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Summary

The bistably expressed K-state of Bacillus subtilis is characterized by two distinct features; 

transformability and arrested growth when K-state cells are exposed to fresh medium. The arrest is 

manifested by a failure to assemble replisomes and by decreased rates of cell growth and rRNA 

synthesis. These phenotypes are all partially explained by the presence of the AAA+ protein 

ComGA, which is also required for the binding of transforming DNA to the cell surface and for 

the assembly of the transformation pilus that mediates DNA transport. We have discovered that 

ComGA interacts with RelA and that the ComGA-dependent inhibition of rRNA synthesis is 

largely bypassed in strains that cannot synthesize the alarmone (p)ppGpp. We propose that the 

interaction of ComGA with RelA prevents the hydrolysis of (p)ppGpp in K-state cells, which are 

thus trapped in a non-growing state until ComGA is degraded. We show that some K-state cells 

exhibit tolerance to antibiotics, a form of type 1 persistence, and we propose that the bistable 

expression of both transformability and the growth arrest are bet-hedging adaptations that improve 

fitness in the face of varying environments, such as those presumably encountered by B. subtilis in 

the soil.
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Introduction

The state of competence for transformation in Bacillus subtilis is activated by the 

transcription factor ComK and exhibits two distinct features compared with most other 

characterized transformable bacteria; it is bistably expressed in a minority of the cells in a 

clonal population and the expressing cells are growth-arrested. Because ComK also activates 

the expression of several dozen genes not needed for transformation (Berka et al., 2002, 

Hamoen et al., 2002, Ogura et al., 2002), we refer to the ComK ON condition as the K-state 

(KS) (Berka et al., 2002). In the present study we ask two questions concerning the KS; 
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what causes the growth arrest and how might the bistable co-expression of both 

transformability and the growth arrest confer fitness advantages?

KS regulation is complex. Briefly, positive autoregulation, noise and cooperativity in 

expression from the comK promoter (Maamar et al., 2007, Süel et al., 2007) collaborate with 

temporally regulated comK basal expression (Mirouze et al., 2012, Leisner et al., 2007) to 

cause the bifurcation into two subpopulations, consisting of KS and non-KS cells. In 

laboratory strains of B. subtilis, KS cells comprise about 15% of the total population.

It has been known for decades that competence for transformation is accompanied by 

arrested growth and cell division, as a result of which KS cells tolerate exposure to penicillin 

G (Nester & Stocker, 1963, Johnsen et al., 2009). Two ComK-induced proteins, ComGA 

and Maf (Butler et al., 1993), are known to be involved in the inhibition of cell division in 

KS cells (Briley et al., 2011b, Haijema et al., 2001). ComGA prevents FtsZ-ring (Z-ring) 

formation and probably DNA replication, while Maf redundantly blocks cell division at a 

later step (Briley et al., 2011b). ComGA is a membrane associated AAA+ (ATPases 

associated with diverse cellular activities) protein, which not only inhibits cell division but 

also plays a role in the binding of transforming DNA to the cell and is required for the 

construction of the competence-associated pseudopilus needed for DNA transport (Briley et 

al., 2011a). Maf is an inhibitor of cell division (Butler et al., 1993) and is a nucleotide 

pyrophosphatase, with orthologs present in bacteria, yeast and even humans (Tchigvintsev et 

al., 2013). The role, if any, of this pyrophosphatase activity in the ability of Maf to inhibit 

cell division is not clear.

Here we show that ComGA contributes to the inhibition of rRNA transcription and of cell 

growth in the KS. We present evidence that these activities of ComGA are due to its ability 

to bind RelA, probably inhibiting hydrolysis of the alarmone (p)ppGpp. The emergence of 

cells from the KS is accompanied by the degradation of ComGA. The non-growing status of 

KS cells when placed in fresh growth medium, their tolerance for antibiotics and the 

involvement of (p)ppGpp suggest that this state brings about a form of type 1 persistence, 

defined as antibiotic tolerance during the emergence from stationary phase (Balaban et al., 

2004). We show that tolerance due to the KS extends to antibiotics other than penicillin G 

and makes a major contribution to the total antibiotic tolerance of cultures emerging from 

stationary phase. We argue that the bistable expression of transformability and the growth 

arrest are both adaptations to growth in an unpredictably fluctuating environment, such as 

that encountered in the wild by this soil-inhabiting bacterium.

Results

KS cells are delayed in the resumption of cell division

To more completely describe the previously reported (Briley et al., 2011b, Haijema et al., 

2001) growth arrest phenotypes of KS cells, we performed time-lapse microscopy with cells 

incubated on agarose pads containing fresh competence growth medium. Fig. 1A shows 

image frames from an outgrowth experiment in which a KS cell was identified by the 

expression of a comG promoter fusion to the CFP coding sequence (PcomG-CFP). Although 

the KS cell was initially indistinguishable morphologically from the non-KS cells, it soon 
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followed a distinct trajectory. The non-KS cells elongated and divided after a relatively short 

delay, while the KS cell shown in the figure did so after an extended lag, showing evidence 

of division only at 150 minutes. The kinked cell shape, which was evident in Fig. 1A after 

45 minutes is typical of KS cells, perhaps indicative of a cell wall defect. Although the 

division times of both KS and non-KS cells in several experiments were broadly distributed, 

the non-KS cells typically divided after 45–60 minutes, while the majority of KS cells 

divided between 110–180 minutes after exposure to fresh growth medium.

If the non-KS cells were to divide before the KS cells, the transformation frequency would 

be expected to decrease and to reach a constant value when the KS cells begin to divide, 

presumably at the same rate as cells that had never been in the KS. To test this, cells at the 

time of maximal KS expression (T2) were incubated with transforming DNA for 30 minutes 

and then treated with DNase to destroy extracellular DNA. The cells were then diluted into 

fresh medium and at 30-minute intervals aliquots were plated for total viable count and for 

transformation to leucine prototrophy. The transformation frequency decreased after 60 

minutes and reached a constant lower value after 120–150 minutes (Fig. 1B). These data 

confirm that the non-KS cells divide earlier, causing the transformation frequency to decline 

until the KS cells (and thus the transformants) begin to divide as well. The division time in 

this medium is about 25 minutes, from which we can infer that the transformed cells begin 

to divide 2–3 division times after the non-KS cells. The lag inferred from the time-lapse 

experiment ranged from 2–5 generations in agreement with the experiment shown in Fig. 

1B. Note that the transformation frequency in Fig. 1B decreased 4–5-fold from 60 to 180 

minutes, in reasonable agreement with this conclusion. Thus the data in Fig. 1 confirm the 

division delay of KS cells and show that during the delay, non-KS cells undergo two or three 

divisions.

KS cells grow slowly during outgrowth

During the time-lapse experiments we frequently observed that KS cells were not only 

delayed in division but also grew in length more slowly than non-KS cells. We measured the 

lengths of several KS (Fig. 2, blue lines) and non-KS (black lines) cells during outgrowth. 

KS cells were identified by their ComK-CFP fluorescence. To correct for cell division, the 

lengths of daughter cells were summed to yield the total length derived from each cell 

identified at the start of the experiment. Although the growth rates were quite 

heterogeneous, the KS cells typically grew more slowly than the non-KS cells. These data 

were modeled (Fig. S1) using a general linearized model (GLM), which has been used 

before to analyze differences in bacterial growth (Nelder & Wedderburn, 1972, Schaffner, 

1998, Lindqvist, 2006). Based on this model we can say with at least 95% confidence that 

the predicted average change in cell length for the wild-type KS cells is significantly lower 

than for the non-KS cells.

ComGA contributes to the growth defect of KS cells

We have shown previously that KS cells do not form Z-rings, while inactivation of comGA 

reverses this block. Although comGA loss-of-function mutants form Z-rings, they do not 

complete division because Maf, which is overexpressed in KS cells, inhibits cytokinesis at a 

stage after Z-ring formation (Briley et al., 2011b). As a consequence, comGA maf+ KS cells 
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are somewhat filamented. The inactivation of comGA also contributes to filamentation by 

partially reversing the growth defect of KS cells (Fig. 2, yellow lines). Most of the comGA 

KS cells grew more rapidly than wild-type KS cells, although not as rapidly as non-KS cells. 

Furthermore the predicted mean growth rate for comGA KS cells also appears intermediate 

between those of KS and non-KS cells, though there is a modest overlap between the non-

KS and comGA KS cell 95% confidence intervals (Fig. S1). Because the bypass due to 

inactivation of comGA is apparently not complete, another KS specific product probably 

contributes to the reduced rate of growth. It is possible that the inhibition of Z-ring 

formation by ComGA is related to its ability to reduce the rate of cell growth, so that cells 

are delayed in reaching a critical length for Z-ring formation.

DNA replication is inhibited in the KS, due in part to ComGA

We have reported previously that DAPI-stained KS cells retain the appearance of stationary 

phase cells for more than an hour before showing microscopic evidence of nucleoid 

segregation, while in non-KS cells the centrally located nuclear bodies split into daughter 

nucleoids earlier (Haijema et al., 2001). This was interpreted as most likely indicating a 

block in KS DNA replication. To confirm this, we monitored replisome assembly using 

DnaX-YFP, which revealed a dramatic difference in the replication status of KS and non-KS 

cells. The presence of a DnaX-YFP fluorescent dot indicates that replisome assembly has 

taken place and that replication may be underway (Lemon & Grossman, 2000). The non-KS 

cells imaged 90 minutes after dilution into fresh medium nearly all have at least one dot, 

while the KS cells possess few dots at this time (Fig. 3A(i)). This is shown quantitatively in 

Fig. 3B, where 77% of the KS cells lack even a single DnaX dot 90 minutes after 

resuspension in fresh growth medium. In contrast, this number is only 2% for the non-KS 

cells, in which 98% contain one or more dots at that time, indicating that replisomes have 

not only formed but that the replication forks have separated enough to be resolvable.

A partial bypass of replisome assembly by comGA inactivation was observed (Fig. 3A(ii) 

and Fig. 3B). At 90 minutes after dilution, 75% of the comGA KS cells have at least one dot, 

compared to more than 99% of the non-KS cells (p<0.0001, V=0.3317), where V is 

Cramér’s V, a measure of the magnitude of the effect as described in Experimental 

procedures. The partial nature of the reversal is evident when the numbers of cells with 2 or 

more dots are compared (fewer than 40% for the comGA KS cells and 78% for the non-KS 

cells (p<0.0001, V=0.3766)). It appears that a KS-specific factor other than ComGA 

contributes to the inhibition of replisome assembly.

KS cells exhibit decreased staining with propidium iodide

We have previously noticed that KS cells exhibit weak propidium iodide (PI) staining 

compared to non-KS cells (Haijema et al., 2001). To further explore this, a culture at T2 was 

diluted into fresh medium and samples were taken at various times, mixed with PI and 

examined microscopically on polylysine-coated slides, which permeabilizes them for PI 

(Strahl & Hamoen, 2010). When cells were stained prior to dilution into fresh growth 

medium, no consistent difference between the staining of KS and non-KS cells could be 

discerned (Fig. S2). Only after exposure to fresh medium did a difference appear, as shown 

in Fig. 4A(i) for cells stained at 90 minutes after dilution. Indeed KS cells can be reliably 
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identified by their weak PI staining. These differences were confirmed by flow cytometry 

(Fig. 4C). For this, samples were mixed with PI at the indicated times after dilution of a T2 

culture into fresh medium and the cells were permeabilized by the addition of 0.1% Triton 

X-100. KS cells were identified from their PcomG-YFP fluorescence and the median PI 

intensities of KS and non-KS cells were measured. In agreement with the impression from 

microscopy (Fig. S2), the median intensities of KS and non-KS cells were similar at the time 

of dilution. With time, the intensities of the non-KS cells increased rapidly and that of the 

KS cells did so much more slowly. In this experiment a striking difference between KS and 

non-KS staining was evident even at 120 minutes.

It is known that PI stains nucleic acids. Ribosomal RNA (rRNA) makes the major 

contribution by mass to the total pool of nucleic acid and so the weak staining of KS cells 

could be explained by a deficit in rRNA content, perhaps due to a decreased rate of rRNA 

synthesis in KS cells compared to that in non-KS cells. However, PI also stains DNA and as 

noted above, KS cells are arrested in DNA replication. Because most of the rRNA genes are 

located near the replication origin it is possible that the earlier resumption of DNA 

replication in non-KS cells increases the copy number of rRNA genes and hence the rRNA 

content. To determine the role of DNA replication in the staining difference between KS and 

non-KS cells, a T2 culture of a strain expressing PcomG-yfp was diluted into fresh medium 

with and without 6-(p-hydroxyphenylazo)-uracil (HPura), an inhibitor of DNA replication 

(Brown, 1971). As described above (Figs. 4C and S2), the non-KS and KS cells (identified 

by YFP fluorescence) exhibited similar PI staining at T2 (not shown). After 90 minutes, the 

DAPI staining of both the KS and non-KS cells in the culture incubated with HPura was 

noticeably weaker than that of the uninhibited cells (Fig. S3, panels A and B) as expected. 

Despite the inhibition of DNA replication, the PI staining of the KS cells was still markedly 

weaker than that of the non-KS cells. Thus, the difference in PI staining cannot be due 

exclusively to differences in DNA content or to gene dosage and may be due instead to an 

inhibition of rRNA synthesis in KS cells.

Next, we investigated the role of ComGA in the KS-specific deficit in PI staining. In the 

comGA culture (Fig. S3C) there was still a difference in PI staining between KS and non-KS 

cells, although the difference appears to be smaller than in the wild-type culture (Fig. S3A). 

This result is consistent with the data presented in Fig. 4A(ii) and Fig. 4C, showing that the 

absence of ComGA partially reverses the staining difference between KS and non-KS cells. 

In addition, in the presence of HPura, there was little or no difference in PI staining between 

the two cell types (Fig. S3D). These data are consistent with a failure of the rRNA content of 

KS cells to increase from the level found in stationary phase due to the combined inhibitory 

effects of ComGA on rRNA synthesis and to the failure of KS cells to rapidly resume DNA 

replication. As shown above, the latter failure is due in part to ComGA. We conclude that 

KS cells are delayed in cell division, grow slowly, are delayed in the assembly of replisomes 

and probably have a lower content of rRNA than non-KS cells after a period of incubation in 

new growth medium. Furthermore it appears that ComGA contributes to these phenotypes. 

If KS cells are indeed rRNA deficient, the cell growth and cell division delays of KS cells 

could be caused by a low rate of protein synthesis.
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ComGA inhibits rRNA synthesis

To test whether ComGA does inhibit rRNA operon transcription, we used a fusion of the 

gene encoding firefly luciferase to the P1 promoter of rrnB. The rRNA operons of B. subtilis 

are each driven by two promoters, P1 and P2, and in all of them P1 is susceptible to 

inhibition by the alarmone (p)ppGpp (Natori et al., 2009). Strains with a P1rrnB-luc fusion 

in wild-type, comGA and comK backgrounds were grown in a plate reader equipped for 

luminometry. Because only about 15% of the cells in a culture normally enter the KS, the 

three strains were made mutant for rok, which encodes a repressor of comK (Hoa et al., 

2002). In this mutant about 80% of the cells in cultures of the two comK+ strains will 

express KS genes, and the plate reader experiment will approximately reflect rrnB 

transcription in the KS cells. Growth in competence medium was followed until the cultures 

reached T2, and then each culture was diluted 50-fold into pre-warmed competence medium 

and optical density and light output were measured at intervals (Fig. 5A). The rrnB 

transcription rates increased with markedly different kinetics in the three strains. In the 

comK strain (green), which reflects the behavior of non-KS cells, the rate rose rapidly. In the 

comK+ comGA+ strain (blue) the rate remained low for about two hours and thereafter rose 

more rapidly. This comparison indicates that KS cells are indeed delayed in the resumption 

of rrnB transcription. Interestingly, the rate in the comK+ comGA culture (red) was higher 

than in the wild-type culture, but still lower than in the comK strain (non-KS cells). Because 

20% of the cells in the comK+ comGA+ and comK+ comGA cultures are not in the KS, the 

rates of rrnB expression in the KS subpopulations in these cultures must be somewhat lower 

than measured. Thus, the differences between the rates in these two cultures and that of the 

comK culture are even greater than depicted in Fig. 5. The order of growth resumption of the 

three cultures paralleled the transcription rates. Because this experiment was performed in a 

strain with a polar Tn917 insertion in comGA, we determined if any other comG gene 

product was needed for the delay in rrnB transcription. An isogenic strain with a polar 

insertion of Tn917 in the second gene of the comG operon was used. No relief of the KS 

inhibition of rrnB transcription was observed (Fig. S4) indicating that the only comG 

product needed for the inhibition of rrnB transcription was ComGA. rrnB is not the only 

rRNA operon subject to KS regulation. ComGA also inhibits the transcription of the rrnD 

operon during outgrowth from the KS and the transcriptional profiles of rrnD in wild-type, 

comK and comGA strains are quite similar to those of rrnB (Fig. S5).

As described above for the PI staining phenotype of KS cells, a delayed increase in rrnB 

operon copy number may contribute to the decrease in the activity of the P1-rrnB promoter 

in KS cells. This is likely to be a less important effect than for total rRNA synthesis, because 

rrnB is not ori proximal. To test the magnitude of the copy number effect, we repeated the 

experiment shown in Fig. 5A in the presence of HPura (Fig. 5B). During the course of this 

experiment the wild-type strain exhibited almost no increase in growth, whereas the comK 

and comGA strains showed small increases (dashed lines), consistent with the reversal of 

cell growth inhibition when comGA was inactivated (Fig. 2). In the absence of DNA 

replication, the difference in transcription rate between the comK and comGA strains was 

quite small (Fig. 5B), and in two other replicate experiments was not detected at all (not 

shown). Thus, the partial restoration of rrnB transcription in the comGA strain in the absence 

of HPura (Fig. 5A) is most likely due to a lower gene copy number even when comGA is 
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inactivated. This is consistent with the partial effect of comGA inactivation on replisome 

assembly (Fig. 3). The maximum transcription rates in the presence of HPura are ten-fold 

lower than without, suggesting that even in KS cells, increased rrnB copy number 

contributes substantially to the transcriptional activity after about an hour of outgrowth.

Considered together, these data suggest that the persistent weak PI staining of KS cells most 

likely reflects a low rate of rRNA synthesis, typical of bacterial cells in stationary phase 

(Piir et al., 2011, Aviv et al., 1996). Although initially the KS and non-KS cells have similar 

levels of PI staining (Figs. 4C and S2), the staining of non-KS cells increases rapidly as does 

the rate of rRNA synthesis in these cells. In contrast, the rate of rRNA synthesis in KS cells 

remains low for about 2.5–3 hours (Fig. 5A), and accordingly their staining by PI remains 

weak for a longer time (Figs. 4 and S3). It appears that in KS cells, the inhibition of DNA 

replication contributes to the lower rate of rRNA synthesis, by preventing an increase in the 

copy number of rRNA operons. Finally, ComGA contributes to the inhibition of total rRNA 

synthesis in two ways; by an effect on the rRNA operon promoters and by inhibiting DNA 

replication, thereby reducing rRNA operon gene dosage.

ComGA inhibits rRNA transcription in the absence of other ComK products

We next asked if the expression of comGA in the absence of other ComK-dependent 

proteins is sufficient to decrease the rate of rrnB transcription. For this experiment, comGA 

was expressed from the isopropyl ß-D-1 thiogalactopyranoside (IPTG) inducible 

Phyperspank (Phs) promoter in a strain carrying the P1rrnB-luc fusion (Fig. S6). The strains 

were grown in LB medium where KS genes are not expressed and then diluted into 

competence medium containing luciferin, with and without inducer (Fig. 6A). In both 

conditions, the apparent rate of rrnB transcription initially rose, as luciferin entered the cells. 

When comGA was induced, the rate of rrnB transcription rapidly decreased after a brief 

delay (blue solid line (Fig. 6A)). In the absence of inducer (red solid line) the rate climbed 

further and was sustained for a while (with oscillations), presumably to adjust the rRNA 

content to a level appropriate for the new growth rate, until the cells approached stationary 

phase, at which point the rate decreased. The growth of the induced culture was slightly 

retarded beginning at about 1.5 hours (blue dashed line), suggesting that it was limited by 

the rate of rRNA synthesis, which was clearly decreased in the presence of IPTG about an 

hour earlier. This demonstrates that ComGA can inhibit rRNA synthesis in the absence of 

other KS gene products. We have already shown that the elimination of ComGA by 

mutation only partially bypasses the KS phenotypes and so it is no surprise that the 

inhibition is not as severe as that seen in the context of the KS. Importantly, and as noted, 

these data strongly suggest that the delay in rRNA synthesis is a cause of the growth delay 

rather than the reverse, because the inhibition of rrnB transcription evident in Fig. 6A 

precedes the difference in growth rate between the induced and uninduced cultures by about 

one hour.

These data reinforce the following working model. As cells approach the stationary phase 

their ribosome content decreases. Indeed in Escherichia coli, about half of the ribosomes are 

degraded (Piir et al., 2011) and the rate of rRNA transcription decreases in both E. coli and 

B. subtilis as growth slows (Aviv et al., 1996, Mirouze et al., 2011). This happens in all the 
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cells and accordingly the PI staining of KS and non-KS cells are similar at T2. When diluted 

into fresh growth medium, rRNA synthesis rapidly resumes in non-KS cells but is retarded 

in KS cells, due to the effect of ComGA on rRNA operon transcription and of the combined 

action of ComGA and an unknown factor on rRNA operon copy number.

ComGA interacts with RelA

To better understand the role of ComGA, we characterized its in vivo protein interactions in 

the KS using immunoaffinity purification and mass spectrometry. A functional, C-terminally 

MYC-tagged ComGA (Hahn et al., 2005) was placed at the native locus, as described in 

Experimental procedures. Protein complexes containing ComGA-MYC were isolated from 

rok cells grown to T2. Since ComGA is a peripheral membrane protein (Chung et al., 1998), 

we performed replicate experiments using different lysis conditions, one optimized for 

enrichment of cytoplasmic proteins (Buffer A), the other to improve the isolation of 

membrane associated proteins (Buffer B). Immunopurified proteins were identified by 

MS/MS using a nano-LC-ESI coupled directly to an LTQ-Orbitrap Velos mass spectrometer 

(Thermo Fisher Scientific) as described. In general, more total proteins were co-isolated 

when using Buffer A than with Buffer B (Fig. 7A). Importantly, several competence 

proteins known to interact with ComGA were recovered as anticipated (Hahn et al., 2005, 

Kramer et al., 2007), confirming that the isolation conditions preserved protein-protein 

interactions that had been independently established (Table S2). An interesting cytoplasmic 

protein that was newly identified as prominently interacting with ComGA-MYC was the 

(p)ppGpp synthetase RelA (Fig. 7B). Although RelA was more efficiently isolated with 

Buffer A, consistent with its cytosolic location, the ComGA association with RelA was 

retained using Buffer B, despite its higher salt and detergent concentrations, suggesting that 

the interaction is strong. This association was of obvious interest because of the well-known 

ability of (p)ppGpp to inhibit rRNA synthesis and DNA replication (Magnusson et al., 2005, 

Potrykus & Cashel, 2008, Dalebroux & Swanson, 2012, Wang et al., 2007).

Although these data strongly suggest that ComGA is in a complex with RelA they do not 

demonstrate direct binding. To address this, we expressed GST-ComGA and RelA 

separately and together in E. coli, using the pQLink system (Scheich et al., 2007). ComGA 

was tagged at its N-terminus with GST, followed by a PreScission protease cleavage site. 

While the single expressing strains were readily obtained, it was not possible to obtain a 

strain expressing both GST-ComGA and the B. subtilis RelA, even in the absence of inducer 

(IPTG), unless an E. coli lacIQ host was used. Even in a lacIQ background, colonies grown 

on LB agar containing IPTG were tiny, while those of strains expressing GST-ComGA or 

RelA individually were of normal size. This synthetic phenotype strongly suggested an 

interaction between RelA and ComGA, perhaps resulting in an expansion of the (p)ppGpp 

pool. E. coli cells expressing either GST-ComGA, RelA or both were lysed, and the 

resulting extracts were clarified by centrifugation. Although most of each induced protein 

was insoluble, enough was present in the soluble fraction to permit further analysis. The 

supernatants from all three cultures were passed over a glutathione column. When the B. 

subtilis RelA protein alone was expressed, it appeared in the flow-through (F) and wash (W) 

fractions and no further RelA protein was released following on-column treatment with 

PreScission protease (C), showing that RelA did not interact non-specifically with the 
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glutathione resin (Fig. 8A). When GST-ComGA alone was expressed, ComGA was eluted 

only after cleavage by PreScission protease, as expected (Fig. 8B). When the extract from 

cells expressing both RelA and GST-ComGA was loaded on the column, proteins of the 

correct sizes for both RelA (~80 kDa) and cleaved ComGA (~40 kDa) were released by 

protease treatment, showing that RelA was retained on the column only due to its 

association with GST-ComGA.

To verify the identities of the two eluted proteins, and to exclude the possibility that the 80 

kDa protein in Fig. 8C was the RelA protein from E. coli, the bands were excised from the 

gel and subjected to tryptic digestion. The resulting peptides were analyzed by mass 

spectrometer, and spectra were searched against the B. subtilis and E. coli databases for 

protein identification. The predominant protein present in the 80 kDa band was B. subtilis 

RelA, with 53 unique peptides identified, and 54% sequence coverage. The main protein in 

the 40 kDa band was ComGA, with 87 unique peptides and 87% sequence coverage. 

Although traces of E. coli protein contaminants were present, no other B. subtilis proteins 

were identified, as expected. These experiments independently confirmed the association of 

ComGA with the B. subtilis RelA protein that had been shown by co-immunoprecipitation 

and demonstrated that the association is due to direct binding.

The ability of ComGA to inhibit rRNA synthesis is bypassed in a (p)ppGpp null mutant

Since ComGA associates with RelA we next considered whether the ComGA-associated 

phenotypes may be due to an increase in the intracellular pool of (p)ppGpp, as suggested by 

the synthetic slow growth phenotype of E. coli co-expressing ComGA and the B. subtilis 

RelA. The B. subtilis RelA protein possesses (p)ppGpp hydrolase activity as well as weak 

synthetase activity, like its close ortholog from Streptococcus equisimilis (Mechold et al., 

1996). ComGA binding to RelA may inhibit its hydrolase activity or stimulate the synthesis 

of (p)ppGpp. In either case, if the relevant ComGA phenotypes were due to its ability to 

increase the (p)ppGpp pool, these phenotypes might be bypassed in a strain that cannot 

synthesize this molecule. To construct a (p)ppGpp° strain (null for (p)ppGpp synthesis), it is 

necessary to inactivate not only RelA, but also two other synthetases, encoded by ywaC and 

yjbM (Nanamiya et al., 2008, Srivatsan et al., 2008). It is worth noting that the phenotype of 

a relA single knockout was not investigated because such a strain is slow growing, rapidly 

accumulates suppressors that inactivate ywaC and yjbM and because the frequency of KS 

cells is markedly reduced (not shown). The reason for this is unknown and decreased 

competence expression in a relA strain has been reported previously (Inaoka & Ochi, 2002).

Indeed, ComGA requires the presence of (p)ppGpp for its inhibitory effect on P1rrnB 

transcription (Fig. 6B). (p)ppGpp is also needed for the usual KS inhibition of PI staining 

(Fig. 4B(ii)), where it was restored to an intermediate level in the (p)ppGpp° strain, 

compared to that of cells that are capable of synthesizing this molecule (Fig. 4B(i)). 

Although a quantitative comparison of the staining restoration accomplished by elimination 

of (p)ppGpp synthesis with that achieved in a comGA knockout was not attempted, the 

levels appear to be approximately similar.

To investigate the contributions of the three (p)ppGpp synthetases, we also tested the effect 

of ComGA overproduction in the absence of yjbM (Fig. 6C) or of both yjbM and ywaC (Fig. 
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6D). In both of these backgrounds, the effects of comGA induction early in growth were 

eliminated (compare with Fig. 6A), although effects on rrnB transcription were still evident 

after about 1.5 hours during exponential growth and as the cultures approached stationary 

phase. ComGA cannot inhibit transcription early in growth when YjbM is absent, so this 

synthetase must be most active at that time, consistent with the results of transcriptional 

analysis of yjbM expression (Nanamiya et al., 2008). The elimination of ywaC has little 

effect, consistent with the reported dependence of this gene on SigW for its expression and 

its induction in response to cell wall stress (Cao et al., 2002). The small effect that its 

absence does impose is evident only during the stationary phase (compare Fig. 6C and D). 

These data suggest that YjbM is active as a synthetase primarily during early growth and 

that YwaC is active in stationary phase. The inhibition by ComGA when RelA is the only 

source of (p)ppGpp takes place during exponential growth (compare Fig. 6B with 6D), 

suggesting that the synthetase activity of this protein is active at this time, perhaps as the 

cells sense the depletion of nutrients. These results also hint that ComGA decreases the 

hydrolase activity of RelA instead of augmenting its ability to produce (p)ppGpp. If ComGA 

increased the production of (p)ppGpp by RelA, we might expect ComGA production to 

show an effect early in growth in the yjbM or yjbM ywaC mutants.

The ability of ComGA to inhibit rrnB transcription does not require the (p)ppGpp 
synthetase activity of RelA

If the effects of ComGA on rrnB transcription were due to its ability to augment the 

synthetase activity of RelA, the D264G relA mutation should eliminate the ComGA imposed 

inhibition of rrnB transcription. This mutation, which inactivates the synthetase activity 

without affecting the hydrolase activity (Nanamiya et al., 2008, Natori et al., 2009), was 

introduced at the relA locus, so that the mutant protein was expressed under native control. 

In the mutant strain, a clear difference in rrnB transcription can be seen in the presence and 

absence of inducer (Fig. 6F). This difference strongly suggests that the effect of ComGA 

does not depend only on the synthetase activity of RelA and that the hydrolysis of (p)ppGpp 

by RelA is therefore inhibited by ComGA. The magnitude of this difference is less than that 

observed with the wild-type strain (compare Fig. 6, panels E and F), as expected because the 

total level of (p)ppGpp is likely to be decreased in the mutant strain. Interestingly, there is 

no difference between the induced and uninduced cultures during exponential growth, 

suggesting that RelA is the major source of (p)ppGpp at this time, as inferred above, based 

on the comparison between Fig. 6B and 6D. Although this experiment supports an effect of 

ComGA on the hydrolysis of (p)ppGpp by RelA, it does not exclude the possibility that the 

ability of RelA to synthesize (p)ppGpp is also affected.

ComGA is degraded during the reversal of the KS

Whatever its mode of action, ComGA must be inactivated for cells to fully emerge from the 

KS. To determine if this inactivation is accomplished by degradation, we monitored 

ComGA levels in cultures of KS cells after dilution into fresh medium by Western blotting. 

By 90 minutes after dilution into fresh medium, ComGA is undergoing degradation and its 

concentration in the KS cells is decreasing rapidly just when the cells resume growth (Fig. 

9). It is important to note that in this culture, the non-KS cells are dividing, which means 

that non-KS proteins would likely increase in amount as cell growth occurs, and thus would 
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not serve as good comparisons for the behavior of ComGA. For the same reason, loading an 

equal mass of total protein on each lane would cause a misleading apparent decrease in 

ComGA as the KS cells are diluted by growth of the non-KS cells. For this reason, lysates 

derived from a constant volume of culture were loaded on each lane, so that the Western blot 

signals reflect the total amount of each protein per unit volume. We also analyzed the 

stability of the competence protein Maf, as it too is specifically expressed in KS cells. 

Remarkably, Maf is not degraded and in fact is seen to increase in amount with time. 

Although Maf is a potent inhibitor of cell division (Briley et al., 2011b, Butler et al., 1993), 

it is clearly present during the time that KS cells divide. How the effects of Maf are 

circumvented remains the subject of future work. In contrast to this, ComGA is degraded by 

an unknown mechanism as the KS cells initiate growth and division.

The KS imposes a form of type I persistence

It has been shown that transformants are tolerant of penicillin G in the KS, as would be 

expected from their slowed growth (Johnsen et al., 2009, Nester & Stocker, 1963). It was 

postulated that the decreased growth rate of KS cells confers an advantage during rare 

episodes of exposure to antibiotics or to other conditions that injure growing cells (Johnsen 

et al., 2009). We have extended this finding to kanamycin (Kan), an aminoglycoside 

antibiotic and to oxolinic acid, a quinolone, demonstrating that the antibiotic tolerance of KS 

cells is not restricted to penicillin G. The earlier experiments compared the penicillin G 

sensitivities of transformants, as a surrogate for competent cells, with that of total colony 

forming units. Because KS cells may be heterogeneous with respect to transformability, we 

instead compared the killing kinetics of total colony forming units of wild-type and comK 

strains, until plateaus were reached, in order to measure the ComK-dependent and 

independent tolerant populations. The tolerant (persistent) population for both antibiotics 

was approximately 10-fold higher for the wild-type cultures than for the comK mutant (Fig. 

10). This indicates that about 90% of the total persistence in the wild-type cultures was 

dependent on the KS. However, because approximately 15% of the cells in this culture were 

in the KS, while the persistent population comprised a very small fraction (~ 10−4) of the 

total colony forming units, the vast majority of KS cells were killed by Kan and by oxolinic 

acid. This indicates that the KS is heterogeneous for persistence, consistent with the 

elongation rate heterogeneity shown in Fig. 2, suggesting that cells with slower elongation 

rates may be more antibiotic tolerant. A distinction has been made between type II 

persistence, which is manifested within populations of growing cells, and type I persistence, 

which is exhibited by cells that experience a prolonged lag when emerging from stationary 

phase (Balaban et al., 2004, Fridman et al., 2014). Our data show that some KS cells exhibit 

type I persistence.

Discussion

The role of ComGA in growth arrest

The B. subtilis KS is characterized by a decreased rate of rRNA synthesis (Figs. 4 and 5), 

slowed cell elongation (Fig. 2), delayed DNA replication (Fig. 3) and the absence of Z-rings 

(Haijema et al., 2001). Fig. 11 summarizes these effects and our current understanding of 

the roles of ComGA and Maf (Briley et al., 2011b) in establishing these disparate growth 
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defects. ComGA interacts with RelA, thereby increasing the level of (p)ppGpp, thereby 

inhibiting rRNA synthesis. ComGA also inhibits the assembly of replisomes by an unknown 

mechanism. The elevated level of (p)ppGpp induced by ComGA binding to RelA may also 

inhibit DNA replication after replisome assembly, by interfering with primase activity 

(Wang et al., 2007). The inhibition of replication further decreases rRNA synthesis in KS 

cells by preventing an increase in rRNA operon copy number, particularly because most 

rRNA operons are ori proximal. Thus, ComGA contributes to the inhibition of rRNA 

synthesis both by its interaction with RelA and by down-regulating the assembly of 

replisomes. The resulting deficit in rRNA then plausibly restrains the rate of cell growth and 

hence the rate of Z-ring formation. Maf, another ComK-dependent protein, inhibits cell 

division at a step subsequent to the formation of Z-rings (Briley et al., 2011b, Butler et al., 

1993).

Several lines of evidence lead to our conclusion that ComGA and RelA interact. First, the 

co-immunoprecipitation experiment in B. subtilis strongly suggests that these proteins 

associate, either directly or indirectly. Second, the co-purification of RelA with ComGA 

after expression in E. coli confirms the association and shows that it requires no additional 

B. subtilis protein and is thus a direct interaction. Third, the synthetically deleterious 

phenotype exhibited by the co-expressing E. coli strain supports the existence of an in vivo 

interaction. Finally, the bypass of the inhibition of rRNA synthesis by ComGA in the 

(p)ppGpp° strains provides indirect support for the involvement of RelA in the inhibitory 

action of ComGA.

The discovery that the inhibition of rRNA synthesis by ComGA is bypassed in (p)ppGpp° 

strains and that ComGA binds to RelA, suggest a simple scenario to explain the role of 

ComGA in the KS. As growth slows and cells enter the stationary phase, the (p)ppGpp pool 

expands in response to nutritional limitation, contributing to a slowdown in growth and in 

rrn transcription (Paul et al., 2004, Gralla, 2005, Potrykus & Cashel, 2008, Srivatsan & 

Wang, 2008). This is expected to happen in both KS and non-KS cells and indeed a sharp 

downturn in rrnB transcription occurs in stationary phase B. subtilis, which is much less 

apparent in a (p)ppGpp° background (Mirouze et al., 2011). When stationary phase cells 

encounter conditions conducive to the resumption of growth, particularly an ample supply of 

nutrients, the (p)ppGpp pool must decrease before growth can resume. The B. subtilis RelA 

protein is likely to be a (p)ppGpp hydrolase, like its close ortholog in Streptococcus 

equisimilis (Mechold et al., 1996). We propose that the binding of ComGA to RelA inhibits 

its (p)ppGpp hydrolase activity, so that stationary phase KS cells are trapped in a slow-

growth state until ComGA is degraded. This is consistent with the marked growth defect of 

a relA strain, in which (p)ppGpp continues to be synthesized by YjbM and YwaC 

(Nanamiya et al., 2008, Srivatsan et al., 2008) but presumably cannot be degraded. We 

propose that the sustained presence of (p)ppGpp in KS cells contributes to a decreased rate 

of rRNA synthesis and a decreased rate of cell growth. As noted above, this in turn may 

delay the formation of Z-rings. We have attempted the direct measurement of (p)ppGpp in 

cells emerging from stationary phase but the amount in KS cultures was below the level that 

could be reliably quantified (unpublished results). We prefer the hypothesis that the effect of 

ComGA on RelA is to inhibit its hydrolase activity rather than to increase the rate of 
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(p)ppGpp synthesis. The failure of the relAD164G mutation to prevent the inhibitory effect 

of ComGA supports this idea (Fig. 6). As noted above, further support derives from the 

inability of ComGA to inhibit rrnB transcription early in growth, when YjbM is absent but 

RelA is present (compare Fig. 6A and 6C).

Orthologs of ComGA are encoded in the genomes of nearly all known transformable 

bacteria, and ComGA-like proteins are nearly universally required for transformation. 

Particularly in B. subtilis, ComGA is a remarkable protein with many roles in the KS. Its 

conserved role seems to be in the assembly of the competence pilus and it has been shown to 

be required for the binding of transforming DNA to the cell surface and for the 

internalization of this DNA (Briley et al., 2011a). Remarkably, only B. subtilis has been 

shown to undergo a prolonged growth arrest when competent. It appears that ComGA has 

been recruited in B. subtilis for a unique function in addition to its roles in transformation 

(Briley et al., 2011a). Similarly maf, encoding a highly conserved protein present in both 

prokaryotes and eukaryotes, has been recruited to the ComK regulon, where its only known 

role is to inhibit cell division. The considerable redundancy in growth-inhibiting pathways 

(Fig. 11) suggests that the semi-dormancy manifested by the K-state enhances fitness. We 

next address the biological rational for the growth arrest and for its bistable expression.

Why are both the growth arrest and transformability expressed bimodally?

Only B. subtilis has been reported to exhibit the bimodal expression of transformability and 

as just noted, only B. subtilis has coupled transformation to a growth arrest. For example, 

Neisseria gonorrhoeae is constitutively competent during growth (Biswas et al., 1977). 

Haemophilus influenzae becomes transformable when deprived of critical nutrients 

(MacFadyen et al., 2001) but no evidence has been reported that competent cells are growth-

inhibited, nor has its competence been shown to express in a subpopulation. All the cells in a 

Vibrio cholerae culture express competence when grown under homogeneous conditions 

(Lo Scrudato & Blokesch, 2012) and no growth arrest behavior has been reported. In S. 

pneumoniae, although all the cells in a culture appear to become competent (Martin et al., 

2010), evidence has been reported for a transient growth arrest, and its competence has been 

likened to the SOS state of other bacteria (Dagkessamanskaia et al., 2004). What are the 

advantages and disadvantages of the bimodal expression of both the growth arrest and of 

transformability and why might these features associate in B. subtilis during the KS? As 

noted above, at least one other unknown KS-specific gene product contributes to the growth 

inhibition and Maf aids in the cell division delay of KS cells, underscoring the important 

contribution the arrest must make to the fitness of B. subtilis. We propose that both of these 

two unique aspects of the KS have evolved as an adaptation for survival in a variable 

environment, like that in the soil. Setting aside the specific nature of the fitness advantages 

conferred by the bimodal expression of transformability and of the growth arrest, several 

theoretical studies have shown that stochastic switching to a new gene expression state can 

be advantageous in the face of environments that change infrequently with relatively lengthy 

intervening periods of stasis (Kuwahara & Soyer, 2012, Kussell & Leibler, 2005, Thattai & 

van Oudenaarden, 2004). Bimodal gene expression of the KS, like the sessile-motile switch 

of B. subtilis (Kearns & Losick, 2005), may be viewed as particular examples of such bet-

hedging.
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Although these theoretical studies are quite relevant, they are not informative about the 

specific nature of the fitness advantages conferred by the growth arrest and by the bimodal 

expression of DNA uptake. The growth arrest by itself clearly imposes a fitness burden on 

KS cells. In fact, it was shown that in direct competition experiments, comK+ cells were at a 

growth disadvantage compared to comK cells in a medium in which the KS is expressed 

(Johnsen et al., 2009). This fitness cost must therefore be balanced in nature against an 

advantage conferred by the KS decrease in growth rate. We have previously suggested that 

the growth delay may function to permit genome repair after the massive recombination that 

can occur after transformation (Briley et al., 2011b), and this may indeed contribute to 

fitness. On the other hand, if this were true we might expect a similar delay in resuming 

growth in all transformable bacteria. It has been shown that KS cells are antibiotic tolerant 

(Johnsen et al., 2009, Nester & Stocker, 1963) and we have extended these observations in 

this study (Fig. 10). It is interesting that the stress-responsive regulatory pathway that 

regulates competence in S. mutans, also leads to the formation of antibiotic-tolerant cells 

(Leung & Levesque, 2012). The KS may therefore represent a form of persistence that 

confers tolerance to antibiotics and other insults that preferentially affect growing cells. For 

example, in heterogeneous populations, slow growing yeast cells are relatively resistant to 

heat killing (Levy et al., 2012). The KS cells that are the subjects of the present study 

resemble type 1 persisters because they are formed in stationary phase and display a 

prolonged lag before resuming growth. In this model, the frequency of KS cells must have 

been set by selection in accordance with the probability that rare antibiotic-like stress 

conditions occur. The concept that the stochastic expression of persistence offers an 

advantage to bacteria in the face of fluctuating environments is well established (Balaban et 

al., 2004, Kussell et al., 2005, Acar et al., 2008).

Why might the fitness advantage conferred by the ability to take up new genes also be 

restricted to a subpopulation? Transformation, a widespread bacterial phenotype (Lorenz & 

Wackernagel, 1994) is commonly proposed to confer a fitness advantage due to the rare 

acquisition of beneficial alleles, although other hypotheses have been advanced (Redfield, 

1988, Redfield, 1993, Redfield et al., 1997). A recent theoretical study has considered the 

advantages of sex, or at least of recombination (Nowak et al., 2014). It was suggested that 

recombination provides a continual survival advantage to cells adapting in the face of 

competition in rapidly changing environments, a situation in accord with the Red Queen 

hypothesis (Van Valen, 1973). Recombination can bring advantageous mutations together 

and would have a robust effect in the case of fitness enhancing interactions between genes 

(positive epistasis). However, in a constant environment, recombination may eventually 

pose a fitness cost by disrupting advantageous combinations of alleles. Based on these 

considerations, it is possible that the bistable expression of transformability may offer a bet-

hedging solution just as the bimodal expression of persistence has been postulated to do, 

with the frequency of KS cells once more set by the rate of environmental change. By 

bistably expressing the ability to recombine, a population may have the short term benefit 

derived in the face of environmental change and simultaneously be buffered against the 

disruptive effect of recombination. By coupling both the growth arrest and transformability 

to the bistable expression of comK, evolution may have arrived at an economical way to 
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regulate these phenotypes. Other well-studied transformable bacteria may have evolved 

different strategies to confront environmental vagaries.

It is notable that persistence in other bacteria has also been linked to the accumulation of 

(p)ppGpp (Korch et al., 2003, Dahl et al., 2003, Sureka et al., 2008, Nguyen et al., 2011, 

Maisonneuve et al., 2013, Amato et al., 2013, Maisonneuve & Gerdes, 2014, Mwangi et al., 

2013, Kim et al., 2013). Although (p)ppGpp has been classically studied in the context of 

drastic amino acid deprivation, it is increasingly apparent that it plays a variety of often 

subtle regulatory role (Potrykus & Cashel, 2008, Liu et al., 2015, Gaca et al., 2015). Its 

involvement in situations as diverse as the B. subtilis KS and persistence in E. coli, 

Mycobacterium tuberculosis and Pseudomonas probably represent cases of convergent 

evolution, in which the growth rate regulating alarmone has been recruited to perform 

analogous tasks by different mechanisms.

Experimental procedures

Strains construction and growth of bacteria

B. subtilis strains listed in Table S1 are derived from the 168 derivative BD630. All strain 

constructions were carried out by transformation (Albano et al 1987) or transduction with 

bacteriophage PBS1 with selection for the appropriate antibiotics at the following 

concentrations: Kan (5 μg/ml), chloramphenicol (5 μg/ml), erythromycin (5 μg/ml), 

tetracycline (20 μg/ml), phleomycin (1 μg/ml), spectinomycin (100 μg/ml) and ampicillin 

(Amp) (100 μg/ml). Molecular constructs were created using standard molecular biological 

methods. The particulars are described in the Supporting Information. Liquid cultures of B. 

subtilis were grown with shaking at 37 °C in LB or competence medium (Albano et al., 

1987) and growth was monitored by either measurement of turbidity in a Klett colorimeter 

or by OD600 in an Envision 2104 plate reader (Perkin-Elmer).

Statistical analysis

All statistical analyses were performed using Stata/SE 13.1. Differences between the 

proportions of DnaX dots were determined using 2×2 contingency tables and all p-values 

were Bonferroni corrected. Cramér’s V (V) is a measure of effect size, which is calculated 

from the chi-square. Values run from 0 to 1. V values of 0.1, 0.3 and 0.5 are taken to 

indicate small, medium and large effects respectively (Abbott & McKinney, 2013).

The large heteroscedasticity in the cell length data prevented the use of a simple linear 

regression analysis of cell length versus time. A previously utilized method to deal with 

growth curves that exhibit such characteristics is to employ a GLM (Nelder & Wedderburn, 

1972, Schaffner, 1998, Lindqvist, 2006). The logarithm of the normalized cell length was 

plotted versus time in minutes. A GLM assuming a gamma distribution of the lengths, 

utilizing an identity link function, and setting the y-intercept to 0 was found to appropriately 

model the errors for all functions (p < 0.001). The GLM for the data displayed in Fig. 2 is 

shown in Fig. S1.
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Antibiotic tolerance

B. subtilis was grown to T2 in competence medium and then diluted 20 fold into pre-warmed 

competence medium containing either 10 μg/ml of oxolinic acid or into LB containing 10 

μg/ml of Kan. At hourly intervals 10 ml was removed from the growing culture, centrifuged 

and resuspended in 10 ml of medium without antibiotic, and viable counts were determined.

Microscopy

Cells were imaged on an upright Nikon Eclipse 90i microscope outfitted with an Orca ER 

Digital Camera (Hamamatsu) with a Nikon Tirf 1.45 NA Plan Neoflur 100 oil immersion 

objective. Semrock Optical filter sets were used for fluorescence detection. The Volocity 

software package 6.3 was used for image acquisition. Live cells were imaged on 1% agarose 

pads made up in competence medium. Time-lapse studies were performed on agarose pads 

in a Bioptechs chamber (Micro-Environmental Systems) held at 37 °C. Strains BD5810 and 

BD6757 were grown individually to competence and then diluted 20-fold into a single tube 

containing fresh competence medium. 1 μl of this mixed culture was placed on an agarose 

pad made up in competence medium in the chamber and mounted on the microscope. 

Images were collected every 5 min for the first hour and every 15 min for the next hour. 

When required, samples were stained for 5 min with 2 μg/ml PI + 0.1% Triton X100 on poly 

L-lysine-coated slides, washed 1X with PBS (81 mM Na2HPO4 + 24.6 mM NaH2PO4 + 100 

mM NaCl) and then mounted in Slowfade (Molecular Probes).

Flow cytometry

Cells were grown to T2, diluted 50-fold into fresh pre-warmed competence medium and 

incubated further at 37 °C. Samples of 1 ml were taken immediately and at 30, 60, 90 and 

120 minutes after dilution. The cells were fixed in 3.2% paraformaldehyde and stored at 4 

°C until use. Prior to cytometric analysis the cells were concentrated 2-fold in PBS and 

stained with a final concentration of 2 μg/ml PI in 0.1% Triton X100. Fluorescence was 

measured on a BD LSRII flow cytometer (BD Bioscience) operating a solid-state laser at 

488 nm. Data were collected using a 530/30 filter for YFP and a 575/26 filter for PI. 

Photomultiplier voltage was set at 599 for YFP and 477 for PI. For each sample at least 

10,000 events were counted and the data were collected and analyzed using BD FACSDiva 

6 software. The analysis was carried out by the Rutgers New Jersey Medical School Flow 

Cytometry and Immunology Core Laboratory.

Western blot analysis

Western blotting was carried out essentially as described (Hahn et al., 2005). Cells were 

grown to T2 and diluted 50-fold into fresh competence medium. Equal volume aliquots (25 

ml) were taken at the indicated times. Cells were recovered by centrifugation and 

resuspended in 200 μl of 50 mM NaCl, 25% sucrose (w/v), 5 mM MgCl2, 50 mM Tris-HCl, 

pH 8.0 containing 300 μg/ml of lysozyme. After incubation at 37 °C for 5 minutes, 50 μl of 

5X cracking buffer (225 mM Tris-HCl, pH 8.0, 5% SDS, 50% glycerol, 1% ß-

mercaptoethanol and 0.05% bromphenol blue) was added and 10 μl was loaded on each lane 

of a 10 % Tricine SDS-polyacrylamide gel (Schagger & von Jagow, 1987). Anti-Maf and 

anti-ComGA antisera, raised in rabbits, were used at a dilution of 1:1,000 and 1:5,000 
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respectively, and the secondary antibodies (horseradish peroxidase conjugated goat anti-

rabbit, Kirkegaard & Perry Laboratories, Inc.) were used at a dilution of 1:10,000.

Protein affinity purification

Single transformants of ED1751, ED1752 or ED1758 were inoculated into 25 ml of LB 

broth containing 100 μg/ml ampicillin and grown overnight at 37 °C with vigorous shaking. 

A liter of LB containing 100 μg/ml Amp was inoculated with 20 ml of each overnight 

culture and shaken vigorously at 37 °C. At an OD600 of 0.5–0.7, IPTG was added to a final 

concentration of 500 μM and the cultures were incubated at 25° C for an additional 3 hours. 

The cultures were then centrifuged for 15 min at 5000 × g and the pellets were frozen at −80 

°C until use.

Protein purification of GST tagged proteins was carried out essentially as described 

previously (Carabetta et al., 2013). Briefly, pellets were thawed on ice and resuspended in 

20 ml lysis buffer (50 mM sodium phosphate, pH 7.5, 300 mM NaCl, 10 mM tris(2-

carboxyethyl)phosphine (TCEP) + 1 tablet EDTA-free protease inhibitor capsule (Thermo-

Fisher Scientific). Lysis was accomplished with 3 passages through an Avestin EmulsiFlex-

C5 cell disrupter at an operating pressure of 12,000 psi (Neiditch & Hughson, 2007). The 

lysate was centrifuged for 60 minutes at 14,000 × g at 4°C. The supernatant was mixed with 

2 ml pre equilibrated glutathione-Super flow resin (Clontech) and gently rotated for 1 h at 

4°C. It was then loaded on a column and the flow through was collected. The column was 

washed with 20 volumes of lysis buffer minus the protease inhibitor. To elute the protein, 2 

ml (1 column volume) of lysis buffer was added to the resin and 800 μl of a 1:10 dilution of 

PreScission Protease (GE Healthcare) in lysis buffer was added to the slurry and incubated 

overnight at 4°C. The flow through was collected and the column was washed with 1 

column volume of buffer, collected in the same tube. For analysis, the samples were 

electrophoresed on 10% Tricine SDS polyacrylamide gels.

Isolation of ComGA and analysis of its interactions by mass spectrometry

Cryogenic cell lysis, conjugation of magnetic beads, immunopurification of ComGA-

containing complexes, and mass spectrometric analyses were carried out as described 

previously, with minor modifications (Cristea et al., 2005, Carabetta et al., 2010, Greco et 

al., 2012, Carabetta et al., 2013, Mann et al., 2013, Joshi et al., 2013). ComGA-MYC 

(BD3798) was expressed in a rok background so that ~80% of the cells would be in the KS. 

Cells were grown to the KS in liquid competence medium, pelleted and rapidly frozen in 

liquid nitrogen as described (Cristea et al., 2005, Carabetta et al., 2013). Since ComGA is a 

peripheral membrane protein, two buffers were selected for analysis. The first (Buffer A) 

was optimized to efficiently isolate cytoplasmic proteins: 20 mM HEPES pH 7.4, 100 mM 

CH3CO2K, 2 mM MgCl2, 0.1% tween-20 (v/v), 1 mM ZnCl2, 1 mM CaCl2, 0.2% Triton 

X-100, 150 mM NaCl, 10 μg/μl DNaseI, 1:100 protease inhibitor cocktail (Sigma), and 2 

mg/ml phenylmethylsulphonyl fluoride (PMSF). For the isolation of the membrane-bound 

fraction of interacting partners, a similar buffer (Buffer B) was used with the following 

changes: the NaCl and Triton X-100 concentrations were increased to 250 mM and 1%, 

respectively, DNaseI was omitted, and 0.5% sodium deoxycholate was added. Anti-MYC 

antibodies (AbCam) were conjugated to magnetic M270 Epoxy Dynabeads (Life 
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Technologies) at a concentration of 10 μg of antibody per mg of beads. ComGA-containing 

complexes were eluted directly into LDS-PAGE sample loading buffer (Life Technologies), 

resolved on a 4–12% NuPAGE bis-tris precast gradient gel (Life Technologies), prepared 

for in-gel digestion with trypsin, and peptides were recovered as described previously 

(Carabetta et al., 2013). Interacting proteins were identified by nLC-MS/MS on a Dionex 

Ultimate 3000 RSLC coupled to an LTQ-Orbitrap Velos ETD mass spectrometer (Thermo 

Fisher Scientific, San Jose, CA), and data was analyzed as described (Carabetta et al., 2013, 

Joshi et al., 2013).

Luminometry

Luciferase assays were preformed as previously described (Mirouze et al., 2011) Briefly, 

strains were grown in LB for approximately 2 hrs., harvested and resuspended in 

competence medium to an OD600 of 2. This suspension was then further diluted 20-fold in 

competence medium and 200 μl was added to each well of a 96 well clear bottomed, black 

plate (Corning) containing luciferin (Caliper Life Sciences) to yield a final concentration of 

4.7 nM. The plates were incubated at 37 °C with agitation in a Perkin Elmer Envision 2104 

Multilabel Reader equipped with an enhanced sensitivity photomultiplier for luminometry. 

The plate lids were heated to 38°C to prevent condensation. Relative Luminescence Units 

(RLU) and OD600 were measured at 1.5 min intervals. After 5 hours of growth, at which 

point T2 had been reached, the plate reader was stopped and the cells were diluted 50-fold 

into an empty well containing fresh competence medium and luciferin. The plate reader was 

switched on and the RLUs and OD600 measurements were continued for another 9 hours.
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Fig. 1. 
KS cells are delayed in growth. (A) Representative images from a time-lapse microscopy 

experiment during the reversal of the KS. An asterisk marks a single KS cell of strain 

BD5810, identified by use of a comG-cfp promoter fusion. The arrow indicates the first 

detectable indication of cell division. The elapsed time of each frame, in minutes, is given. 

(B) The transformation frequency to leucine prototrophy of strain BD2899 was measured 

during emergence from the KS. The values are normalized to the first time point. Error bars 

represent standard deviations.
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Fig. 2. 
KS cells are delayed in cell elongation. ComGA contributes to this delay. KS cells were 

identified using YFP or CFP fusions to the promoter of comG. Cell lengths were measured 

at the indicated times. The blue lines represent data from KS comGA+ cells (BD5810) and 

the yellow lines from KS comGA (BD6757) cells. The black lines indicate the cell lengths of 

non-KS cells derived from both strains, which were mixed before placing them on the 

agarose pads to ensure that the cells were exposed to identical conditions. Because several 

non-KS cells divided during the course of the experiment, the lengths of daughter cells were 

added together. Each line represents one such lineage. All the measurements were 

normalized to the cell lengths at the start of the experiment and plotted logarithmically.
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Fig. 3. 
KS cells are arrested in replisome assembly. KS cells were identified using a PcomG-CFP 

promoter fusion using strains that also carried a DnaX-YFP fusion. Panel A(i) shows a 

representative image from a comGA+ strain (BD5820) and A(ii) from an isogenic comGA 

strain (BD6027). The histogram in Panel B summarizes dot-frequencies in KS and non-KS 

cells of the comGA+ (BD5820) and comGA (BD6027) strains, 90 minutes after the dilution 

of T2 cultures into fresh medium. A minimum of 200 cells was counted for each 

measurement.
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Fig. 4. 
KS cells stain poorly with PI. Panels A(i) and A(ii) show PI staining of comGA+ and comGA 

strains (BD6011 and BD6757 respectively) 90 minutes after dilution into fresh medium. 

Panel B(i) shows a similar experiment using strain BD6854, which is comGA+ rok while 

panel B(ii) shows results using a comGA+ rok strain which also contains knockout mutations 

in relA yjbM and ywaC (BD7409). Panel C summarizes fluorescence intensity 

measurements for PI at the indicated times, measured by flow cytometry. The strains used 

for this experiment were the same as for panel A. Competent cells were identified by 

PcomGA-yfp expression for all experiments.
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Fig. 5. 
ComGA inhibits rrnB transcription during emergence from the KS. comGA+ (BD7069, 

blue), comGA (BD7106, red) and comK (BD7152, green) strains, all carrying luciferase 

fusions to the promoter of rrnB as well as a loss-of-function rok mutation, were grown in the 

presence of luciferin in a plate reader. Panel A shows results in the absence and B in the 

presence of HPura (100 μM). Growth (dashed lines) and light output (solid lines) were 

followed at 1.5-minute intervals. Light output values (RLU, Relative Luminescence Units) 

were corrected for OD600 and plotted on a logarithmic scale. Note that the ordinate scales in 

panels A and B differ by a factor of 10.
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Fig. 6. 
ComGA slows rrnB transcription during growth independently of other KS proteins and by 

a (p)ppGpp-dependent mechanism. In all four panels the dashed lines represent growth 

(OD600) plotted on a logarithmic scale and the solid lines show light output from the rrnB-

luc construct, corrected for OD600. Blue and red lines show results obtained in the presence 

and absence of IPTG, respectively. The strains used were as follows: (A) Phs-comGA 

(BD6851), (B) Phs-comGA relA ywaC yjbM (BD6876), (C) Phs-comGA yjbM (BD6870), 

(D) Phs-comGA ywaC yjbM (BD6871), (E) Phs-comGA (BD6851) and (F) Phs-comGA relA 
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D264G (BD7573). The data in panels A–D were obtained in one experiment and those in 

panels E and F in another.
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Fig. 7. 
ComGA is associated with RelA in vivo. Cells from a culture expressing a functional 

ComGA-MYC fusion, were broken and immunoprecipitated using anti-MYC antiserum. 

Two buffer conditions were used as explained in the text. Interacting proteins were 

visualized by SDS-PAGE (A) and excised bands were further examined by mass 

spectrometry. In panel A the positions of RelA and ComGA are indicated. Selected mass 

spectrometry results are summarized in panel B.
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Fig. 8. 
ComGA binds to RelA from B. subtilis (RelABsu). Three E. coli strains, expressing RelABsu 

(A), GST-ComGA (B) and both proteins (C) were grown, lysed and the extracts were passed 

over a glutathione column. Proteins were eluted following on-column cleavage with 

PreScission protease and the various fractions were analyzed by SDS-PAGE. “F”, “W” and 

“C” refer to flow through, wash and cleaved fractions respectively. “R” refers to the material 

remaining on the resin and the lane labeled “S” contains molecular weight standards. 

Asterisks and circles indicate the locations of RelABsu and of ComGA respectively. The 

identity of RelABsu was confirmed by mass spectrometry.
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Fig. 9. 
ComGA is removed by degradation. Equal volume aliquots were taken from a KS culture at 

the indicated times after resuspension in fresh competence medium of a culture grown to T2. 

The samples were analyzed by Western blotting on separate gels with anti-ComGA or anti-

Maf antisera as described in Experimental procedures.
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Fig. 10. 
KS cells exhibit type 1 persistence. Cultures of the wild-type strain (BD630, ○) and its 

isogenic comK derivative (BD5004, □) were grown to T2 and then diluted into competence 

medium containing 10 μg/ml of oxolinic acid (A) or into LB medium containing kanamycin 

(10 μg/ml). (B). Samples were taken for determination of surviving colony-forming units 

(CFU) at hourly intervals.
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Fig. 11. 
The growth arrest during the KS. Inhibited steps are listed to the right. ComK activates the 

expression of at least 3 factors required for the growth arrest of KS cells, as follows. (i) 

ComGA inhibits replisome assembly in a (p)ppGpp-independent fashion, and also directly 

interacts with RelA to increase the pool of (p)ppGpp in the cell. The increased (p)ppGpp 

inhibits both replication elongation and rRNA synthesis. (ii) An unidentified factor, 

dependent on ComK for its synthesis (X?), also inhibits rRNA synthesis. (iii) Maf 

redundantly inhibits cell division at a step following Z-ring formation (Butler et al., 1993, 

Briley et al., 2011b). Arrows depict positive effects and lines ending in perpendiculars show 

negative effects, summarizing data from this work and from previous studies (Wang et al., 

2007).
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