4.3 yfkM SigB: glyoxalase III-like enzyme 
1.2 1.2 1.4 1.3 -1.3 8.2 4.5 4.2 ydaE SigB: lyxose isomerase 
1.3 1.2 2.3 1.6 -1.8 9.7 5.7 3.8 katX SigB: catalase 
1.3 1.2 1.7 1.4 -1.4 6.9 4.5 3.7 ycdF SigB: similar to glucose dehydrogenase 
1.5 1.5 1.4 1.2 -1.3 11 3.5 3.6 yqhB SigB: general stress protein 
1.1 1.2 1.2 1.1 -1.5 6 3.8 3.5 ywzA SigB: general stress protein 
1.5 1.2 1.3 1.2 -1.4 7.7 3.4 3.5 cypC SigB: fatty acid beta-hydroxylation 
1.2 1.3 1.6 1.2 -1.3 2.7 3.3 3.3 yflA SigB; similar to amino acid carrier 
1.2 1.2 1.6 1.2 -1.2 4.7 3 3.3 ykgA SigB: general stress protein 
-1.1 1.6 1.4 1.2 -2.2 12.2 4.1 3.2 csbC SigB: similar to sugar-H+ symporter 
1.3 1.1 1.8 1.2 -1.3 5.8 3 3.2 ydhK SigB: general stress protein 
1.2 1.2 1.5 1.3 -1.5 5.4 2.8 3.2 iolW SigB: scyllo-inositol dehydrogenase 
1.6 1.2 1.2 1.3 -1.3 2.9 3.1 3.2 yybO SigB: similar to permease 
1.1 1.1 1.4 1.2 -1.5 5.1 3.1 3.1 ycdG SigB: similar to oligo-1,6-glucosidase 
1.1 1.2 1.4 1.1 -1.5 4.4 3.8 3.1 ycbP SigB: general stress protein 
1.2 1.4 1.7 1.4 -1.1 3.3 3.2 3.1 yfkT SigB: general stress protein 
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Localization of regulators 

The transcriptome results imply that the cell division proteins interact with other proteins, 

possibly transcriptional regulators. The only regulatory protein that is known to bind to the 

divisome is the two component sensor kinase WalK that regulates the transcriptional 

activator WalR 30. However, the WalR regulon comprises primarily genes that are related to 

cell wall growth, such as tag genes involved in the synthesis of teichoic acids 31, and the 

expression of these and other WalR-regulated genes are unaffected in the transcriptomes of 

the different cell division mutants. To examine whether there are other transcriptional 

regulators that associate with the cell division machinery, and could explain our 

transcriptome results, we made a number of GFP fusions.  

 In almost all mutants the expression of prophages PBSX and SPβ are downregulated 

(Table. 1). PBSX genes are expressed using the alternative sigma factor Xpf 32, and 

repressed by the transcription factor Xre 32. To reveal their localization, we constructed N- 

and C-terminal GFP fusions and expressed the fusion proteins from the ectopic amyE locus. 

As shown Fig. 5A, both Xpf and Xre bind to the chromosome, resulting in fluorescently 

labelled nucleoids, but the fusion proteins did not accumulate at cell division sites. 

Expression of SPß genes require the sigma factor SigY. GFP fusions of this protein show a 

fluorescent membrane stain but no septal stain. The membrane localization of SigY is 

presumably due to the binding to its anti-sigma YxlC, which is a transmembrane protein 33. 

Another regulon that was affected in several of the mutants was the SigB regulon (Table.1). 

GFP fusions of SigB resulted in cytoplasmic stains without an apparent enrichment in the cell 

(Fig. 5). 

 The ∆minC transcriptome showed a high induction of the ldh and cydA operons 

(Table. 1), which are regulated by Rex, the transcriptional repressor of anaerobically 

expressed genes involved in anaerobic respiration and fermentation. N- and C-terminal GFP 

fusions to Rex showed a clear nucleoid stain, but no septal accumulation (Fig. 5). Main 

downregulated genes in the ∆minC transcriptome were the pyruvate transporter encoding the 

pftA operon under control of the LytST two-component system, and the tapA operon 
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responsible for the synthesis of the TasA amyloid fibers used in biofilm formation, and 

controlled by different transcription factors among which LutR. The kinase LytS showed a 

clear membrane localization and its related response regulator an expected nucleoid 

localization. GFP fusions to LutR gave a cytoplasmic fluorescence signal. However, none of 

the fusions were enriched at cell division sites. In the minC transcriptome des, encoding the 

phospholipid desaturase, is significantly downregulated 2.3 fold. However, neither the two-

component sensor kinase DesP nor its related response regulator DesR, showed any 

preference for cell division sites (Fig. 5). 

 Among the differentially expressed operons in the ∆ezrA transcriptome is the bglP 

operon encoding the beta-glucoside phosphotransferase transport (PTS) system. This 

operon is regulated by the transcriptional antiterminator LicT, which is controlled by the PTS 

trigger enzyme and beta-glucoside permease BglP. N- and C-terminal GFP fusions to BglP 

and LicT showed a clear fluorescent membrane and cytoplasmic localization, respectively, 

but again no preference for cell division sites. 

 Deletion of ZapA reduces the expression of cadA and the czcD operon involved in the 

resistance against toxic metal cations, and both are controlled by the transcriptional 

repressor CzrA. N- and C-terminal GFP fusions showed a clear nucleoid localization but 

again no preferences for cell division sites. The ∆zapA transcriptome showed a number of 

upregulated operons involved in carbon utilization (licB, msmR, pftA, rbsR, manR, gntR, dctP, 

acoR, ganS) and some of these are also upregulated in the ∆ftsA mutant (msmR, gntR, dctP, 

acoR, ganS) (Table. 1). All these operons are under catabolite control, but A GFP fusion to 

the key catabolite control protein CcpA, and its cofactor Crh, showed nucleoid and cytoplasm 

localization, respectively, but no indication for midcell enrichment (Fig. 5).  

 The expression of several PTS systems were affected in the ∆ftsA mutant (fruR, treP, 

mtlA, manR). We examined the localization of GFP-fusions to the trehalose permease PTS 

subunit TreP, and the general PTS components Enzyme I (PtsI) and Hpr (PtsH). N- and C-

terminal fusions to TreP were localized in the cell membrane whereas the PtsI and PtsH 

fusions were cytoplasmic (Fig. 5B). None showed any midcell accumulation. It should be 
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mentioned that we have not checked whether the different GFP fusions were biologically 

active or whether the GFP moiety had been cleaved off, nevertheless, in this preliminary 

screen, we were unable to link a potential regulator with the cell division complex. 

 

Fig. 5. Cellular localization of regulators 

Fluorescence microscopy images of different N- and C-terminal fusions in B. subtilis cells. Cells were grown in the 

presence of 0.1% xylose to induce the ectopic GFP fusions at 37 °C.  
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lacZ expression verification 

To further investigate the gene regulation effects of the cell division mutants, we constructed 

several lacZ-promoter fusions (Table 2). These transcriptions fusions were integrated at 

ectopic amyE or aprE loci. The β-galactosidase activities were measured in wild type cells 

and in the different mutants. As an extra control we also performed quantitative RT-PCR 

analyses of the related genes or operons. Table 2 depicts the fold difference in β-

galactosidase activities and qRT-PCR levels in different mutants relative to the wild type 

strain. All qRT-PCR showed up- or downregulation corresponding to the transcriptome data, 

although the fold difference was in several cases not as strong as seen in the transcriptome 

data. The surprising finding was that several lacZ reporters showed expressions levels that 

considerably differed from the transcriptome and qRT-PCR data. The expression of ldh, 

manR and dhBA showed a clear difference in the transcriptome and qRT-PCR data, whereas 

their lacZ-promoter fusions barely showed any expression difference compared to wild type 

cells. In case of rbsR (in ∆minC), citB, xtmA and fruR (in ∆ftsA) the β-galactosidase activities 

showed even a reverse effect compared to the transcriptome and qRT-PCR data. This 

suggests that a substantial proportion of the transcriptome effects is caused by mRNA 

stability and not by regulation at the promoter level. It has been reported that the membrane 

binding RNase Y, involved in degradation and processing of mRNA, forms occasionally foci 

at cell division sites 34, however, our RNase Y-GFP fusion showed a clear, although slightly 

patchy, membrane stain, but no indications of any enrichment at midcell (Fig. 5). We have 

also looked at the localization of RNase III required for the degradation of sense/antisense 

transcripts. This RNase forms foci in the cytoplasm, but again no accumulation at division 

sites (Fig. 5).  
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Table 2 lacZ expression and qPCR control 

 fold change in transcriptome data    
promoter ∆minC ∆noc ∆sftA ∆zapA ∆ezrA ∆sepF ∆ftsA FtsZ↓ mutant qPCR lacZ 

ldH 34.9 1 1 1.4 1.1 1 1.2 1 ∆minC 79.2 1.3 

pftA -4.5 1.3 1.1 3.7 -1.5 -1.3 -1.8 1.4 
∆minC -3.9 -1.8 
∆zapA 3.8 5.7 

rbsR -3.2 1.3 1.1 3.7 -1.6 -1.2 1 -1.2 
∆minC -2.5 1.6 
∆zapA 3.6 2.5 

licB -1.9 1.2 1 5 -1.4 -1.2 1 1 ∆zapA 2.2 1.3 
cadA -1.6 -1.3 1.1 -4.2 1.3 1 -1.7 1.6 ∆zapA -1.4 -1.3 
citB 2.2 -1.3 -1.1 -2.6 -1.1 -1.1 2.1 1.6 ∆zapA -1.7 1.2 
tcyP -1.2 1 -1.1 -1.1 6.5 1.2 -1.9 1.7 ∆ezrA 2.1 1.5 

yybN (yybL) 4 1.9 2.5 1.1 2.7 1.7 1.1 -1.2 ∆ezrA 2.1 1.2 
xtmA -2.2 1 -1.5 -1.4 -5.5 -2.6 -2.3 -2.8 ∆ezrA -5.1 1.3 

fadH (fadG) -1.8 1 -1.4 -1.4 -3.3 -2.3 -2.1 -1.9 ∆ezrA -2.6 -1.4 

ybfG -2.1 1 -1.5 -1.3 -3.8 -2.5 -2.2 -2.3 
∆ezrA -3.5 -5.5 
∆sepF -2.3 -5.6 

bglP -2 -1.2 1 2.5 -2.6 -1.2 1.5 -1.7 ∆ezrA -1.3 -1.4 
fruR 1 1 1 1.5 1 -1.1 4 -1.2 ∆ftsA 3.1 -2.3 

manR -1.6 1.1 -1.1 4 -1.4 -1.2 -6.7 -2.3 
∆ftsA -6.1 -1.3 
FtsZ↓ -1.6 -1.1 

mtlA 2.5 1 1 1.8 1 1 -8.9 1.1 ∆ftsA -10.8 -2.2 
manP -2.1 1.2 1 2.5 -1.3 -1.2 -4.9 -2.1 ∆ftsA -4.9 -2.6 
dhbA -1.9 1.2 1.1 1.7 1 1.3 -1.7 4.7 FtsZ↓ 16.8 1.4 
fabHB 3.3 -1.4 -1.4 -1.1 1 1.1 1.8 -3.2 FtsZ↓ -1.8 -1.6 
katE 4.3 5.4 -2.2 1.2 1.4 1.3 -3.2 8 FtsZ↓ 2.5 1.5 

 

 

DISCUSSION 

 

Comparison with other transcriptome studies 

Thus far, transcriptome studies of B. subtilis cell division mutants have been limited to two 

FtsZ depletion studies and one SepF overexpression study. An early microarray analysis of 

FtsZ-depleted germinating B. subtilis spores revealed almost no effect on the transcriptome, 

with only 12 genes showing a significant difference 1. Of these genes only the unknown yfkD 

gene showed up in our FtsZ-depletion experiment with a ~5 fold induction (Table. 1, part of 

chaA operon). A more recent microarray experiment compared the start and end of FtsZ 

depletion 2, and again found only a limited effect on the transcriptome, with a slight ~2 fold 

upregulation of a number of genes controlled by the membrane stress sigma factor SigW. 

There were 7 other genes that were upregulated more than ~2 fold of which mtlD was the 

highest ~3 fold. No significant downregulation was reported. We have not noticed an 

upregulated of the SigW regulon and none of the other 7 genes showed a significant 

expression difference in our FtsZ-depletion experiment. Interestingly, the mtlD gene is 
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strongly down regulated in the ∆ftsA mutant (Table. 1, part of mtlA operon). We have no 

good explanation for these different results, except for the use of different experimental 

conditions and the increased sensitivity of RNA-seq relative to microarray techniques. 

Another transcriptome study investigated the effect of SepF overproduction, which results in 

a blockage in cell division and leads to membrane invaginations. This causes down-

regulation of many SigB regulated stress genes, but there were no other genes overlapping 

with our transcriptome data 5. 

 

Shared regulons 

This study strongly suggests that we have to revise the idea that cell division is an 

autonomous process, at least in B. subtilis, since our transcriptome data indicate that all 

tested cell division proteins influences cell division-unrelated processes. Some of these are 

affected several mutants such as the PBSX and SPß prophages and genes of the SigB 

regulon. However, in ΔminC, Δnoc and Fts-depleted cells SigB genes were upregulated 

whereas in ΔftsA, and to a lesser extent in ΔsftA cells, these SigB genes were 

downregulated. When we look at other genes that were differently expressed at least 2-fold, 

the ΔminC profile was most similar to that of ΔezrA, and the ΔzapA profile to that of ΔftsA. 

Depletion of FtsZ resulted in several gene expression differences that were also observed in 

∆minC and ∆ftsA. The strongest reciprocal gene expression effect was observed in the 

profiles of ∆zapA and ∆minC, and to a lesser extent in those of ∆zapA and FtsZ-depleted 

cells. In conclusion, most of the transcriptome profiles differed too much to conclude that 

certain cell division proteins target the same processes, except for the ∆noc and ∆minC 

deletions that overlap well in the SigB-regulated genes. This effect might be related to the 

control of MinC and Noc on FtsZ polymerization. Interestingly, these genes are also 

upregulated in FtsZ-depleted cells 

 

Regulation 

It is not yet clear how the different cell division proteins influence gene expression. Both Noc 
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and SftA are DNA binding proteins and could in theory affect gene expression by interfering 

with RNA polymerase binding. Noc binds to specific sites on the genome, but these sites are 

not in close proximity of the rsbR operon, containing, sigB, the SigB anti-sigma factor coding 

gene rsbW, and its regulators. SftA functions as a DNA translocation machine and there is 

no evidence for a specific DNA recognition site for this protein. Since the gene expression 

profiles of both ∆noc and ∆sftA overlap with those of other cell division mutants, it is therefore 

unlikely that either Noc or SftA function as genuine transcriptional regulators. 

 Our search for a regulator that binds to the Z-ring, which could have explained certain 

observed expression differences, was not successful. Of course, we have by far not explored 

all possibilities, but there is no reason why these cell division proteins would not interact with 

proteins that are not part of the divisome. For now, the only hint for a possible regulation 

mechanism came from lacZ reporter fusions, which showed a discrepancy between promoter 

activity and mRNA levels, indicating a possibility of mRNA processing at the post-

transcriptional level. The membrane attached RNase Y is the main component of the RNA 

degradosome, comprising several other RNases including RNase J1, RNase J2, PnpA and 

CshA 35-38. The glycolytic enzymes enolase and phosphofructokinase were also found to be 

part of this protein complex 35,39. None of these proteins localizes to the cell division site in B. 

subtilis. Several transcriptome experiments have been performed with RNase Y mutants in B. 

subtilis, unfortunately resulting in significantly different results 40-42. Since RNase Y affects the 

processing of many genes, pleiotropic effects are expected, complicating comparative 

analyses. Some regulons, such as the PBSX prophage, were also affected in RNase Y 

mutants, but our transcriptome profiles differ for many other genes and operons, and it 

remains to be determined whether the cell division proteins influence RNases.  

 

Relevance 

From our data it is apparent that cell division proteins can influence the mRNA levels of many 

different genes, but the biological purpose of this regulation is not clear. The induction of 

general stress proteins, when Z-ring formation is impaired, might make sense, but for some 
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reason this induction does not occur in all cell division mutants, whereas both ezrA, sepF and 

ftsA mutants show strong cell division phenotypes. It is also difficult to find a biological 

explanation for the repression of prophages that we observed in most mutants. The same 

accounts for the many carbon utilization genes that are either up- or downregulated. There is 

a clear link between carbon metabolism and cell division. E.g. the UDP-glucose 

diacylglycerol glucosyltransferase UgtP binds and inhibits FtsZ in the presence of high 

concentration of UDP-glucose when grown in rich LB medium 43, and pyruvate has also been 

shown to negatively impact the assembly of Z-ring in B. subtilis, by an yet unknown 

mechanism 44. Considering the latter, it is interesting to notice that expression of the LytT 

regulon involved in pyruvate utilization is downregulated in ΔminC and upregulated in ΔzapA. 

Nevertheless, it is unclear why the regulation of so many carbon utilization operons, would 

benefit from a regulatory link with cell division proteins, since there is no indication that 

specific sugars in the growth medium influences cell division. Possibly, the observed effects 

on gene regulation have no biological relevance and are caused by weak but harmless 

interactions between cell division proteins and other proteins.  
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MATERIAL AND METHODS 

 

Strains and General methods 

All the strains used in this study are listed in Table. S1, B. subtilis and its derivatives were 

grown in LB medium with addition of appropriate antibiotics with the following concentrations: 

spectinomycin 50 µg/ml, kanamycin 5 µg/ml, and chloramphenicol 5 µg/ml. The E. coli Top10 

was used for plasmid construction and was grown in LB medium containing 100 µg/ml 

ampicillin and 0.5% glucose. All B. subtilis strains were cultivated at 37 °C, while E. coli 

strains were grown at 30 °C in case the plasmids showed some toxicity in E. coli. The PCR 

and E. coli transformations were performed according to the standard method, and 

purification of B. subtilis chromosome DNA has been described by Venema et al. 45. 

Transformation of competent B. subtilis cells, was accomplished based on the method of 

optimized two-step starvation procedure 46,47. Gibson assembly cloning technology was 

applied for all the plasmid construction 48.  

 

Plasmid Construction 

The primers used for plasmid construction are listed in Table S2. The constructs were 

sequenced to omit possible mutations from PCR reactions and Gibson assembly. All GFP 

fusions were integrated into the amyE locus. The amyE-integration vector containing the 

xylose-inducible GFP module Pxyl-gfp-reporter was derived from pHJS105 with primer pair 

YQ432/EKP22, and genes including ccpA, lytS, lytT, sigY, xpf, xre, sigB, crh, ptsH, ptsI, lutR, 

rex, desK, czrA, licT, ywgB, degU, bglP, treP, and rnc, were amplified with primer pairs 

YQ498/YQ499, YQ504/YQ505, YQ579/YQ580, YQ583/YQ584, YQ587/YQ588, 

YQ591/YQ592, YQ595/YQ596, YQ606/YQ607, YQ610/YQ611, YQ618/YQ619, 

YQ622/YQ623, YQ626/YQ627, YQ649/YQ650, YQ657/YQ658, YQ665/YQ666, 

YQ677/YQ678, YQ685/YQ686, YQ704/YQ705, YQ708/YQ709 and YQ734/YQ735, 

respectively, using genomic DNA of B. subtilis 168 as template. The fragments above were 

assembled using Gibson assembly, resulting in pYQ158, pYQ161, pYQ179, pYQ181, 
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pYQ183, pYQ185, pYQ187, pYQ191, pYQ193, pYQ197, pYQ199, pYQ201, pYQ209, 

pYQ213, pYQ217, pYQ223, pYQ227, pYQ234, pYQ236 and pYQ246, respectively. All 

amyE-integration vectors harbouring Pxyl-reporter-gfp were derived from pSG1154 with 

primer pair TerS274/TerS368, and the genes ccpA, lytS, lytT, sigY, xpf, xre, sigB, crh, ptsH, 

ptsI, lutR, rex, desR, desK, czrA, licT, degU, bglP, treP and rnc, were amplified using 

genomic DNA of B. subtilis 168, with primers pairs YQ496/YQ497, YQ506/YQ507, 

YQ581/YQ582, YQ585/YQ586, YQ589/YQ590, YQ593/YQ594, YQ597/YQ598, 

YQ608/YQ609, YQ612/YQ613, YQ620/YQ621, YQ624/YQ625, YQ628/YQ629, 

YQ647/YQ648, YQ651/YQ652, YQ659/YQ660, YQ667/YQ668, YQ687/YQ688, 

YQ706/YQ707, YQ710/YQ711 and YQ736/YQ737, respectively, and the above fragments 

were assembled to generate plasmids pYQ157, pYQ162, pYQ180, pYQ182, pYQ184, 

pYQ186, pYQ188, pYQ192, pYQ194, pYQ198, pYQ200, pYQ202, pYQ208, pYQ210, 

pYQ214, pYQ218, pYQ228, pYQ235, pYQ237 and pYQ247, respectively. To construct the 

plasmid containing the Pxyl-rny-gfp fusion for amyE locus integration, the vector fragment 

was derived from plasmid pSG1154 with primer pair TerS274/YQ133, and rny was amplified 

with primer pair DB24/DB25, using chromosomal DNA of B. subtilis 168 as template. The two 

fragments were assembled resulting in plasmid pYQ111.  

 To construct the plasmids carrying the lacZ reporter fused with promoter regions for 

aprE locus integration, the vector containing aprE flanking sequences and the lacZ reporter 

was amplified with primer pair YQ214/YQ215 using pYQ87 as template. The promoter 

regions of PdhbA, PxtmA, PlicB, PcitB, PrbsR and PldH were amplified with primer pairs 

YQ410/YQ411, YQ465/YQ466, YQ469/YQ470, YQ471/YQ472, YQ475/YQ476 and 

YQ479/YQ480, respectively, and chromosomal DNA of 168 as template. Fragments were 

assembled generating the plasmids pYQ104, pYQ145, pYQ147, pYQ148, pYQ150 and 

pYQ152, respectively. Plasmid pYQ75, carrying the spec cassette and promoter-lacZ 

reporters for amyE locus integration, was assembled from two PCR fragments. The amyE-

integration vector containing the spec cassette was derived from pHJS105 with primer pair 

YQ219/YQ218, and the lacZ-containing fragment was amplified with primer pair 
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YQ220/YQ217. The fragments were ligated with Gibson assembly resulting in pYQ75. 

Subsequently, pYQ75 was used as template to amplify the vector fragment with primer pair 

YQ214/YQ215, and the promoter PysbA, PkatE, PbglP, PcadA, PfabHB, PfadH, PmanR, 

PtcyP, PybfG, PyybN, PfruR, PmtlA and PmanP were amplified with primer pairs 

YQ473/YQ474, YQ716/YQ717, YQ772/YQ773, YQ774/YQ775, YQ776/YQ777, 

YQ778/YQ779, YQ782/YQ783, YQ790/YQ791, YQ792/YQ793, YQ794/YQ795, 

YQ809/YQ810, YQ811/YQ812, and YQ813/YQ814, respectively, using genomic DNA of 168 

as template. The fragments were assembled resulting in pYQ149, pYQ240, pYQ248, 

pYQ249, pYQ250, pYQ251, pYQ253, pYQ257, pYQ258, pYQ259, pYQ263, pYQ264 and 

pYQ265, respectively.  

 

B. subtilis strain construction 

The relevant B. subtilis strains are listed in Table S1. The plasmids pYQ111, pYQ157, 

pYQ158, pYQ161, pYQ162, pYQ179, pYQ180, pYQ181, pYQ182, pYQ183, pYQ184, 

pYQ185, pYQ186, pYQ187, pYQ188, pYQ191, pYQ192, pYQ193, pYQ194, pYQ197, 

pYQ198, pYQ199, pYQ200, pYQ201, pYQ202, pYQ208, pYQ209, pYQ210, pYQ213, 

pYQ214, pYQ217, pYQ218, pYQ223, pYQ227, pYQ228, pYQ234, pYQ235, pYQ236, 

pYQ237, pYQ246, pYQ247, pYQ104, pYQ145, pYQ147, pYQ148, pYQ149, pYQ150, 

pYQ152, pYQ240, pYQ248, pYQ249, pYQ250, pYQ251, pYQ253, pYQ257, pYQ258, 

pYQ259, pYQ263, pYQ264, pYQ265 were transformed into the competent 168 cells, 

resulting in strains GYQ663, GYQ626-C, GYQ626-N, GYQ642, GYQ643, 

GYQ731,GYQ732,GYQ725, GYQ726, GYQ729, GYQ730, GYQ727, GYQ728, GYQ734, 

GYQ757, GYQ735, GYQ736, GYQ737, GYQ747, GYQ748, GYQ749, GYQ750, GYQ751, 

GYQ752, GYQ753, GYQ786, GYQ787, GYQ788, GYQ779, GYQ778, GYQ782, GYQ795, 

GYQ796, GYQ794, GYQ798, GYQ821, GYQ928, GYQ817, YQ818, GYQ840, GYQ839, 

GYQ494, GYQ583, GYQ593, GYQ628, GYQ584, GYQ592, GYQ630, GYQ830, GYQ821, 

GYQ878, GYQ914, GYQ915, GYQ857, GYQ882, GYQ918, GYQ879, GYQ884, GYQ880 

and GYQ883, respectively. All amyE locus integrations were verified by colony PCR with 
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primer pair TerS350/TerS351, and the integrations in the aprE locus were verified with primer 

pair TerS352/TerS353.  

 To construct the ftsZ depletion mutant a fragment containing the IPTG-inducible 

Pspac promoter, the LacI repressor encoding lacI gene, and a kanamycin-resistance 

cassette (Kan) was amplified from plasmid pAPNC213-Kan using primer pair YQ456/YQ251. 

3 kb upstream and downstream of ftsZ was amplified with primer pairs TerS313/YQ457 and 

TerS312/YQ458. The three fragments were Gibson assembled and directly transformed to 

competent 168 cells, resulting in B. subtilis strain GYQ572.  

 Cell division genes sepF, ftsA, ezrA, zapA, minC, sftA and noc, were deleted using a 

marker-free gene deletion method 49. For example, to delete sepF, an upstream, and two 

downstream regions, down-1 and down-2, were amplified with primer pairs TerS448/TerS449, 

TerS450/TerS451 and TerS452/TerS453, respectively. Another fragment, containing spec 

and the toxin-encoding gene mazF under control of the IPTG-inducible Pspac promoter, was 

amplified with primer pair YQ293/YQ294 using chromosomal DNA from GYQ401 as template. 

The above four fragments were assembled in the order of (up)-(down-1)-(spec-lacI-Pspac-

mazF)-(down-2), and transformed into competence cells of 168, generating TNVS302. The 

spec-lacI-Pspac-mazF cassette was removed via intramolecular double crossover by 

growing TNVS302 overnight on plates supplemented with 1 mM IPTG for the expression of 

the toxin MazF 49. The resulting strain TNVS304 was checked by colony PCR using primer 

pair TerS468/TerS469. In the same way the spec-lacI-Pspac-mazF cassette was inserted 

into ftsA, ezrA, zapA, minC, sftA and noc, resulting in strains GYQ401, GYQ104, GYQ103, 

GYQ109, GYQ107 and GYQ106, respectively. After deletion of the toxin and division genes, 

the resulting strains were named GYQ780, GYQ112, GYQ111, GYQ117, GYQ115 and 

GYQ114, respectively. 

 

RNA isolation and RNA-seq library preparation 

Overnight cultures were inoculated into LB medium under shaking at 37 °C, and when the 

OD600 reached about 0.5, samples were diluted into fresh LB medium to a final OD600 of 0.05. 
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Growth continued until an OD600 of 0.4-0.5. Samples (2 ml culture) were collected by 

spinning down (14, 000 rpm for 30s at 4°C), and subsequent resuspension in 0.4 ml ice-cold 

fresh LB. The resuspensions were transferred into a screw-cap eppendorf tube containing 

1.5 g glass beads (0.1 mm), 500 µl phenol-chloroform-isoamyl alcohol (25:24:1), 50 µl 

RNase-free water and 50 µl 10% SDS 50. After vortexing to mixture thoroughly, tubes were 

frozen in liquid nitrogen and stored at -80 °C. The frozen cells were disrupted using a bead 

beater for 4 min at room temperature without intervals. After 5 min centrifugation at 10,000 

rpm for 2 min at 4 °C, the water phase was mixed 1:1 with chloroform in a new RNase-free 

tube. After vortexing and centrifugation (14,000 rpm for 2 min at 4 °C) the upper water phase 

was transferred into another clean RNase-free tube. The RNA isolation was performed with a 

High Pure RNA isolation Kit (Roche Diagnostic GmbH, Mannheim, Germany). RNA was 

eluted in 50 µl elution buffer and the TapeStation system (Agilent) was used for checking the 

integrity of RNA. 

 To construct the mRNA library for sequencing, the rRNA in the isolated total RNA (2-

10 µg per sample) was depleted by using the MICROBExpress Kit (ThermoFisher). 

Afterwards, the enriched mRNA was precipitated and resuspended in 25 µl TE (10 mM Tris-

HCl pH 8.0, 1 mM EDTA). The following barcoded RNA library was performed according to 

the manufacture’s protocol of NEBNext UltraTM Directional RNA Library Prep Kit for Illumina. 

The size distribution and yield of the barcoded libraries were evaluated by a nondenaturing 

polyacrylamide gel (8%, TBE-Urea, 180V, 45min, Life Technologies), and then further 

assessed by using the 2200 TapeStation system with Agilent D1000 ScreenTape (Agilent 

Technologies).  

 

RNA-seq and data analysis 

The sequencing was performed at the Tumor Genome Analysis Core of the VU Medical 

Center, and the generated FASTQ files were analysed using the online Galaxy tools 

(https://usegalaxy.org/). All the resulting FASTQ data were processed by removing linker 

sequences with Trimmomatic, and mapped to the genome sequence of B. subtilis (NCBI 

https://usegalaxy.org/
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Accession No. GCF_000009045.1) by using Bowtie 2. The resulting BAM files were then 

imported into FeatureCount where expression levels were calculated, and differential 

expressed genes were normalized by total count using DESeq2. 

 

Fluorescence light microscopy 

Overnight cultures were diluted into fresh pre-warmed LB medium supplemented with 

relevant antibiotics and inducers, under continuous shaking at 37 °C until the log-phase 

(OD600 of 0.5-0.6). For the strains harbouring the ftsZ depletion construct, the overnight 

cultures were washed by centrifugation (7000 rpm, 1 min) to remove IPTG and then 

inoculated into fresh prewarmed LB medium without IPTG. Log-phase samples were taken 

and mounted onto slides coated with a 1.2% agarose layer. Images were acquired with 

Nikon CoolSnap camera with a Zeiss Axiovert 200M epifluorescence microscope running 

MetaMorph software. For cell length measurements, cells were incubated with the 

membrane dye FM5-95 (90 µg/ml) for 5 min prior to immobilization on the slide, and the 

ChainTracer software, based on Image J Plugin Object J, was used for the measurement of 

cell length 51.  

 

qRT-PCR 

cDNA was synthesized with 1 μg of fresh isolated total RNA by using random hexamers 

primers and M-MuL V Reverse Transcriptase (Thermo Scientific) according to manufacturer’s 

guideline. qPCR were performed by using DyNAmo HS SYBR Green qPCR Kits (Thermo 

Scientific) with initial denaturation at 95 °C for 15 min, followed by 40 cycles of 95 °C for 10 s, 

60 °C for 30 s, 72 °C for 31 s, and melting curve analysis was performed with 95 °C for 15 s, 

60 °C for 15 s, and a final temperature increase to 95 °C for 10 min. All primers for qPCR are 

listed in Table S2, and pfkA was used as housekeeping gene for normalization. Data 

analysis was performed using 7500 software V2.3 (Applied Biosystems 7500 Real-Time 

System).  

 



173 
 

β-galactosidase assays 

The β-galactosidase assay has been adapted from 52. Overnight cultures were diluted 1:100 

in LB, and further grown under shaking at 37 °C until OD600 ~0.5, after which the culture were 

diluted back to an OD600 of 0.05 in fresh pre-warmed LB medium. Exponentially growing 

cultures were sampled at OD600~0.5 and centrifuged with 7000 rpm for 1 min. Pellets were 

resuspended in 1 mL Z buffer (40 mM NaH2PO4, 60 mM Na2HPO4, 1 mM MgSO4, 10 mM KCl 

and 38 mM β-mercaptoethanol) with 0.2 mg/ml lysozyme. Samples were incubated at 37 °C 

for 30 min. Reactions were started by addition of 200 μl of 4 mg/ml 2-nitrophenyl β-D-

galactopyranoside (ONPG), and stopped by addition of 500 μl of 1M Na2CO3 after a clear 

yellow colouring was observed. The optical density at 420 nm and 550 nm were recorded for 

each sample, the reported activity was calculated according to the following equation; Miller 

Units = 1000 x [(OD420 - 1.75 x OD550)] / (Time x Volume x OD600).  
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Supplementary information 

 

Table S1. Strains and plasmids used in this study 

Antibiotic resistance genes were abbreviated as follows: kan (kanamycin), cat (chloramphenicol), 

spec (spectinomycin), bla (ampicillin). 

Strains Relevant features or genotype Construction or reference 

B.Subtilis   
168 trpC2 

1
 

Taku-ftsA ftsA::spec Pspac-mazEF ΔcsfB-xpaC Laboratory stock 
GYQ401 ftsA::spec Pspac-mazEF 168 transformed with GYQ102 
GYQ780 ΔftsA This study  
Taku-zapA zapA::spec Pspac-mazEF Laboratory stock 
GYQ111 ΔzapA This study 
TNVS302 sepF::spec Pspac-mazEF This study 
TNVS304 ΔsepF This study 
Taku-ezrA ezrA::spec Pspac-mazEF Laboratory stock 
GYQ112 ΔezrA This study 
Taku-minC minC::spec Pspac-mazEF Laboratory stock 
GYQ117 ΔminC This study 
Taku-sftA sftA::spec Pspac-mazEF Laboratory stock 
GYQ115 ΔsftA This study 
Taku-noc noc::spec Pspac-mazEF Laboratory stock 
GYQ114 Δnoc This study 
GYQ572 ftsZ::(Kan Pspac-ftsZ) This study 
YK1226 ftsA::cat aprE::Kan Pspac-ftsA Laboratory stock  
GYQ300 ftsA::cat 168 transformed with YK1226 
GYQ663 amyE::spec Pxyl-rny-gfp  This study 
GYQ626-N amyE::spec Pxyl-gfp-ccpA This study 
GYQ626-C amyE::spec Pxyl-ccpA-gfp This study 
GYQ642 amyE::spec Pxyl-gfp-lytS This study 
GYQ643 amyE::spec Pxyl-lytS-gfp This study 
GYQ731 amyE::spec Pxyl-lytT-gfp This study 
GYQ732 amyE::spec Pxyl-gfp-lytT This study 
GYQ725 amyE::spec Pxyl-gfp-sigY This study 
GYQ726 amyE::spec Pxyl-sigY-gfp This study 
GYQ729 amyE::spec Pxyl-gfp-xpf This study 
GYQ730 amyE::spec Pxyl-xpf-gfp This study 
GYQ727 amyE::spec Pxyl-gfp-xre This study 
GYQ728 amyE::spec Pxyl-xre-gfp This study 
GYQ734 amyE::spec Pxyl-gfp-sigB This study 
GYQ757 amyE::spec Pxyl-sigB-gfp This study 
GYQ735 amyE::spec Pxyl-gfp-crh This study 
GYQ736 amyE::spec Pxyl-crh-gfp This study 
GYQ737 amyE::spec Pxyl-gfp-ptsH This study 
GYQ747 amyE::spec Pxyl-ptsH-gfp This study 
GYQ748 amyE::spec Pxyl-gfp-ptsI This study 
GYQ749 amyE::spec Pxyl-ptsI-gfp This study 
GYQ750 amyE::spec Pxyl-gfp-lutR This study 
GYQ751 amyE::spec Pxyl-lutR-gfp This study 
GYQ752 amyE::spec Pxyl-gfp-rex This study 
GYQ753 amyE::spec Pxyl-rex-gfp This study 
GYQ786 amyE::spec Pxyl-desR-gfp This study 
GYQ787 amyE::spec Pxyl-gfp-desK This study 
GYQ788 amyE::spec Pxyl-desK-gfp This study 
GYQ779 amyE::spec Pxyl-gfp-czrA This study 
GYQ778 amyE::spec Pxyl-czrA-gfp This study 
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GYQ782 amyE::spec Pxyl-gfp-licT This study 
GYQ795 amyE::spec Pxyl-licT-gfp This study 
GYQ796 amyE::spec Pxyl-gfp-ywgB This study 
GYQ794 amyE::spec Pxyl-gfp-degU This study 
GYQ798 amyE::spec Pxyl-degU-gfp This study 
GYQ821 amyE::spec Pxyl-gfp-bglP This study 
GYQ928 amyE::spec Pxyl-bglP-gfp This study 
GYQ817 amyE::spec Pxyl-gfp-treP This study 
GYQ818 amyE::spec Pxyl-treP-gfp This study 
GYQ839 amyE::spec Pxyl-rnc-gfp This study 
GYQ840 amyE::spec Pxyl-gfp-rnc This study 
GYQ494 aprE::spec PdhbA-lacZ This study 
GYQ921 aprE::spec PdhbA-lacZ ftsZ::(Kan Pspac-ftsZ) GYQ572 transformed with GYQ494 
GYQ583 aprE::spec PxtmA-lacZ This study 
GYQ602 aprE::spec PxtmA-lacZ ΔezrA GYQ112 transformed with GYQ583 
GYQ593 aprE::spec PlicB-lacZ This study 
GYQ597 aprE::spec PlicB-lacZ ΔzapA GYQ111 transformed with GYQ593 
GYQ628 aprE::spec PcitB-lacZ This study 
GYQ633 aprE::spec PcitB-lacZ ΔzapA GYQ111 transformed with GYQ628 
GYQ584 amyE::spec PysbA-lacZ This study 
GYQ595 amyE::spec PysbA-lacZ ΔminC GYQ117 transformed with GYQ584 
GYQ598 amyE::spec PysbA-lacZ ΔzapA GYQ111 transformed with GYQ584 
GYQ592 aprE::spec PrbsR-lacZ This study 
GYQ639 aprE::spec PrbsR-lacZ ΔminC GYQ117 transformed with GYQ592 
GYQ638 aprE::spec PrbsR-lacZ ΔzapA GYQ111 transformed with GYQ592 
GYQ630 aprE::spec PldH-lacZ This study 
GYQ637 aprE::spec PldH-lacZ ΔminC GYQ117 transformed with GYQ630 
GYQ830 amyE::spec PkatE-lacZ This study 
GYQ925 amyE::spec PkatE-lacZ ftsZ::(Kan Pspac-ftsZ) GYQ572 transformed with GYQ830 
GYQ821 amyE::spec PbglP-lacZ This study 
GYQ905 amyE::spec PbglP-lacZ ΔezrA GYQ112 transformed with GYQ821 
GYQ878 amyE::spec PcadA-lacZ This study 
GYQ908 amyE::spec PcadA-lacZ ΔzapA GYQ111 transformed with GYQ878 
GYQ914 amyE::spec PfabHB-lacZ This study 
GYQ903 amyE::spec PfabHB-lacZ ftsZ::(Kan Pspac-ftsZ) GYQ572 transformed with GYQ914 
GYQ915 amyE::spec PfadH-lacZ This study 
GYQ907 amyE::spec PfadH-lacZ ΔezrA GYQ112 transformed with GYQ915 
GYQ857 amyE::spec PmanR-lacZ This study 
GYQ902 amyE::spec PmanR-lacZ ftsZ::(Kan Pspac-ftsZ) GYQ572 transformed with GYQ857 
GYQ656 amyE::spec PmanR-lacZ ftsA::cat GYQ857 transformed with GYQ300 
GYQ882 amyE::spec PtcyP-lacZ This study 
GYQ904 amyE::spec PtcyP-lacZ ΔezrA GYQ112 transformed with GYQ882 
GYQ918 amyE::spec PybfG-lacZ This study 
GYQ924 amyE::spec PybfG-lacZ ΔezrA GYQ112 transformed with GYQ918 
GYQ926 amyE::spec PybfG-lacZ ΔsepF TNVS304 transformed with GYQ918 
GYQ879 amyE::spec PyybN-lacZ This study 
GYQ906 amyE::spec PyybN-lacZ ΔezrA GYQ112 transformed with GYQ879 
GYQ884 amyE::spec PfruR-lacZ This study 
GYQ873 amyE::spec PfruR-lacZ ftsA::cat GYQ884 transformed with GYQ300 
GYQ880 amyE::spec PmtlA-lacZ This study 
GYQ909 amyE::spec PmtlA-lacZ ftsA::cat GYQ880 transformed with GYQ300 
GYQ883 amyE::spec PmanP-lacZ This study 
GYQ871 amyE::spec PmanP-lacZ ftsA::cat GYQ883 transformed with GYQ300 
E.coli   
Top10  Laboratory stock 

Plasmid Relevant features or genotype Construction or reference 

pAPNC213 Cm bla, aprE3’, Cm, lacI, Pspac, aprE5’ 
2
 

pAPNC213 Kan  bla, aprE3’, Kan, lacI, Pspac, aprE5’ 
2
 

pAPNC213 Erm  bla, aprE3’, Erm, lacI, Pspac, aprE5’ 
2
 

pUC19 bla, Plac 
3
 

pHJS105 bla, amyE3’, spec, Pxyl-gfp-MCS, amyE5’ 
4
 and H.Strahl 

pSG1154 bla, amyE3’, spec, Pxyl-MCS-gfp, amyE5’ Laboratory stock 
pTNV9 bla, aprE3’, Erm, lacI, Pspac-gfp, aprE5’ 

5
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pBEST309 bla, Ptac, Tc Laboratory stock 
pBS4S bla,thrC3’, spec, Pxyl-mRFP-MCS, thrC5’ BGSC stock 
pYQ75 bla, amyE’, spec, lacZ, amyE’ This study 
pYQ87 bla, aprE3’, spec, lacZ, aprE5’ 

5
 

pYQ111 bla, amyE3’, spec, Pxyl-rny-gfp, amyE5’ This study 
pYQ157 bla, amyE3’, spec, Pxyl-ccpA-gfp, amyE5’ This study 
pYQ158 bla, amyE3’, spec, Pxyl-gfp-ccpA, amyE5’ This study 
pYQ161 bla, amyE3’, spec, Pxyl-gfp-lytS, amyE5’ This study 
pYQ162 bla, amyE3’, spec, Pxyl-lytS-gfp, amyE5’ This study 
pYQ179 bla, amyE3’, spec, Pxyl-gfp-lytT, amyE5’ This study 
pYQ180 bla, amyE3’, spec, Pxyl-lytT-gfp, amyE5’ This study 
pYQ181 bla, amyE3’, spec, Pxyl-gfp-sigY, amyE5’ This study 
pYQ182 bla, amyE3’, spec, Pxyl-sigY-gfp, amyE5’ This study 
pYQ183 bla, amyE3’, spec, Pxyl-gfp-xpf, amyE5’ This study 
pYQ184 bla, amyE3’, spec, Pxyl-xpf-gfp, amyE5’ This study 
pYQ185 bla, amyE3’, spec, Pxyl-gfp-xre, amyE5’ This study 
pYQ186 bla, amyE3’, spec, Pxyl-xre-gfp, amyE5’ This study 
pYQ187 bla, amyE3’, spec, Pxyl-gfp-sigB, amyE5’ This study 
pYQ188 bla, amyE3’, spec, Pxyl-sigB-gfp, amyE5’ This study 
pYQ191 bla, amyE3’, spec, Pxyl-gfp-crh, amyE5’ This study 
pYQ192 bla, amyE3’, spec, Pxyl-crh-gfp, amyE5’ This study 
pYQ193 bla, amyE3’, spec, Pxyl-gfp-ptsH, amyE5’ This study 
pYQ194 bla, amyE3’, spec, Pxyl-ptsH-gfp, amyE5’ This study 
pYQ197 bla, amyE3’, spec, Pxyl-gfp-ptsI, amyE5’ This study 
pYQ198 bla, amyE3’, spec, Pxyl-ptsI-gfp, amyE5’ This study 
pYQ199 bla, amyE3’, spec, Pxyl-gfp-lutR, amyE5’ This study 
pYQ200 bla, amyE3’, spec, Pxyl-lutR-gfp, amyE5’ This study 
pYQ201 bla, amyE3’, spec, Pxyl-gfp-rex, amyE5’ This study 
pYQ202 bla, amyE3’, spec, Pxyl-rex-gfp, amyE5’ This study 
pYQ208 bla, amyE3’, spec, Pxyl-desR-gfp, amyE5’ This study 
pYQ209 bla, amyE3’, spec, Pxyl-gfp-desK, amyE5’ This study 
pYQ210 bla, amyE3’, spec, Pxyl-desK-gfp, amyE5’ This study 
pYQ213 bla, amyE3’, spec, Pxyl-gfp-czrA, amyE5’ This study 
pYQ214 bla, amyE3’, spec, Pxyl-czrA-gfp, amyE5’ This study 
pYQ217 bla, amyE3’, spec, Pxyl-gfp-licT, amyE5’ This study 
pYQ218 bla, amyE3’, spec, Pxyl-licT-gfp, amyE5’ This study 
pYQ223 bla, amyE3’, spec, Pxyl-gfp-ywgB, amyE5’ This study 
pYQ227 bla, amyE3’, spec, Pxyl-gfp-degU, amyE5’ This study 
pYQ228 bla, amyE3’, spec, Pxyl-degU-gfp, amyE5’ This study 
pYQ234 bla, amyE3’, spec, Pxyl-gfp-bglP, amyE5’ This study 
pYQ235 bla, amyE3’, spec, Pxyl-bglP-gfp, amyE5’ This study 
pYQ236 bla, amyE3’, spec, Pxyl-gfp-treP, amyE5’ This study 
pYQ237 bla, amyE3’, spec, Pxyl-treP-gfp, amyE5’ This study 
pYQ246 bla, amyE3’, spec, Pxyl-gfp-rnc, amyE5’ This study 
pYQ247 bla, amyE3’, spec, Pxyl-rnc-gfp, amyE5’ This study 
pYQ104 bla, aprE3’, spec, PdhbA-lacZ, aprE5’ This study 
pYQ145 bla, aprE3’, spec, PxtmA-lacZ, aprE5’ This study 
pYQ147 bla, aprE3’, spec, PlicB-lacZ, aprE5’ This study 
pYQ148 bla, aprE3’, spec, PcitB-lacZ, aprE5’ This study 
pYQ149 bla, amyE3’, spec, PysbA-lacZ, amyE5’ This study 
pYQ150 bla, aprE3’, spec, PrbsR-lacZ, aprE5’ This study 
pYQ152 bla, aprE3’, spec, PldH-lacZ, aprE5’ This study 
pYQ240 bla, amyE3’, spec, PkatE-lacZ, amyE5’ This study 
pYQ248 bla, amyE3’, spec, PbglP-lacZ, amyE5’ This study 
pYQ249 bla, amyE3’, spec, PcadA-lacZ, amyE5’ This study 
pYQ250 bla, amyE3’, spec, PfabHB-lacZ, amyE5’ This study 
pYQ251 bla, amyE3’, spec, PfadH-lacZ, amyE5’ This study 
pYQ253 bla, amyE3’, spec, PmanR-lacZ, amyE5’ This study 
pYQ257 bla, amyE3’, spec, PtcyP-lacZ, amyE5’ This study 
pYQ258 bla, amyE3’, spec, PybfG-lacZ, amyE5’ This study 
pYQ259 bla, amyE3’, spec, PyybN-lacZ, amyE5’ This study 
pYQ263 bla, amyE3’, spec, PfruR-lacZ, amyE5’ This study 
pYQ264 bla, amyE3’, spec, PmtlA-lacZ, amyE5’ This study 
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Table S2. Primers sequences used in this study 

Construct Strains Primers Sequence (5’-3’) 

gfp-ccpA GYQ626-N YQ498 CAGGAAGCGGCTCAGGATCCATGAGCAATATTACGATCTACGATG 

  YQ499 AGCTTATCGATACCGTCGACTTATGACTTGGTTGACTTTCTAAG 

gfp-lytS GYQ642 YQ504 CAGGAAGCGGCTCAGGATCCATGATTCATTTAATGATTATGATGCTG 

  YQ505 AGCTTATCGATACCGTCGACTCAACTATTAACACCCTGAGCA 

gfp-lytT GYQ732 YQ579 CAGGAAGCGGCTCAGGATCCATGCTCAGGGTGTTAATAGTTGATG 

  YQ580 CAAGCTTATCGATACCGTCGACTCAAATATGGAGCAGCTTTTTCAATTC 

gfp-sigY GYQ725 YQ583 CAGGAAGCGGCTCAGGATCCTTGGATACACAAGAAGAACAGCGGCT 

  YQ584 CAAGCTTATCGATACCGTCGACTTATTCATCATCCCACTCCTTTC 

gfp-xpf GYQ729 YQ587 CAGGAAGCGGCTCAGGATCCATGCAAGACTTACTATTTGAATATAAAC 

  YQ588 CAAGCTTATCGATACCGTCGACTCAGGCAAGTGATCGATTCATTTCT 

gfp-xre GYQ727 YQ591 CAGGAAGCGGCTCAGGATCCATGATAGGCGGCAGATTGAAGAG 

  YQ592 CAAGCTTATCGATACCGTCGACTTATTTATTTTTCGGTTTGCGGT 

gfp-sigB GYQ734 YQ595 CAGGAAGCGGCTCAGGATCCATGACACAACCATCAAAAACTACGA 

  YQ596 CAAGCTTATCGATACCGTCGACTTACATTAACTCCATCGAGGGATCT 

gfp-crh GYQ735 YQ606 CAGGAAGCGGCTCAGGATCCATGGTTCAACAGAAAGTGGAAGT 

  YQ607 AGCTTATCGATACCGTCGACCTAAACTTCTTCTTGAACGTAAG 

gfp-ptsH GYQ737 YQ610 CAGGAAGCGGCTCAGGATCCATGGCACAAAAAACATTTAAAGTAAC 

  YQ611 AGCTTATCGATACCGTCGACTTACTCGCCGAGTCCTTCGCT 

gfp-ptsI GYQ748 YQ618 CAGGAAGCGGCTCAGGATCCATGCAAGAATTAAAAGGGATTGGT 

  YQ619 AGCTTATCGATACCGTCGACTTACTTGAATGTTTCTTTTACGAACGCGA 

gfp-lutR GYQ750 YQ622 CAGGAAGCGGCTCAGGATCCATGATCAAAAATGGCGAATTGAAG 

  YQ623 AGCTTATCGATACCGTCGACTTATTGCACATTTTCCTCGAAATATC 

gfp-rex GYQ752 YQ626 CAGGAAGCGGCTCAGGATCCATGAATAAGGATCAATCAAAAATTC 

  YQ627 AGCTTATCGATACCGTCGACCTATTCGATTTCCTCTAAAACTG 

gfp-desK GYQ787 YQ649 CAGGAAGCGGCTCAGGATCCATGATTAAAAATCATTTTACATTTC 

  YQ650 AGCTTATCGATACCGTCGACTTATTTTGAATTATTAGGAATTGCCATG 

gfp-czrA GYQ779 YQ657 CAGGAAGCGGCTCAGGATCCATGACTGAATTTAGAGAAACGGAAC 

  YQ658 AGCTTATCGATACCGTCGACTCAATCATGCTGTGTATGATGGATC 

gfp-licT GYQ782 YQ665 CAGGAAGCGGCTCAGGATCCATGAAAATTGCGAAGGTGATCA 

  YQ666 AGCTTATCGATACCGTCGACTTATGCTTGTTTAACTACCCTTTCTATG 

gfp-ywgB GYQ796 YQ677 CAGGAAGCGGCTCAGGATCCATGAAAATGAAATCAGGAATGGAG 

  YQ678 AGCTTATCGATACCGTCGACTTACAATTGCCCTTTCACTTGCTTG 

gfp-degU GYQ794 YQ685 CAGGAAGCGGCTCAGGATCCGTGACTAAAGTAAACATTGTTATTATC 

  YQ686 AGCTTATCGATACCGTCGACCTATCTCATTTCTACCCAGCCA 

gfp-bglP GYQ821 YQ704 CAGGAAGCGGCTCAGGATCCATGGATTATGATAAATTATCGAAG 

  YQ705 AGCTTATCGATACCGTCGACTCAAGATAAAGCAAGCAGCGCTTCT 

gfp-treP GYQ817 YQ708 CAGGAAGCGGCTCAGGATCCATGGGGGAACTGAACAAATCGGCA 

  YQ709 AGCTTATCGATACCGTCGACTTATTTATGTTTGAATCTCGCA 

gfp-rnc GYQ840 YQ734 CAGGAAGCGGCTCAGGATCCATGTCAAAACACTCACATTATAAAG 

pYQ265 bla, amyE3’, spec, PmanP-lacZ, amyE5’ This study 



181 
 

  YQ735 AGCTTATCGATACCGTCGACTTATTGTTTCGTATGGTGTTTTTGCA 

rny-gfp GYQ663 DB24 GAAAGGAGATTCCTAGGATGACCCCAATTATGATGGTTC 

  DB25 CTTGAGCCGCTTCCTGAGCCTTTTGCATACTCTACGGCTCGA 

ccpA-gfp GYQ626-C YQ496 GAAAGGAGATTCCTAGGATGAGCAATATTACGATCTACGATG 

  YQ497 CCTGAGCCGCTTCCTGAGCCTGACTTGGTTGACTTTCTAAGCTCT 

lytS-gfp GYQ643 YQ506 GAAAGGAGATTCCTAGGATGATTCATTTAATGATTATGATGCTG 

  YQ507 cCTGAGCCGCTTCCTGAGCCACTATTAACACCCTGAGCATGTTC 

lytT-gfp GYQ731 YQ581 CTAGAAAGGAGATTCCTAGGATGCTCAGGGTGTTAATAGTTGATG 

  YQ582 CCTGAGCCGCTTCCTGAGCCAATATGGAGCAGCTTTTTCAATTCCTTC 

sigY-gfp GYQ726 YQ585 CTAGAAAGGAGATTCCTAGGATGGATACACAAGAAGAACAGCGGCT 

  YQ586 CCTGAGCCGCTTCCTGAGCCTTCATCATCCCACTCCTTTCTGA 

xpf-gfp GYQ730 YQ589 CTAGAAAGGAGATTCCTAGGATGCAAGACTTACTATTTGAATATAAAC 

  YQ590 CCTGAGCCGCTTCCTGAGCCGGCAAGTGATCGATTCATTTCTTC 

xre-gfp GYQ728 YQ593 CTAGAAAGGAGATTCCTAGGATGATAGGCGGCAGATTGAAGAG 

  YQ594 CCTGAGCCGCTTCCTGAGCCTTTATTTTTCGGTTTGCGGTTTTTCTCT 

sigB-gfp GYQ757 YQ597 CTAGAAAGGAGATTCCTAGGATGACACAACCATCAAAAACTACGA 

  YQ598 CCTGAGCCGCTTCCTGAGCCCATTAACTCCATCGAGGGATCTTCA 

crh-gfp GYQ736 YQ608 CTAGAAAGGAGATTCCTAGGATGGTTCAACAGAAAGTGGAAGT 

  YQ609 CCTGAGCCGCTTCCTGAGCCAACTTCTTCTTGAACGTAAGCAGCCA 

ptsH-gfp GYQ747 YQ612 CTAGAAAGGAGATTCCTAGGATGGCACAAAAAACATTTAAAGTAAC 

  YQ613 CCTGAGCCGCTTCCTGAGCCCTCGCCGAGTCCTTCGCTTTTC 

ptsI-gfp GYQ749 YQ620 CTAGAAAGGAGATTCCTAGGATGCAAGAATTAAAAGGGATTGGT 

  YQ621 CCTGAGCCGCTTCCTGAGCCCTTGAATGTTTCTTTTACGAACGCGA 

lutR-gfp GYQ751 YQ624 CTAGAAAGGAGATTCCTAGGATGATCAAAAATGGCGAATTGAAG 

  YQ625 CCTGAGCCGCTTCCTGAGCCTTGCACATTTTCCTCGAAATATCCCGA 

rex-gfp GYQ753 YQ628 CTAGAAAGGAGATTCCTAGGATGAATAAGGATCAATCAAAAATTC 

  YQ629 CCTGAGCCGCTTCCTGAGCCTTCGATTTCCTCTAAAACTGAATAATG 

desR-gfp GYQ786 YQ647 CTAGAAAGGAGATTCCTAGGATGGCTTATATGATTAGTATATTTATTG 

  YQ648 CCTGAGCCGCTTCCTGAGCCTTTAAACCAGCCTTTTTCTTTTGAC 

desK-gfp GYQ788 YQ651 CTAGAAAGGAGATTCCTAGGATGATTAAAAATCATTTTACATTTC 

  YQ652 CCTGAGCCGCTTCCTGAGCCTTTTGAATTATTAGGAATTGCCATG 

czrA-gfp GYQ778 YQ659 CTAGAAAGGAGATTCCTAGGATGACTGAATTTAGAGAAACGGAAC 

  YQ660 CCTGAGCCGCTTCCTGAGCCATCATGCTGTGTATGATGGATCA 

licT-gfp GYQ795 YQ667 CTAGAAAGGAGATTCCTAGGATGAAAATTGCGAAGGTGATCA 

  YQ668 CCTGAGCCGCTTCCTGAGCCTGCTTGTTTAACTACCCTTTCTATG 

degU-gfp GYQ798 YQ687 CTAGAAAGGAGATTCCTAGGATGACTAAAGTAAACATTGTTATTATC 

  YQ688 CCTGAGCCGCTTCCTGAGCCTCTCATTTCTACCCAGCCATTTTTAATG 

bglP-gfp GYQ928 YQ706 CTAGAAAGGAGATTCCTAGGATGGATTATGATAAATTATCGAAG 

  YQ707 CCTGAGCCGCTTCCTGAGCCAGATAAAGCAAGCAGCGCTTCTTTTG 

treP-gfp GYQ818 YQ710 CTAGAAAGGAGATTCCTAGGATGGGGGAACTGAACAAATCGGCA 

  YQ711 CCTGAGCCGCTTCCTGAGCCTTTATGTTTGAATCTCGCATAC 

rnc-gfp GYQ839 YQ736 CTAGAAAGGAGATTCCTAGGATGTCAAAACACTCACATTATAAAG 

  YQ737 TCCTGAGCCGCTTCCTGAGCCTTGTTTCGTATGGTGTTTTTGCA 

PdhbA-
lacZ 

GYQ494 YQ410 AGACTATTCGGCACTGAAATAAGAGGATTTAAAACCGGAGATAG 

  YQ411 CTTACGTCAGTAACTTCCATATCATCAATTCCTTTCTTCGCTCT 

PxtmA- GYQ583 YQ465 AGACTATTCGGCACTGAAATAAACAAGAATACAATATAAACCGCT 
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lacZ 

  YQ466 CTTACGTCAGTAACTTCCATGCTACTGCATCACCGCCACCTC 

PlicB-lacZ GYQ593 YQ469 AGACTATTCGGCACTGAAATAAAGGAAAAAGCCAATCGCTAC 

  YQ470 CTTACGTCAGTAACTTCCATGTAAAAGACCCCCTAGAGTTTG 

PcitB-lacZ GYQ628 YQ471 AGACTATTCGGCACTGAAATGTATTCTTATTGGTCATAAAATGAG 

  YQ472 CTTACGTCAGTAACTTCCATTCTCCAAAATCCCCCTTCAGATC 

PrbsR-
lacZ 

GYQ592 YQ475 AGACTATTCGGCACTGAAATAAATCAAAGAGAATGCGCTTTC 

  YQ476 CTTACGTCAGTAACTTCCATAACAGCTCCTCCTTGTTTATGTAAC 

PldH-lacZ GYQ630 YQ479 AGACTATTCGGCACTGAAATGTAACGAGGACCGAGAAATACAG 

  YQ480 CTTACGTCAGTAACTTCCATTAATCATCCTTCCAGGGTATGTTTC 

PysbA-
lacZ 

GYQ584 YQ473 AGACTATTCGGCACTGAAATAATCGGGATATTGTAGAAACAGAG 

  YQ474 CTTACGTCAGTAACTTCCATTTTCTTCACCTCTTTCTCTTTGGT 

PkatE-
lacZ 

GYQ830 YQ716 CAGACTATTCGGCACTGAAATATCGCTATTCCCGCTAACACCAAAC 

  YQ717 ATCTTACGTCAGTAACTTCCATGTCTGCTCCCCCTTTTTAAAACGA 

PbglP-
lacZ 

GYQ821 YQ772 CAGACTATTCGGCACTGAAATAACTCCTGATGACGCTATACAAGAG 

  YQ773 TCTTACGTCAGTAACTTCCATGTGTATACCTCCTTTTTATGGGGGGA 

PcadA-
lacZ 

GYQ878 YQ774 CAGACTATTCGGCACTGAAATATTGCGAATATCATTGCGGAAGTTC 

  YQ775 TCTTACGTCAGTAACTTCCATTAGTCTCACCTTACCTTCCGATTTAG 

PfabHB-
lacZ 

GYQ914 YQ776 CAGACTATTCGGCACTGAAATAAAAGCTGTTCAAACGTCCCGCT 

  YQ777 TCTTACGTCAGTAACTTCCATATGAATCACTCCTTATGGTCAGA 

PfadH-
lacZ 

GYQ915 YQ778 CAGACTATTCGGCACTGAAATCCATTGCGATATACCGTGAAACCTC 

  YQ779 TCTTACGTCAGTAACTTCCATGTTTATCCCTCCAATTGTGAATG 

PmanR-
lacZ 

GYQ857 YQ782 CAGACTATTCGGCACTGAAATGTTCTTTACTTCAGTAGGTGTGGAG 

  YQ783 TCTTACGTCAGTAACTTCCATCTGTTTTTCTATCCTTCCTGTCAG 

PtcyP-
lacZ 

GYQ882 YQ790 CAGACTATTCGGCACTGAAATGAAAAGGAGATCAAGCTATTTGTG 

  YQ791 TCTTACGTCAGTAACTTCCATAGCAGGTAAACTCTCCCTTCA 

PybfG-
lacZ 

GYQ918 YQ792 CAGACTATTCGGCACTGAAATTTGCGTCTGACTTTTTTGATTGGAT 

  YQ793 TCTTACGTCAGTAACTTCCATTTCGATTCCTCCTTTGTTAGATTG 

PyybN-
lacZ 

GYQ879 YQ794 CAGACTATTCGGCACTGAAATGTCTTTGCGATCAATTGTTGAGTAC 

  YQ795 CTTACGTCAGTAACTTCCATAATTTTACAATCCTTTCAATATATATTTTATAC 

PfruR-
lacZ 

GYQ884 YQ809 CAGACTATTCGGCACTGAAATGACAATCATGGCACAGAGGATTC 

  YQ810 TCTTACGTCAGTAACTTCCATGCTTCACCTCCTAATGAAAACGT 

PmtlA-
lacZ 

GYQ880 YQ811 CAGACTATTCGGCACTGAAATCGATATGGTCAGATCATCAAATG 

  YQ812 TCTTACGTCAGTAACTTCCATATATAAACCCTCCCTGTTTTGTTTG 

PmanP-
lacZ 

GYQ883 YQ813 CAGACTATTCGGCACTGAAATCCTGGCGAAGAGAAGAAATTAAGTG 

  YQ814 TCTTACGTCAGTAACTTCCATAGGAAACCTCCTTTAAAGTGTGA 

Pspac-
ftsZ 

GYQ572 YQ456 CTAAAAAGCTTTAACTACAAGCTTTTTAGACATCTAAATCTAGGTAC 

  YQ457 AAGCTTGTAGTTAAAGCTTTTTAGACATCTAACTATTCCCAAAACATGCTTAATAG 

  YQ458 AGCGCTCACAATTGACCTGCtagAGATAGTCATTCGGCAGATTAGGA 
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  YQ251 GCAGGTCAATTGTGAGCGCTCACAATTCCACA 

  TerS312 GCATCAAAAGCATTCACCAGACCA 

  TerS313 GCAAAACAAAGTCCGCCAGGCGGA 

Primers for qPCR 

Genes  Primers Sequence (5’-3’) 

pfkA-reference YQ560 TGTTGTTATCGGTGGAGACG 

  YQ561 AAATCAGTGCCCGGAATG 

tasA  YQ546 TCTCCAGAAGATTTCCTCAGCCAGT 

  YQ547 TCGGGTAGCCATTGCCGCCCTCTT 

xkdM  YQ550 TGGACTATGTCAAAAAAGGCAGCGA 

  YQ551 AAGGCTTGCGATTTTGGCAGAGTC 

ysbA  YQ556 TTTTGCCGTCATTATGCTGGTTTCA 

  YQ557 GTTCCGAGCGTCTCCACTTGTTCCA 

citB  YQ635 AAAGCGGGTACAGAAGATGCATTAG 

  YQ636 ATTGTTAAACGCTTTCTTTGCCCAG 

bdbA  YQ738 TAGCAGCAGCCATTAGTATTTTCGT 

  YQ739 CATTATAAAAAGGTTTTTCGCTACCTG 

bglP  YQ740 TTGATGTGATTTCTGGGGTGTTTAC 

  YQ741 TCTTCTCCGCCATCCAGCCAAAC 

cadA  YQ742 GGGGTCGCCGTTATGCTGTTTTATC 

  YQ743 CCGTTCTTTGTTTTGAGATTGGCGT 

dhbA  YQ744 TTTTAGTGAATGTAGCGGGTGTCCT 

  YQ745 GCCTCCCATTCCTCATCGCTAAG 

fabHB  YQ746 ACAACCACATCCGATTACGCCTTTC 

  YQ747 CGGCGCATGTCGCATTAATATCCAG 

fadG  YQ748 GTCAGGGAACGAAAGAGGCGATAG 

  YQ749 ACCTTAGGCGTTACTACACCGTCTG 

glpD  YQ750 GAAGTGAAAATGGTCGCTGAGGTAG 

  YQ751 GCCTTTATGAAACGGAAGCAGCA 

gntR  YQ752 CAATCGCCGCCGAGTTTTCAGTAAG 

  YQ753 GTTCTAAGCGGATGATTTTTTCGGA 

katE  YQ754 TACGGTTGCGGGTTCTAAAGGCTC 

  YQ755 ATTGCGTCCTGAATGAAAAACAC 

ldH  YQ756 AAAAACCTGGTGAGACACGCCTTGA 

  YQ757 CATGACTTCACTAACGATGCCTTTG 

licB  YQ758 CTGGTGAGCAAGATGGAAAAAAGTG 

  YQ759 GAATCGCCTGAAACTGCCCAAATG 

manR  YQ760 TGATTCACAATACAGCGTTTACCAG 

  YQ761 TCGTCTGTGAAATAGAGGGAATGCT 

purC  YQ764 TTTCAAGCCTCATTTTCAAACACCT 

  YQ765 ACTTCAAGCGGCACAATCGTTACCT 

rbsA  YQ766 AAAAAAGAACGGCGTCTCCATTGTC 

  YQ767 GTTGTATCTACCGTTTTTCCGTCAC 

tcyP  YQ768 AGCGGTTTGATTATCGGGATTTTAG 

  YQ769 CCTTGGTCAACCTGAATCGCCTG 

yfbG  YQ770 AAGTGTTGCCAATGGATTTTTCGGA 
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  YQ771 GATTTTCCGTTACAATAGAGGGCGT 

fruR  YQ837 AAAAATCATCCAAAAACCTTCACGA 

  YQ838 AAAATCAATCATGTGCAATGTCGTC 

msmE  YQ839 AAGGTGTATGCCTATCCAATCAATC 

  YQ840 AACAATGCTTCCCTTGCTCTTTTCT 

mtlA  YQ841 TTTTTAGTAGAAGCAAACCCTGGAC 

  YQ842 TCTCGTGAATCCCTCCGAAGAAATG 

yybL  YQ843 AACCCCTACAAAGTAATGAGGATGG 

  YQ844 AGTAAAGAAACAAACCCAATCTCCA 

manP  YQ845 AGACCCAGGGAGGGATTGGTGTTGA 

  YQ846 TACCCCCACAGACAGCAGTTTTTTG 

Other Primers   

Primers Sequence (5’-3’)  

YQ214 ATGGAAGTTACTGACGTAAGATTAC 

YQ215 ATTTCAGTGCCGAATAGTCTGGA 

YQ217 AAGCTTGTAGTTAAAGCTTTTTAGACATCTAATGCCCGGTTATTATTATTTTTGAC 

YQ218 AAAGCTTTAACTACAAGCTTTTTAGACATCTAATGATATCGAATTCTAGTTCTAGAGC 

YQ219 CAAAAGCCTAATTGAGAGAAGTTTCTATAGA 

YQ220 CTTCTCTCAATTAGGCTTTTGTAAATTTGGAAAGTTACAC 

TerS350 CACCGCCGACATTCGCGTGGCTCCA 

TerS351 GCATCAGGGCTGCGGCATCCGGA 

TerS352 GGGGCCAATAAACGGATTGTATTGT 

TerS353 GCCTCTGCCCCTTGCAAATCGGATGCCT 

TerS448 TGATAAAGGATCATCTCGCTTCATTGCTGTACACCCCCTGTTTCA 

TerS449 GCTGACAAGGTTCAGCCTGCCCGT 

TerS450 tagaaacttctctcaattagGCCCTCTCATCCCATAAGGGACGA 

TerS451 AGCGAGATGATCCTTTATCAAGT 

TerS452 CAGCTCTTCAATTTCCATTGCAAT 

TerS453 ttaacgtactgattgggtagATGAGTatgAAAAATAAACTGAAAAACT 

TerS468 CCAGCATTGCAATCGGAGGGA 

TerS469 GAACCAGCCGAACGCTCCGTGT 

YQ293 ctaattgagagaagtttctatagaatttttc 

YQ294 ctacccaatcagtacgttaattttg  

TerS274 CATCCTAGGAATCTCCTTTCTAGA 

TerS368 GGCTCAGGAAGCGGCTCAGGATCCAAAGGAGAAGAACTTTTCACTGGAGT 

YQ133 GGCTCAGGAAGCGGCTCAAGCAAAGGAGAAGAACTTTTCACT 

YQ432 GGATCCTGAGCCGCTTCCTGAGCCTTTGTAGAGCTCATCCATGCCATG 

EKP22 GTCGACGGTATCGATAAGCTTGAT 
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