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Running title 

The conserved GTPase Obg mediates persistence 

 

Summary 

Within bacterial populations, a small fraction of persister cells is transiently capable of surviving 

exposure to lethal doses of antibiotics. As a bet-hedging strategy, persistence levels are 

determined both by stochastic induction and by environmental stimuli, called responsive 

diversification. Little is known on the mechanisms that link the low frequency of persisters to 

environmental signals. Our results support a central role for the conserved GTPase Obg in 

determining persistence in Escherichia coli in response to nutrient starvation. Obg-mediated 

persistence requires the stringent response alarmone (p)ppGpp and proceeds through 

transcriptional control of the hokB-sokB type I toxin-antitoxin module. In individual cells, 

increased Obg levels induce HokB expression, which in turn results in a collapse of the 

membrane potential, leading to dormancy. Obg also controls persistence in Pseudomonas 

aeruginosa and thus constitutes a conserved regulator of antibiotic tolerance. Combined, our 



 

 

findings signify an important step towards unravelling shared genetic mechanisms underlying 

persistence.  

 

Introduction 

Upon encountering the sudden, lethal activity of antibiotics, survival of a bacterial population 

largely depends on the presence of a small fraction of transiently stress-resistant cells that protect 

the population from eradication. These so-called persisters are genetically identical to other cells 

in the population and are therefore phenotypic variants. For unknown reasons, persister cells can 

switch back to the non-persistent state, implying that it is a reversible phenotype (Dhar and 

McKinney, 2007; Lewis, 2010; Balaban, 2011; Kint et al., 2012; Amato et al., 2014; Helaine and 

Kugelberg, 2014; Maisonneuve and Gerdes, 2014). Importantly, persistence has been held 

responsible for recurrent outbreaks of bacterial infections once the antibiotic pressure decreases 

(Mulcahy et al., 2010; Fauvart et al., 2011).  

Bacterial persistence is considered a bet-hedging strategy in which a subpopulation of clonal 

cells sacrifices fast proliferation to ensure survival of the population in adverse conditions 

(Veening et al., 2008). This phenotypic heterogeneity is generated through two mechanisms. 

First, noisy gene expression combined with noise amplification processes can cause bistability in 

a bacterial population. As a result, some cells switch stochastically to the persistent state prior to 

environmental challenges. Kussell and Leibler (2005) showed that stochastic switching is 

favourable under conditions of infrequent, severe, difficult to sense stresses. Second, 

environmental sensing is of key importance for phenotypic diversification leading to persistence. 

The phenomenon in which a stochastically generated subpopulation of cells adapts to growth 



 

 

under new conditions following environmental cues was recently termed responsive 

diversification (Kotte et al., 2014).  

Among the effectors of stochastic switching, toxin-antitoxin (TA) modules have been 

convincingly demonstrated to be important regulators of persistence (Gerdes and Maisonneuve, 

2012). They consist of a stable toxin, typically targeting an essential cellular function such as 

translation, energy production or DNA metabolism, and an unstable antitoxin, which counteracts 

the activity of its cognate toxin. TA systems were originally identified on plasmids where they 

constitute a stability mechanism, yet a significant number of TA loci are chromosomally encoded 

and these have recently been implicated in persistence. Several TA modules were shown to be 

highly expressed in isolated persister cells of E. coli and Mycobacterium tuberculosis (Kint et al., 

2012). Furthermore, ectopic expression of many toxins increases persistence (Maisonneuve and 

Gerdes, 2014). Importantly, E. coli cells were demonstrated to become persistent only if the 

toxin level exceeds a certain threshold, providing a mechanism explaining bistability of the 

persistence phenotype (Rotem et al., 2010). Conversely, deletion of the tisAB/istR TA locus 

causes a decreased level of DNA-damage induced persistence in exponential cultures of E. coli 

(Dörr et al., 2010) and knockout of the mqsRA locus decreases persistence in E. coli biofilms 

(Kim and Wood, 2010). However, with the notable exception of Salmonella persisters residing 

within macrophage vacuoles (Helaine et al., 2014), deletion of a single toxin gene generally does 

not affect persistence (Maisonneuve and Gerdes, 2014). This can be partly explained by 

redundancy of TA systems in most bacteria. Deletion of multiple TA systems on the other hand 

causes a decrease in E. coli persistence (Maisonneuve et al., 2011).  

The mechanistic basis underlying TA-mediated persistence is not yet fully understood. 

Generally, TA toxins are thought to cause shutdown of major processes in the cell, thereby 



 

 

inducing antibiotic tolerance (Kint et al., 2012). Regulation of TA-mediated persistence has also 

been linked to the stringent response and nutrient limitation. In bacteria, nutritional stress is 

signalled by the accumulation of the alarmone (p)ppGpp resulting from the activity of one or two 

proteins. In β- and γ-proteobacteria, RelA synthesizes (p)ppGpp in response to uncharged tRNAs 

at the ribosomal A site, whereas SpoT is a bifunctional enzyme with both (p)ppGpp hydrolase 

and synthetase activity (Potrykus and Cashel, 2008). The first persister gene that was identified 

encodes the toxin part of the TA module HipBA (Moyed and Bertrand, 1983) and HipA was 

recently shown to phosphorylate a serine residue near the active centre of glutamyl-tRNA 

synthetase (GltX), thereby inhibiting aminoacylation (Germain et al., 2013; Kaspy et al., 2013). 

Deletion of RelA and SpoT results in a dramatic decrease in HipA-mediated persistence. 

Therefore, the latter was attributed to the emergence of “hungry” codons that trigger synthesis of 

the stringent response alarmone (p)ppGpp (Germain et al., 2013). In an elegant study by the 

Gerdes group, high cellular levels of (p)ppGpp were recently demonstrated to activate TA 

modules through a regulatory cascade depending on inorganic polyphosphate and the Lon 

protease (Maisonneuve et al., 2013). Of note, as Lon only targets protein antitoxins, this 

mechanism does not explain persistence regulated by type I TA loci of which the antitoxin is an 

RNA molecule (e.g. tisAB/istR). Furthermore, although Maisonneuve et al. (2013) provide a 

mechanistic basis for stochastic switching, this mechanism does not explain increased persister 

formation under conditions of starvation typically leading to high levels of (p)ppGpp, e.g. in 

stationary-phase cells.  

Responsive diversification might provide an explanation for the presence of multiple 

phenotypically stable subpopulations of cells in stationary phase. Environmental stimuli 

including DNA-damaging agents, oxidative stress, heat shock, indole signalling and carbon-



 

 

source transitions have previously been shown to induce persistence (Dörr et al., 2009; Möker et 

al., 2010; Leung and Levesque, 2012; Vega et al., 2012; Wu et al., 2012; Amato et al., 2013; 

Maisonneuve and Gerdes, 2014). For example, glucose exhaustion activates (p)ppGpp, leading 

to inhibition of DNA gyrase and subsequent tolerance to fluoroquinolones (Amato et al., 2013).  

We here provide evidence for a persister formation pathway via responsive diversification in 

response to starvation. Our results reveal global control of persistence in E. coli through Obg 

(ObgE, CgtA, YhbZ). Obg is a universally conserved P-loop GTPase that acts at the crossroads 

of the major cellular processes of translation and DNA replication, processes thought to be 

repressed in dormant persister cells (Berthon et al., 2009). Our results support a direct role for 

Obg in E. coli persistence, both at population and single-cell levels. Additionally, we 

demonstrate that Obg-mediated persistence requires (p)ppGpp and proceeds via transcriptional 

activation of the type I hokB-sokB TA module, ultimately resulting in a decrease in membrane 

potential. Finally, we show that Obg also controls persistence in the opportunistic pathogen P. 

aeruginosa and thus may represent a conserved regulator of antibiotic tolerance. Combined, our 

findings signify an important step towards unravelling shared genetic mechanisms underlying 

bacterial persistence and therefore identifying primary persistence therapy targets.  

 

Results 

Cellular Obg levels control persistence in E. coli 

Obg is at the nexus of DNA and protein synthesis. Directly or indirectly, it plays a role in DNA 

replication initiation, replication fork stabilization and ribosome maturation, processes that are 

targeted by many antibiotics (Kint et al., 2014). Moreover, the Obg protein centrally controls 

entry into dormant spores in the Gram-positive bacterium Bacillus subtilis by measuring the 



 

 

cellular energy status (Verstraeten et al., 2011). We hypothesised that a similar function of Obg 

related to cell dormancy could occur in Gram-negative bacteria. To assess the protein’s 

involvement in persistence in E. coli, we engineered strains allowing controlled expression of 

Obg. Increased concentrations were obtained by expressing obg from a plasmid. Persistence of 

the cultures overexpressing Obg to different levels was assessed in stationary phase using 

ofloxacin and tobramycin, two bactericidal antibiotics that target DNA and protein synthesis, 

respectively. For both antibiotics, overexpression of obg increases persistence significantly (54-

fold and 7-fold, respectively; Figure 1A). Minimum inhibitory concentrations (MICs) of both 

antibiotics remain unaltered (0.031 µg/ml and 2.0 µg/ml for ofloxacin and tobramycin, 

respectively), indicating that increased survival is due to an alteration in persistence and not 

resistance. Also, moderate overexpression of obg does not affect growth significantly (Figure 

S1A-C).  

Similar results are obtained in exponential-phase cultures using ofloxacin or ceftazidime as 

killing agents (Figure 1B) and following prolonged ofloxacin treatment of stationary-phase 

cultures (Figure 1A). Furthermore, a dose-response correlation is observed between the level of 

expression of Obg and the persister level of the population (Figure 1C,D). Overexpression of two 

other small GTPases, Era and EngA, does not increase persistence, indicating that the effect is 

specific to the Obg GTPase (Figure S1D,E).  

The obg gene is essential for viability in several bacteria including E. coli (Verstraeten et al., 

2011). Consequently, a simple knockout mutant cannot be obtained. We therefore opted for an 

antisense RNA (asRNA)-based approach, depleting Obg levels by inhibiting translation of obg 

mRNA (Dryselius et al., 2003). Expression of obgasRNA causes a moderate 7-fold decrease in Obg 

concentration (Figure S1F,G) and results in reduced growth rate (doubling time of 93 min, as 



 

 

opposed to 42 min in a control strain). Contrary to previous reports studying complete Obg 

depletion (Kobayashi et al., 2001; Sato et al., 2005; Jiang et al., 2006; Foti et al., 2007), cells 

expressing obgasRNA are not elongated (Figure S1H) and cultures grow to normal optical cell 

densities. However, expression of obgasRNA clearly causes a significant decrease in persister level 

upon treatment of stationary-phase cultures with ofloxacin and tobramycin (8-fold and 76-fold, 

respectively, Figure 1E). The MIC of both antibiotics is not altered by expression of obgasRNA. In 

exponentially growing cultures, expression of obgasRNA reduces the number of persister cells 

below detection limit (Figure 1F). Combined, these findings demonstrate that Obg is a bona fide 

persister protein.  

In E. coli, obg is preceded by the yhbE gene encoding a conserved membrane protein. To 

exclude the involvement of potentially reduced expression levels of yhbE in the decreased 

persistence phenotype that we observe, we constructed a yhbE knockout strain. Phenotypic 

analysis of this strain showed that deletion of yhbE does not have a significant effect on 

persistence (survival of 1.36 ± 0.06 % for the wild type versus 1.03 ± 0.14 % for the ΔyhbE 

strain), implying that the observed decrease in persister frequency following expression of 

obgasRNA is solely caused by depletion of Obg. 

Together, our results convincingly demonstrate that the persister fraction in E. coli at the 

population level is determined by Obg concentrations.  

 

The persistence function of Obg is abolished by a specific mutation in the G domain 

Having demonstrated a regulatory role for Obg in persistence, we next tried to correlate 

persistence with activities associated with mutations in conserved residues of Obg homologs. 

E. coli obg alleles containing site-specific mutations in G93, P168, S173, T193 and G216 were 



 

 

overexpressed. These mutations have previously been implicated in ribosome assembly and GTP 

metabolism in various bacteria (see Supplemental Experimental Procedures). Data shown in 

Figure S2A-C demonstrate that, similarly to wild-type Obg, overexpression of the corresponding 

mutant Obg proteins causes an increase in E. coli persistence, suggesting that Obg’s role in 

persistence is not related to previously described roles in GTP metabolism or ribosome 

association. However, we found that replacing glycine 166 by valine completely nullifies the 

increase in persister fraction associated with overexpressing wild-type obg. The corresponding 

mutation in the Harvey viral ras oncogene inhibits GDP and GTP binding and autokinase 

activity, but does not alter the transforming and tumorigenic properties of wild-type v-rasH p21. 

It was suggested that the mutation represents a class of mutants whose biological activities do 

not require GTP binding (Clanton et al., 1987). Results shown in Figure S2D demonstrate that 

obgG166V is overexpressed at levels that are comparable to the wild-type obg allele. Importantly, 

expression of obgG166V in a strain otherwise deprived of obg supports growth (see Supplemental 

Experimental Procedures), demonstrating the proper expression and folding of the mutant 

protein. Together, these results show that the essential function of Obg can be uncoupled from its 

role in persistence. 

 

Cellular Obg levels control persistence in P. aeruginosa 

Persistence has been observed in a wide range of bacteria including the opportunistic pathogen 

P. aeruginosa. Importantly, late clinical isolates of chronic P. aeruginosa infections have been 

shown to display increased persistence, negatively affecting treatment outcomes (Mulcahy et al., 

2010). Since Obg is a universally conserved protein, we assessed whether its role in persistence 

is conserved by up and down regulating the endogenous obg gene in P. aeruginosa. Increased 



 

 

concentrations of Obg upon overexpression were experimentally verified (Figure S3). Results 

shown in Figure 2 demonstrate that Obg controls persistence, both in planktonic cultures and in 

P. aeruginosa biofilms. Furthermore, overexpression of obgG166V does not increase persistence in 

P. aeruginosa, indicative of a conserved function of this residue.  

 

Single-cell Obg levels correlate with persistence 

Random fluctuations in the cellular concentration of specific proteins are thought to be 

responsible for the transition to the persistent state (Lewis, 2010). To assess whether Obg 

concentrations correlate with persistence in individual E. coli cells, we coupled the protein to 

fluorescent reporter proteins allowing expression levels to be monitored at the single-cell level 

using fluorescence-activated cell sorting (FACS). First, we expressed a translational fusion of 

Obg-YFP from the PBAD promoter. As shown previously, subsaturating arabinose concentrations 

result in a bimodal expression pattern with few cells being fully induced and the majority of cells 

not showing any expression (Siegele and Hu, 1997). Corresponding FACS profiles after 

induction with 0.00004 % arabinose are shown in Figure 3A,B. The highly fluorescent 

subpopulation expressing Obg-YFP shows a 32-fold enrichment in persisters as compared to the 

larger dim population. In contrast, high cellular concentrations of YFP alone do not increase 

persistence. To further investigate whether this also holds true for natural cellular levels of Obg, 

we coupled chromosomally encoded Obg to GFP and analysed the population by FACS. Two 

subpopulations with contrasting fluorescence, each comprising 10 % of the cells of the total 

population, were analysed (Figure 3C). A comparison of the persister fraction of the 

subpopulations showed a 15-fold enrichment in persisters between the two populations, the 

highly fluorescent cells having the highest persister fraction. Therefore, high cellular 



 

 

concentrations of Obg significantly increase the probability of transition to the persistent state 

(P < 0.01; see Supplemental Experimental Procedures). These results demonstrate that as a result 

of noisy gene expression, naturally occurring fluctuations in cellular Obg protein levels direct 

persistence in individual cells.  

 

Obg-mediated persistence requires (p)ppGpp 

Entry into the persistent state is favoured under specific environmental conditions, suggesting 

that besides the stochastic fluctuations in the concentrations of persister proteins, also 

deterministic components control persistence (Dörr et al., 2009; Nguyen et al., 2011). The 

stringent response to nutrient limitation is considered a key determinant affecting persistence 

(Nguyen et al., 2011; Bernier et al., 2013; Maisonneuve et al., 2013). Interestingly, B. subtilis 

Obg shares a C-terminal domain with SpoT and E. coli Obg is known to associate with both 

SpoT and (p)ppGpp, suggesting a link between Obg and the stringent response (Verstraeten et 

al., 2011). Here, we assessed the possible involvement of the stringent response in Obg-mediated 

persistence. 

First, we compared persistence levels upon obg overexpression in both a wild-type strain and in 

mutants lacking either relA or both relA and spoT. As evidenced from Figure 4A, Obg no longer 

increases persistence in a ΔrelA ΔspoT mutant. Subsequently, we assessed whether the latter was 

due to the absence of either SpoT or the alarmone (p)ppGpp. For this, we overexpressed obg in 

ΔspoT strains that express relA alleles with non-inactivating mutations, resulting in (p)ppGpp 

contents reaching 45-85 % of those of wild-type cells (Montero et al., 2014). Overexpressing obg 

increased persistence in these strains, pointing to the requirement of (p)ppGpp and not SpoT in 

Obg-mediated persistence (Figure 4B). Next, to verify whether obg expression affects 



 

 

intracellular (p)ppGpp concentration, expression of rpoS-mCherry, indicative of (p)ppGpp levels 

(Maisonneuve et al., 2013), was assessed. In accordance with earlier reports, we found an inverse 

correlation between Obg concentrations and (p)ppGpp levels. However, the effect is negligible 

as compared to treatment with the stringent response inducer DL-serine hydroxamate (SHX) 

(Figure S4).  

High cellular levels of (p)ppGpp activate TA modules through a regulatory cascade involving 

inorganic polyphosphate and the Lon protease, ultimately leading to persistence (Maisonneuve et 

al., 2013). We verified whether a similar cascade was responsible for the Obg-mediated effects. 

We find that high levels of Obg increase persistence even in strains lacking Lon, polyphosphate 

kinase (PPK), polyphosphate exopolyphosphatase (PPX) or both PPK and PPX (Figure 4C), 

suggesting that Obg-mediated persistence occurs through a different mechanism.  

 

Obg triggers persistence by inducing HokB expression 

To identify downstream genes in the Obg-mediated persistence pathway, we performed a 

microarray analysis (see Supplemental Experimental Procedures). Genes that were differentially 

expressed in E. coli strains as a result of overexpression or downregulation of obg and that had 

previously been implicated in persistence (i.e. lon, sucB, dnaJ, dnaK, surA, ygfA, glpA, glpB, 

glpC, glpD, glpT and pheA) were selected for further investigation (Figure S5A,B). 

Overexpression of obg was assessed in the corresponding knockout mutants (Baba et al., 2006). 

Results shown in Figure S5C demonstrate that elevated Obg levels still increase persistence in 

each of the selected mutants, suggesting that Obg does not mediate persistence via previously 

described mechanisms.  



 

 

We then turned our attention to another gene that shows Obg-dependent differential expression, 

hokB. hokB was considered an interesting candidate because it is part of a chromosomally 

encoded TA module. We confirmed that, at the population level, expression of hokB is induced 

by elevated Obg levels but is not affected by overexpression of obgG166V (Figure 5A, Figure 

S5D-F). To corroborate these findings at the single-cell level, we performed flow cytometric 

analyses of cells overexpressing Obg translationally fused to YFP. In these experiments, hokB 

was controlled by its own promoter and transcriptionally coupled to RFP. Data shown in Figure 

S6 clearly demonstrate a strong and direct correlation between Obg and HokB concentrations at 

single-cell level.  

Strikingly, Obg-controlled persistence is completely abolished in a hokB mutant strain (Figure 

5B, Figure S5C) and this phenotype can be complemented by episomal expression of PhokB-hokB 

in a hokB knockout strain (Figure S5G). Interestingly, E. coli K-12 encodes 4 additional hok-sok 

homologous modules yet all but hokB-sokB are inactivated (Pedersen and Gerdes, 1999) and 

overexpression of obg was shown to increase persistence in hokA, hokC, hokD and hokE 

knockout strains (Figure S5C). These findings suggest that Obg controls persistence by 

specifically inducing hokB expression. Corroborating this hypothesis, we find that moderate 

overexpression of hokB increases persistence 34-fold (Figure 5C). Also at single-cell level, we 

find that, as is the case for Obg (Figure 3), increased cellular levels of HokB correlate with a 

significant, 16-fold increase in persistence (P < 0.0001; see Supplemental Experimental 

Procedures) (Figure 5D).  

Deletion of hokB does not cause a significant decrease in persistence (Figure 5E). This is not 

unexpected considering previous reports on other TA modules implicated in persistence and can 

be explained by the high redundancy of TA modules (Kint et al., 2012). Alternatively, 



 

 

chromosomally encoded HokB might not be active under the conditions examined. Of note, we 

find that downregulation of obg decreases persistence even in a hokB knockout mutant (Figure 

5F). This suggests the existence of at least one additional downstream target of Obg that controls 

persistence. Nonetheless, our results clearly demonstrate that hokB is required for Obg-mediated 

persistence in E. coli and that high Obg levels trigger persistence by inducing expression of toxin 

HokB.  

 

Obg mediates persistence through membrane depolarization 

In our assay, moderate overexpression of hokB does not induce growth arrest, host killing or 

changes in cell morphology, previously reported to occur in the presence of high levels of the 

Hok toxin (Gerdes et al., 1986). hokB encodes a membrane-associated polypeptide that causes 

loss of membrane potential and arrest of respiration (Gerdes et al., 1986). Transition to the 

persistent state might thus result from the negative effect of HokB on the membrane potential. To 

investigate this hypothesis, we measured the membrane potential using DiBAC4(3), a potential-

sensitive dye that enters depolarized cells and binds to membranes and proteins (Berney et al., 

2006). This results in an inverse correlation between membrane potential and fluorescence 

intensity. At population level, induction of either Obg or HokB expression using subsaturating 

concentrations of arabinose causes a sharp decrease in membrane potential (Figure 6A). This 

drop is restored by expressing the photoprotein proteorhodopsin (Figure 6B). When bound to its 

cofactor retinal, proteorhodopsin forms an active, light-driven proton pump capable of 

generating a membrane potential (Béjà et al., 2000). Strikingly, upon expression of 

proteorhodopsin, overexpression of neither obg nor hokB causes a significant increase in 

persistence (Figure 6C). To gain further support for our hypothesis, we also used mannitol to 



 

 

repolarize the membrane (Allison et al., 2011). As expected, mannitol abolishes the effect of obg 

and hokB on the membrane potential as well as on persistence (Figure S7A-C). 

To corroborate these findings at single-cell level, we translationally fused both Obg and HokB to 

RFP. Results shown in Figure 6D clearly show a direct correlation between cellular levels of 

either Obg or HokB and membrane depolarization (see Supplemental Experimental Procedures 

for statistical analysis). Membrane depolarisation did not result in a reduction of antibiotic 

accumulation (Figure S7D), most likely indicating that persistence results from a lowered 

metabolic activity due to the decrease of the membrane potential. 

 

A model for Obg-mediated persistence 

We demonstrate that Obg has a role in responsive diversification to persistence and that 

adaptation is achieved through hokB expression. As evidenced from Figure 7A, (p)ppGpp is 

required for Obg-induced expression of hokB. Furthermore, expression of hokB is severely 

reduced in a ΔrelA ΔspoT mutant lacking (p)ppGpp. On the other hand, overexpression of hokB 

increases persistence in this mutant (Figure 7B). Combined, these findings suggest a regulatory 

cascade in which (p)ppGpp, through direct binding to Obg or to a yet to be identified effector, 

causes cellular HokB levels to increase in cells with naturally occurring high levels of Obg, 

ultimately leading to membrane depolarization and a switch to the persistent state (Figure 7C). 

 

Discussion 

Obg is a universally conserved P-loop GTPase that has been implicated in the coordination of 

many central cellular functions including ribosome biogenesis, DNA replication, and stress 

responses. Furthermore, as a sensor of cellular GTP concentrations, Obg controls morphological 



 

 

differentiation of Streptomyces as well as the formation of stress-resistant spores in B. subtilis 

(Verstraeten et al., 2011). These findings make Obg a promising key checkpoint for entering 

dormancy. Our results support a model (Figure 7C) in which naturally occurring cell-to-cell 

variations in Obg expression contribute to the formation of persisters in E. coli. Obg-mediated 

persistence requires the alarmone (p)ppGpp that signals nutrient starvation (Figure 4A,B) and it 

is therefore an example of persister formation through responsive diversification. Crucially, our 

results provide an explanation for persister formation in stationary growth phase, a still poorly 

understood phenomenon and of major importance since persister levels are highest during this 

period of non-growth.  

 

Obg-mediated persistence requires (p)ppGpp and HokB 

Previous studies have clearly demonstrated a role for the stringent response to nutrient limitation 

in the formation of persister cells (Korch et al., 2003; Viducic et al., 2006; Nguyen et al., 2011; 

Amato et al., 2013; Germain et al., 2013; Maisonneuve et al., 2013). In β- and γ-proteobacteria, 

the stringent response is regulated by the alarmone (p)ppGpp that is synthesized by RelA and 

both synthesized and hydrolysed by SpoT (Potrykus and Cashel, 2008). Several lines of evidence 

link Obg to the stringent response. B. subtilis Obg shares a C-terminal TGS (threonyl-tRNA 

synthetase ThrRS, GTPase and SpoT) domain with SpoT and (p)ppGpp was found in the active 

site of crystallized Obg (Buglino et al., 2002). Moreover, Obg was demonstrated to bind 

(p)ppGpp with biologically relevant affinity (Persky et al., 2009; Kanjee et al., 2012). E. coli 

Obg interacts with SpoT but not with RelA (Wout et al., 2004; Raskin et al., 2007) and depletion 

of Obg results in increased levels of (p)ppGpp (Jiang et al., 2007). Furthermore, Obg was 

reported to alter the ratio of pppGpp/ppGpp during amino acid starvation (Persky et al., 2009). 



 

 

Finally, Obg was recently described as an anti-association factor that inhibits formation of the 

70S ribosome upon binding with (p)ppGpp. Obg might therefore play a regulatory role in 

translation under certain stress conditions (Feng et al., 2014).  

Here we show that cellular Obg levels determine the formation of an E. coli persister population 

tolerant to various classes of antibiotics. A single G166V substitution in the G-domain of the 

protein abolishes this effect, but does not alter the essential function of the protein. Obg-

mediated persistence requires (p)ppGpp (Figure 4A,B) and Obg promotes persistence through 

activation of hokB expression (Figure 5). Interestingly, a recent study has shown that (p)ppGpp 

increases persistence via inorganic polyphosphate-mediated activation of Lon. The Lon protease 

degrades antitoxin proteins belonging to type II TA systems, leading to accumulation of toxins 

that trigger entry into the persistent state (Maisonneuve et al., 2013). However, hokB-sokB is a 

type I TA module of which the sokB antitoxin is an RNA that is not affected by Lon. The 

described mechanism can therefore not account for increased HokB levels upon Obg 

overexpression. In accordance, Obg-mediated persistence does not depend on the presence of 

Lon or inorganic polyphosphate (Figure 4C), pointing to the existence of a second (p)ppGpp-

dependent persister formation pathway.  

Obg was previously demonstrated to bind (p)ppGpp (Ki of 1.6 ± 0.5 µM) and since the latter can 

reach concentrations in the hundreds of micromolar, (p)ppGpp is considered an in vivo ligand of 

Obg (Persky et al., 2009). At present, it is unclear whether this interaction is directly involved in 

persistence. (p)ppGpp has multiple cellular targets (Kanjee et al., 2012) and one of these could 

be a hitherto unidentified effector of the Obg persistence pathway. Another question that remains 

concerns the mechanism by which Obg affects hokB mRNA levels. Little is known about the 

activation of chromosomal hok/sok loci (Gerdes and Wagner, 2007). Obg might directly or 



 

 

indirectly affect transcription of hokB. Alternatively, Obg might interfere with post-

transcriptional regulation and stabilization of hokB. These possibilities are currently under 

investigation. In addition, hokB is absent in P. aeruginosa and moderate depletion of Obg causes 

a decrease in persistence in an E. coli strain lacking hokB (Figure 5F). Consequently, additional 

effectors of Obg-mediated persistence remain to be identified.  

 

Obg induces persistence through membrane depolarization 

We show that overexpression of obg results in an increased intracellular concentration of 

ofloxacin and tobramycin (5.1 and 3.4-fold increase, respectively, Figure S7D). Furthermore, we 

show that Obg-mediated persistence in E. coli proceeds through reduction of the transmembrane 

potential by HokB, leading to a state of dormancy (Figure 6). Maintenance of a high membrane 

potential is imperative for bacteria as the proton-motive force (PMF) provides energy for a wide 

range of crucial processes. Of note, aminoglycoside-mediated killing of persister cells is 

enhanced by adding metabolites that enter the upper glycolysis, resulting in an increase in the 

PMF (Allison et al., 2011; Barraud et al., 2013). On the other hand, bacteria can be sensitized to 

the action of antibiotics that act intracellularly by membrane depolarization when they are 

deprived of the PMF required for active efflux (Paulsen et al., 1996). In this respect, it is 

remarkable that the reduced membrane potential that we here observe results in increased 

survival upon both ofloxacin and tobramycin treatment. This is reminiscent of the membrane-

associated peptide TisB that causes an increase in persistence (Dörr et al., 2010). Importantly, 

this phenotype was only observed in logarithmically growing E. coli populations whereas we 

find HokB to induce persistence in both exponential and stationary-phase cultures. TisB was 

shown to form ion-conductive channels in lipid bilayers in vitro, suggesting that TisB induces 



 

 

persistence by reducing the PMF and cellular energy levels (Gurnev et al., 2012). Similarly, 

toxin GhoT was demonstrated to evoke membrane damage, leading to a drop in PMF and ATP 

levels, thereby increasing E. coli persistence (Cheng et al., 2013). We hypothesize that HokB 

acts in a similar way. Alternatively, HokB might interfere with membrane-bound effectors. In 

this respect, components of the respiratory chain have been proposed as possible targets (Gerdes 

et al., 1986), inhibition of which leads to a decrease in PMF. Finally, it remains to be 

investigated how persister cells can recover from the observed decrease in membrane potential 

and return to the non-persistent state.  

 

Obg as a drug target 

Alternative ways to combat pathogenic infections are of utmost importance, and, in recent years, 

Obg has emerged as a potential drug target for several reasons. First, conserved and essential 

proteins with a role in ribosome biogenesis are considered promising drug targets (Comartin and 

Brown, 2006). Second, M. tuberculosis Obg possesses a disordered C terminus, potentially 

undergoing disorder-to-order transitions that can easily be blocked using small molecules 

(Anurag and Dash, 2009). Third, GTPases have previously been shown to be amenable to 

inhibition by small-molecule compounds (Gao et al., 2004; Surviladze et al., 2010; Yan et al., 

2014) and it is suggested that selective toxicity towards bacterial Obg proteins is achievable, just 

as it has been accomplished for bacterial protein translation (Comartin and Brown, 2006). 

Finally, our results show that Obg is a mediator of bacterial persistence in both E. coli and the 

opportunistic pathogen P. aeruginosa (Figure 2) and persistence is considered a major culprit in 

the failure of antibiotic treatments (Fauvart et al., 2011). Combined, these findings make Obg a 



 

 

promising target for therapies directed against chronic infections in general and bacterial 

persistence in particular.  

 

Experimental Procedures 

Full Methods and any associated references are available in Supplemental Experimental 

Procedures. 

 

Bacterial strains, plasmids and growth conditions. The parent strains used in this study 

are P. aeruginosa UCBPP-PA14 (Figure 2, Figure S3), E. coli BW25113 (Figure 4, Figure 7A,B, 

Figure S5C), E. coli MG1655 (Figure S4) and E. coli TOP10 (all other Figures). The 

construction of plasmids used in this study is described in the Supplemental Experimental 

Procedures. Single-gene knockout mutants and a Δppk Δppx double mutant were constructed by 

λ red-mediated gene replacement (Datsenko and Wanner, 2000) using primers listed in Table S1. 

ΔrelA and ΔspoT mutants (Figure 4A,B, Figure 7A,B) were previously described (Montero et al., 

2014). E. coli was grown in lysogeny broth (LB). P. aeruginosa was cultured in trypticase soy 

broth (TSB). Cultures were grown at 37 °C and continuously shaken at 200 rpm. P. aeruginosa 

biofilms were grown on a Calgary Biofilm Device. For colony counts, serial dilutions were 

prepared in 10 mM MgSO4 and plated on medium containing 1.5 % agar.  

 

Antibiotics and chemicals. Stock solutions of L-(+)-arabinose (20 % w/v), isopropyl β-D-

1-thiogalactopyranoside (IPTG; 1 M), D-mannitol (1 M) and DL-serine hydroxamate (SHX; 50 

mg/ml) were dissolved in distilled water and filter sterilized before use. A stock solution of all-

trans-retinal (1 mM) was dissolved in 100 % ethanol. The following antibiotics (Sigma-Aldrich) 



 

 

were used: 100 μg/ml ampicillin, 50 µg/ml ceftazidime, 30 µg/ml chloramphenicol, 40 µg/ml 

gentamicin, 40 µg/ml kanamycin, 5 µg/ml ofloxacin, 10 μg/ml (E. coli) or 100 μg/ml (P. 

aeruginosa) tetracycline, 100 µg/ml tobramycin.  

 

Antibiotic susceptibility assays. A persistence assay was performed as described 

previously (De Groote et al., 2009) with minor modifications. Results were statistically verified 

using a Welch test or a t-test with pooled variance estimation. For relevant strains, MICs were 

determined with a broth microdilution procedure (Liebens et al., 2014).  

 

Quantification of proteins and mRNA. Protein levels were quantified using western 

blotting and competitive ELISA. For gene expression analysis, total RNA was isolated using a 

previously optimized protocol (Vercruysse et al., 2010). Expression levels were determined 

using Affymetrix E. coli Genome 2.0 arrays and verified by RT-qPCR using the StepOnePlus 

System and Power SYBR Green PCR Master Mix containing AmpliTaq Gold DNA Polymerase. 

RT-qPCR data were statistically analysed in a two-way ANOVA model with unbalanced design, 

binary factor levels and block effects. 

 

Cell sorting. Single-cell fluorescence was measured using a BD Influx cell sorter equipped 

with 488 nm (green) and 561 nm (red) lasers and standard filter sets. Samples were treated in 

parallel with either sterile water or ofloxacin. Ofloxacin does not induce cell lysis. Therefore, 

both treatments resulted in highly similar profiles. The number of colony forming units (CFUs) 

in the sorted samples was determined using plate counts and the percentage survival 

corresponding to each gate was determined as the ratio of CFUs in an ofloxacin-treated sample 



 

 

divided by CFUs in a water-treated sample. For statistical analysis, two-sided parametric 

percentile bootstrap confidence intervals were constructed assuming a Poisson-distribution for 

the observed CFU counts.  

  

Membrane potential measurements. The membrane potential was estimated using 

DiBAC4(3) as described previously (Berney et al., 2006).  

 

Measurement of intracellular antibiotic concentration. Protocols to assess intracellular 

accumulation of ofloxacin and tobramycin were adapted from previous reports (Asuquo and 

Piddock, 1993; Furustrand Tafin et al., 2011).  

 

Accession Numbers 

Microarray data discussed in this publication have been deposited in NCBI's Gene Expression 

Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number 

GSE62918 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE62918).  
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Figure Legends 

 

Figure 1 

Obg levels control persistence in E. coli. (A) Percentage survival of E. coli in stationary phase 

following treatment with ofloxacin or tobramycin for time periods indicated on the X-axis upon 

expression of PBAD-obg induced with 0.2 % arabinose. (B) Percentage survival of E. coli in 

exponential phase following 5 h treatment with ofloxacin or ceftazidime upon expression of 

PBAD-obg induced with 0.2 % arabinose. (C) Percentage survival of E. coli in stationary phase 

following 5 h treatment with ofloxacin upon expression of PBAD-obg induced with a 

concentration range of arabinose (0 - 0.2 %) as indicated on the X-axis. Persistence was assessed 

in E. coli strains engineered to obtain homogeneous expression levels from the PBAD promoter 

(see Supplemental Experimental Procedures). (D) Obg concentration in E. coli cells expressing 

obg from the PBAD promoter upon induction with concentrations of arabinose indicated on the X-

axis. Protein concentrations were measured in E. coli strains engineered to obtain homogeneous 

expression levels from the PBAD promoter using competitive ELISA with anti-Obg custom 

antibody as primary antibody. (E) Percentage survival of E. coli in stationary phase following 

5 h treatment with ofloxacin or tobramycin upon expression of an obg antisense RNA gene-

silencing construct induced with 1 mM IPTG. (F) Percentage survival of E. coli in exponential 

phase following 5 h treatment with ofloxacin or ceftazidime upon expression of an obg antisense 

RNA gene-silencing construct induced with 1 mM IPTG. In all graphs, empty vector controls are 

shown in grey and means ± SEM are presented (n ≥ 3). *P ≤ 0.05 versus empty vector control. 

#below detection limit. See also Figure S1. 

 



 

 

 

Figure 2 

Obg levels control persistence in P. aeruginosa. (A) Percentage survival of P. aeruginosa in 

stationary phase after 5 h treatment with ofloxacin, following overexpression of obg (mini-

CTX2-obg wild-type and G166V mutant, expression induced with 0.2 % arabinose) and 

downregulation of obg (mini-CTX2-obgasRNA, expression induced with 1 mM IPTG). (B) 

Percentage survival of P. aeruginosa biofilms after treatment with ofloxacin, following 

overexpression of obg (mini-CTX2-obg wild-type and G166V mutant, expression induced with 

0.2 % arabinose) and downregulation of obg (mini-CTX2-obgasRNA, expression induced with 

1 mM IPTG). Biofilms were treated for 5 h with ofloxacin. Similar results were obtained 

following 24 h of treatment (data not shown). In all graphs, empty vector controls are shown and 

means ± SEM are presented (n ≥ 3). *P ≤ 0.05 versus empty vector control. See also Figure S2 

and Figure S3. 

 

Figure 3 

The cellular concentration of Obg correlates with the probability of transition to the persistent 

state. (A) Density plot showing a stationary-phase culture of E. coli expressing YFP from the 

PBAD promoter, induced with 0.00004 % arabinose. a.u.: arbitrary units; P: total sorted 

population; L: weakly fluorescent subpopulation corresponding to low cellular fluorescent 

protein concentrations; H: highly fluorescent subpopulation corresponding to high cellular 

fluorescent protein concentrations. An arrow indicates the total sorted population P and boxes 

correspond to sorted subpopulations L and H. Dot colours span the spectrum from red to violet to 

reflect low to high densities, respectively. Inset: same data plotted on a histogram. Percentage of 

the total population P sorted in each subpopulation and percentage survival of sorted populations 



 

 

 

upon 5 h treatment with ofloxacin are indicated in the table below. (B) Same for a stationary-

phase culture of E. coli expressing PBAD-obg-YFP from a plasmid induced with 0.00004 % 

arabinose. (C) Same for a stationary-phase culture of E. coli expressing Pobg-obg-GFP from the 

chromosome.  

 

Figure 4 

Obg-mediated persistence depends on (p)ppGpp but is independent on polyphosphate. (A-C) 

Percentage survival following 5 h treatment with ofloxacin of E. coli strains indicated on the X-

axis that were grown until stationary phase in the presence of 0.2 % arabinose. All ΔspoT strains 

used in panel B express relA alleles with non-inactivating mutations, resulting in (p)ppGpp 

contents reaching 45-85 % of those of wild-type cells (Montero et al., 2014). In all graphs, empty 

vector controls are shown in grey and means ± SEM are presented (n ≥ 3). *P ≤ 0.05 versus 

empty vector control. See also Figure S4. 

 

Figure 5 

E. coli Obg mediates persistence via activation of hokB. (A) Fold change expression of obg and 

hokB mRNA in strains indicated on the X-axis and relative to wild-type E. coli as measured by 

RT-qPCR. Expression is normalized to that of 16S rRNA. All strains were grown until late-

exponential phase in the presence of 0.2 % arabinose and 1 mM IPTG. #P ≤ 0.05 versus fold 

change expression 1. (B) Percentage survival of E. coli ΔhokB in stationary phase after 5 h 

treatment with ofloxacin upon expression of PBAD-obg induced with 0.2 % arabinose. (C) 

Percentage survival of E. coli in stationary phase following 5 h treatment with ofloxacin upon 

expression of PBAD-hokB induced with 0.2 % arabinose. (D) Density plot showing a stationary-



 

 

 

phase culture of E. coli ΔhokB expressing a translational fusion of HokB to RFP from the PBAD 

promoter, induced with 0.0002 % arabinose. See Figure 3 for details. (E) Percentage survival of 

E. coli in stationary phase following 5 h treatment with ofloxacin. Deletion of hokB does not 

affect E. coli persistence. (F) Percentage survival of E. coli ΔhokB in stationary phase following 

5 h treatment with ofloxacin upon expression of obgasRNA induced with 1 mM IPTG. In all 

graphs, means ± SEM are presented (n ≥ 3). *P ≤ 0.05 versus empty vector control. See also 

Figure S5 and Figure S6.  

 

Figure 6 

Obg-mediated persistence proceeds through membrane depolarization. (A) Cells harbouring the 

empty plasmid pME6032 and either pBAD/His A (black), pBAD/His A-obg (red) or pBAD/His 

A-hokB (blue) were grown overnight while being illuminated in LB containing 0.0002 % 

arabinose, 1 mM IPTG and 10 µM all-trans-retinal, and subsequently incubated with DiBAC4(3). 

This potential-sensitive green fluorescent dye enters only depolarized cell. (B) Cells harbouring 

pME6032-proteorhodopsin (pR) and either pBAD/His A (black), pBAD/His A-obg (red) or 

pBAD/His A-hokB (blue) were grown overnight while being illuminated in LB containing 

0.0002 % arabinose, 1 mM IPTG and 10 µM all-trans-retinal, and subsequently incubated with 

DiBAC4(3) to visualise depolarized cells. (C) Percentage survival of E. coli in stationary phase 

following 5 h treatment with ofloxacin or tobramycin. Cultures were grown overnight while 

being illuminated in LB containing 0.2 % arabinose, 1 mM IPTG and 10 µM all-trans-retinal. In 

the presence of proteorhodopsin (pR), overexpression of obg or hokB does not enhance survival. 

Means ± SEM are presented (n ≥ 3). *P ≤ 0.05 versus pBAD/His A empty vector control. (D) 

Cells expressing RFP, Obg-RFP or RFP-HokB from the inducible PBAD promoter were grown 



 

 

 

overnight in LB containing either 0 % (top) or 0.0002 % (bottom) arabinose and subsequently 

incubated with DiBAC4(3) to visualise depolarized cells. a.u.: arbitrary units. See also Figure S7. 

 

Figure 7 

Model for Obg-mediated persistence via (p)ppGpp and HokB. (A) Strains indicated on the X-

axis and harbouring a transcriptional fusion of HokB to RFP under control of the PhokB promoter 

(pACYC184-PhokB-hokB-RFP) and either pBAD/His A or pBAD/His A-obg were grown 

overnight in the presence of 0.2 % arabinose. Red fluorescence was measured using a Synergy 

Mx Monochromator-Based Multi-Mode Microplate Reader (BioTek). a.u.: arbitrary units. (B) 

Percentage survival of E. coli in stationary phase following 5 h treatment with ofloxacin upon 

expression of PBAD-hokB induced with 0.2 % arabinose. Means ± SEM are presented (n ≥ 3). *P 

≤ 0.05 versus empty vector control. (C) Model for Obg-mediated persistence. See text for details.  
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SUPPLEMENTAL FIGURES AND LEGENDS 
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Figure S1 related to Figure 1 

Obg levels control persistence in E. coli. (A) Number of CFUs/ml of E. coli pBAD/His A and 

E. coli pBAD/His A-obg grown for 24 h in 100 ml LB containing 0.2 % arabinose. Means ± 

SEM are presented (n = 67). The average number of CFUs/ml in E. coli cultures overexpressing 

Obg is not significantly different from a control culture. (B) Phase contrast microscopy images 

from an Axio Imager Z1 microscope (Zeiss) showing E. coli pBAD/His A and E. coli pBAD/His 

A-obg after overnight growth in LB containing 0.2 % arabinose. Obg-overexpressing cells are 

only marginally elongated as compared to wild-type cells. This is in contrast to previous papers 

demonstrating that severe overexpression leads to aberrant chromosome partitioning, which 

results in elongated and anucleate cells (Kobayashi et al., 2001; Dutkiewicz et al., 2002). (C) 

Overexpressing obg does not significantly alter doubling times (49 min versus 42 min in E. coli 

pBAD/His A) as calculated from CFU measurements throughout the growth curve (see 

Supplemental Experimental Procedures). (D) Percentage survival of E. coli in stationary phase 

following 5 h treatment with ofloxacin upon expression of PBAD-era and PBAD-engA induced with 

0.2 % arabinose. An empty vector control is included and means ± SEM are presented (n � 3). 

The difference in percentage survival upon overexpression of era or engA was found to be 

insignificant (P > 0.4 versus empty vector control). (E) Number of Obg, Era or EngA proteins 

per cell upon expression of PBAD-obg, PBAD-era or PBAD-engA induced with 0.2 % arabinose. 

Protein concentrations were measured using competitive ELISA with anti-His6 antibody as 

primary antibody. Means ± SEM are presented (n = 4). (F) A plasmid-borne translational fusion 

of Obg (including the genomic region upstream of the obg open reading frame’s start codon) to 

YFP was expressed from a constitutive promoter. This caused a 56-fold increase in fluorescence 

as compared to wild-type E. coli. Fluorescence was decreased 7-fold upon induction of obgasRNA 



 

expressed from pHN1009. Fluorescence was measured using a Synergy Mx Monochromator-

Based Multi-Mode Microplate Reader (BioTek). a.u.: arbitrary units. (G) FACS profile of E. coli 

pBAD/His A-obg-YFP pHN1009 (black) and E. coli pBAD/His A-obg-YFP pHN1009-obgasRNA 

(red) measured using a BD Influx. Both strains were grown in the presence of 0.2 % arabinose 

and 1 mM IPTG. A decrease in fluorescence is seen upon induction of obgasRNA. (H) 

Microscopic images of E. coli pBAD/His A-obg-YFP pHN1009 (left) and E. coli pBAD/His A-

obg-YFP pHN1009-obgasRNA (right) showing differential interference contrast (top), fluorescence 

(middle), and overlay (bottom) images. Confocal fluorescence images were acquired with a 

laser-scanning microscope (Fluoview FV1000, Olympus Corp. Tokyo, Japan) equipped with a 

multi-argon laser (514-nm excitation, Olympus). The objective and the excitation dichroic mirror 

used were UPlan SApo100×/1.40 and DM375-405/515/635, respectively (Olympus). The image 

size was adjusted to 512 × 512 pixels with a pixel dwelling time of 40 �s/pixel. A 4 × Kalman 

filter was applied to reduce noise in the image. Fluorescence signals were detected from 535 to 

565 nm. 



 

 

Figure S2 related to Figure 2 

Identification of amino acid residues involved in control of persistence by Obg. (A) Percentage 

survival of E. coli in stationary phase following prolonged treatment with ofloxacin upon 

expression of PBAD-obg alleles indicated on the X-axis induced with 0.2 % arabinose. Greyscale 

coding refers to the duration of treatment. (B) Percentage survival of E. coli in stationary phase 

following 5 h treatment with tobramycin upon expression of PBAD-obg alleles indicated on the X-

axis induced with 0.2 % arabinose. (C) Percentage survival of E. coli in exponential phase 

following treatment with ofloxacin upon expression of PBAD-obg alleles indicated on the X-axis 



 

induced with 0.2 % arabinose. In all graphs, empty vector controls are included and means ± 

SEM are presented (n = 3). *P � 0.05 versus empty vector control. (D) Quantification of Obg 

concentrations using competitive ELISA with anti-Obg custom antibody as primary antibody. 

The number of Obg proteins in E. coli cells overexpressing wild-type obg and obgG166V is 

indicated on the Y-axis. Means ± SEM are presented (n = 4). 



 

 

Figure S3 related to Figure 2 

Quantification of P. aeruginosa Obg concentrations using competitive ELISA with anti-Obg 

custom antibody as primary antibody. The number of Obg proteins in P. aeruginosa cells 

overexpressing wild-type obg is indicated on the Y-axis. Means ± SEM are presented (n = 4). 



 

 

Figure S4 related to Figure 4 

Effect of altering Obg concentrations on cellular (p)ppGpp levels. Strains harbouring a 

chromosomal rpoS-mCherry fusion (Maisonneuve et al., 2013) were grown overnight in LB 

medium in the presence of 0.2 % arabinose (pBAD/His A and pBAD/His A-obg) or 1 mM IPTG 

(pHN1009 and pHN1009-obgasRNA). In these strains, red fluorescence is an estimate for cellular 

(p)ppGpp levels. As a control, overnight cultures were incubated for 1 h with 1 mg/ml DL-serine 

hydroxamate, showing a strong and significant increase in (p)ppGpp levels. Means ± SEM are 

presented (n = 3).  

  



 

 



 

Figure S5 related to Figure 5 

Role of differentially expressed persister genes in Obg-mediated persistence. (A) List of selected 

genes found to be differentially expressed in an obg overexpression strain (pBAD/His A-obg) 

versus wild-type. (B) List of selected genes found to be differentially expressed in a strain 

downregulated for obg (pHN1009-obgasRNA) versus wild-type. Score.d.: delta values as 

calculated by SAM. Genes are ranked and coloured based on this score. Red: up-regulated genes; 

blue: down-regulated genes. Ratio: mean fold change over 3 biological replicates. (C) 

Identification of target genes of Obg. Percentage survival of E. coli knockout mutants in 

stationary phase following 5 h treatment with ofloxacin. Mutants were selected based on 

microarray analysis. Expression of PBAD-obg was induced with 0.2 % arabinose. See Figure 4C 

for the �lon strain. (D) hokB expression levels correlate with cellular Obg concentrations. Fold 

change expression of obg and hokB mRNA, relative to wild-type E. coli, as determined by 

microarray analysis. Strains indicated on the X-axis were grown until late-exponential phase in 

the presence of 0.2 % arabinose and 1 mM IPTG. 
#
False discovery rate � 0.01. (E) Histogram 

showing a stationary-phase culture of E. coli expressing a transcriptional fusion of HokB to RFP 

under control of the PhokB promoter (pACYC184-PhokB-hokB-RFP) and carrying pBAD/His A or 

pBAD/His A-obg induced with 0.2 % arabinose. (F) Histogram showing a stationary-phase 

culture of E. coli expressing a transcriptional fusion of HokB to RFP under control of the PhokB 

promoter (pACYC184-PhokB-hokB-RFP) and carrying pHN1009 or pHN1009-obgasRNA induced 

with 1 mM IPTG. (G) Percentage survival of E. coli strains indicated on the X-axis in stationary 

phase following 5 h treatment with ofloxacin upon expression of PBAD-obg induced with 0.2 % 

arabinose. Greyscale coding refers to the presence or absence of a hokB complementation 



 

construct. In all graphs, empty vector controls are included and means ± SEM are presented (n � 

3). *P � 0.05 versus empty vector control. 



 

 

Figure S6 related to Figure 5  

Single-cell level correlation between Obg and HokB expression. (A-D) Density plot showing a 

stationary-phase culture of E. coli expressing a transcriptional fusion of HokB to RFP under 

control of the PhokB promoter (pACYC184-PhokB-hokB-RFP) and carrying pBAD/His A-YFP 

induced with a concentration range of arabinose (A: 0 %; B: 0.00002 %; C: 0.002 %; D: 0.2 %). 

(E-H) Density plot showing a stationary-phase culture of E. coli expressing a transcriptional 

fusion of HokB to RFP under control of the PhokB promoter (pACYC184-PhokB-hokB-RFP) and 

carrying pBAD/His A-obg-YFP induced with a concentration range of arabinose (E: 0 %; F: 

0.00002 %; G: 0.002 %; H: 0.2 %). Prior to measurements, all cultures were grown overnight in 

5 ml LB medium. Dot colours span the spectrum from red to violet to reflect low to high 

densities, respectively; a.u.: arbitrary units. For statistical analysis, see Supplemental 

Experimental Procedures.  



 

 

Figure S7 related to Figure 6  

Obg-mediated persistence proceeds through membrane depolarization. (A) Cells harbouring 

pBAD/His A (black), pBAD/His A-obg (red) or pBAD/His A-hokB (blue) were grown overnight 

in LB containing 0.2 % arabinose, and subsequently incubated with DiBAC4(3) to visualise 

depolarized cells. (B) Cells harbouring pBAD/His A (black), pBAD/His A-obg (red) or 

pBAD/His A-hokB (blue) were grown overnight in LB containing 0.2 % arabinose and 

subsequently incubated in the presence of 10 mM mannitol for 1 h. Depolarization was 

visualised using DiBAC4(3). (C) Percentage survival of E. coli in stationary phase following 5 h 

treatment with ofloxacin or tobramycin. Cultures were grown overnight in LB containing 0.2 % 

arabinose, and subsequently incubated in the presence of 10 mM mannitol for 1 h. In the 

presence of mannitol, overexpression of obg or hokB does not enhance survival. (D) 

Overexpression of obg does not reduce accumulation of ofloxacin or tobramycin. Cultures were 

grown overnight in the presence of 0.2 % arabinose and subsequently incubated for 30 min with 

either ofloxacin or tobramycin. Means ± SEM are presented (n � 3). 



 

SUPPLEMENTAL TABLE 

 

Table S1 related to Experimental Procedures. List of primers (see Excel). Primers were 

purchased from Integrated DNA Technologies. Underlined sequences and sequences in italics 

correspond to features indicated between parentheses. 



 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES  

 

Bacterial strains. E. coli TOP10 (Invitrogen) was used in most experiments. Single-gene 

knockout mutants were constructed by � red-mediated gene replacement (Datsenko and Wanner, 

2000) using primers listed in Table S1. Data shown in Figure 4A,B and Figure 7A,B were 

obtained with previously described E. coli K-12 BW25113 mutants (Montero et al., 2014). Data 

shown in Figure 4C and Figure S5C were obtained with E. coli K-12 BW25113 single-gene 

knockout strains from the Keio collection (Baba et al., 2006; Yamamoto et al., 2009). Data 

shown in Figure S4 were obtained with E. coli MG1655 rpoS-mcherry (Maisonneuve et al., 

2013). A �ppk �ppx double mutant of E. coli K-12 BW25113 was constructed by � red-

mediated gene replacement. Experiments shown in Figure 2 and Figure S3 were performed with 

P. aeruginosa strain UCBPP-PA14.  

 

Note on the use of E. coli TOP10. The E. coli TOP10 parent strain used in this study 

harbours the relA1 and spoT1 alleles causing sensitivity to nutritional downshifts and slightly 

lower growth rates (Durfee et al., 2008). The relA1 allele contains a 1331 bp IS2 insertion 

causing a �87-744 deletion of the RelA protein. The relaxed relA1 mutation is considered a null 

mutation and a mutant does not accumulate (p)ppGpp during the stringent response. However, 

RelA1 might have some residual (p)ppGpp synthetic activity (Metzger et al., 1989). A spoT1 

mutant has a defect in (p)ppGpp degradation leading to a slow rate of (p)ppGpp disappearance 

after reversal of the stringent response, increased (p)ppGpp accumulation during the stringent 

response, and a modest increase in (p)ppGpp basal levels during normal growth. SpoT1 contains 

a QD insertion following D84 that compromises (p)ppGpp hydrolysis activity. Moreover, SpoT1 



 

has a H255Y substitution in the (p)ppGpp synthetase domain that most likely stimulates 

(p)ppGpp synthesis (Spira et al., 2008). To assess the involvement of the stringent response in 

Obg-mediated persistence, we used E. coli K-12 BW25113 with a fully functional stringent 

response.  

 

Media and growth conditions. E. coli was grown in lysogeny broth (LB). P. aeruginosa 

was cultured in trypticase soy broth (TSB). Cultures were grown at 37 °C and continuously 

shaken at 200 rpm. For colony counts, serial dilutions were prepared in 10 mM MgSO4 and 

plated on medium containing 1.5 % agar.  

 

Antibiotics and chemicals. The following antibiotics (Sigma-Aldrich) were used: 100 

�g/ml ampicillin, 50 µg/ml ceftazidime, 30 µg/ml chloramphenicol, 40 µg/ml gentamicin, 40 

µg/ml kanamycin, 5 µg/ml ofloxacin, 10 �g/ml (E. coli) or 100 �g/ml (P. aeruginosa) 

tetracycline, 100 µg/ml tobramycin. Sensitive cells were killed by antibiotics in a concentration � 

10x MIC. Stock solutions of L-(+)-arabinose (20 % w/v), isopropyl �-D-1-thiogalactopyranoside 

(IPTG; 1 M), D-mannitol (1 M) and DL-serine hydroxamate (SHX; 50 mg/ml) were dissolved in 

distilled water and filter sterilized before use. A stock solution of all-trans-retinal (1 mM) was 

dissolved in 100 % ethanol. 

 

Minimum inhibitory concentration determination. MICs were determined with a broth 

microdilution procedure (Liebens et al., 2014) with minor modifications. A stationary-phase 

culture was diluted in 10 mM MgSO4 to an OD595 of 0.5. This sample was diluted 1:100 in 

growth medium after which 150 µl was added to wells of a 96-well plate. The diluted cultures 



 

were incubated in the presence of a 2-fold dilution series of the antibiotic, covered with a gas-

permeable membrane and allowed to grow at 37 °C, while shaking at 200 rpm. After 24 h, the 

OD595 was determined using a VersaMax tunable microplate reader.  

 

Persistence assay and statistical analysis. Persistence assays were performed as described 

previously (De Groote et al., 2009). Briefly, overnight cultures were diluted 1:100 in 250 ml 

flasks containing 100 ml liquid medium and inducer (arabinose and/or IPTG) and incubated 

while shaking at 200 rpm for 2 h (exponential-phase experiments) or 24 h (stationary-phase 

experiments). 1 ml culture was treated with 10 µl of ofloxacin (final concentration of 5 µg/ml), 

tobramycin (final concentration of 100 µg/ml) or ceftazidime (final concentration of 50 µg/ml). 

For stationary-phase experiments, a control treatment was performed with sterile water. 

Treatments were performed while shaking at 200 rpm, during 5 h, after which the number CFUs 

was determined by plate counts. As a control for exponential-phase experiments, the number of 

CFUs was determined before treatment. CFU measurements of treated and control samples were 

compared to determine survival. The effect of duration of antibiotic treatment was assessed by 

treating cultures for 5, 24 and 48 consecutive h.  

Potential differences in persister fractions were statistically verified. Each of the 

comparative studies checked for significant differences in the variances of the log-persister 

fractions, using a classical Fisher F-test. If such difference was detected, a Welch test for the 

means was applied, otherwise, a t-test with pooled variance estimation was used instead. Also, 

normality of the log-persister fractions was verified. 

 



 

Biofilm susceptibility assay. P. aeruginosa biofilms were grown on the polystyrene pegs 

of a Calgary Biofilm Device (Nunc-Immuno TSP, VWR International). Overnight cultures were 

diluted 1:200 in 150 µl 1:20 TSB in the wells of a microtiter plate (Immuno 96 MicroWell 

Plates, VWR International). The pegs were placed in the wells of the microtiter plate and 

biofilms were allowed to grow for 24 h at 37 °C without shaking. After overnight growth, the 

pegs were washed with PBS and placed in a microtiter plate containing 1:20 TSB (control) or 

1:20 TSB and ofloxacin (5 µg/ml). The pegs were incubated for 5 h or 24 h at 37 °C without 

shaking and subsequently washed with PBS and placed in a microtiter plate containing recovery 

medium (TSB + 1 % Tween 80). Cells were collected by centrifugation (20 min at 805 g) and 

sonication using a Branson Digital Sonifier. Cell numbers were determined through CFU counts. 

 

Overexpression of genes. E. coli genes were overexpressed from the PBAD promoter on 

pBAD/His A (Invitrogen). Platinum Pfx DNA polymerase (Invitrogen) was used for PCR using 

purified genomic E. coli DNA as template. Cloning primers as well as used restriction enzymes 

are listed in Table S1. Site-specific point mutations were introduced in pBAD/His A-obg using 

the QuikChange Site-Directed Mutagenesis Kit (Stratagene). All constructs were confirmed by 

DNA sequencing and expression following induction by arabinose was verified by western 

blotting using anti-His6 antibodies (Roche). For wild-type Obg, ObgG166V, Era and EngA, cellular 

protein levels of were assessed in a more quantitative manner using competitive ELISA (Figure 

S1E, Figure S2D). 

For large-scale purification of E. coli Obg, the 1.2-kb obg fragment was isolated from 

pBAD/His A-obg using Ecl136II and HindIII and cloned into pET-28a(+) (Novagen). 



 

Subsequently, BL21-CodonPlus(DE3)-RP E. coli cells (Agilent Technologies - Stratagene 

Products) were transformed with the pET-28(+) derivative.  

pME6032-proteorhodopsin was constructed by amplifying the proteorhodopsin gene from 

pBAD/His C-proteorhodopsin (Tipping et al., 2013) using primers listed in Table S1. The 

resulting fragment was digested using SacI and XhoI and cloned into pME6032 (Heeb et al., 

2002) so that expression from the Ptac promoter could be induced by adding IPTG.  

P. aeruginosa obg was amplified from purified genomic DNA. Following digestion with 

XbaI and BamHI, the 1.2-kb fragment was treated with Klenow DNA polymerase (Westburg) 

and cloned into the Ecl136II site of pBAD/His A. Correct insertion was verified by restriction 

analysis and DNA sequencing. A fragment containing araC, the PBAD promoter and obg was 

isolated by digestion with NsiI and XhoI and cloned into PstI-XhoI-digested mini-CTX2 (Hoang 

et al., 2000). This construct was transferred to P. aeruginosa by electroporation (Choi et al., 

2006) and integrated in the genome at the neutral attB site (Hoang et al., 2000). Expression of 

Obg following induction by arabinose was verified by western blotting using anti-His6 antibodies 

and in a more quantitative manner using competitive ELISA (Figure S3). The same procedure 

was followed to insert an arabinose-inducible copy of the obgG166V alleles in which a point 

mutation was introduced using the QuikChange Site-Directed Mutagenesis Kit.  

 

Selection of site-specific point mutations based on literature. obg alleles indicated on 

Figure S2 were selected based on a literature search. A G93D substitution has been shown to 

impair cell growth and the ability of B. subtilis Obg to associate with ribosomes (Kuo et al., 

2008). In Caulobacter crescentus, ObgP168V shows reduced affinity for GDP, rendering the 

protein GTP-bound in vitro (Datta et al., 2004). Streptomyces coelicolor ObgP168V is 



 

constitutively active due to a defect in GTPase activity (Okamoto and Ochi, 1998). S. coelicolor 

ObgS73N on the other hand shows increased affinity for GDP, locking the protein in the inactive 

state (Okamoto and Ochi, 1998). C. crescentus ObgT193A is impaired in GDP and GDP binding 

and GTP hydrolysis (Lin et al., 2001). Finally, conformational mobility of the GTP-binding 

domain is restricted in the mouse homolog of ObgG216A, resulting in a dominant-negative 

phenotype (Lapik et al., 2007). 

 

Complementation assay to check whether obgG166V supports viability. Correct folding of 

obgG166V was assessed by expressing the encoding genes in E. coli GN5003 (Kobayashi et al., 

2001). This strain is a K-12 MG1655 derivative in which a kanamycin-resistance conferring 

cassette is inserted in the chromosomal copy of obg. A temperature-sensitive obg allele (Kok et 

al., 1994) expressed from the PBAD promoter is provided in trans on pGK15, a low copy number 

plasmid with a temperature sensitive replicon. Therefore, at high temperatures (42 °C) or in the 

absence of arabinose, the strain is not viable. obg alleles expressed from the PBAD promoter were 

transferred to E. coli GN5003. Transformants were grown on LB agar containing appropriate 

antibiotics and 0.2 % arabinose to induce expression. At 30 °C, all strains showed normal 

growth. After incubation at 42 °C, a strain carrying pBAD/His A did not form colonies. 

However, GN5003 expressing either wild-type Obg or a mutant allele with substitution G166V, 

was able to grow at 42 °C, indicating that both alleles encode functional proteins that are 

correctly folded.  

 

Construction of plasmid-borne fusions of obg with genes coding for fluorescent 

proteins. The genes coding for the green fluorescent protein Dronpa (Ando et al., 2004) and the 



 

yellow fluorescent protein Venus (Nagai et al., 2002) were a kind gift from Dr Atsushi Miyawaki 

(RIKEN Brain Science Institute, Japan). mCherry was a kind gift from Dr Roger Tsien (Tsien 

Laboratory, UCSD). The dronpa gene was isolated from pCS2+ by digestion with BamHI and 

EcoRI and cloned into pUC18 (Vieira and Messing, 1982). After digestion with PstI and EcoRI, 

the resulting 0.7-kb fragment was cloned into pBAD/His A. A 1.2-kb fragment of obg without its 

stop codon was amplified from genomic E. coli DNA, digested using XhoI and SalI and cloned 

into pBAD/His A-dronpa.  

A plasmid-borne copy of obg-venus was obtained by isolating venus from pCS2+ using 

BamHI and EcoRI and cloning of the resulting 0.7-kb fragment into p3174 (Gerlach et al., 2007). 

The gene was isolated by digestion with SacI and EcoRI and cloned into pBAD/His A. Finally, a 

1.2-kb obg fragment was isolated from pBAD/His A-obg-dronpa by digestion with XhoI and 

XbaI and cloned into pBAD/His A-venus to obtain pBAD/His A-obg-venus (pBAD/His A-obg-

YFP).  

To construct pBAD/His A-obg-mCherry (pBAD/His A-obg-RFP), the obg gene lacking its 

stop codon was amplified by PCR after which the resulting fragment was digested using XbaI 

and BamHI. This fragment was ligated into pRSETb-mCherry. Subsequently, a 1.5-kb fragment 

containing the C-terminal part of obg translationally linked to mCherry was obtained using a 

SacII and HindIII digest and transferred to pBAD/His A-obg.  

 

Construction of a translational obg-dronpa (obg-GFP) fusion in the E. coli 

chromosome. The dronpa gene (Ando et al., 2004) was isolated from pCS2+ by digestion with 

BamHI and EcoRI and the resulting 0.7-kb fragment was cloned into p3174 (Gerlach et al., 

2007). Subsequently, the GFP gene present in this construct was removed by digestion with 



 

EcoRI and HindIII followed by treatment with Klenow DNA polymerase. This construct served 

as a template to amplify a 2.2-kb dronpa-FRT-Km
R
-FRT fragment. As indicated in Table S1, the 

forward primer used in this reaction contains the 40 last bases of obg (not including the ochre 

stop codon) while the reverse primer contains a 40 base sequence complementary to a region 

downstream of obg. The PCR-fragment was gel-purified (QIAquick Gel Extraction Kit, Qiagen) 

and inserted in the E. coli chromosome via � red-mediated gene replacement (Datsenko and 

Wanner, 2000). Correct replacement of the obg stop codon by dronpa-FRT-Km
R
-FRT was 

verified by PCR and DNA sequencing.  

 

Construction of plasmid-borne fusions of hokB with mCherry (RFP). The E. coli 

MG1655 hokB gene including its promoter was amplified from purified genomic DNA using 

primers listed in Table S1. The resulting 0.2-kb fragment was digested with HindIII and BamHI 

and cloned into pACYC184 (Rose, 1988). The hokB gene in this construct was transcriptionally 

fused to mCherry encoding a red fluorescent protein (Shaner et al., 2004). mCherry including its 

ribosome binding site was amplified from pRSET/B-mCherry and the resulting 0.9-kb fragment 

was digested with BamHI and SphI and cloned in pACYC184-PhokB-hokB.  

Hok peptides are known to contain an N-terminal transmembrane �-helix and a C-terminal 

domain that protrudes into the periplasm (Poulsen et al., 1991). Therefore, we translationally 

fused mCherry to the N terminus of the peptide. The hokB gene without its start codon was 

amplified by PCR. In this reaction, the forward primer encodes a GSGSGS linker. The resulting 

fragment was digested using KpnI and HindIII and ligated into pBAD/Myc-His A (Invitrogen). 

Subsequently, mCherry without its stop codon was amplified by PCR and the resulting fragment 



 

was digested using SacI and KnpI. This fragment was ligated into pBAD/Myc-His A-hokB to 

generate pBAD/Myc-His A-mCherry-hokB (pBAD/Myc-His A-RFP-hokB).  

As a control, the mCherry gene was amplified by PCR after which the resulting fragment 

was digested with KpnI and HindIII and inserted into pBAD/Myc A.  

 

Downregulation of obg (asRNA). A fragment containing 31 bp upstream of the start codon 

of the chromosomal copy of obg and the first 66 bp of the open reading frame itself was 

amplified from genomic E. coli DNA and cloned into pHN1009 (Nakashima and Tamura, 2009). 

After subcloning, the PCR-fragment was verified by DNA sequencing.  

Similarly, a 99-bp fragment containing the upstream region and the first 67 bp of the obg 

open reading frame was amplified from purified P. aeruginosa DNA and cloned into pHN1009 

(Nakashima and Tamura, 2009). A 655-bp fragment was isolated by digestion with PstI and 

KpnI and subsequently cloned into mini-CTX2 (Hoang et al., 2000). This construct was 

transferred to P. aeruginosa by electroporation (Choi et al., 2006) and integrated in the genome 

at the neutral attB site (Hoang et al., 2000). 

As assessed by microarray analysis and RT-qPCR, expression of obgasRNA does not decrease 

cellular levels of the E. coli obg transcript (Figure 5A, Figure S5D). This was not unexpected as 

antisense agents do not induce RNase H cleavage but work by steric hindrance, thereby 

inhibiting translation (Knudsen and Nielsen, 1996). To verify reduced Obg protein levels upon 

expression of obgasRNA, a translational fusion of Obg to the yellow fluorescent protein Venus was 

expressed from the constitutive nptII promoter. First, a fragment containing obg-venus was 

amplified from pBAD/His A-obg-venus. As indicated in Table S1, the forward primer in this 

reaction contains the 31 base sequence upstream of chromosomal obg. The fragment was cloned 



 

into pENTR/D-TOPO (Invitrogen) and confirmed by DNA sequencing. Next, the nptII promoter 

from pFAJ1708 (Dombrecht et al., 2001) was amplified and cloned into pENTR/D-TOPO-obg-

venus. PnptII is a constitutive promoter, causing cells carrying this construct to be fluorescent. 

Expressing obgasRNA from pHN1009 caused a sharp decrease in fluorescence as measured using a 

Synergy Mx Monochromator-Based Multi-Mode Microplate Reader (BioTek). Moreover, FACS 

analysis as well as microscopic examination of this strain demonstrated a notable decrease in 

Obg-Venus levels upon expression of obgasRNA (Figure S1F-H). 

 

Western blotting. Overnight cultures were diluted 1:100 in 5 ml LB containing ampicillin 

(E. coli) or tetracycline (P. aeruginosa) and incubated at 37 °C, while shaking at 200 rpm. At an 

OD595 of 0.4, cultures were induced with a final arabinose concentration of 0.2 %. After 4 h, cells 

were collected by centrifugation and stored at -80 °C. Cell lysates were obtained as described in 

Protocol 10 of “The QIAexpressionist - A handbook for high-level expression and purification of 

6xHis-tagged proteins”, available from the Qiagen website. Proteins were separated by NuPAGE 

Novex Bis-Tris Mini gel (Invitrogen) and transferred to a PVDF membrane (Invitrogen) using an 

XCell II Blot Module (Invitrogen) as per manufacturer’s instructions. Western hybridization was 

done as described (Harlow and Lane, 1998) using monoclonal anti-His6 antibodies (Roche). 

 

Large-scale purification of E. coli Obg. BL21-CodonPlus(DE3)-RP E. coli cells 

expressing obg from the pET-28(+) plasmid were grown overnight in LB at 37 °C. Subcultures 

were grown to an OD595 of 0.8, induced with 1 mM IPTG and grown for an additional 4 h at 

25 °C. Cells were collected (20 min, 4750 rpm) and stored overnight at -80 °C. Obg was purified 

under native conditions using ProBondNickel-Chelating Resin (Invitrogen) as described in 



 

Protocols 9 and 18 of “The QIAexpressionist - A handbook for high-level expression and 

purification of 6xHis-tagged proteins”, available from the Qiagen website.  

 

Competitive ELISA. Purified Obg was diluted to a final concentration of 50 ng/ml in 

coating buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6) and 100 µl was added to the wells of 

a 96-well ELISA plate (Greiner Bio-One). Coating was done overnight at 4 °C. The wells were 

washed (3 times 200 µl 0.1 % Tween 20 in PBS) and filled with 200 µl blocking buffer (3 % w/v 

gelatin from cold water fish skin (Sigma) in PBS). Blocking was performed at 37 °C for 3 h after 

which the wells were washed. Interaction with 1:1000 diluted primary antibody (anti-Obg 

custom antibody or anti-His6) was performed in 100 µl of 10 % blocking buffer + 0.05 % 

Tween 20. Custom antibody production was performed by injecting rabbits with 2 synthetic 

peptides selected from the Obg protein sequence: RREKYIPKGGPDGGD and 

VNRTPRQKTNGTPGD. Peptide synthesis and immunization of 2 rabbits with the coupled 

peptide mixture was performed according to established protocols (Eurogentec, Herstal, 

Belgium). Blanks lacking the antibody were included as a negative control and a 10-fold dilution 

series of purified Obg was used as a standard. 2-fold dilution series of total cell lysate samples 

were tested in duplicate. After an incubation period of 1 h at 37 °C, the wells were washed and 

100 µl of 1:1000 diluted alkaline phosphatase-conjugated secondary antibody (Anti-Rabbit IgG 

or Anti-Mouse IgG (Sigma)) was added. The samples were incubated at 37 °C for 1 h and 

washed. Finally, 100 µl substrate buffer (1 mg 4-nitrophenyl phosphate in 1 ml 18 mM Na2CO3, 

35 mM NaHCO3, 0.5 mM MgCl2.6H2O, pH 9.6) was added. Absorbance was measured at 

415 nm using a Synergy Mx Monochromator-Based Multi-Mode Microplate Reader (BioTek).  

 



 

Gene expression analysis. Total RNA was isolated using a previously optimized protocol 

(Vercruysse et al., 2010). Briefly, the RNA content of late-exponential-phase cells was extracted 

using the TRIzol Plus RNA Purification System (Invitrogen). Cells were harvested by 

centrifugation (30 min, 4000 rpm), suspended in 1 ml of ice cold TRIzol and shaken twice by a 

Precellys 24 (Bertin Technologies) at 6500 rpm for 45 s with 0.25 ml of 0.1 mm glass beads 

before following the manufacturer’s instructions. Phase Lock Gel tubes (heavy type) were used 

to efficiently separate the organic and aqueous phase. DNA contamination was removed by 2 

treatments with 2 �l TURBO DNase (Ambion) and afterwards verified by PCR (4 % RNA 

suspension by volume, 30 cycles). RNA integrity was analysed using Experion RNA StdSens 

Chips (Bio-Rad). RNA quantity and purity was assessed using a NanoDrop ND-1000 

spectrophotometer. Individual gene expression levels were determined by reverse transcription 

quantitative real-time PCR (RT-qPCR) as described (Vercruysse et al., 2010). Data were 

analysed using StepOne Software v2.1. 16S rRNA showed an invariant expression under the 

experimental conditions and was used as reference. Relative gene expression was calculated 

using the Livak method (Livak and Schmittgen, 2001). This calculation yields a number 

representing the fold increase of obg mRNA upon overexpression of the gene, relative to a 

calibrator sample, in this case wild-type E. coli TOP10 grown under the same conditions.  

Gene expression profiling was performed using Affymetrix E. coli Genome 2.0 arrays using 

3 biological repeats. Data were normalized using RMA (Irizarry et al., 2003) as implemented in 

the “affy” Bioconductor package (Gautier et al., 2004). Samples were pairwisely compared as 

follows: pBAD/His A-obg versus wild-type, pHN1009-obgasRNA versus wild-type, and 

pBAD/His A-obgG166V versus wild-type. For each comparison the differentially expressed genes 

were identified using two-class unpaired SAM analysis as implemented in the samr 



 

Bioconductor package (Tusher et al., 2001). Only genes with a median false discovery rate 

(FDR) of 0.01 and a minimum fold change of 3 were retained for further analysis. This resulted 

in identifying respectively 21 up- and 5 down-regulated genes for the comparison pBAD/His A-

obg versus wild-type, 47 up- and 104 down-regulated genes for the comparison pHN1009-

obgasRNA versus wild-type, and 97 up- and 170 down-regulated genes for the comparison 

pBAD/His A-obgG166V versus wild-type. Differentially expressed genes that have previously 

been implicated in persistence are shown in Figure S5A,B. These include lon (Maisonneuve et 

al., 2011), sucB (Ma et al., 2009), dnaJ (Vázquez-Laslop et al., 2006), dnaK, surA, ygfA (Hansen 

et al., 2008), glpA, glpB, glpC, glpD (Spoering et al., 2006), glpT and pheA (De Groote et al., 

2009). 

 

Membrane potential measurements. Cells were grown overnight in LB containing 

0.0002 % arabinose and diluted 1:500 in 1 ml PBS containing DiBAC4(3) in a concentration of 

10 µg/ml. This is a potential-sensitive dye that enters depolarized cells and binds to membranes 

and proteins (Berney et al., 2006). Samples were incubated for 10 min at room temperature and 

analysed using a BD Influx cell sorter equipped with a 488 nm (green) laser and 520 nm filter. 

 

Measurement of intracellular antibiotic concentration. Protocols to assess intracellular 

accumulation of ofloxacin and tobramycin were adapted from previous reports (Asuquo and 

Piddock, 1993; Furustrand Tafin et al., 2011). Overnight cultures were diluted 1:100 in 100 ml 

LB containing appropriate additives after which they were grown for 16 h at 37 °C, while 

shaking at 200 rpm. 20 or 40 ml samples were treated with ofloxacin (5 µg/ml) or tobramycin 

(400 µg/ml), respectively. Both treatments were performed at 37 °C, while shaking at 200 rpm, 



 

during 30 min. Following treatment, cells were separated from the extracellular medium by 

centrifugation through silicon oil and frozen at -80 °C. For ofloxacin, cell pellets were 

resuspended in 400 µl of 0.1 M glycine hydrochloride (pH 3) and lysed during overnight 

incubation at room temperature with light agitation. Debris was pelleted (10 min, 14000 rpm) 

and ofloxacin concentrations in the supernatant were analysed by measuring fluorescence using a 

Synergy Mx Monochromator-Based Multi-Mode Microplate Reader (BioTek). Ofloxacin 

concentrations were calculated using a standard curve for concentrations ranging from 0 to 

300 ng/ml. For tobramycin, cell pellets were resuspended in 400 µl of PBS and lysed by 

incubation at 100 °C for 5 min. Cell debris was removed by centrifugation (10 min, 14000 rpm) 

and tobramycin concentrations were determined using an agar well diffusion bioassay with B. 

subtilis ATCC 6051 as the indicator organism. 100 µl supernatant was pipetted in 8 mm diameter 

holes on MHB agar plates inoculated with B. subtilis. Plates were incubated for 24 h at 37 °C 

after which the diameter of the inhibition zone was measured. Tobramycin concentrations were 

calculated using a standard curve for concentrations ranging from 0 to 128 µg/ml. 

 

Dose-response correlation between Obg concentrations and persistence in E. coli 

(Figure 1C,D). Wild-type E. coli encodes a high-affinity arabinose transporter (araFGH operon) 

and a high-capacity, low-affinity arabinose transporter (araE) showing autocatalytic behaviour. 

As a result, genes placed under control of the arabinose-inducible PBAD promoter are expressed 

in an all-or-none way. At subsaturating arabinose concentrations, a fraction of cells displays 

maximal expression of PBAD-controlled genes, while other cells do not show any expression. 

Raising the arabinose concentration increases the fraction of cells that are fully induced. 



 

However, this does not reflect a homogenously increased expression level in all individual cells 

of the population (Siegele and Hu, 1997).  

To obtain homogeneous expression of the PBAD promoter, a �araFGH �araE double 

mutant of E. coli TOP10 was constructed by � red-mediated gene replacement (Datsenko and 

Wanner, 2000). Subsequently, araE was expressed from the constitutive PCP8 promoter on the 

medium-copy plasmid pJAT8 (Khlebnikov et al., 2001). Constitutive expression of araE in a 

strain otherwise deficient in arabinose transport allows homogeneous expression from the PBAD 

promoter (Khlebnikov et al., 2001).  

The obg gene was expressed from the PBAD promoter on pBAD/His A. Resulting protein 

levels as measured using competitive ELISA are shown in Figure 1D and persistence following 

induction with a concentration range of arabinose (0 - 0.2 %) was assessed (Figure 1C). A dose-

response correlation between Obg expression levels and persistence was observed and 

statistically verified by simple linear regression, using log(% Survival) as response variables and 

log(c+x) as explanatory variables with x = concentration arabinose and c = 0.000002. For 

cultures expressing the empty vector control pBAD/His A, regression is not significant (P = 

0.54), for cultures expressing obg, regression is highly significant (P � 0). The studentized 

residuals are normally distributed, justifying the use of regression analysis. 

 

Calculation of doubling time (Figure S1C). E. coli pBAD/His A (grey dots on Figure 

S1C) and E. coli pBAD/His A-obg (black dots) were grown overnight in LB containing 0.2 % 

arabinose and diluted 1:10000 in the same medium (time 0 min). At indicated time points, the 

number of CFUs/ml was determined. The slope of the line connecting the dots in the linear part 

of the graph represents the specific growth rate, which was used to calculate the doubling time 



 

(n = 3). For each case (with and without obg overexpression), we applied a simple linear 

regression analysis on time points [240 300 360 420 480] min, followed by a t-test for the 

comparison of the doubling times, based on the (verified) assumption of normality for the slope 

estimators. The t-test (including a pooled variance estimator) revealed a one-sided 5 %-

confidence interval for the ratio of the two doubling times of [0 1.5578]. A two-sided 5 %-

confidence interval would be [0.9179 1.6658]. Both intervals support the null hypothesis of equal 

doubling times (ratio 1). 

 

Fluorescence-activated cell sorting (FACS) (Figure 3, Figure 6A). Overnight cultures 

were diluted 1:100 in 100 ml LB containing appropriate additives after which they were grown 

for 24 h at 37 °C, while shaking at 200 rpm. 1 ml samples were treated with either ofloxacin 

(5 µg/ml) or sterile water (control). Both treatments were performed at 37 °C, while shaking at 

200 rpm, during 5 h. Following treatment, the cells were washed twice with the same volume of 

10 mM MgSO4. Fluorescence was measured using a BD Influx cell sorter equipped with 488 nm 

(green) and 561 nm (red) lasers. Ofloxacin does not induce cell lysis. Therefore, both treatments 

resulted in highly similar profiles. Gates were set to comprise the total population P (indicated by 

an arrow in Figure 3 and Figure 6A), a weakly fluorescent subpopulation L (left box in Figure 3 

and Figure 6A) and a highly fluorescent subpopulation H (right box in Figure 3 and Figure 6A). 

1 million cells were sorted in all gates and cells were collected into 5 ml polypropylene round-

bottom tubes (BD Falcon). The number of CFUs in the sorted samples was determined using 

plate counts and the percentage survival corresponding to each gate was determined as the ratio 

of CFUs in an ofloxacin-treated sample divided by CFUs in a water-treated sample. The 



 

experiment was repeated twice, data shown in Figure 3 and Figure 6A are representative for 1 

experiment.  

For statistical analysis of data shown in Figure 3 and Figure 6A, 99 % two-sided parametric 

percentile bootstrap confidence intervals were constructed assuming a Poisson-distribution for 

the observed CFU counts. We employed bootstrapped chi-squared type of hypothesis tests where 

the expected control numbers along with the expected total population ratio are considered as 

nuisance parameters whose values are estimated under the null hypothesis, while the other 

parameters (expected counts in weakly and highly fluorescent subpopulations) are filled in 

according to the null hypothesis.  

• Data shown in Figure 3A 

Persister fractions (in total population P, subpopulation L and subpopulation H, 

respectively) 

0.0110 

0.0099 

0.0062 

Estimated ratio of persister fractions (H/L): 

0.6298 (0.0062/0.0099) 

99 % confidence interval for this ratio: 

[0.3908 Inf] 

A ratio of 1 is included in the 99 % confidence interval, the null hypothesis cannot be 

rejected (H0: ratio = 1 	 H1: ratio > 1)  

P-value: 0.9999  

 



 

• Data shown in Figure 3B 

Persister fractions (in total population P, subpopulation L and subpopulation H, 

respectively) 

0.0060 

0.0015 

0.0469 

Estimated ratio of persister fractions (H/L): 

32.0 (0.0469/0.0015) 

99 % confidence interval for this ratio: 

[18.7 59.5] 

A ratio of 1 is not included in the 99 % confidence interval, thereby confirming the 

rejection of the null hypothesis (H0: ratio = 1 	 H1: ratio > 1)  

P-value < 0.01  

 

• Data shown in Figure 3C 

Persister fractions (in total population P, subpopulation L and subpopulation H, 

respectively): 

0.0211 

0.0040  

  0.0598 

Estimated ratio of persister fractions (H/L): 

15.1 (0.0598/0.0040) 

99 % confidence interval for this ratio: 



 

[9.0 27.0] 

A ratio of 1 is not included in the 99 % confidence interval, thereby confirming the 

rejection of the null hypothesis (H0: ratio = 1 	 H1: ratio > 1)  

 P < 0.01  

 

• Data shown in Figure 6A 

Persister fractions (in total population P, subpopulation L and subpopulation H, 

respectively) 

0.1917 

0.0664 

0.8400 

Estimated ratio of persister fractions (H/L): 

12.6472 (0.8400/0.0664) 

99 % confidence interval for this ratio: 

[5.5175 Inf] 

A ratio of 1 is not included in the 99 % confidence interval, thereby confirming the 

rejection of the null hypothesis (H0: ratio = 1 	 H1: ratio > 1)  

 P < 0.0001 

 



 

Statistical analysis of results shown in Figure 6D. 

• Exploratory data analysis 

Depolarization (U) and red fluorescence (V) were observed for RFP, RFP-HokB and Obg-

RFP with and without inducer. All samples had a size of n = 50000 cells. Each time, the joint 

values of log10(U) and log10(V) were plotted in a scatter plot. The objective of the analysis is to 

assess trends in these 2 × 3 scatter plots. 

The trends seem to suggest that large values of red fluorescence V, i.e. a high concentration 

of RFP, give rise to a high level of depolarization, at least in the cases RFP-HokB and Obg-RFP 

with inducer. Without inducer, high level of depolarization are less outspoken, less frequent and 

not linked to high levels of red fluorescence. It is conjectured that they are due to leaky 

expressions. In the mere RFP case a high level of red fluorescence does not give excessive rise in 

depolarization. 

The trends can be characterised by the following parameters: 

1. For red fluorescence V, it was observed that many expressions are near zero. The 

number of near-zeros, p1, can be considered as an inducer dependent characteristic. The 

distribution of V is then described by a near-zero-inflated mixture density. 

2. In the presence of inducer, the population of non-zero fluorescences seems to consist of 

two classes of expressions. This clustering will be confirmed by the analysis below. As a 

result, the fluorescence value V is described by a mixture of three classes: low (= near-

zero), mid, and high. The proportions, class averages and interclass correlations are 

parameters for statistical inference. 

3. For the depolarization U, graphical inspection suggests a bimodal distribution, i.e., a 

two-class clustering, which will also be confirmed by the quantitative study. This time, 



 

the mixture model consists of two classes without zero inflation. 

 

• The model and its validation 

Let Xi = log10(Ui) be the observed log-depolarization in cell i, i = 1, … , n, and 

Yi = log10(Vi) the corresponding log-fluorescence for RFP, RFP-HokB, Obg-RFP, respectively 

and for either presence or absence of an inducer. Using QQ-plots for the empirical marginal 

distribution of both depolarization and red fluorescence and after examination of appropriate 

Box-Cox-transformations, it was found that a Gaussian mixture for the log-observations X and Y 

is an appropriate parametric model. Thus, Ui is considered to be dependent on a latent state Sx, 

so that Xi|Sx = sx � N (µ sx
 , 


2
sx

), where N (µ , �
2
) stands for the normal distribution with mean µ  

and variance 

2
. All values of µ sx

 and 

2

sx
, together with the probability mass function psx

 = P (Sx 

= sx) account for the parametric description of X. A similar parametric model is used for Yi.  

The parametric model allows an immediate interpretation of the obtained estimated values as 

a function of the presence of inducer and the protein under consideration (RFP, RFP-HokB, and 

Obg-RFP). Once the parameters are estimated, the model is validated by comparing the resulting 

parametric density estimation with a non-parametric alternative, in particular with a kernel 

density estimation. We have adopted a cosine kernel function, and a constant bandwidth, chosen 

heuristically, so that on average the regression is based on 100 observations. 

 

• Parameter estimation 

For each protein and for both the no-inducer and inducer case, the number of normal 

components in the mixture distribution was determined by Akaike’s Information Criterion (AIC). 

Given the large sample size n and the relative small number of parameters, AIC nearly coincides 



 

with the log-likelihood. As the sample size is so large, all subsequent trends and conclusions 

hold almost on the level of the population. That means that the statistical tests would invariantly 

lead to near-zero P-values. 

After identification of the components of the normal mixture model, these normal 

components are regrouped into clusters so that each mode of the density function corresponds to 

a cluster of normal components and vice versa. We thus have a mixture of normal mixtures, 

where the normal mixtures at the finest level are located close to each other, so that their mixture 

has only one mode. 

The number of clusters (also named classes or latent states), the probability that an 

observation comes from a given cluster pi, and the mean of each cluster µ i are reported in Table a 

below, for both X and Y, for all three proteins (RFP, RFP-HokB, Obg-RFP) and for both 

presence and absence of inducer. Table a also contains a parameter �, which is the correlation 

between the X and Y values. The columns “all” contain the overall mean values for X and Y, 

respectively. Table b below is a contingency table investigating the correlation between hidden 

states (i.e., classes or clusters) of fluorescence and depolarization in the presence of the inducer. 

The italic values are the proportions to be expected under the null hypothesis that fluorescence 

and depolarization are not correlated. 

From Table a and Table b, the following conclusions can be drawn (all with P-value near-zero): 

1. For RFP, the presence of inducer increases the mean fluorescence value, but not the 

depolarization. 

2. In the case of RFP-HokB and Obg-RFP, in absence of inducer, the log-depolarization is a 

mixture of three clusters, while the densities of the log-fluorescence have a cluster near 

zero and two clusters away from zero, the largest of which is situated on the intermediate 



 

level in the distribution of the log-fluorescence in presence of inducer (i.e., compare µ3 in 

the no-inducer lines, fluorescence column with µ3 in the yes-inducer lines, fluorescence 

column). Not reflected in the table is the fact that the near-zero fluorescence cluster in 

absence of inducer is composed by a mixture of several (7 to 9) Gaussians. The highest 

cluster can be modelled as a mixture of a few normal random variables, while the middle 

cluster seems to be a transition between near-zero and non-zero: one normal random 

variable is sufficient as a model. 

3. In the presence of inducer, we see the following effects: 

a. (Not readable from the tables) the three clusters (near-zero, mid, high, i.e., µ1, µ2, µ3) 

of fluorescence can be modelled as pure normal random variables, so no mixtures 

within the mixture are needed. The clusters seem thus easier to distinguish. 

b. The class of high fluorescence has a much larger mean, while the level of 

intermediate fluorescence is about the same as the highest class in the case without 

inducer. 

c. Whereas without inducer, depolarization and fluorescence are almost uncorrelated, 

correlation between both increases to � = 0.56 for RFP-HokB and even � = 0.65 for 

Obg-RFP (which is a strong correlation). No correlation is reported (even a small 

negative one) for inducer on RFP. 

d. The correlation in the case of inducer + RFP-HokB/Obg-RFP can be explained by 

looking at the contingency table: low values of depolarization do simply not occur 

for high values of red fluorescence. The graphical inspection seems to suggest that 

there are cases of low depolarization and high fluorescence, but all these cases can 

be statistically explained as coming from the intermediate level of fluorescence: 



 

there is no need to explain these values as being member of the high fluorescence 

class. On the other hand, high levels of depolarization are in excessive occurrence 

within the high class of fluorescence and vice versa. In the case of inducer+RFP, this 

is not the case: there are even less-than-expected cells that are in the class of high 

fluorescence and high depolarization. 



 

Table a related to Figure 6D. Effect of inducer on the marginal depolarization and 

fluorescence densities and on the correlation coefficient between depolarization and fluorescence.  

 Inducer 

Depolarization Ref fluorescence 

� all µ1 µ2 µ3 all µ1 µ2 µ3 

p1 p1 p1 p1 p1 p1 

 

RFP 

no 0.68 0.58 

0.91 

1.72 

0.09 

 0.18 0.01 

0.72 

0.33 

0.11 

0.77 

0.18 

0.17 

yes 0.58 0.47 

0.91 

1.71 

0.09 

 1.25 0.01 

0.23 

0.86 

0.29 

2.07 

0.48 

-0.12 

 

RFP-HokB 

no 1.15 0.48 

0.24 

0.87 

0.15 

1.47 

0.61 

0.18 0.01 

0.71 

0.30 

0.11 

0.78 

0.18 

0.11 

yes 1.19 0.56 

0.31 

1.46 

0.69 

 0.80 0.01 

0.32 

0.84 

0.36 

1.55 

0.31 

0.56 

 

Obg-RFP 

no 1.17 0.54 

0.23 

0.90 

0.15 

1.48 

0.62 

0.22 0.01 

0.65 

0.36 

0.13 

0.80 

0.21 

0.08 

yes 1.25 0.57 

0.34 

1.61 

0.66 

 0.96 0.01 

0.24 

0.88 

0.40 

1.68 

0.36 

0.65 

 



 

Table b related to Figure 6D. Classes or hidden states in joint depolarization and fluorescence 

densities for populations with inducer.  

Depolarization 

Fluorescence 

Low(0) Mid High TOTAL 

 

RFP 

Low 0.20 

0.21 

0.23 

0.26 

0.47 

0.44 0.91 

High 0.02 

0.02 

0.06 

0.03 

0.01 

0.04 0.09 

TOTAL 0.23 0.29 0.48  

 

RFP-HokB 

Low 0.21 

0.10 

0.11 

0.11 

0.00 

0.10 0.31 

High 0.11 

0.22 

0.22 

0.25 

0.35 

0.22 0.69 

TOTAL 0.32 0.36 0.31  

 

Obg-RFP 

Low 0.18 

0.08 

0.16 

0.13 

0.00 

0.12 0.34 

High 0.06 

0.16 

0.19 

0.26 

0.41 

0.24 0.66 

TOTAL 0.24 0.40 0.36  

 

 

 



 

Statistical analysis of results shown in Figure S6.  

• Exploratory data analysis 

For every of the 4 values of the inducer concentration and for both cases YFP and Obg-

YFP, yellow fluorescence (X) and red fluorescence (Y) was observed for a sample of n = 100000 

cells. Each time, the joint values of X and Y were plotted in a scatter plot. The objective of the 

analysis is to assess trends in these 2 × 4 scatter plots. 

These trends suggest dependence or sensitivity of the level of fluorescence for varying 

inducer concentrations. The trends can be characterized by the following parameters: 

1. For red fluorescence, it was observed that many expressions are near-zero. Hence, the 

number of near-zeros, p1, can be considered as an inducer dependent characteristic. The 

distribution of red fluorescence is then described by a near-zero-inflated mixture density. 

2. For yellow fluorescence, it was observed that for the higher concentrations of inducer, the 

density appears to be multimodal, again suggesting a mixture distribution, but this time 

without zero inflation. In this case, the number of composing distributions can be 

considered as an inducer-dependent characteristic. 

3. The mean expression for both yellow fluorescence and red fluorescence over all 

observations is clearly dependent on the inducer, but as both populations have been 

identified as being mixtures, the contribution of the mixture decomposition to the global 

mean can be filtered out by looking at the means within each component. The focus lies 

on the mean value of the non-zero component with the largest contribution. 

4. Finally, the statistical correlation between yellow fluorescence and red fluorescence, 

within each combination of yellow fluorescence and red fluorescence components, 

measures the direct dependence between the paired observations. 



 

• The model and its validation 

Let Xi be the observed yellow fluorescence in cell i, i = 1, … , n, and Yi the corresponding 

red fluorescence for a given concentration of inducer and for either presence or absence of Obg. 

Using QQ-plots for the empirical marginal distribution of both fluorescences and after 

examination of appropriate Box-Cox-transformations, it was found that a Gaussian mixture for 

the observations is an appropriate parametric model. Thus, Xi is considered to be dependent on a 

latent state Sx, so that Xi|Sx = sx � N (µ sx
 , 


2
sx

), where N (µ , �
2
) stands for the normal distribution 

with mean µ  and variance �
2
. All values of µ sx

 and �
2
, together with the probability mass function 

psx
 = P (Sx = sx ) account for the parametric description of X. A similar parametric model is used 

for Yi. 

The parametric model allows an immediate interpretation of the obtained estimated values 

as a function of the concentration of inducer and the presence of Obg. Once the parameters are 

estimated, the model is validated by comparing the resulting parametric density estimation with a 

non-parametric alternative, in particular with a kernel density estimation. We have adopted a 

cosine kernel function, and a constant bandwidth, chosen heuristically, so that on average the 

regression is based on 100 observations.  

 

• Parameter estimation 

For each value of the concentration of the inducer and for both the Obg and non-Obg case, 

the number of normal components in the mixture distribution was determined by Akaike’s 

Information Criterion (AIC). Given the large sample size n and the relative small number of 

parameters, AIC nearly coincides with the log-likelihood. As the sample size is so large, all 



 

subsequent trends and conclusions hold almost on the level of the population. That means that 

the statistical tests would invariantly lead to near-zero P-values. 

After identification of the components of the normal mixture model, these normal 

components are regrouped into clusters so that each mode of the density function corresponds to 

a cluster of normal components and vice versa. We thus have a mixture of normal mixtures, 

where the normal mixtures at the finest level are located close to each other, so that their mixture 

has only one mode. 

The number of clusters, the probability that an observation comes from a given cluster pi, 

and the mean of each cluster µ i are reported in Table c below, for both X and Y, for all inducer 

concentrations and for both presence and absence of Obg. Table c also contains a parameter �, 

which is the correlation between the clusters in X and Y respectively having the largest mean 

value. The columns “all” contain the overall mean values for X and Y, respectively. 

From Table c, the following conclusions can be drawn (all with P-value near-zero): 

1. For small inducer concentrations, X (yellow fluorescence) has a unimodal distribution, 

i.e., it has only one cluster. The distribution becomes multimodal for inducer 

concentrations 0.002 % and higher. The red fluorescence has always a bimodal 

distribution, which is in fact zero-inflated unimodal. 

2. In the case of YFP, no Obg, the red fluorescence Y (red fluorescence) shows limited 

influence from YFP: 

a. The proportion on non-zero red fluorescence increases from 21, 20 to 36, 33 % 

when the inducer concentrations pass from 0 or 0.00002 to 0.002 or 0.2 %. 

b. The mean red fluorescence values among the non-zeros shows a very slight 

increase from 0.55 over 0.60 to 0.66 and (slightly decreasing) 0.64. 



 

c. The (single-cell) correlation between yellow and red fluorescence is insignificant 

for concentrations 0 or 0.00002 % and becomes slightly significant (0.09 or 0.06) for 

inducer concentrations 0.002 and 0.2 %, respectively 

3. The same effects are much stronger in the presence of Obg: 

a. The proportion on non-zero red fluorescence is high, even for small inducer 

concentrations, and is very close to 100 % for high concentrations. 

b. The mean red fluorescence values among the non-zeros clearly depend on the 

concentration, where low concentrations (0.00002 %) have little impact compared to 

zero concentrations, while high concentrations have progressive impact. 

c. The correlation between yellow and red fluorescence at single-cell level is small 

for low concentrations (0.00002 %), but very significant for high levels of inducer 

concentrations.  

 



 

Table c related to Figure S6. Statistical analysis of results shown in Figure S6.  

 Inducer 

Yellow fluorescence Red fluorescence 

� all µ1 µ2 µ3 all µ1 µ2 

p1 p1 p1 p1 p1 

 

YFP 

0 0.91 0.91 

1.00 

  0.12 0.01 

0.79 

0.55 

0.21 

0.01 

0.00002 0.91 0.91 

1.00 

  0.13 0.01 

0.80 

0.60 

0.20 

0.01 

0.002 3.15 1.00 

0.04 

2.60 

0.18 

3.38 

0.78 

0.24 0.01 

0.64 

0.66 

0.36 

0.09 

0.2 3.13 0.98 

0.01 

2.46 

0.15 

3.37 

0.84 

0.22 0.01 

0.67 

0.64 

0.33 

0.06 

 

Obg-YFP 

0 0.91 0.91 

1.00 

  0.86 0.01 

0.13 

0.98 

0.87 

0.06 

0.00002 0.92 0.92 

1.00 

  0.85 0.01 

0.13 

0.98 

0.87 

0.09 

0.002 2.89 1.01 

0.07 

2.24 

0.15 

3.18 

0.78 

1.55 0.01 

0.02 

1.58 

0.98 

0.64 

0.2 3.04 1.03 

0.01 

2.50 

0.19 

3.19 

0.80 

1.72 0.01 

0.01 

1.73 

0.99 

0.64 
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