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Although Escherichia coli and Salmonella enterica inhabit similar niches and employ similar genetic regulatory programs, we find that they differ significantly in their DNA supercoiling responses to environmental and antibiotic challenges. Whereas E. coli demonstrates large dynamic transitions in supercoiling in response growth phase, osmotic pressure, and novobiocin treatment, supercoiling levels are much less variable in S. enterica. The FIS protein is a global regulator of supercoiling in E. coli, but it was found to have less influence over supercoiling control in S.

enterica. These inter-species differences fine-tune gene promoters to endogenous supercoiling and FIS levels. Transferring a Salmonella virulence gene promoter (P ssrA ) into a new enteric host (E. coli) caused aberrant expression in response to stimulatory signals. Reciprocal horizontal transfer of topA promoters, which control expression of topoisomerase I, between E. coli and S. enterica revealed how these orthologous promoters have evolved to respond differentially to FIS and supercoiling levels in their cognate species. This also identified a previously unrecognized osmoregulation of topA expression that is independent of FIS and supercoiling in both E. coli and S. enterica. These findings suggest that E. coli and S. enterica may be unexpectedly divergent in their global regulation of cellular physiology.

Introduction

Single-celled organisms like bacteria must continuously balance internal metabolic requirements while exploiting potentially ever-changing external environments. Consequently, bacteria exhibit complex yet well-integrated responses to a wide variety of environmental and physiological stimuli [START_REF] Cases | Promoters in the environment: transcriptional regulation in its natural context[END_REF]. Stimuli are transduced and interpreted primarily through networks of transcription factors that converge to form highly-ordered, yet dynamic, complexes of proteins and nucleic acids at target gene promoters. The spatial organization of these nucleoprotein complexes is constrained by the degree of supercoiling in the underlying DNA scaffold, thus the topology of the bacterial chromosome exerts a global influence on gene expression [START_REF] Dorman | DNA supercoiling and environmental regulation of gene expression in pathogenic bacteria[END_REF][START_REF] Dorman | DNA supercoiling and bacterial gene expression[END_REF].

In enteric bacteria, DNA supercoiling is highly responsive to environmental conditions [START_REF] Dorman | DNA supercoiling and environmental regulation of gene expression in pathogenic bacteria[END_REF][START_REF] Dorman | DNA supercoiling and bacterial gene expression[END_REF][START_REF] Hatfield | DNA topology-mediated control of global gene expression in Escherichia coli[END_REF][START_REF] Travers | DNA supercoiling -a global transcriptional regulator for enterobacterial growth?[END_REF]. Conditions such as nutrient upshift, low oxygen, cold shock, elevated temperature, altered pH or high osmotic pressure cause increased DNA supercoiling in Escherichia coli and Salmonella enterica [START_REF] Balke | Changes in the linking number of supercoiled DNA accompany growth transitions in Escherichia coli[END_REF][START_REF] Dorman | DNA supercoiling and the anaerobic and growth phase regulation of tonB gene expression[END_REF][START_REF] Goldstein | Regulation of bacterial DNA supercoiling: plasmid linking numbers vary with growth temperature[END_REF][START_REF] Higgins | A physiological role for DNA supercoiling in the osmotic regulation of gene expression in S. typhimurium and E. coli[END_REF]Hsieh et al., 1991a;1991b;[START_REF] Karem | The infleunce of DNA topology on the environmental regulation of a pH-regulated locus in Salmonella typhimurium[END_REF][START_REF] Mcclellan | Superhelical torsion in cellular DNA responds directly to environmental and genetic factors[END_REF]Mizushima et al., 1997, Yamamoto andDroffner, 1987). These salient features of a bacterium's environment serve as important cues for the expression of genes required for colonization of host niches. For this reason many gene promoters have evolved to respond to perturbations in DNA supercoiling, making supercoiling an important relay of environmental signals [START_REF] Dorman | DNA supercoiling and environmental regulation of gene expression in pathogenic bacteria[END_REF][START_REF] Dorman | DNA supercoiling and bacterial gene expression[END_REF]. Prominent examples are the Salmonella pathogenicity island (SPI) genes required for the invasion of host cells. Changes in the supercoiling state of SPI-1 and SPI-2 gene promoters are thought to signal transition from the intestinal to the intracellular environment; SPI-1 genes initiate invasion in the intestinal epithelium when supercoiling is high, followed by induction of SPI-2 genes by DNA relaxation when S. enterica enters host cells [START_REF] Galán | Expression of Salmonella typhimurium genes required for invasion is regulated by changes in DNA supercoiling[END_REF][START_REF] Marshall | DNA topology and adaptation of Salmonella typhimurium to an intracellular environment[END_REF][START_REF] Cróinín | Roles for DNA supercoiling and the Fis protein in modulating expression of virulence genes during intracellular growth of Salmonella enterica serovar Typhimurium[END_REF].

DNA supercoiling is best understood in E. coli and S. enterica where, as in most bacteria, chromosome and plasmid molecules are negatively supercoiled. Negative supercoils are introduced by DNA gyrase (encoded by the monocistronic gyrA and gyrB genes), whereas they are relaxed by topoisomerase I (encoded by topA), by topoisomerase IV (parC and parE) and to some extent by topoisomerase III (topB) [START_REF] Zechiedrich | Roles of topoisomerases in maintaining steady-state DNA Table 2: Oligonucleotide primers used in this study Cloning (Restriction enzyme sites are underlined. The ribosome binding site in fis.pBAD33.SacI.F is in bold.) PtopAEc.blunt[END_REF]. The global supercoiling state of the DNA in a cell is thus set by the relative abundance and activities of these countervailing enzymes [START_REF] Snoep | DNA supercoiling in Escherichia coli is under tight and subtle homeostatic control, involving gene-expression and metabolic regulation of both topoisomerase I and DNA gyrase[END_REF]. However, the local topologies of most, if not all, bacterial gene promoters are influenced by the binding of abundant nucleoid-associated proteins (NAPs), which can serve as topological buffers by constraining local DNA topology. Although NAPs do not covalently modify DNA, they can change the superhelical density of the region to which they are bound [START_REF] Dillon | Bacterial nucleoid-associated proteins, nucleoid structure and gene expression[END_REF].

The factor for inversion stimulation (FIS) is of particular interest because it plays diverse roles in the control of DNA supercoiling and gene expression. Like other NAPs, FIS has an architectural role in shaping DNA structure. FIS functions as a topological homeostat that stabilizes intermediate topologies: on the one hand FIS protects supercoiled DNA from GyrAB whereas FIS also promotes and constrains negative supercoils in more relaxed DNA [START_REF] Schneider | FIS modulates growth phase-dependent topological transitions of DNA in Escherichia coli[END_REF]2001). FIS is a site-specific DNA binding protein that can recruit RNA polymerase to activate gene expression, or FIS can directly block promoter activity [START_REF] Bradley | Effects of Fis on Escherichia coli gene expression during different growth stages[END_REF]. In E. coli, FIS binds the gyrA and gyrB promoters to repress their expression [START_REF] Schneider | A DNA architectural protein couples cellular physiology and DNA topology in Escherichia coli[END_REF]; similarly, FIS has been found to repress S. enterica gyrA and gyrB [START_REF] Keane | The gyr genes of Salmonella enterica serovar Typhimurium are repressed by the factor for inversion stimulation, Fis[END_REF]. A role for FIS in the regulation of S. enterica topA expression has not been previously detected [START_REF] Kelly | A global role for Fis in the transcriptional control of metabolism and type III secretion in Salmonella enterica serovar Typhimurium[END_REF]), but FIS does bind and directly regulate the E. coli topA promoter [START_REF] Weinstein-Fischer | Escherichia coli response to hydrogen peroxide: a role for DNA supercoiling, topoisomerase I and Fis[END_REF]. Transcription of E. coli topA is driven by the interplay of at least four transcription start sites, allowing FIS to be both an activator and repressor of E. coli topA expression [START_REF] Weinstein-Fischer | Differential regulation of Escherichia coli topoisomerase I by Fis[END_REF]. The regulatory link between FIS and topA appears to have resulted in repeated parallel loss-of-function mutations in fis during long-term E. coli evolution experiments due to the selective advantage of increased DNA supercoiling in standard culture conditions [START_REF] Crozat | Parallel genetic and phenotypic evolution of DNA superhelicity in experimental populations of Escherichia coli[END_REF]. Thus, global supercoiling homeostasis is maintained in part by FIS's central control over GyrAB and TopA levels, and also in part by the repressive effect of each enzyme's activity on its antagonist's promoter: gyrA and gyrB are induced by DNA relaxation whereas topA in induced by increased negative supercoiling [START_REF] Menzel | Fusions of the Escherichia coli gyrA and gyrB control regions to the galactokinase gene are inducible by coumermycin treatment[END_REF][START_REF] Tse-Dinh | Regulation of the Escherichia coli DNA topoisomerase I gene by DNA supercoiling[END_REF][START_REF] Peter | Genomic transcriptional responcameroase to loss of chromosomal supercoiling in Escherichia coli[END_REF].

Despite the central importance of FIS and DNA supercoiling homeostasis for gene expression and other housekeeping functions such as nucleoid packaging, recent studies have found that E. coli and S. enterica differ both in FIS expression and supercoiling set points [START_REF] Cróinín | Expression of the Fis protein is sustained in lateexponential-and stationary-phase cultures of Salmonella enterica serovar Typhimurium grown in the absence of aeration[END_REF][START_REF] Champion | Growth rate toxicity phenotypes and homeostatic supercoil control differentiate Escherichia coli from Salmonella enterica serovar Typhimurium[END_REF]. This suggests that gene promoters may be fine-tuned to the FIS levels and topological states of their cognate genome. Thus although two species may inhabit similar niches and share many of the same transcription factors (as do E. coli and S. enterica), internal genome dynamics can differ significantly at the species or strain level. To begin to explore the adaptive causes and consequences of differences in DNA supercoiling, we have conducted a systematic comparison of supercoiling states in E. coli and S. enterica across different growth conditions. DNA supercoiling levels differ significantly between the two species in response to environmental factors, revealing that some of the supercoiling patterns reported in E. coli do not apply to other bacteria. In addition we find that horizontal transfer of supercoiling-sensitive gene promoters from one species to the other results in aberrant expression due to the fine-tuning of gene promoters to the supercoiling and FIS states of their cognate genomes.

Results

Similarities and differences between E. coli and S. enterica: growth phase, osmotic pressure and aeration affect steady-state DNA supercoiling Variables in laboratory culture such as nutrient availability, osmotic pressure, and aeration have long been recognized as affecting DNA supercoiling in both E. coli and S. enterica. Although many similarities have been noted in the supercoiling responses of these two species [START_REF] Higgins | A physiological role for DNA supercoiling in the osmotic regulation of gene expression in S. typhimurium and E. coli[END_REF][START_REF] Dorman | DNA supercoiling and the anaerobic and growth phase regulation of tonB gene expression[END_REF], a systematic comparison has not been undertaken. To this end we used the small, high-copy number plasmid pUC18 to monitor DNA topology in E. coli CSH50 and S. enterica serovar Typhimurium SL1344 cells. Plasmid supercoiling is well establsihed as reflecting the average supercoiling of the chromosome, including in the specific conditions used in the present study (Hsieh et al., 1991a). The supercoiling state of plasmid pUC18 was analysed primarily by means of 1-dimensional agarose gels containing 2.5 µg/ml chloroquine, which intercalates with DNA and relaxes negative supercoils. Supercoiled molecules are more compact and so migrate faster through the gel. Thus the degree of chloroquine-induced relaxation and the migration rate depend of the initialsupercoiling state of the DNA molecule. In these electrophoretic conditions, plasmids that are initially very relaxed will acquire positive supercoils due to intercalation of chloroquine, causing them to migrate faster (discussed below).

Growth phase and DNA supercoiling. First we measured changes in DNA supercoiling in response to growth phase in both species. Fig. 1A shows the electrophoretic mobility and corresponding densitometry plots of plasmids extracted from steady-state exponentially growing and stationary phase E. coli and S. enterica cells cultured in well-aerated 250-ml flasks. E. coli DNA was observed to be highly negatively supercoiled during exponential growth and more relaxed in stationary phase, consistent with previous observations [START_REF] Balke | Changes in the linking number of supercoiled DNA accompany growth transitions in Escherichia coli[END_REF][START_REF] Schneider | FIS modulates growth phase-dependent topological transitions of DNA in Escherichia coli[END_REF]. The DNA supercoiling state in S. enterica followed a similar pattern. Note that plasmid extracts from S. enterica consistently contained an uncharacterised population of relaxed DNA (indicated by an asterisk in Fig. 1A) and this population was disregarded in subsequent analyses.

Osmotic pressure and DNA supercoiling. We compared how osmotic pressure affects stationary phase DNA supercoiling by culturing cells in 2 ml of LB containing 0, 0.5, or 1.0% NaCl. E. coli DNA was very relaxed in the absence of NaCl and more negatively supercoiled at higher NaCl concentrations (Fig. 1B). Conversely, S. enterica cells possessed relatively even distributions of relaxed and supercoiled DNA at all NaCl concentrations, with the distributions become somewhat bimodal at higher NaCl concentrations.

The overlapping peaks in the densitometry plots for 0% and 0.5% NaCl cultures were suggestive of the presence of positively supercoiled topoisomers, which migrate at a similar rate to negative topoisomers in gels containing 2.5 µg/ml chloroquine. Positively supercoiled DNA is generated when chloroquine binds to very relaxed molecules, and these topoisomers can be resolved using two-dimensional chloroquine gels; here, a higher chloroquine concentration (25 µg/ml) in the second dimension causes the positively supercoiled DNA to migrate faster than negatively supercoiled DNA (Fig. 1C). This analysis revealed that most topoisomers are very relaxed in E. coli when cultured in the absence of NaCl, and these relaxed plasmids resolve as positively supercoiled topoisomers in Fig. 1C. Very few positively supercoiled topoisomers were present at 0.5% NaCl, and none were present at 1.0% NaCl. S. enterica demonstrated a relatively even distribution of topoisomers at all salt concentrations, suggesting that S. enterica has a less dynamic range of supercoiling states. Thus, E. coli DNA is more relaxed than S. enterica DNA at low osmotic pressure, whereas this relationship is reversed at higher osmotic pressures (replicate experiments confirming these trends are shown in Fig. S1A).

A recent study by [START_REF] Champion | Growth rate toxicity phenotypes and homeostatic supercoil control differentiate Escherichia coli from Salmonella enterica serovar Typhimurium[END_REF] compared the supercoiling states of E. coli and S. enterica cells cultured at 30 ºC in LB (1.0% NaCl). They observed that S. enterica maintains its DNA in a more relaxed state than does E. coli during exponential growth, similar to relative supercoiling levels we observe at 1.0% NaCl. However, [START_REF] Champion | Growth rate toxicity phenotypes and homeostatic supercoil control differentiate Escherichia coli from Salmonella enterica serovar Typhimurium[END_REF] also found that S. enterica DNA supercoiling levels do not differ between exponential growth and stationary phase. In contrast, our data suggest that at the temperature of the mammalian gut (37 ºC), S. enterica DNA supercoiling states are more dynamic and respond to growth phase in an E. coli-like manner.

Aeration and DNA supercoiling. Reduced culture aeration is known to result in elevated DNA supercoiling in both E. coli and S. enterica [START_REF] Dorman | DNA supercoiling and the anaerobic and growth phase regulation of tonB gene expression[END_REF]Hsieh et al., 1991a). Further, anaerobic growth can elicit the same activation of osmotically-regulated genes as does elevated osmotic pressure, suggesting that both environmental signals may be transduced through similar changes in DNA supercoiling [START_REF] Ní Bhriain | An overlap between osmotic and anaerobic stress responses: a potential role for DNA supercoiling in the coordinate regulation of gene expression[END_REF]. This prompted us to test whether changes in aeration alter the supercoiling response to osmotic pressure observed above. In these experiments aeration was reduced by increasing the volume of broth from 2 to 5 ml in culture tubes.

Reduced aeration resulted in a dramatic increase in DNA supercoiling in both species (Fig. 1D), obviating the influence of osmotic pressure on supercoiling that was observed in more aerated cultures. Notably, there was less of an increase in supercoiling at high osmotic pressure in poorly aerated cultures.

DNA supercoiling in Δfis mutants

Growth phase and DNA supercoiling. FIS is a master regulator of DNA supercoiling in E. coli, and as such is expected to play a central role in determining supercoiling set points and responses to osmotic pressure and aeration. During exponential growth, E. coli Δfis cells had highly supercoiled DNA with topoisomer distributions similar to wildtype cells (compare Fig. 1A and1E).

Conversely, DNA in stationary phase E. coli Δfis cells was much more supercoiled than in wildtype cells (Fig. 1E), consistent with the observations of Schneider et al. [START_REF] Schneider | FIS modulates growth phase-dependent topological transitions of DNA in Escherichia coli[END_REF]. DNA in S. enterica Δfis cells was highly supercoiled during exponential growth, but was slightly more relaxed than DNA from S. enterica wildtype cells. More surprisingly, stationary phase supercoiling levels were identical between S. enterica Δfis and wildtype cells (Fig. 1E and Supplemental Fig. S2).

Osmotic pressure and DNA supercoiling. Next we tested how supercoiling responds to osmotic pressure in cells lacking FIS. As NaCl concentrations increased so did DNA supercoiling levels in 2 ml cultures of E. coli Δfis cells (Fig. 1F andG). This trend mirrored that seen in wildtype cells, indicating that FIS is not required for E. coli's supercoiling response to osmotic pressure. However, biological replicates of Δfis cells demonstrated varied topoisomer distributions at 0% and 0.5% NaCl (Fig. S3): the overall range of topoisomer states remained constant, but the abundance of plasmid DNA at particular states varied between replicates. For example, E. coli Δfis cells cultured at 0% NaCl always contained both positively and highly negatively supercoiled plasmid DNA, but the relative amount of DNA in each supercoiling state differed between replicates. This finding suggests that FIS limits supercoiling to preferred states within the total range of possible states achievable during growth in these culture conditions.

S. enterica Δfis cells also demonstrated an increase in DNA supercoiling at higher osmotic pressure, although this trend was less pronounced than in E. coli Δfis (Fig. 1F andG). Biological replicates of S. enterica Δfis also demonstrated increased variability in topoisomer distributions, but unlike in E. coli this variability was most apparent at 1.0% NaCl (Fig. S3). Consistent with the work of [START_REF] Rochman | Promoter protection by a transcription factor acting as a local topological homeostat[END_REF], FIS may provide robustness to the control over supercoiling so that the supercoiling control network maintains homeostasis in the face of environmental challenges.

Aeration and DNA supercoiling. A reduction in culture aeration resulted in high levels of supercoiled DNA in both E. coli Δfis and S. enterica Δfis cells (Fig. 1H), as was observed in wildtype cells. This dramatic increase in supercoiling eliminated the response to NaCl concentration. Furthermore, the variability in topoisomer distributions observed in 2-ml cultures of Δfis cells was not seen in conditions of reduced aeration.

Differential responses to DNA relaxation by novobiocin

Aminocoumarin antibiotics, such as novobiocin, specifically inhibit the negative supercoiling activity of GyrAB, leaving the aggregate DNA relaxing activity of the topoisomerases in the cell unopposed [START_REF] Drlica | Superhelical Escherichia coli DNA: relaxation by coumermycin[END_REF]. Thus novobiocin can be used to relax supercoiling and alter the expression of supercoiling-sensitive genes [START_REF] Peter | Genomic transcriptional responcameroase to loss of chromosomal supercoiling in Escherichia coli[END_REF][START_REF] Cróinín | Roles for DNA supercoiling and the Fis protein in modulating expression of virulence genes during intracellular growth of Salmonella enterica serovar Typhimurium[END_REF]. In light of the supercoiling differences between E. coli and S. enterica noted above, we tested whether the two species respond differently to novobiocin treatment. The relative effects of treating cells with 15 µg/ml novobiocin on DNA relaxation were quantified and plotted graphically. For this analysis, total plasmid DNA in a chloroquine gel lane was summed and then divided into quartiles, allowing us to plot the median and interquartile range of the whole population of topoisomers (Fig. 2A). This approach is more informative than the traditional calculation of changes in topoisomer linking number, which considers only the dominant topoisomer and overlooks the degree of scatter within the population.

All cell types responded to the low concentration of novobiocin (15 µg/ml), though to varying degrees (Fig. 2B). In S. enterica, DNA was relaxed to a greater degree in wildtype cells than in Δfis cells. However, the reverse effect was seen in E. coli where DNA was more relaxed in Δfis cells compared to wildtype cells. Overall E. coli DNA supercoiling was more sensitive to novobiocin treatment. This could be explained by the hypothesis that TopA activity is lower in S. enterica than in E. coli, which is consistent with the observations that DNA is less relaxed in stationary phase S. enterica compared to E. coli (Fig. 1A) and that ΔtopA mutations are tolerated by S. enterica but not by E. coli [START_REF] Richardson | The genetic control of DNA supercoiling in Salmonella typhimurium[END_REF].

In both species, untreated Δfis cells showed a greater variation in topoisomer distribution compared to wildtype cells, further suggesting that Δfis cells are compromised in their ability to maintain precise supercoiling set points. Nevertheless, the median topoisomer distribution was almost identical among the four strains in the absence of novobiocin treatment.

Transfer of a supercoiling-sensitive promoter to a new host

Because control of DNA supercoiling in response to osmotic pressure, novobiocin, and FIS concentration differs between E. coli and S. enterica, we tested how a promoter that is fine-tuned to supercoiling and FIS activity in one species is controlled when transferred to the other species. For this we used the master regulator of SPI-2 gene expression, ssrA (also called spiR), whose transcription is induced by DNA relaxation both in vivo during invasion of macrophage and in vitro after novobiocin treatment [START_REF] Marshall | DNA topology and adaptation of Salmonella typhimurium to an intracellular environment[END_REF][START_REF] Cróinín | Roles for DNA supercoiling and the Fis protein in modulating expression of virulence genes during intracellular growth of Salmonella enterica serovar Typhimurium[END_REF]. To test whether osmotic pressure affects the induction of ssrA by novobiocin, the ssrA promoter region (P ssrA ) was fused to gfp in a modified version of the pBR322-derived plasmid pZep08 [START_REF] Hautefort | Single-copy green fluorescent protein gene fusions allow accurate measurement of Salmonella gene expression in vitro and during infection of mammalian cells[END_REF]. In its endogenous S. enterica wildtype background, P ssrA was strongly induced at a low concentration of novobiocin (15 µg/ml) at low osmotic pressure (0% NaCl) (Fig. 2C). At this novobiocin concentration, P ssrA was induced to 64% of the level seen at the highest novobiocin concentration (50 µg/ml), whereas P ssrA was only induced 18% in 0.5-1.0% NaCl. At 25 µg/ml novobiocin, P ssrA was induced 94% in low osmotic pressure and only 43% in high osmotic pressure (0.5%-1.0% NaCl.

In S. enterica Δfis, P ssrA was only induced 12-19% by 15 µg/ml novobiocin at all osmotic pressures. Nevertheless, higher novobiocin concentrations induced P ssrA expression to wildtype levels at all NaCl concentrations. This observation suggests that the low level of DNA relaxation by 15 µg/ml novobiocin in S. enterica Δfis (Fig. 2B) is insufficient to stimulate P ssrA . The similar expression profiles between wildtype and Δfis cells at 0.5% and 1.0% NaCl suggest that P ssrA induction is largely FIS-independent at higher osmotic pressures. However, in nature P ssrA expression is probably only induced in conditions of low osmotic pressure [START_REF] Lee | OmpR regulates the two-component system SsrA-SsrB in Salmonella pathogenicity island 2[END_REF].

When transferred to E. coli, a naive host that has probably never possessed SPI-2, P ssrA continued to be induced by novobiocin (Fig. 2D). In contrast to endogenous expression in S. enterica, P ssrA was more strongly induced at higher osmotic pressures. Even at the highest concentration of novobiocin tested (50 µg/ml), P ssrA expression at 0% NaCl never achieved levels seen at 0.5% or 1.0% NaCl.

Expression in E. coli Δfis also differed significantly from the patterns observed in S. enterica Δfis.

In E. coli Δfis, P ssrA expression was barely induced at 0% NaCl regardless of novobiocin concentration. At 0.5% and 1.0% NaCl, P ssrA was more strongly induced by novobiocin in Δfis than in wildtype cells. Thus, although DNA becomes highly relaxed in E. coli Δfis, relaxation alone is insufficient to stimulate P ssrA . When P ssrA is transferred to E. coli, the fine-tuning of P ssrA to the supercoiling and FIS states of S. enterica results in inappropriate regulation in response to the environmental conditions that are relevant during host colonization. In other words, for E. coli to express SPI-2 genes and acquire a Salmonella-like mammalian-host invasion strategy, P ssrA would first need to evolve to fit the regulatory pattern of the new E. coli host.

Control of topA transcription by FIS differs between E. coli and S. enterica

The FIS protein is perfectly conserved between E. coli and S. enterica, and in both species FIS is present at 25,000 to 40,000 dimers/cell during exponential growth but is undetectable during stationary phase in LB medium (1.0% NaCl) in well-aerated flask cultures [START_REF] Osuna | Sequence, regulation, and functions of fis in Salmonella typhimurium[END_REF].

Therefore the observed differences in FIS control of DNA supercoiling suggested that the role of FIS in the regulation of the genes responsible for supercoiling (gyrA, gyrB, and topA) might differ between the two species. Quantitative PCR (qPCR) analysis was used to measure gyrA, gyrB, topA, and fis gene expression in cells cultured in 60 ml LB (0.5% NaCl) in flasks; these conditions are identical to those used in Figure 1A and F, in which E. coli demonstrated a larger dynamic range of supercoiling changes and a more dramatic response to deletion of the fis gene. Consistent with previous studies in E. coli [START_REF] Schneider | A DNA architectural protein couples cellular physiology and DNA topology in Escherichia coli[END_REF], gyrA and gyrB expression was elevated in both E. coli Δfis and S. enterica Δfis relative to wildtype (Fig. 3A). E. coli topA was up-regulated in the absence of FIS in both exponential growth and stationary phase, whereas S. enterica topA expression was unaffected in Δfis cells during exponential growth but was elevated in stationary phase relative to wildtype cells. The altered expression of gyrA, gyrB, and topA caused by deletion of fis was not previously detected by microarray transcriptome analysis of E. coli [START_REF] Bradley | Effects of Fis on Escherichia coli gene expression during different growth stages[END_REF] and S. enterica [START_REF] Kelly | A global role for Fis in the transcriptional control of metabolism and type III secretion in Salmonella enterica serovar Typhimurium[END_REF], possibly because the effects we detected are subtle and rarely greater than 2-fold.

Our qPCR analysis confirmed that fis transcription is high during exponential growth and very low in stationary phase in both species. The very high levels of fis transcript detected after over 3 hours of steady state exponential growth strongly suggest that the classic model of a short-lived peak in fis expression is due to the short period in which cells are actually growing optimally in standard flask cultures [START_REF] Sezonov | Escherichia coli physiology in Luria-Bertani broth[END_REF]. It is important to note that Ó [START_REF] Cróinín | Expression of the Fis protein is sustained in lateexponential-and stationary-phase cultures of Salmonella enterica serovar Typhimurium grown in the absence of aeration[END_REF] found that in S. enterica, and perhaps in some strains of E. coli, higher FIS levels are sustained into stationary phase if cells are grown in low aeration conditions.

Bioinformatic analysis topA promoters. The elevated expression of E. coli topA but not S. enterica topA in exponentially growing Δfis cells led us to compare these genes' promoter regions for differences in FIS binding sites. DNA sequence alignment revealed that the topA promoter regions are 86% identical, with multiple gaps in the E. coli sequence (Fig. 3B). Alignment with Shigella flexneri (ingroup) and Yersinia pestis (outgroup) topA promoter regions indicated that the sequence gaps are likely due to deletions that arose in the Escherichia/Shigella lineage after divergence from the Salmonella lineage (Fig. S4). The exception is the 2 base pair insertion in the P1 -10 site that is unique to Salmonella. E. coli's primary exponential and stationary phase promoters, P4 and Px1 respectively [START_REF] Qi | Regulation of Escherichia coli topA gene transcription: involvement of a sigmaS-dependent promoter[END_REF], appear to be highly conserved in S. enterica.

Of the five FIS sites that are thought to repress P4 in E. coli [START_REF] Weinstein-Fischer | Differential regulation of Escherichia coli topoisomerase I by Fis[END_REF], S. enterica has only the three low-affinity sites that directly overlap the promoter (FIS 3, 4, and 5); the high-affinity FIS 1 and FIS 2 sites that are thought to recruit FIS to this region appear to have arisen in E. coli after divergence from S. enterica. Intriguingly, the E. coli FIS 1 and FIS 2 sites are at appropriate locations for the activation of P4 and Px1. This suggests that FIS is both an activator and repressor of E. coli P4 and Px1 whereas FIS functions only as a repressor of S. enterica P4 and Px1.

Control of topA promoters by FIS.

To investigate how each topA promoter is fine-tuned to endogenous supercoiling and FIS levels, plasmid-borne gfp fusions were generated of the E. coli and S. enterica topA promoter regions (henceforth denoted P topA Ec and P topA Se, respectively). Each promoter was cloned endogenously in its source species and exogenously in the other species, and cells were cultured in 2 ml LB (0.5% NaCl). Fig. 4A shows that in an E. coli background, P topA Ec expression was slightly decreased in E. coli Δfis relative to wildtype regardless of growth phase. In contrast, P topA Se demonstrated baseline expression in E. coli wildtype but greatly elevated expression in E. coli Δfis, indicating that FIS is a strong repressor of P topA Se in E. coli.

In S. enterica the absence of FIS caused a small decrease in P topA Se expression during exponential growth and resulted in elevated P topA Se expression during stationary phase (Fig. 4A). Although P topA Ec expression in S. enterica paralleled that of P topA Se, P topA Ec showed a greater dependence on FIS during exponential growth. Thus in S. enterica, FIS enhances the expression of both P topA Ec and P topA Se during exponential growth, but reduces the expression of both promoters in stationary phase. Overall, promoter activity was less variable in Δfis mutants of both species, consistent with FIS being both a repressor and activator of P topA Ec and P topA Se (Fig. S5). Further, the comparisons presented in Fig. S5 suggests that P topA activity correlates better with FIS levels than with DNA supercoiling levels.

Overexpression and titration of FIS. Although topA promoter function has routinely been studied using plasmid-based systems [START_REF] Tse-Dinh | Regulation of the Escherichia coli DNA topoisomerase I gene by DNA supercoiling[END_REF][START_REF] Tse-Dinh | Multiple promoters for transcription of the Escherichia coli DNA topoisomerase I gene and their regulation by DNA supercoiling[END_REF][START_REF] Lesley | Identification of a heat shock promoter in the topA gene of Escherichia coli[END_REF][START_REF] Marshall | DNA topology and adaptation of Salmonella typhimurium to an intracellular environment[END_REF][START_REF] Weinstein-Fischer | Differential regulation of Escherichia coli topoisomerase I by Fis[END_REF], our results indicate that in E. coli the expression of plasmid-borne P topA Ec is enhanced by FIS whereas the chromosomal copy of the promoter is repressed by FIS (compare Fig. 4A and Fig. 3A). It may be that titration of FIS by multicopy P topA Ec in wildtype cells prevents FIS saturation and repression of the promoter, allowing FIS to perform only an activating role. To test whether overexpression of fis could compensate for titration and consequently repress P topA Ec, fis was cloned in the low-copy number vector pBAD33 under the control of the P BAD promoter (pBAD-fis). In wildtype E. coli, the higher FIS levels generated by pBAD-fis resulted in repression of P topA Ec (Fig. 4B), indicating that normal E. coli FIS levels are sufficiently high to repress P topA Se but not P topA Ec. This suggests that P topA Se is tuned to respond to a lower effective range of FIS concentration.

Because P topA Se is repressed by chromosomally-encoded FIS in wildtype E. coli, the presence of pBAD-fis had very little additional repressive effect (Fig. 4B). However, the FIS binding sites in P BAD [START_REF] Cho | Genome-wide analysis of Fis binding in Escherichia coli indicates a causative role for A-/AT-tracts[END_REF] were sufficient to titrate FIS and so remove repression of P topA Se. This result is particularly intriguing because it demonstrates that dramatic regulatory outcomes are possible when multi-copy plasmid-borne promoters compete for a limited supply of transcription factor.

Similar experiments could not be conducted in S. enterica because the presence of the pBAD vector was found to cause a precipitous decrease in pZec copy numbers in wildtype cells. Quantitative PCR revealed that pBAD-fis generated only a low level of fis transcript in S. enterica Δfis cells, which was insufficient to alter chromosomal gene expression during stationary phase and exponential growth (Fig. S6).

Control of topA promoters by RpoS. In E. coli, the RpoS-activated promoter Px1 is the primary driver of topA transcription during stationary phase, and it may compete with and repress the exponential growth promoter P4 [START_REF] Qi | Regulation of Escherichia coli topA gene transcription: involvement of a sigmaS-dependent promoter[END_REF]. The Px1 promoter sequence is conserved in S. enterica (Fig. 3B), so it was surprising to find that stationary phase expression of P topA Se was elevated in the absence of rpoS (Fig. 4C). Thus although Px1 may compete with P4 for RNA polymerase when RpoS is present, Px1 does not appear to drive transcription of P topA Se. Fig. 4C shows that exogenous P topA Ec was also up-regulated in the absence of rpoS during stationary phase, suggesting that Px1 is not the primary driver of P topA Ec transcription in a S. enterica background.

In S. enterica there is a negative correlation between RpoS and FIS levels, so deleting rpoS results in greatly increased S. enterica FIS levels (Ó [START_REF] Cróinín | Expression of the Fis protein is sustained in lateexponential-and stationary-phase cultures of Salmonella enterica serovar Typhimurium grown in the absence of aeration[END_REF]. P topA Se maintained wildtype expression during exponential growth in the absence of rpoS (Fig. 4C), indicating that the higher concentration of FIS was insufficient to repress P topA Se. The exponential phase expression of P topA Ec was slightly elevated in the absence of rpoS, perhaps due to stimulation by elevated FIS levels.

Differential effects of osmotic pressure and aeration on topA expression

Next we tested whether P topA Ec and P topA Se expression patterns correlate with supercoiling responses to osmotic pressure and aeration. In most cases, both P topA Ec and P topA Se increased expression in response to increased osmotic pressure regardless of the presence or absence of FIS (Fig. 5A andB). Because E. coli and S. enterica differ in how DNA supercoiling responds to NaCl concentrations in 2-ml cultures, we were surprised to observe similar P topA responses to osmotic pressure in both species. These unexpected expression profiles were not due to aberrant supercoiling of the pZec-PtopA plasmids; increasing NaCl concentration caused pZec-PtopA supercoiling to increase in E. coli but not in S. enterica, as seen with pUC18 (Fig. S1B andS1C).

The role of FIS as an activator of P topA Ec and P topA Se and as a repressor of P topA Se in stationary phase was constant across all NaCl concentrations, consistent with the expression patterns observed in Fig. 4A. Again, even though supercoiling levels differ significantly between cells cultured in more (2 ml) or less (5 ml) aerated conditions (Fig. 1), the osmo-regulation of P topA was surprisingly similar in both culture conditions in both E. coli and S. enterica (Fig. 5A andB). Together, these data indicate that neither FIS nor DNA supercoiling levels can account for changes in P topA Ec and P topA Se expression in response to osmotic pressure, suggesting that other as yet unrecognized factors directly control P topA expression in both species.

Although aeration did not significantly affect the pattern of P topA osmo-induction, aeration did influence the P topA response to growth phase in both species. Whereas P topA expression was decreased during stationary phase relative to exponential growth in 2 ml cultures, this pattern was reversed in 5 ml cultures where expression was consistently decreased in exponential growth and elevated during stationary phase (Fig. 5). This effect of reduced aeration is likely explained by the observation in Fig. 1 that DNA does not relax during stationary phase in low-aerated conditions, confirming that P topA expression is, at least in this particular case, enhanced by higher levels of negative supercoiling.

Exogenous expression of P topA Ec and P topA Se confirmed that the P topA expression patterns observed in Fig. 4A are consistent across the range of NaCl concentrations tested. When expressed exogenously in wildtype S. enterica, P topA Ec expression is greatly decreased in stationary phase compared to exponential growth; however, in the absence of FIS, P topA Ec expression is relatively insensitive to growth phase (Fig. 5C). Thus, both P topA Ec and P topA Se respond in a similar fashion to aeration and growth phase when expressed in S. enterica (compare Fig. 5B and Fig. 5C).

Conversely, P topA Se is quite unlike P topA Ec when placed in E. coli, probably due to an overriding repression of P topA Se by FIS in E. coli. Indeed, both P topA Ec and P topA Se demonstrate similar overall expression kinetics in response to aeration and osmotic pressure in an E. coli Δfis background (Fig. 5D). Of particular interest was the observation that P topA Se demonstrated a remarkably elevated osmotic response in both endogenous and exogenous Δfis backgrounds during stationary phase in 5ml cultures (compare Fig. 5B and Fig. 5D). This provides evidence that both species use the same mechanism for osmotic control of P topA , and that FIS and supercoiling may modulate, but are not directly responsible for, osmotic induction of P topA .

topA expression is induced by relaxed DNA supercoiling Steady-state DNA supercoiling set points appeared to have little influence over the transcriptional output of P topA Ec and P topA Se, prompting us to test the effects of sudden perturbations in supercoiling caused by novobiocin treatment during exponential growth. Relaxation of DNA supercoiling has been long considered to be exclusively an repressor of the topA promoter because plasmid-borne P topA Ec is repressed 4-fold when DNA is relaxed using a high concentration of novobiocin (1,000 µg/ml) during late-exponential growth [START_REF] Tse-Dinh | Regulation of the Escherichia coli DNA topoisomerase I gene by DNA supercoiling[END_REF]. However, P topA Ec expression is elevated during oxidative stress when DNA relaxes [START_REF] Weinstein-Fischer | Escherichia coli response to hydrogen peroxide: a role for DNA supercoiling, topoisomerase I and Fis[END_REF], and our results presented in Fig. 5 also indicate that P topA Ec expression is not necessarily reduced in cells with lower levels of DNA supercoiling.

Novobiocin treatment induced both P topA Ec and P topA Se in endogenous wildtype backgrounds (Fig. 6A), indicating that DNA relaxation can indeed stimulate both P topA Ec and P topA Se. In E. coli, P topA Ec induction was dependent on the presence of FIS, although weak induction did occur in E. coli Δfis at the highest novobiocin concentration tested (25 µg/ml). Because supercoiling relaxed to a similar degree in E. coli wildtype and Δfis cells (Fig. 3B), the enhancement of P topA Ec induction by FIS supports a model in which promoter topology and transcription factor binding are tuned together to optimize expression in E. coli. In contrast, endogenous P topA Se expression was induced equally in the presence or absence of FIS (Fig. 6B). When P topA Ec was transferred to S. enterica, it also became FIS-independent (Fig. 6C). This similarity between P topA Ec and P topA Se expression patterns in an S. enterica background has been consistently observed in Fig. 4 and Fig. 5.

Therefore, the topologically less variable genome of S. enterica appears to be an accommodating host for P topA Ec. The reciprocal cross of placing P topA Se in E. coli revealed only weak P topA Se induction by novobiocin in the exogenous background, and this poor induction was not due to repression by FIS (Fig. 6D). Thus, P topA Se may not have an architecture that can respond appropriately to the large dynamic transitions of supercoiling that we have observed in E. coli.

Discussion

Levels of DNA supercoiling affect a large number of physiological process in E. coli and S. enterica, including DNA replication, recombination and transcription, with consequent effects on physiology and virulence [START_REF] Dorman | Bacterial DNA topology and infectious disease[END_REF]. Although both organisms exist in mammalian hosts and in the environment, we find that they maintain different levels of supercoiling when exposed to the same environmental conditions. FIS is a global regulator of supercoiling levels in both organisms, but its control of supercoiling homeostasis differs between growth conditions and between the two organisms. Consequently it remains unclear how E. coli and S. enterica maintain different supercoiling states. The coordinated growth phase regulation of gyrA, gyrB, and topA that we observe in both species indicates that the expression levels of these supercoiling genes do not readily explain inter-species differences. Putative differences in GyrAB and TopA enzyme kinetics between E. coli and S. enterica may explain different supercoiling states. E. coli GyrAB is proposed to have a higher catalytic activity than S. enterica GyrAB [START_REF] Pang | A gyrase mutant with low activity disrupts supercoiling at the replication terminus[END_REF][START_REF] Champion | Growth rate toxicity phenotypes and homeostatic supercoil control differentiate Escherichia coli from Salmonella enterica serovar Typhimurium[END_REF] while higher TopA activity in E. coli is consistent with both our observation that DNA is more supercoiled in stationary phase S. eneterica (Fig. 1A) and that ΔtopA mutations are tolerated by S. enterica but not by E. coli [START_REF] Richardson | The genetic control of DNA supercoiling in Salmonella typhimurium[END_REF].

GyrAB and TopA enzymatic activities contribute more to homeostasis than do gyrA, gyrB, and topA expression levels in E. coli [START_REF] Snoep | DNA supercoiling in Escherichia coli is under tight and subtle homeostatic control, involving gene-expression and metabolic regulation of both topoisomerase I and DNA gyrase[END_REF], supporting the hypothesis that enzymatic activities can explain the divergent supercoiling states in the two species. Although different [ATP]/[ADP] ratios in each species would result in different kinetics of the ATP-dependent GyrAB and topoisomerase IV, E. coli and S. enterica appear to have similar ATP and ADP pools [START_REF] Buckstein | Characterization of nucleotide pools as a function of physiological state in Escherichia coli[END_REF]. However, it is important to note that these two species have not been compared directly in a single study of nucleotide pools.

The regulation of DNA supercoiling according to oxygen availability appears to sit near the top of the supercoiling regulatory hierarchy. For example, whereas FIS is important for DNA supercoiling homeostasis during growth in well-aerated conditions, FIS appears to have a minimal role in low oxygen conditions. In addition, the high levels of DNA supercoiling observed in microaerobic conditions minimized the effect of osmotic pressure on supercoiling. It may be then that microaerobic and anaerobic conditions silence the effects of environmental signals on DNA supercoiling levels. This is intriguing because the expanded range of supercoiling states used by both organisms in conditions of elevated oxygen may be directly relevant to life in the host intestine. It has recently been shown that oxygen levels vary regionally within the mammalian host intestine: the gastrointestinal lumen is anaerobic except for an aerobic zone adjacent to the intestinal epithelium that is oxygenated by diffusion from host tissues [START_REF] Marteyn | Modulation of Shigella virulence in response to available oxygen in vivo[END_REF]. The anaerobic conditions of the lumen prevent effector protein secretion by the type three secretion system (T3SS) that Shigella flexneri uses for invasion of the intestinal epithelium. Upon entry into the aerobic zone surrounding the mucosa there is a de-repression of pathogenecity gene expression and the blockage of effector secretion is relieved. Like S. flexneri, S. enterica uses T3SS and effector proteins (encoded by SPI-1 and SPI-2) to invade host tissues; thus the intermediate levels of DNA supercoiling observed in aerated S. enterica cultures may prime SPI gene promoters to respond to perturbations in supercoiling brought about by transit from the aerated zone to host cell vacuoles.

In addition to an important new insight into the environmental control of supercoiling, this work provides an instance of how divergent regulatory processes governing the gene expression programme of two related bacteria can result in these bacteria having very different phenotypes.

Early considerations of the distinct nature of E. coli and S. enterica emphasised the presence in S. enterica of blocks of horizontally acquired DNA that confer a pathogenic phenotype, such as the genes in pathogenicity islands, that commensal relatives of S. enterica lack [START_REF] Groisman | How Salmonella became a pathogen[END_REF]. This view has evolved to include an understanding of the fact that divergent regulation of orthologous genes can result in related bacteria having distinct phenotypes [START_REF] Winfield | Phenotypic differences between Salmonella and Escherichia coli resulting from the disparate regulation of homologous genes[END_REF][START_REF] Perez | Evolution of transcriptional regulatory circuits in bacteria[END_REF]. Using the topA promoter from both species, we show that a combination of different DNA superhelical densities and the presence of the FIS nucleoidassociated protein modulate the expression profile of the topA gene at the level of transcription such that it responds differently in E. coli and S. enterica to salt stress, aeration, and the presence of an aminocoumarin antibiotic, when these parameters are varied individually or in combination. The existing variation in supercoiling regulation suggests that orthologous supercoiling-sensitive genes present in the two genomes may be regulated very differently in response to the same environmental conditions.

It is tempting to assume that acquisition of the same S. enterica pathogenicity genes by yet another, closely related organism such as E. coli, would lead to the emergence of a new bacterium with similar pathogenic traits. This view ignores the possibility that different genetic backgrounds may differ in their propensity to allow for the proper expression of horizontally acquired genes [START_REF] Escobar-Páramo | A specific genetic background is required for acquisition and expression of virulence factors in Escherichia coli[END_REF]). Our study reveals that differences in the operation of global gene regulatory processes mean that the same gene can exhibit distinct expression profiles when placed in the two organisms. Were E. coli to acquire the S. enterica ssrA virulence gene from the SPI-2 island, the existing regulatory interactions would not allow the virulence genes to be expressed under the same conditions as in S. enterica. This divergent regulatory network has the potential to limit the ability of a horizontally acquired gene to become established and expressed in its new genome.

Experimental procedures

Strains and genetic manipulations

Strains and plasmids used in this study are listed in Table 1. E. coli XL-1 blue was used for all cloning steps. The S. enterica fis::cat mutant used in this study was generated by transducing the fis::cat lesion from SL1344 fis::cat used in [START_REF] Kelly | A global role for Fis in the transcriptional control of metabolism and type III secretion in Salmonella enterica serovar Typhimurium[END_REF]) by bacteriophage P22 generalized transduction [START_REF] Sternberg | Bacteriophage-mediated generalized transduction in Escherichia coli and Salmonella typhimurium[END_REF]) into fresh SL1344. To generate a S. enterica fis::kan mutant the kanamycin resistance cassette was PCR amplified from pKD4 [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF] using primers listed in Table 2, which were designed to replace only the fis open reading frame. The PCR amplicon was spin column purified using the HiYield PCR DNA Fragment Extraction Kit (RBC Bioscience) then transformed into electrocompetent S. enterica SL1344 containing the Red helper plasmid as previously described [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF][START_REF] Uzzau | Epitope tagging of chromosomal genes in Salmonella[END_REF]. The fis::kan lesion was confirmed by PCR and DNA sequencing, and was transduced into a fresh SL1344 background.

The PssrA::gfp reporter fusion used in this study is derived from pZepssrA (Ó [START_REF] Cróinín | Roles for DNA supercoiling and the Fis protein in modulating expression of virulence genes during intracellular growth of Salmonella enterica serovar Typhimurium[END_REF].

EcoRI digestion followed by gel purification was used to remove the cat gene from pZepssrA, followed by intra-molecular ligation to generate pZec-ssrA. To construct PtopA::gfp reporter fusions, first the cat gene was removed from pZep08, as described above, to generate pZec. pZec was digested with SmaI and XbaI, column purified, and dephosphorylated with Antarctic Phosphatase (NEB). topA promoter sequences were PCR amplified using the Phusion DNA polymerase (NEB) and primers listed in Table 2. After digestion of topA amplicons with XbaI, the remaining blunt end was phosphorylated with polynucleotide kinase (NEB) in T4 ligation buffer (NEB). Amplicons were then ligated into pZec.

To clone S. enterica fis in pBAD33, the fis open reading frame was PCR amplified using the primers listed in Table 2. Because fis is the second gene in its transcriptional unit in both E. coli and S. enterica, fis lacks its own ribosome-binding site. The P BAD inducible promoter in pBAD33 does not include a ribosome binding site, therefore a site was included in the forward primer used to PCR amplify fis (Table 2). The PCR amplicons and the pBAD33 vector were digested with SacI and PstI. Digested pBAD33 was gel purified, de-phosphorylated, then ligated to the digested PCR amplicons.

Culture conditions

All experiments started with colonies streak isolated from -80 ºC stocks and grown overnight on LB (1% tryptone, 0.5% yeast extract, 0.5% NaCl) agar at 37 ºC. Cultures were grown in LB broth (0.5% NaCl, unless specified otherwise in the text) shaking at 200 RPM at 37 ºC in a water bath.

Cells were cultured either in glass tubes with an interior diameter 14 mm, or in 250 ml glass flasks.

When required, antibiotics were used at the following final concentrations: carbenicillin 100 µg/ml, chloramphenicol 20 µg/ml, and kanamycin 50 µg/ml.

Steady state exponential growth was achieved by ensuring that culture densities did not exceed OD 600 0.3 after at least 3 hours of growth. Exponential phase samples were collected at OD 600 0.2-0.3. Stationary phase cells spent at least 6 hours at maximal OD 600 before being sampled. When testing the effects of NaCl concentrations on DNA supercoiling, a single colony was first suspended in 0.5 ml LB (0% NaCl) and equal volumes (less than 1/100 of final culture volume) were added to LB containing the specified amounts of NaCl.

During all steps in the cloning and propagation pBAD-fis in E. coli and S. enterica, cells were cultured in LB containing chloramphenicol and 0.2% glucose. However, for gene expression studies, cells containing pBAD33 or pBAD-fis were cultured overnight in 2 ml LB (0.5% NaCl) in tubes in the absence of glucose or arabinose; the presence of glucose or arabinose did not have an effect on ectopic fis expression levels, likely due to a loss of P BAD control in cells with altered FIS levels.

Chloroquine gel analysis

Biological replicates of supercoiling experiments were conducted in duplicate or triplicate, and representative gel plots are shown. Plasmids were isolated from cultures using the HiYield Plasmid Mini Kit (RBC Bioscience). All electrophoresis was conducted in 27 cm long 1% agarose gels with 2 x Tris Borate EDTA (TBE) as gel and running buffer. Approximately 1 µg of plasmid DNA (8 -15 µl) was loaded on a gel using 4 µl of loading buffer (80% glycerol, 0.5 mg/ml bromophenol blue). For one and two-dimensional analysis, the first dimension gel and buffer contained 2.5 µg/ml chloroquine, and electrophoresis was run at 3 V/cm for 16 hrs. If DNA was subsequently run in a second dimension, chloroquine was added to the running buffer to a final concentration of 25 µg/ml (including the volume of the gel) and the gel was equilibrated by gentle rocking in the buffer for at least 4 hrs. The gel was cropped to make it square (20 x 20 cm) and then rotated 90º in the gel tank and electrophoresis in the second dimension was run at 1.5 V/cm for 16 hrs. To remove the chloroquine after electrophoresis, gels were washed by gentle rocking in large volumes of tap water for at least 3 hours; the wash water was replaced every 20-30 minutes. After washing, gels were stained by gentle rocking in water containing ethidium bromide (1 µg/ml) for at least 1 hr, then washed briefly in water, and plasmid topoisomers were visualized with UV light.

To calculate the interquartile range of topoisomer distribution, total monomer plasmid DNA in a chloroquine gel lane was quantified by densitometry, then summed and divided into quartiles (see Fig. 2A). For S. enterica samples, the ubiquitous uncharacterised population of diffuse, relaxed DNA was removed from the densitometry analysis and replaced with baseline values. Fully relaxed, nicked plasmids were barely detectable in 2D analysis (Fig. 1C and1G) and so these did not have a significant effect on the quantitative analysis.

Novobiocin treatment

All novobiocin experiments were conducted on cells in steady state exponential growth. To measure the effects of novobiocin on DNA supercoiling, a streak isolated colony was suspended in 0.5 ml LB (0% NaCl) and used to inoculate two parallel pre-warmed 250 ml flasks containing 60 ml LB (0% NaCl) and carbenicillin. Cells were grown exponentially for over 3 hrs (to OD 600 0.1) before treatment with novobiocin, and plasmids were harvested from treated and untreated cells 40 minutes after he addition of novobiocin. Flasks were shaken at 140 RPM to reduce aeration, thus making flask cultures comparable to the 5 ml tube cultures used to measure the effect of novobiocin on gene expression (see below); P ssrA induction by novobiocin was confirmed in flask cultures.

To test the effects of novobiocin on gene expression, streak isolated colonies were used to inoculate tubes containing 5 ml LB and carbenicillin. Cultures were grown to OD 600 ~0.3 (~ 3 hrs) then diluted to OD 600 0.0015-0.003 and novobiocin was added; untreated cells were cultured in parallel in an identical fashion. After 3 hours (final OD 600 0.1-0.3), 20-30 µl of culture was fixed in 700 µl of freshly prepared phosphate buffered saline containing 2% formaldehyde. Fixed samples were stored overnight in the dark at 4 ºC. The fluorescence of 20,000 cells/sample was measured on either a Beckman Coulter flow cytometer (PMT voltage 700 V) or a Dako CyAn ADP flow cytometer (PMT voltage 800-875 V).

Quantitative PCR

Total RNA was isolated from cultures using the SV Total RNA Isolation System (Promega) and purity and quality was assessed by electrophoresis in 1% agarose (1xTAE). For each sample, 6 µg total RNA was DNase treated in a 50-µl reaction using the Turbo DNA-free kit (AMBION), and cDNA templates were synthesized by random priming 0.5 µg RNA in a 20 µl reaction using the GoScrip Reverse Transcription System (Promega). Quantitative PCR (qPCR) primers are listed in Table 2. PCR reactions were carried out in duplicate with each primer set on an ABI 7500 Sequence Detection System (Applied Biosystems) using FastStart SYBR Green Master with ROX (Roche). Standard curves were included in every qPCR run; standard curves were generated for each primer set using five serial tenfold dilutions of S. enterica chromosomal DNA. [START_REF] Tse-Dinh | Multiple promoters for transcription of the Escherichia coli DNA topoisomerase I gene and their regulation by DNA supercoiling[END_REF][START_REF] Lesley | Identification of a heat shock promoter in the topA gene of Escherichia coli[END_REF][START_REF] Qi | Regulation of Escherichia coli topA gene transcription: involvement of a sigmaS-dependent promoter[END_REF]. The oligonucleotide primers used for cloning the topA promoters are outside the range of this figure, approximately 40 bases upstream and 80 bases downstream. 

Fig. 1 .

 1 Fig. 1. Effects of culture conditions on DNA supercoiling in E. coli and S. enterica wildtype (A-D) and Δfis mutants (E-H). All densitometry plots illustrate the electrophoretic mobility of pUC18 topoisomers in agarose gels containing chloroquine (2.5 µg/ml); in these conditions topoisomers with higher superhelical density migrate farther (x-axis). Grey triangles indicate the median distance migrated by topoisomers. A) DNA supercoiling in cells cultured in 60 ml LB (0.5% NaCl) in 250 ml flasks. Gel images are shown below the corresponding densitometry plots. The asterisks in the S. enterica densitometry plots indicate an uncharacterised population of relaxed DNA that is always present in S. enterica extracts. A similar diffuse and relaxed population was not detected in E. coli (for example, see 2D gels), thus this population was removed from the quantitative analyses of topoisomer distributions in S. enterica. B) DNA supercoiling in stationary phase cells cultured in 2 ml LB containing NaCl at the indicated concentrations in tubes. C) Schematic of twodimensional (2D) electrophoretic separation of plasmid topoisomers. Positively supercoiled (+) topoisomers, negatively supercoiled (-) topoisomers, and the uncharacterised DNA population in S. enterica samples (*) are indicated. The barely-detectable nicked plasmid DNA (N) migrates slowest in both dimensions because it lacks supercoiling. Gel images show the 2D topoisomer distributions of plasmids in B. D) DNA supercoiling in cells cultured as in B+C but in 5 ml LB in tubes. E) DNA supercoiling in E. coli and S. enterica Δfis mutants cultured as in (A). The densitometry plots of topoisomer distributions from stationary phase wildtype cells are from (A). Replicate comparisons of wildtype and Δfis topoisomer distributions are shown in Supplemental Figure 1A. F-H) DNA supercoiling in E. coli and S. enterica Δfis mutants cultured as in B-D, respectively.
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 2 Fig.2. DNA relaxation and gene expression differ between E. coli and S. enterica in response to treatment with sub-inhibitory concentrations of novobiocin. A) The distribution of plasmid topoisomers from cells with or without novobiocin treatment can be plotted in quartiles; here the interquartile range (25th to 75th percentile) is indicated by a filled (0 µg/ml novobiocin) or empty (15 µg/ml novobiocin) box. B) Medians (50th percentile) and interquartile ranges of topoisomer distributions from all four bacterial strains. For each strain, the average interquartile range from two biological replicates is plotted; the size of the interquartile range and the relative mobility of topoisomers from untreated and treated cells differed by less than 5% between replicates. C) Induction kinetics of P ssrA ::gfp in endogenous (S. enterica) and exogenous (E. coli) genetic

Fig. 3 .

 3 Fig. 3. FIS control of gyrA, gyrB, and topA gene expression. A) Quantitative PCR measurements of gene transcript levels. Expression levels (arbitrary units) of all genes are expressed relative to the same chromosomal DNA standard. B) DNA sequence alignment comparing the topA promoter regions of E. coli and S. enterica. The topA open reading frames are indicated with bold font. FIS sites are numbered in ascending order from gene distal to gene proximal (as at EcoCyc (Keseler et al., 2009)), and are annotated as follows: grey filled box, activator and repressor site; grey fill, activator site; empty box, repressor site. Predicted sigma factor -35 and -10 binding sites for the four E. coli topA promoters (Px1, P4, P2, P1), and transcription start points are indicated with black triangles (Tse[START_REF] Tse-Dinh | Multiple promoters for transcription of the Escherichia coli DNA topoisomerase I gene and their regulation by DNA supercoiling[END_REF][START_REF] Lesley | Identification of a heat shock promoter in the topA gene of Escherichia coli[END_REF][START_REF] Qi | Regulation of Escherichia coli topA gene transcription: involvement of a sigmaS-dependent promoter[END_REF]. The oligonucleotide

Fig. 4 .

 4 Fig. 4. FIS control of topA expression. A) Transcription of plasmid-borne P topA Ec::gfp and P topA Se::gfp fusions in endogenous and exogenous cell backgrounds cultured in 2 ml LB (0.5% NaCl). B) Transcription of plasmid-borne P topA Ec::gfp and P topA Se::gfp fusions in stationary phase E. coli wildtype cells. C) Transcription of plasmid-borne P topA Ec::gfp and P topA Se::gfp fusions in S. enterica ΔrpoS. The mean and range of fluorescence (arbitrary units) from three to six biological replicates are plotted in each graph.

Fig. 5 .

 5 Fig. 5. Effect of osmotic pressure and aeration on P topA Ec::gfp and P topA Se::gfp expression. A+B) Induction kinetics in endogenous cell backgrounds. C+D) Induction kinetics in exogenous cell backgrounds. The mean and range of fluorescence (arbitrary units) from at least three biological replicates are plotted.

Fig. 6 .

 6 Fig. 6. Effect of novobiocin on P topA Ec::gfp and P topA Se::gfp expression during exponential growth in 5 ml LB (0% NaCl). A+B) Induction kinetics in endogenous cell backgrounds. C+D) Induction kinetics in exogenous cell backgrounds. The mean and range of fluorescence (arbitrary units) from three biological replicates are plotted.
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Table 1 : Strains used in this study.

 1 -ara Δ(lac-pro) rpsL thi fimE::IS1 Amp r , ampicillin resistance; Carb r , carbenicillin resistance; Cm r , chloramphenicol resistance; cat, chloramphenicol acetyltransferase (confers Cm r ); Kan r , kanamycin resistance

	Strain or plasmid	Description / genotype	Reference
	E. coli		
	CSH50	F -λ Miller, 1972
	CSH50fis::cat	fis, Cm r	Koch et al.,
			1988
	XL-1	recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac	Stratagene
	S. enterica serovar Typhimurium	
	SL1344	rpsL hisG	Hoiseth and
			Stocker, 1981
	SL1344fis::cat	fis, Cm r	Kelly et al.,
			2004
	SL1344fis::kan	fis, Kan r	This study
	SL1344rpoS::kan	rpoS, Kan r	Kowarz et al.,
			1994
	Plasmids		
	pUC18	Amp r (Carb r )	Yanisch-Perron
			et al., 1985
	pBAD33	Cm r	Guzman et al.,
			1995
	pBAD-fis	pBAD33 containing S. enterica fis	This study
	pZep08	Amp r and Cm r resistance, promoterless gfp+	Hautefort et al.,
			2003
	pZec	Cm r cassette removed from pZep08	This study
	pZec-PssrA	P ssrA cloned in pZec	This study
	pZec-PtopAEc	P topA Ec cloned in pZec	This study
	pZec-PtopASe	P topA Se cloned in pZec	This study
	Abbreviations:		

Acknowledgements

This work was supported by a grant from Science Foundation Ireland.

supercoiling in Escherichia coli. J Biol Chem 275: 8103-8113.