
Protein and mRNA levels support the notion that a genetic
regulatory circuit controls growth phases in E. coli
populations
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Bacterial populations transition between growing and non-growing phases, based on
nutrient availability and stress conditions. The hallmark of a growing state is anabolism,
including DNA replication and cell division. In contrast, bacteria in a growth-arrested state
acquire a resistant physiology and diminished metabolism. However, there is little
knowledge on how this transition occurs at the molecular level. Here, we provide new
evidence that a multi-element genetic regulatory circuit might work to maintain genetic
control among growth-phase transitions in Escherichia coli. This work contributes to the
discovering of design principles behind the performance of biological functions, which
could be of relevance on the new disciplines of biological engineering and synthetic
biology.
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15 Abstract 

16 Bacterial populations transition between growing and non-growing phases, based on nutrient 

17 availability and stress conditions. The hallmark of a growing state is anabolism, including DNA 

18 replication and cell division. In contrast, bacteria in a growth-arrested state acquire a resistant 

19 physiology and diminished metabolism. However, there is little knowledge on how this transition 

20 occurs at the molecular level. Here, we provide new evidence that a multi-element genetic regulatory 

21 circuit might work to maintain genetic control among growth-phase transitions in Escherichia coli. 

22 This work contributes to the discovering of design principles behind the performance of biological 

23 functions, which could be of relevance on the new disciplines of biological engineering and synthetic 

24 biology.

25
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31 NAPs, nucleoid-associated proteins

32 RNAP, RNA polymerase

33 TF; transcription factor

34 cAMP; cyclic adenosine monophosphate
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38 Highlights

39  The regulatory circuit is composed of five transcription factors, including three nucleoid-

40 associated proteins, one transcription factor, and one sigma factor. 

41  Regulators in the circuit architecture are added in a consecutive order according the time they 

42 are maximally expressed and functional through the culture phases.

43  This feedback biological loop is negative and designed to preserve homeostasis. Within this 

44 negative feedback loop are two small circuits, each with two elements that share a common, 

45 pivotal element: resulting in one negative and one positive circuit. 

46  The switch between these internal circuits is thought to be the checkpoint between active cell 

47 division and the arrested growth in stationary phase. 

48  Protein and mRNA abundance show that the abundance of these regulators peaks at times when 

49 they are supposedly operating maximally. 

50

51
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53 Introduction

54 It is well-known that bacteria multiply rapidly when nutrients are plentiful and arrest their 

55 growth when carbon sources are depleted or stress conditions occur. When bacteria are grown in batch 

56 culture, the population follows a well-defined curve with previously described growth phases (Monod 

57 1949). These growth phases have been modeled mathematically (Zwietering 1990). One can assume 

58 that bacteria arrest their growth when nutrients are limiting and resume  growth when conditions are 

59 favorable again (Kolter 1993). This simple supposition implies that the cellular machinery is designed 

60 to function in a continuous mode; designed to arrest and re-initiate function depending upon nutrient 

61 availability and/or stress conditions. Nevertheless, biochemical and genetics studies provide us with 

62 clues about the molecular processes that occur when bacteria transition between active and arrested 

63 growth. However, the molecular details of this mechanism are more complex than this simple 

64 conjecture implies. In fact, bacteria need to adapt their cellular machinery to changing conditions; this 

65 adaptation includes the altering of transcriptional expression profile. The phenotypic result of these 

66 molecular changes is transition of a bacterial population between growth phases. 

67 Methods in molecular biology have enabled us to identify hundreds of genes and, in some 

68 cases, the regulators that control their expression. The most precise experiments that link the activity of 

69 regulators to their target genes are those that are investigated specifically and individually. These types 

70 of studies produce detailed results on the regulatory interactions between one regulator and one target 

71 gene. This information is gathered and curated on dedicated databases, such as RegulonDB (Salgado 

72 2013). The activation and repression of gene transcription is a task executed by the regulatory 

73 machinery, which includes nucleoid-associated proteins, sigma factors, and transcription factors that 

74 operate in an intricate regulatory network (Martinez-Antonio 2011).   

75 Previously, we described a multi-element genetic regulatory circuit that may be implicated in 

76 controlling the transition between growths phases in Escherichia coli (Martinez-Antonio 2012). In that 
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77 study, we described the components of the genetic regulatory circuit and offered rationale for this 

78 hypothesis. Additionally, we developed a mathematical model, consisting of differential equations 

79 based on power-law formalism, to determine how this circuit might be operating. Here, we searched 

80 transcriptome and proteome data that could lend further support to this hypothesis. We show that 

81 mRNAs and proteins corresponding to the regulators on the network are more abundantly expressed at 

82 times that corresponds to their peak activity within the growth phase circuit.

83

84 Materials and Methods

85 Regulatory Interactions Data

86 The pairwise transcriptional regulatory interactions between genes and regulators were obtained 

87 from RegulonDB v8.0 (Salgado 2013). To reduce the network, nodes corresponding to non-regulatory 

88 genes were eliminated; however, the primary network of regulatory genes was kept intact. From this 

89 last subset of nodes and interactions, the regulators forming the circuit were extracted, as shown in Fig. 

90 1.

91

92 Transcriptome Data

93 Data on the mRNA levels of genes on the circuit were searched at the NCBI GEO database 

94 (Barrett 2011). Care was taken to ensure that included information was not generated by experiments 

95 using gene deletion, gene over-expression, environmental stressors, or any other condition that could 

96 mask or influence the presence of transcripts beyond that of the normal transition of bacteria between 

97 growth phases. Useful data corresponding to the genes in the circuit were extracted manually. 

98

99 Proteome Data
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100 Due the scarcity this data type on dedicated databases, proteome data were mined from the 

101 original literature on PubMed (http://www.ncbi.nlm.nih.gov/pubmed/). The key words “proteome data” 

102 and “E. coli” were used for these searches. Using the same inclusion criteria as above for mRNA data, 

103 useable data corresponding to the proteins in the circuit were extracted manuals from primary and 

104 supplementary figures within the articles. 

105

106 Results and Discussion

107 The genetic regulatory circuit controlling growth phase in E. coli

108 When all experimentally validated, pairwise, regulatory interactions are combined, a number of multi-

109 element regulatory circuits begin to emerge (Martínez-Antonio 2008). One of these circuits (Fig. 1) 

110 involves global regulators at the core of the entire genetic regulatory network in E. coli. One multi-

111 element genetic regulatory circuit, comprised a set of genes and regulators that activate and repress 

112 expression in a way that form a closed path, is shown in Fig. 1; a description of the components in the 

113 circuit is given in Table 1. Overall, this circuit is a negative feedback loop, designated by a negative 

114 sign; the products of the signs of its edges obtained this result. This result means that the circuit 

115 displays homeostatic control and a periodic behavior. 

116 Embedded within this genetic regulatory circuit are two additional regulatory circuits, one 

117 negative (HNS-GadX) and one positive (GadX-RpoS). Both embedded circuits have GadX as the 

118 common element. GadX has been proposed as the master switch for the activity of this circuit because 

119 inactive GadX protein maintains activity of the HNS-GadX circuit, while active GadX shifts the 

120 activity of the circuit to RpoS and IHF (Martinez-Antonio, 2012). Dynamic studies on gene regulatory 

121 circuits reveal that circuits like the one described here could have multiple functions and complex 

122 behaviors if positive and negative circuits are embedded within them (Thomas 1995). In other words, 

123 this kind of circuit can produce different steady states of gene expression patterns under different 
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124 physiological conditions (Kaufman 2007). In the case of this circuit, the biological implication of such 

125 a regulator switch is that the activity of these regulatory components and their functions may be linked 

126 to the various growth phases of this bacterium. In subsequent sections, we provide some evidence that 

127 this circuit is regulating gene expression in a growth phase-dependent manner in E. coli.  

128

129 The regulatory factors of the circuit

130 Three of regulators in the circuit on Fig. 1 are nucleoid-associated proteins or NAPs (FIS, HNS 

131 and IHF) (Dillon 2010). These proteins bend and bridge DNA in different conformations. The 

132 Ishihama laboratory studied the abundance of NAPs in E. coli, primarily by western blot analysis. They 

133 reported that the NAPs present in this circuit were maximally expressed in a growth phases-dependent 

134 manner. First, FIS expression peaks when cells start to divide before the exponential phase. Next, HNS 

135 expression is maximal during exponential growth. Finally, IHF is expressed mostly in stationary phase 

136 (Azam 1999). The circuit also contains the acid-stress resistance regulator, GadX. GadX belongs to a 

137 group of transcriptional regulators that respond to low pH, mainly due to intracellular acidification by 

138 the accumulation of organic acids resulting from fermentative metabolism (Tramonti 2002, Ma 2002). 

139 The circuit is completed with a general stress response sigma factor, RpoS, which replaces the activity 

140 of the housekeeping sigma factor RpoD during stress conditions. Transcription of the anti-sigma factor 

141 RSD, inactivates RpoD. RpoS is the master sigma factor that directs RNAP to the transcription of 

142 genes, including the promoters of IHF subunits, whose products respond to multiple stress types 

143 (Lange 1991). 

144

145 How might this circuit operate?

146 The main properties of regulators in the circuit and the functional classes their regulons are 

147 shown in Table 2 and Fig. 2, with brief descriptions of each elements of the circuit (an additional, 
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148 detailed description was presented in [Martínez-Antonio 2012]). FIS should be a very important player 

149 at the beginning of bacterial growth because it activates the transcription of important cellular elements 

150 dealing with the process of cell division, such as tRNAs, rRNAs, and stable RNAs, as well as 

151 ribosomal RNAs and genes for translation (Finkel SE 1992). Some of these same genes are also 

152 regulated by HNS (Free A 1995), which is the regulator that follows FIS in the circuit. Interestingly, 

153 hns is activated by FIS. GadX regulates primary the genes for pH homeostasis; most of these genes are 

154 co-regulated by HNS. gadX activates hns and is repressed by hns. This mutual regulation with opposed 

155 signs constitute a negative circuit of regulation. During ideal growth conditions, the inactive form of 

156 GadX should stop the main activity of the whole circuit at this point in the pathway. 

157 GadX can be allosterically activated by organic acids, such as acetate and formate (Shin S 

158 2001). Usually, the presence of such acids is indicative of acidic stress conditions, such as those 

159 produced by cells entering fermentative metabolism. Organic acids activate GadX, which increases the 

160 transcription of rpoS. Because the gadX gene has a promoter for RpoS, a robust positive circuit forms. 

161 RpoS transcribes many genes that prepare the cell to acquire a resistant physiology, including those 

162 that induce a smaller, rounded morphology, such as the regulator BolA (Aldea M 1989). RpoS also 

163 transcribes two of the IHF subunits (ihfA and ihfB) and IHF activates the transcription of dps, which 

164 encodes a small protein in late stationary phase that forms crystals with DNA to protect it (Altuvia S 

165 1994). IHF regulates many genes, but notable for this discussion are those for anaerobic respiration. In 

166 addition, IHF activates fis, and with this interaction, the circuit is closed. At the DNA origin of 

167 replication in the E. coli, there is a DNA-binding site for IHF, which suggests that this regulator may 

168 be involved in this process. IHF may function by bending the DNA and preventing or facilitating the 

169 access of the replication machinery to the origin of DNA replication (Goosen N 1995). 

170 The overall activity of this circuit was modeled (Martinez-Antonio 2012) and revealed that 

171 GadX might serve as a checkpoint of the circuit by maintaining the negative circuit while inactive and 
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172 activating the positive circuit in response to organic acids. It is proposed that this circuit should 

173 contribute to the robust population-wide decision to continue or arrest growth. By activating the second 

174 part of the circuit, starting from GadX and RpoS, the regulatory machinery ensures that bacteria change 

175 the pattern of gene expression upon growth arrest. One can expect that an analogous checkpoint should 

176 exist to facilitate the transition from arrested growth to an active growing state. At this point in the 

177 circuit architecture, no such analogous switch has been found. Certainly, this transition could not be 

178 explained solely by the activation of fis by IHF, however, this transition might also depend on the 

179 control of CRP over fis. CRP is the most global regulator in E. coli and its activity depends 

180 allosterically on the presence of cAMP (Harman 2001). It means that CRP could sense the overall 

181 energetic status of the cell, including information on the carbon sources availability, and might have 

182 the capability to activate or repress fis, thus controlling the decision for growth is when conditions are 

183 suitable.    

184

185 mRNA levels of the regulatory genes in the circuit support the circuit model

186 We searched the mRNA levels of genes on the circuit in the NCBI GEO database (Barrett 

187 2011). Ideally, the data used in this analysis should not be obtained from experiments that involve gene 

188 deletions, gene over-expression, environmental stress, or any other condition that could mask or 

189 influence the presence of transcripts beyond those that result from the natural transition of bacteria 

190 through growth phases. One such exceptionally useful study was published by Sangurdekar et al., 

191 (Sangurdekar DP 2006). In this work, the authors measured mRNA abundance of a culture of E. coli 

192 MG1655 grown in the minimal medium Bonner-Vogel at 0.5 DO and compared the results to those 

193 obtained from the same strain grown in LB medium at multiple time points that covered all the growth 

194 phases. From this study, we could recover information about the mRNA abundance for five of the six 

195 regulatory genes of the regulatory circuit (since IHF is constituted by two genes: ihfA and ihfB). 
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196 exceptLacking information was for one of the subunits of the IHF protein (ihfB). This analysis revealed 

197 that the quantity of mRNA varies for each gene over the growth phases (Fig. 3). In the case of fis and 

198 hns, their transcripts are more abundant before mid-exponential phase. In contrast, the transcripts for 

199 gadX, ihfA, and rpoS are more abundant after mid-exponential phase. For comparison, we decided to 

200 look for the mRNA quantity dps because it is expected to be abundant in the late stationary phase. We 

201 found that transcripts level of dps were most abundant in stationary phase, further supporting the 

202 hypothesis that this circuit modulates the transition into stationary phase.

203 To validate the accuracy of the data used for this analysis, we examined the expression pattern 

204 of several control genes with known expression changes over the entire growth curve. The repressor 

205 LacI is not required in these conditions (Semsey S 2013), and we observed no major changes in lacI 

206 mRNA. Topoisomerase 1 (topA) is supposed to be active during DNA replication to separate the DNA 

207 strands (Valjavec-Gratian M 2005). We noted more abundant mRNA of this gene from the beginning 

208 of growth through the first half of the exponential phase. Lastly, the global regulator CRP is subject to 

209 dual regulation, including self-regulation, was slightly more abundant in exponential phase (Fig. 3). 

210 Thus, at the mRNA level, these regulators in the circuit are differentially transcribed, likely because 

211 they are required at different bacterial growth phases.

212

213 Protein levels of the regulators in the circuit

214 Next, we examined expression of the regulator are the protein level. Despite exhaustive 

215 searching, we found only one proteomic study in minimal medium were the authors applied stable 

216 isotope labeling to amino acids in cell culture (SILAC) and performed a quantitative analysis of 

217 proteome dynamics in E. coli BW25113 during five distinct phases of growth (Soares NC 2013). Our 

218 analysis is summarized in Fig 4. Soares et al. took as reference the quantity of proteins of a culture just 

219 entering the stationary phase (“point 4” on Fig. 4) and compared the relative abundance of proteins in 
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220 the samples from other growth phases. With these data in hand, we looked for the relative protein 

221 abundance of the regulators in the circuit. We obtained information for four of the five regulators of the 

222 circuit (FIS, HNS, RpoS, IHF). Data for GadX were not available; thus, we used data from GadE, 

223 which is directly activated by GadX and is involved on the acid-stress response. Abundance of GadE 

224 may provide indirect information about the abundance of GadX. The profiles of relative protein 

225 abundance are shown in Fig. 4. FIS protein levels are more abundant when cells start to divide and 

226 enter into exponential phase; and levels of FIS fall as the bacteria decelerate their rate of growth. The 

227 sigma factor RpoS and the two subunits of IHF (IHFA and IHFB) augment their quantities as the 

228 culture enters stationary phase. The protein levels of HNS and CRP seem to be slightly more abundant 

229 at some points in exponential phase; however, changes in the abundance of these proteins are less 

230 robust. Dps protein was more abundant in late stationary phase. Finally, the protein levels of TopA and 

231 LacI remain almost constant across all growth phases. Similar to the results seen with the mRNA 

232 analysis, the protein profiles of the elements of the circuit support the notion that these regulators 

233 should be more abundant when their activity peaks. 

234

235 Closing remarks

236 In this study, we describe a multi-element genetic regulatory circuit whose components function 

237 to provide control, fitness, and robustness to the process of population growth of E. coli. The elements 

238 and architecture of the circuit are organized such that they regulate each other in periodic fashion that 

239 makes biological sense. This circuit is arranged into two smaller parts, operating in either active growth 

240 or growth-arrested conditions. Given what is known about the architecture and biological roles of each 

241 regulator of the circuit, it makes biological sense they control population growth. Here, we provide 

242 proteomic and transcriptomic data that support this hypothesis of growth regulation. The presence and 

243 abundance of mRNA and proteins of these components peaked when they are more active. 
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244 It is rare to find proteomic and transcriptomic data at several phases of growth for the same 

245 culture; fortunately we found data that, although generated for other purposes, served nicely for this 

246 analysis. With these data, we confirmed the notion that the maximal abundance of these elements 

247 occurs when these regulators should be required, offering a form of temporal support for this 

248 hypothesis. The architecture and proposal activity of the genetic regulatory circuit could explain how it 

249 operates to start and arrest bacterial growth. 

250 Although mRNA was reported in relative units; however, to appreciate their small quantity, 

251 studies on the total mRNA have determined a median value of less than 10 mRNA copies per gene per 

252 cell in a single-cell study on E. coli (Taniguchi 2010). This observation may be explained by the fact 

253 that mRNA is quickly degraded, often within minutes. In contrast, many proteins have half-lives 

254 greater than the E. coli cell cycle. In the case of proteins, one recent study by (Wiśniewskia and Rakusb 

255 2014) stated that E. coli (ATCC 25922 grew at 37ºC, 250 rpm, 15 hrs in LB medium) has 75 fg of 

256 proteins in late stationary phase. This number corresponds to approximately 1.3×106 proteins/cell. The 

257 specific values on late stationary phase for the proteins referred to here are in molecules/cell: 2534 for 

258 IHFA, 1582 for IFB; 2980 for CRP; 206 for FIS; 6059 for HNS; 55 for GadC (there are not data for 

259 GadX); 1.7 for RpoS (101 for RpoD) ; 9 for LacI; 125 for TopA and 4339 for Dps.

260 Isogenic mutants for all the regulators in the circuit are available in the Keio collection (Baba T 

261 2006). The mutants for FIS and RpoS are the most sensitive for growth in our hands; a strain with a fis 

262 deletion is unable to grow in minimal medium without additional supplements, including carbon and 

263 nitrogen sources (e.g., casamino acids). The RpoS mutant was lost from the collection with three 

264 successive freezings to -80ºC (personal observation). With new methodologies at hand, now it is 

265 possible to determine the importance of intracellular macro-components to physiological requirement, 

266 such as ribosomes, mRNA, proteins, etc., depending on the quality of nutrients (Klumpp 2009). It is 

267 possible that regulators of this circuit, although not essential for bacterial growth in normal conditions, 
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268 are evolutionarily important to the fitness of E. coli. Our description of this kind of circuit reveals a 

269 potential mechanism to explain observed phenotypes and could guide the engineering of certain 

270 biological processes in synthetic biology.

271

272 Acknowledgments

273 The author thanks Mariana Heras for helping to search for transcriptome data and Edgardo Galán 

274 Vásquez for his help on the elaboration of Figures 2 and 3. 

275 Funding

276 This work was supported by the CONACYT grant #103686. 

277 Competing Interest

278 The author declares no competing interests.

279

PeerJ PrePrints | http://dx.doi.org/10.7287/peerj.preprints.866v1 | CC-BY 4.0 Open Access | rec: 1 Mar 2015, publ: 1 Mar 2015

P
re
P
rin

ts



280 References

281
282 Aldea M, Garrido T, Hernández-Chico C, Vicente M, Kushner SR. "Induction of a growth-phase-
283 dependent promoter triggers transcription of bolA, an Escherichia coli morphogene." EMBO journal 8, 
284 no. 12 (1989): 3923-3931.
285 Altuvia S, Almirón M, Huisman G, Kolter R, Storz G. "The dps promoter is activated by OxyR during 
286 growth and by IHF and sigma S in stationary phase." Molecular microbiology 13, no. 2 (1994): 265-
287 272.
288 Aviv M, Giladi H, Schreiber G, Oppenheim AB, Glaser G. "Expression of the genes coding for the 
289 Escherichia coli integration host factor are controlled by growth phase, rpoS, ppGpp and by 
290 autoregulation ." Molecular Microbiology 14, no. 5 (1994): 1021–1031.
291 Azam TA, Iwata A, Nishimura A, Ueda S, Ishihama A. "Growth phase-dependent variation in protein 
292 composition of the Escherichia coli nucleoid." Journal of bacteriology 181, no. 20 (1999): 6361-6370.
293 Ball CA, Osuna R, Ferguson KC, Johnson RC. "Dramatic changes in Fis levels upon nutrient upshift in 
294 Escherichia coli ." Journal of bacteriology 174, no. 24 (1992): 8043–8056.
295 Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA, Tomita M, Wanner BL, 
296 Mori H. "Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio 
297 collection." Molecular systems biology 2 (2006): 0008.
298 Barrett T, Troup DB, Wilhite SE, Ledoux P, Evangelista C, Kim IF, ... Soboleva A. "NCBI GEO: 
299 archive for functional genomics data sets—10 years on." Nucleic acids research 39 (2011): D1005-
300 D1010.
301 Battesti A, Majdalani N, Gottesman S. "The RpoS-mediated general stress response in Escherichia 
302 coli." Annu Rev Microbiol. 65 (2011): 189-213.
303 Bykowski T, Sirko A. "Selected phenotypes of ihf mutants of Escherichia coli." Biochimie 80, no. 12 
304 (1998): 987–1001.
305 Dillon SC, Dorman CJ. "Bacterial nucleoid-associated proteins, nucleoid structure and gene 
306 expression." Nature Reviews Microbiology 8, no. 3 (2010): 185-195.
307 Falconi M, Brandi A, La Teana A, Gualerzi CO, Pon CL. "Antagonistic involvement of FIS and H-NS 
308 proteins in the transcriptional control of hns expression." Molecular Microbiology 19, no. 5 (1996): 
309 965–975.
310 Falconi M, Higgins NP, Spurio R, Pon CL, Gualerzi CO. "Expression of the gene encoding the major 
311 bacterial nucleoid protein H-NS is subject to transcriptional auto-repression." Molecular Microbiology 
312 10, no. 2 (1993): 273–282.
313 Ferullo DJ, Cooper DL, Moore HR, Lovett ST. "Cell cycle synchronization of Escherichia coli using 
314 the stringent response, with fluorescence labeling assays for DNA content and replication." Methods 
315 41, no. 8 (2009): 8-13.
316 Finkel SE, Johnson RC. "The Fis protein: it's not just for DNA inversion anymore." Molecular 
317 microbiology 6, no. 22 (1992): 3257-3265.
318 Free A, Dorman CJ. "Coupling of Escherichia coli hns mRNA levels to DNA synthesis by 
319 autoregulation: implications for growth phase control." Molecular microbiology 18, no. 1 (1995): 101-
320 113.
321 Giangrossi M, Gualerzi CO, Pon CL. "Mutagenesis of the downstream region of the Escherichia coli 
322 hns promoter ." Biochimie, 83, no. 2 (2001): 251–259.

PeerJ PrePrints | http://dx.doi.org/10.7287/peerj.preprints.866v1 | CC-BY 4.0 Open Access | rec: 1 Mar 2015, publ: 1 Mar 2015

P
re
P
rin

ts



323 Giangrossi M, Zattoni S, Tramonti A, De Biase D, Falconi M. "Antagonistic role of H-NS and GadX in 
324 the regulation of the glutamate decarboxylase-dependent acid resistance system in Escherichia coli." 
325 The Journal of biological chemistry 280, no. 22 (2005): 21498–21505.
326 Goosen N, van de Putte P. "The regulation of transcription initiation by integration host factor." 
327 Molecular microiology 16, no. 1 (1995): 1-7.
328 Grainger DC, Goldberg MD, Lee DJ, Busby SJW. "Selective repression by Fis and H- NS at the 
329 Escherichia coli dps promoter." Molecular microbiology 68, no. 6 (2008): 1366–1377.
330 Harman JG. "Allosteric regulation of the cAMP receptor protein." Biochim Biophys Acta 1547, no. 1 
331 (2001): 1-17.
332 Hengen PN, Bartram SL, Stewart LE, Schneider TD. "Information analysis of Fis binding sites ." 
333 Nucleic acids research 25, no. 24 (1997): 4994–5002.
334 Hommais F. "GadE (YhiE): a novel activator involved in the response to acid environment in 
335 Escherichia coli." Microbiology, 150, no. 1 (2004): 61–72.
336 Hommais F, Krin E, Laurent‐Winter C, Soutourina O, Malpertuy A, Le Caer JP, ... Bertin P. 
337 "Large‐scale monitoring of pleiotropic regulation of gene expression by the prokaryotic 
338 nucleoid‐associated protein, H‐NS." Molecular microbiology 40, no. 1 (2001): 20-36.
339 Kaufman M, Soule C, Thomas R. "A new necessary condition on interaction graphs for 
340 multistationarity." Journal of Theoretical Biology 248, no. 4 (2007): 675-685.
341 Klumpp S, Zhang Z, Hwa T. “ Growth Rate-Dependent Global Effects on Gene Expression in 
342 Bacteria.” Cell 139, no. 7 (2009): 1366-1375. 
343 Kolter R, Siegele DA, Tormo A. "The stationary phase of the bacterial life cycle." Annual Reviews in 
344 Microbiology (Annual Reviews in Microbiology) 47, no. 1 (1993): 855-874.
345 Lange R, Hengge-Aronis R. "Identification of a central regulator of stationary-phase gene expression in 
346 Escherichia coli." Molecular Microbiology 5, no. 1 (1991): 49-59.
347 Ma Z, Richard H, Tucker DL, Conway T, Foster JW. "Collaborative regulation of Escherichia coli 
348 glutamate-dependent acid resistance by two AraC-like regulators, GadX and GadW (YhiW)." Journal 
349 of bacteriology 184, no. 24 (2002): 7001-7012.
350 Martinez-Antonio A. "Escherichia coli transcriptional regulatory network." Network Biology 1, no. 1 
351 (2011): 21-33.
352 Martínez-Antonio A, Lomnitz JG, Sandoval S, Aldana M, Savageau MA. "Regulatory design 
353 governing progression of population growth phases in bacteria.”Plos ONE 70, no. 2 (2012): e30654.
354 Martínez-Antonio A, Janga SC, Thieffry D. "Functional organisation of Escherichia coli transcriptional 
355 regulatory network." Journal of molecular biology 38, no. 1 (2008): 238-247.
356 Mechulam Y, Blanquet S, Fayat G. "Dual level control of the Escherichia coli pheST-himA operon 
357 expression. tRNA(Phe)-dependent attenuation and transcriptional operator-repressor control by himA 
358 and the SOS network." Journal of molecular biology 197, no. 3 (1987): 453–470.
359 Monod J. "The growth of bacterial cultures." Annual Reviews in Microbiology 3, no. 3 (1949): 371-
360 394.
361 Nasser W, Schneider R, Travers A, Muskhelishvili G. "CRP modulates fis transcription by alternate 
362 formation of activating and repressing nucleoprotein complexes ." The Journal of biological chemistry 
363 276, no. 21 (2001): 17878–17886.
364 Nasser W, Rochman M, Muskhelishvili G. "Transcriptional regulation of fis operon involves a module 
365 of multiple coupled promoters." The EMBO journal 21, no. 4 (2002): 715–724.
366 Pratt TS, Steiner T, Feldman LS, Walker KA, Osuna R. "Deletion analysis of the fis promoter region in 
367 Escherichia coli: antagonistic effects of integration host factor and Fis." Journal of bacteriology 179, 
368 no. 20 (1997): 6367-6377.

PeerJ PrePrints | http://dx.doi.org/10.7287/peerj.preprints.866v1 | CC-BY 4.0 Open Access | rec: 1 Mar 2015, publ: 1 Mar 2015

P
re
P
rin

ts



369 Salgado , Peralta-Gil M, Gama-Castro S, Santos-Zavaleta A, Muñiz-Rascado L, García-Sotelo JS, ...  
370 Collado-Vides J. "RegulonDB v8. 0: omics data sets, evolutionary conservation, regulatory phrases, 
371 cross-validated gold standards and more." Nucleic acids research 41, no. D1 (2013): D203-D213.
372 Sangurdekar DP, Srienc F, Khodursky AB. "A classification based framework for quantitative 
373 description of large-scale microarray data." Genome biology 7, no. 4 (2006): R32.
374 Semsey S, Jauffred L, Csiszovszki Z, Erdossy J, Stéger V, Hansen S, Krishna S. "The effect of LacI 
375 autoregulation on the performance of the lactose utilization system in Escherichia coli." Nucleic Acids 
376 Res 41, no. 13 (2013): 6381-6390.
377 Shin S, Castanie-Cornet MP, Foster JW, Crawford JA, Brinkley C, Kaper JB. "An activator of 
378 glutamate decarboxylase genes regulates the expression of enteropathogenic Escherichia coli virulence 
379 genes through control of the plasmid-encoded regulator, Per." Molecular microbiology 41, no. 5 
380 (2001): 1133-1150.
381 Soares NC, Spät P, Krug K, Macek B. "Global dynamics of the Escherichia coli proteome and 
382 phosphoproteome during growth in minimal medium." J Proteome Res. 12, no. 6 (2013): 2611-2621.
383 Taniguchi Y, Choi PJ, Li GW, Chen H, Babu M, Hearn J, Emili A, & Xie S. “Quantifying E. coli 
384 Proteome and Transcriptome with Single-Molecule Sensitivity in Single Cells.” Science 329 (2010): 
385 533-538. 
386 Thomas R, Thieffry D, Kaufman M. "Dynamical behaviour of biological regulatory networks—I. 
387 Biological role of feedback loops and practical use of the concept of the loop-characteristic state." 
388 Bulletin of mathematical biology 57, no. 2 (1995): 247-276.
389 Tramonti A, De Canio M, De Biase D. "GadX/GadW-dependent regulation of the Escherichia coli acid 
390 fitness island: transcriptional control at the gadY-gadW divergent promoters and identification of four 
391 novel 42 bp GadX/GadW-specific binding sites ." Molecular microbiology, 70, no. 4 (2008): 965-982.
392 Tramonti A, Visca P, De Canio M, Falconi M, De Biase D. "Functional characterization and regulation 
393 of gadX, a gene encoding an AraC/XylS-like transcriptional activator of the Escherichia coli glutamic 
394 acid decarboxylase system." Journal of bacteriology 184, no. 10 (2002): 2603-2613.
395 Ueguchi C, Kakeda M, Mizuno T. "Autoregulatory expression of the Escherichia coli hns gene 
396 encoding a nucleoid protein: H-NS functions as a repressor of its own transcription." Molecular & 
397 general genetics 236, no. 2-3 (1993): 171–178.
398 Valjavec-Gratian M, Henderson TA, Hill TM. "Tus-mediated arrest of DNA replication in Escherichia 
399 coli is modulated by DNA supercoiling." Molecular microbiology 58, no. 3 (2005): 758-773.
400 Wȩgleńska A, Jacob B, Sirko A. "Transcriptional pattern of Escherichia coli ihfB (himD) gene 
401 expression." Gene, 181, no. 1-2 (1996): 85-88.
402 Wiśniewskia JR, Rakusb D. “Multi-enzyme digestion FASP and the ‘Total Protein Approach’-based 
403 absolute quantification of the Escherichia coli proteome.” Journal of proteomics 109 (2014): 322-331.
404 Yamamoto K, Ishihama A, Busby SJW, Grainger DC. "The Escherichia coli K-12 MntR miniregulon 
405 includes dps, which encodes the major stationary-phase DNA-binding protein." Journal of bacteriology 
406 193, no. 6 (2011): 1477–1480.
407 Zaslaver A, Bren A, Ronen M, Itzkovitz S, Kikoin I, Shavit S, ... Alon U. "A comprehensive library of 
408 fluorescent transcriptional reporters for Escherichia coli." Nature methods 3, no. 8 (2006): 623-628.
409 Zheng D, Constantinidou C, Hobman JL, Minchin SD. "Identification of the CRP regulon using in 
410 vitro and in vivo transcriptional profiling ." Nucleic acids research 32, no. 19 (2004): 5874–5893.
411 Zwietering MH, Jongenburger I, Rombouts FM, Van't Riet K. "Modeling of the bacterial growth 
412 curve." Applied and environmental microbiology 56, no. 6 (1990): 1875-1881.
413

414

PeerJ PrePrints | http://dx.doi.org/10.7287/peerj.preprints.866v1 | CC-BY 4.0 Open Access | rec: 1 Mar 2015, publ: 1 Mar 2015

P
re
P
rin

ts



415 Table 1. Validated regulatory interactions between elements of the circuit.

Gene Promoter Transcription 
Factor

Mode of regulation Evidence Reference

fis dusBp CRP-cAMP Activation Microarrays (Zheng 2004)
fis dusBp CRP-cAMP Dual DNase I footprinting (W. S. Nasser 2001)
fis dusBp FIS Repression DNase I footprinting (Ball 1992) (Hengen 

1997)

fis dusBp IHF Activation Site mutation, 
reporter assays

(W. R. Nasser 2002) 
(Pratt 1997)

hns hnsp FIS Activation DNase I footprinting (M. B. Falconi 1996) 
(M. G. Giangrossi 
2001)

hns hnsp Gadx Activation Microarrays, TF 
overexpression

(F. Hommais 2004)

hns hnsp HNS Repression DNase I footprinting (M. B. Falconi 1996) 
(M. H. Falconi 1993) 
(M. G. Giangrossi 
2001) (Ueguchi 
1993)

gadX gadXp GadX Activation Microarrays, RT-
PCR

(Z. R. Ma 2002) (F. 
Hommais 2004) (A. 
D. Tramonti 2008) 

gadX gadXp HNS Repression DNase I footprinting (M. Z. Giangrossi 
2005) (F. K.‐W. 
Hommais 2001)

rpoS rpoSp GadX Activator Microarrays (F. Hommais 2004)
ihfA ihfAp4 IHF Repression DNase I footprinting (Aviv 1994) 

(Bykowski 1998)
ihfB ihfBp IHF Repression DNase I footprinting (Aviv 1994) 

(Bykowski 1998)
dps dpsp FIS Repression DNase I footprinting, 

Electrophoretic 
mobility shift, 
reporter assays

(Grainger 2008) 
(Yamamoto 2011)

dps dpsp FIS Repression DNase I footprinting, 
Electrophoretic 
mobility shift, 
reporter assays

(Grainger 2008) 
(Yamamoto 2011)

dps dpsp FIS Activation Computational 
evidence

(Altuvia S 1994)

Genes transcribed by the sigma RpoS, in addition to RpoD
Gene Promoter Sigma Mode Evidence Reference
gadX gadXp RpoS Transcription Electrophoretic 

mobility shift assay 
and DNase I 
footprinting

(A. V. Tramonti 
2002)

ihfA ihfAp4 RpoS transcription Transcription 
initiation mapping

(Aviv 1994) 
(Mechulam 1987)

ihfB ihfBp RpoS transcription Transcription 
initiation mapping

(A. V. Tramonti 
2002) (Wȩgleńska 
1996)
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417
418 Table 2. The regulatory genes of the circuit and the functional classes of their regulated genes.

Transcription 
factor 

Description Functional classes of target genes (numbers), take from 
RegulonDB

FIS (Factor for 
Inversion 
Stimulation)

A 22 kDa homo-dimeric 
protein. FIS bends the DNA 
between 50º and 90º ().

tRNAs (53), anaerobic respiration (34), membrane (34), 
translation (29), ribosome (27), aerobic respiration (23), rRNA 
and stable RNAs (22), carbon compounds (20), electron donors 
(20), transcription related (18).
  

HNS (Histone-
like Nucleoid 
Structuring 
protein)

A 15.4 kDa protein that forms 
bridges between adjacent DNA 
duplexes.

Transcription related (24), carbon compounds (24), membrane 
(23), activators (20), translation (17), ribosomes (17), rRNA and 
stable RNAs (16), uncharacterized proteins (14), pH homeostasis 
(13).

GadX (Regulator 
of Glutamic Acid 
Decarboxylase)

Contributes to pH homeostasis 
by consuming intracellular H+ 
and producing gamma-amino 
butyric acid 

pH homeostasis (8), Porters (5), membrane (5), transcription 
related (4), activators (3), amino acids (2).

RpoS (Sigma S 
or sigma38)

A sigma subunit of RNAP for 
general stresses and stationary 
phase transcription

Diverse stress-responses (60)

IHF (Integration 
Host Factor)

A protein composed of α 
(himA) and β (himB) subunits. 
It bends the DNA and compact 
the chromosome length by about 
30%

Anaerobic respiration (42), membrane (41), carbon compounds 
(21), transcription related (19), aerobic respiration (16), electron 
donor (15), activators (14), porters (13), oxide-reduction 
transporters (13) 
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421 Figure legends

422 Figure 1. The regulatory circuit controlling growth-phases in E. coli. This cartoon represents the 

423 growth phases and the regulators of the circuit, illustrated which is more active in each case: Green = 

424 represent activation; red = repression; blue = dual regulation (activation and repression).

425

426 Figure 2. Genes controlled by each regulator of the genetic circuit. Some of these regulated genes 

427 are also regulated by other transcription factors of E. coli, but for clarity, only the regulation exerted by 

428 regulators of this circuit are included here.   

429

430 Figure 3. mRNA profiles of regulators on the circuit. Relative quantities of mRNA are shown (left 

431 y-axis) over time (x-axis). The bacterial growth curve (red line, right Y-axis) is shown to illustrate 

432 growth phases. The strain used was K12 MG1655 grown in LB medium (Sangurdekar DP 2006). 

433

434 Figure 4. Relative protein levels of regulators in the circuit. Relative quantities of proteins are 

435 shown (left y-axis) over time. The bacterial growth curve (red line, right y-axis) is shown to illustrate 

436 growth phases. The strain used was W3110 grown in M9 minimal medium (Soares et al, 2013). 
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