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24 Abstract

25 Collisions between DNA replication complexes (replisomes) and impediments such as 

26 damaged DNA or proteins tightly bound to the chromosome lead to premature 

27 dissociation of replisomes at least once per cell cycle in Escherichia coli. Left unrepaired, 

28 these events produce incompletely replicated chromosomes that cannot be properly 

29 partitioned into daughter cells. DNA replication restart, the process that reloads 

30 replisomes at prematurely terminated sites, is therefore essential in E. coli and other 

31 bacteria. Three replication restart pathways have been identified in E. coli: PriA/PriB, 

32 PriA/PriC, and PriC/Rep. A limited number of genetic interactions between replication 

33 restart and other genome maintenance pathways have been defined, but a systematic 

34 study placing replication restart reactions in a broader cellular context has not been 

35 performed. We have utilized transposon insertion sequencing to identify new genetic 

36 interactions between DNA replication restart pathways and other cellular systems. Known 

37 genetic interactors with the priB replication restart gene (uniquely involved in the PriA/PriB 

38 pathway) were confirmed and several novel priB interactions were discovered. Far fewer 

39 connections were found with the PriA/PriC or PriC/Rep pathways, suggesting a primacy 

40 role for the PriA/PriB pathway in E. coli. Targeted genetic and imaging-based experiments 

41 with priB and its genetic partners revealed significant double-strand DNA break (DSB) 

42 accumulation in strains with mutations in dam, rep, rdgC, lexA, or polA. Modulating the 

43 activity of the RecA recombinase partially suppressed the detrimental effects of rdgC or 

44 lexA mutations in ΔpriB cells. Taken together, our results highlight roles for several genes 

45 in DSB homeostasis and define a genetic network that facilitates DNA repair/processing 

46 upstream of PriA/PriB-mediated DNA replication restart in E. coli.
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47

48 Author Summary

49 All organisms rely on DNA replication to grow, develop, and reproduce. In bacteria, the 

50 cellular machinery that carries out DNA replication is estimated to fail and prematurely 

51 dissociate from the genome at least once per cell cycle. As a result, bacteria have evolved 

52 “DNA replication restart” mechanisms that resuscitate failed replication reactions. To 

53 probe the function and context of DNA replication restart in the bacterium Escherichia 

54 coli, we employed a genetic screen to identify genes that were conditionally important in 

55 mutant E. coli strains compromised in their ability to perform DNA replication restart. 

56 Identification of genes with previously known relationships with DNA replication restart 

57 confirmed the robustness of our screen, while additional findings implicated novel genetic 

58 relationships. Targeted experiments validated the importance of these genes and 

59 provided an explanation for their significance in preventing double-strand DNA breaks in 

60 cells, a severe form of DNA damage. Our results help to define specific roles for the genes 

61 identified by our screen and elucidate the contextual environment of DNA repair upstream 

62 of DNA replication restart in E. coli.

63

64 Introduction

65 Cell propagation relies on high-fidelity genome duplication. To accomplish this task, DNA 

66 replication complexes (replisomes) loaded onto origins of replication traverse the 

67 genome, utilizing parental DNA as templates as they synthesize new DNA strands. During 

68 this process, replisomes frequently collide with obstacles such as DNA damage or nucleo-
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69 protein complexes [1]. In the most severe instances, these encounters cause replisomes 

70 to dissociate from the genome. In Escherichia coli, it is estimated that at least once per 

71 cell cycle a replisome prematurely dissociates from the chromosome [1, 2]. Bacteria have 

72 therefore evolved mechanisms to reload replisomes at premature replication termination 

73 sites so that cells can complete genome duplication processes [3, 4].

74 Genetic and biochemical studies have defined three pathways of DNA replication 

75 restart in E. coli: PriA/PriB, PriA/PriC, and PriC/Rep (Fig 1) [5, 6]. Null mutations in priA 

76 or dnaT cause similar severe phenotypes, therefore both genes have been placed in the 

77 PriA/PriB and PriA/PriC pathways [7-10]. Conversely, minor phenotypes associated with 

78 mutations in priC or rep have placed them in the less frequently utilized PriC/Rep 

79 pathway, independent of PriA. The synthetic lethal relationship between priB and priC 

80 aligns with the current three-pathway model as one viable PriA-dependent pathway is 

81 maintained with deactivation of either gene (but not both). Additionally, a mutation 

82 encoding an ATPase- and helicase-deficient variant of PriA (priA300) elicits severe 

83 defects when paired with a priB deletion, but not a priC deletion [11]. Therefore, PriA’s 

84 helicase activity is likely required to facilitate the PriA/PriC pathway, but not the PriA/PriB 

85 pathway (Fig 1). Each restart pathway recognizes abandoned DNA replication forks, 

86 remodels the forks to allow replisome loading, and reloads the replicative helicase (DnaB) 

87 with the help of its helicase loader (DnaC). After DnaB is reloaded, it recruits the 

88 remaining members of the replisome via protein-protein interactions [12-15].

89

90 Fig 1. Pathways of DNA replication restart in E. coli. PriA/PriC (left) and PriA/PriB 

91 (center) pathways efficiently recognize abandoned fork substrates with nascent leading 
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92 strands, while the PriC/Rep (right) pathway prefers fork substrates with a leading strand 

93 gap. All three pathways recognize an abandoned fork, remodel the substrate (if needed) 

94 and recruit other replication restart proteins, and load the replicative helicase (DnaB) with 

95 the help of the helicase loader (DnaC) to restart DNA replication. The PriA/PriB pathway 

96 (center) is inactivated in ΔpriB cells, the PriA/PriC (left) and PriC/Rep (right) pathways are 

97 inactivated in priC::kan cells, and the PriA/PriC (left) pathway is inactivated in priA300 

98 mutants.

99

100 Evidence suggests that certain replication restart pathways can be preferentially 

101 utilized and/or that each operates on distinct substrates. For example, the PriA/PriB 

102 restart pathway appears to be favored following DNA recombination [16]. Mutations in 

103 priB are also more detrimental than priC when paired with a holD mutation, which 

104 increases instances of fork stalling and collapse [17]. These results could indicate a 

105 heavier reliance on PriA/PriB than other pathways for replication restart. Additionally, a 

106 priB deletion is synthetically lethal with mutations in dam, which encodes a DNA methyl 

107 transferase whose absence is linked to increased double-strand DNA breaks (DSBs) [18-

108 20]. This observation suggests that PriA/PriB replication restart could be important 

109 following DSB repair. Although priC disruption alone results in negligible phenotypic 

110 effects, in vitro evidence suggests that abandoned replication forks with long single-

111 stranded (ss) DNA gaps between the nascent leading strand and parental duplex DNA 

112 may be recognized and remodeled efficiently by the PriC/Rep pathway, which could 

113 indicate its preference for specific abandoned DNA replication fork structures (Fig 1) [21].
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114 Candidate-based genetic studies have uncovered a limited number of genes linked 

115 to DNA replication restart, but a systematic study examining the potential importance of 

116 all genes as they relate to this process is lacking. We employed transposon insertion 

117 sequencing (Tn-seq) in ΔpriB, priC::kan, and priA300 E. coli strains to uncover novel 

118 genetic relationships with the DNA replication restart pathways [22-25]. The ΔpriB Tn-seq 

119 screen yielded particularly informative results. The screen and additional genetic 

120 experiments corroborated prior genetic results in which priC, rep, and dam are 

121 conditionally essential or important in ΔpriB cells. Strikingly, the screen also identified 

122 many new interactions between priB and genes involved in genome maintenance (lexA, 

123 rdgC, uup, rdgB, and polA) and other processes (nagC). Mutations in many of these 

124 genes produced strong growth defects in ΔpriB cells, evidenced by plasmid retention, 

125 growth competition, and spot plating assays. Furthermore, we found that rep, lexA, polA, 

126 and dam mutants were hypersensitive to ciprofloxacin, which induces DSBs. These 

127 mutant strains also accumulated DSBs in vivo and displayed significant cell filamentation, 

128 a common indicator of poor genomic maintenance. Lastly, some of the toxicity to ΔpriB 

129 cells caused by mutations in lexA or rdgC appears to result from inappropriate and/or 

130 excessive RecA recombinase activity. These results highlight the importance of several 

131 genes in ΔpriB E. coli, define a primary role for the PriA/PriB restart pathway following 

132 DSB repair, and help elucidate the interplay between DNA repair and DNA replication 

133 restart processes.

134

135 Results
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136 Tn-seq identifies genetic interactions in ΔpriB, priC::kan, and 

137 priA300 strains. 

138 DNA replication restart functionally integrates with other processes in E. coli. However, 

139 experiments to probe this integration have been limited to candidate genetic and 

140 biochemical studies. To systematically map connections between DNA replication restart 

141 and other processes, we performed Tn-seq screens that assessed the tolerance of gene 

142 disruption in mutant strains restricted to specific pathways of DNA replication restart. 

143 Current models predict that deleting priB inactivates the PriA/PriB pathway, the priA300 

144 allele (which produces an ATPase- and helicase-deficient PriA variant) disables the 

145 PriA/PriC pathway, and a priC-null mutation (priC::kan) inactivates the PriA/PriC and 

146 PriC/Rep pathways (Fig 1) [3, 5, 6, 11]. We therefore carried out screens in each of these 

147 backgrounds to independently identify genetic connections with each pathway.

148 Isogenic wild-type (wt), ΔpriB, priA300, or priC::kan E. coli strains were constructed 

149 with the sulB103 mutation, which encodes an FtsZ variant resistant to SulA-mediated cell 

150 division inhibition and bolsters the viability of DNA replication restart mutants [26, 27]. 

151 Three biological replicate Tn5 transposon libraries with ~165,000 transposon-insertion 

152 mutants were generated for each strain to yield ~500,000 total insertion mutants in each 

153 genetic background. Viable transposon-insertion mutants were selected by plating on 

154 Super Optimal Broth (SOB) solid medium supplemented with trimethoprim (ensuring Tn5 

155 insertion). After pooling to assemble each individual replicate, the libraries were subjected 

156 to overnight growth in Luria Broth (LB) liquid medium forcing direct competition among 

157 transposon-insertion mutants. Successive replication initiation events launch prior to cell 

158 division in cells grown in rich media, resulting in more than two replication forks on each 
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159 chromosome [28-30]. As a result, the sensitivity of the Tn-seq screen was likely increased 

160 since transposon-insertion mutants were required to facilitate DNA repair and replication 

161 restart processes efficiently to prevent collisions between replisomes and unrepaired 

162 DNA damage. Following growth in LB, genomic DNA was isolated from each replicate 

163 and prepared for next-generation sequencing. The resulting sequencing data revealed 

164 the location of transposon insertions as well as relative transposon-insertion mutant 

165 abundance. Each gene in our analysis was assigned a normalized weighted read ratio 

166 based on insertion tolerance in the mutant strain compared to the wt strain [31]. Positive 

167 or negative weighted read ratios reflect gene disruptions that were tolerated better or 

168 worse, respectively, in the wt strain compared to the mutant strain. Genes with few or no 

169 insertions were considered important for growth, and such profiles within the wt control 

170 strain implicated genes as being essential under the tested growth conditions. By 

171 comparing insertion profiles of the wt and mutant strains, several genes that were 

172 conditionally important in replication restart mutant strains were identified.

173 Tn-seq data identified conditional importance for several genes in E. coli cells 

174 lacking the PriA/PriB restart pathway (ΔpriB). Genes with the strongest priB genetic 

175 interactions evidenced by weighted read ratios (Fig 2) and unique insertions (S1A Fig) 

176 were selected for subsequent study, except for rplI because of its inclusion in the priB 

177 operon. Corroborating previous studies, the screen implicated rep (log10 weighted read 

178 ratio = 4.11) and dam (2.35) as genetic interactors with priB. Unexpectedly, priC (1.25) 

179 was not a prominent hit. Nonetheless, the priC gene tolerated no transposon insertions 

180 in the ΔpriB strain and, as described below, the expected lethality of a ΔpriB ΔpriC double 

181 deletion strain was later confirmed. In addition to known genetic interactions, bioinformatic 
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182 analysis and manual curation of the Tn-seq data implicated a variety of novel genes as 

183 genetic interactors with priB: rdgC (4.06), nagC (3.29), uup (3.98), rdgB (1.86), polA 

184 (2.80), and lexA (2.58) (Fig 2). These top hits (apart from nagC) have noted roles in 

185 genome maintenance but have not been genetically linked to priB prior to this study [32-

186 39]. The abundance of conditionally important genes in ΔpriB cells is consistent with 

187 PriA/PriB serving as the preferred DNA replication restart pathway [17].

188

189 Fig 2. Tn-seq results in ΔpriB E. coli. (A) Circos plot depicting the results of the Tn-seq 

190 screen in ΔpriB cells. The effect of single gene disruption via transposon-insertion was 

191 determined by comparing Tn-seq read profiles in wt vs ΔpriB conditions, yielding a 

192 weighted read ratio. Each bar in the Circos plot represents the weighted read ratio (log10) 

193 of a single gene where extension into the blue or orange region corresponds to a 

194 detrimental or beneficial, respectively, effect of gene disruption. Genes with fewer than 

195 three unique transposon-insertions per replicate in the wt condition are omitted. The 

196 individual disruption of many genes involved in genome maintenance produced some of 

197 the most prominent defects and were the focus of the study. Bars for notable genes (rdgC, 

198 priC, nagC, uup, rdgB, dam, rep, polA, and lexA) are highlighted in red. (B) MochiView 

199 plots for genes highlighted in (A) comparing transposon insertion locations and read 

200 abundance. The corresponding weighted read ratio for each gene is included in 

201 parentheses. The maximum read height displayed is 100.

202

203 Disparities in the transposon-insertion profiles between the wt control and 

204 priC::kan or priA300 mutant strains were relatively modest, resulting in smaller overall 
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205 weighted read ratios for genes (S1B,C Fig). This likely was caused by additional 

206 mutational stress being tolerated in both mutant strains since each retained the PriA/PriB 

207 pathway [3, 5, 6, 11]. One exception was the clear underrepresentation of transposon 

208 insertions in rep (4.11) within the priA300 strain (S1C Fig). This result is consistent with 

209 the previously described conditional importance of rep in priA300 cells [4, 5, 40]. No other 

210 genes were identified with significantly different insertion profiles with respect to weighted 

211 read ratios in either the priC::kan or priA300 strains relative to the wt control (S1B,C Fig). 

212 Interestingly, disruption of the priB gene was not significantly less tolerated in the 

213 priC::kan strain compared to the wt strain, but this was due to a very small number of 

214 transposon insertions within priB for all strains. This is consistent with a prior observation 

215 that the E. coli priB gene receives fewer insertions in transposition screens than would be 

216 predicted for a gene of its size [41].

217

218 Mutations in priC, rep, lexA, dam, rdgC, uup, nagC, or rdgB 

219 confer a dependence on priB

220 Given the importance of the PriA/PriB pathway as reflected by the ΔpriB Tn-seq screen 

221 results, the remainder of our study interrogated the relationship between priB and its 

222 genetic interactors. A plasmid retention assay was first used to measure the impact of 

223 mutations in genes identified in our Tn-seq screen on cell viability with or without 

224 chromosomal priB [42, 43]. The assay followed retention of an unstable, low-copy plasmid 

225 (priB-pRC7, which contained priB and the lac operon) in priB+ or ΔpriB strains with 

226 chromosomal deletions of the lac operon and genes identified as conditionally important 
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227 in the ΔpriB Tn-seq screen. Plasmid retention or loss was marked by colony color (blue 

228 or white, respectively) when plated on SOB-agar containing X-gal and IPTG (Fig 3).

229

230 Fig 3. Importance of specific genes in ΔpriB E. coli. Genes implicated as conditionally 

231 important or essential in the ΔpriB Tn-seq screen were tested with a plasmid retention 

232 assay. (A) Percentages of colonies that retained priB-pRC7 plasmid are shown. Mean 

233 values are depicted with error bars representing standard error of the mean. Statistical 

234 significance (unpaired student t-test) for each strain pair is displayed: P < 0.05 (*), P < 

235 0.01 (**), P < 0.001 (***), and P < 0.0001 (****). Representative images from priB-pRC7 

236 assay plates are shown as follows: (B) wt (C) ΔpriC, (D) Δrep, (E) lexA::kan, (F) Δdam, 

237 (G) ΔrdgC, (H) Δuup, (I) ΔnagC, and (J) ΔrdgB. Each plate image includes raw colony 

238 counts for each condition (# of blue colonies / # of total colonies). To better visualize small 

239 white colonies, 2.25x magnified insets are included in the upper right-hand corner for each 

240 plate image. Each plate was incubated at 37 °C for 16 hr.

241

242 In line with previous genetic results, deletion of priC or rep in ΔpriB cells resulted 

243 in persistent retention of priB-pRC7, strongly supporting their known synthetic lethal 

244 relationships with priB (Fig 3C,D) [5]. Screening of a newly identified genetic interaction 

245 revealed that lexA and priB also form a synthetic lethal pair in our genetic background 

246 (Fig 3E). LexA is a transcriptional repressor that undergoes auto-proteolysis to induce the 

247 SOS DNA-damage response genes [39, 44]. As a result, disruption of lexA causes 

248 constitutive SOS expression, and it follows that induction of one or more SOS genes is 
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249 toxic to ΔpriB cells [27]. For mutations in priC, rep, or lexA, the extent of plasmid loss was 

250 equivalent to control levels in priB+ cells (Fig 3A-E).

251 In contrast to the robust and consistent priB-pRC7 retention characteristics of the 

252 mutant strains described above, mutations in dam, rdgC, uup, nagC, or rdgB did not 

253 prevent plasmid loss when paired with a priB deletion (Fig 3F-J). However, white colonies 

254 (lacking priB-pRC7) formed by these double mutants exhibit reduced growth rates, 

255 evidenced by their small size compared to plasmid-containing blue colonies. For ΔrdgB 

256 ΔpriB, the disparity in size between blue and white colonies was modest (Fig 3J). 

257 However, when other gene deletions (Δdam, ΔrdgC, Δuup, or ΔnagC) were paired with 

258 ΔpriB, the resulting plasmid-less white colonies were particularly small and difficult to 

259 quantify (Fig 3F-I). As a result, disparities in colony size for many of these strains is likely 

260 a better proxy of cellular health than a plasmid retention percentage (Fig 3A).

261 Previous studies have noted a synthetic lethal relationship between dam and priB, 

262 suggesting that DSBs accumulating in Δdam cells are preferentially funneled into the 

263 PriA/PriB pathway for restart following their repair [18]. While our data do not confirm a 

264 synthetic lethal relationship between dam and priB, our priB-pRC7 retention results 

265 strongly support the conditional importance of dam in ΔpriB cells based on a disparity in 

266 colony size (Fig 3F). The decreased growth rate of white colonies evident in the assay 

267 also confirmed the conditional importance of rdgC, uup, nagC, and rdgB in ΔpriB cells 

268 (Fig 3G-J). While RdgC (an inhibitor of RecA recombinase activity), Uup (a branched DNA 

269 intermediate binding protein), and RdgB (a noncanonical purine pyrophosphatase) have 

270 been implicated in genome maintenance processes, these results now map the genes’ 

271 interactions with the PriA/PriB restart pathway [32, 35-37, 43, 45]. Surprisingly, 
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272 conditional importance in ΔpriB cells extended to nagC, which encodes a transcriptional 

273 repressor that coordinates N-acetylglucosamine biosynthesis but has no known role in 

274 DNA metabolism [33, 34]. These data support the notion of conditional importance for 

275 dam, rdgC, uup, nagC, or rdgB in ΔpriB cells (Fig 3F-J). 

276

277 Disruption of rdgB in a ΔpriB strain confers a fitness defect

278 The disparity of colony sizes in the priB-pRC7 retention assay provided only moderate 

279 evidence that rdgB is conditionally important in ΔpriB cells. To examine the rdgB priB 

280 genetic relationship more confidently, the fitness of strains combining rdgB and priB 

281 mutations was tested in a growth competition assay. In this assay, the effect of a rdgB 

282 deletion was examined within a priB+ competition (priB+ vs ΔrdgB priB+) and within a ΔpriB 

283 competition (ΔpriB vs ΔrdgB ΔpriB). A synthetic fitness defect would result in selective 

284 loss of ΔrdgB ΔpriB in the latter competition. A reporter mutation (ΔaraBAD) in one strain 

285 of each competition was utilized to quantify the relative ΔrdgB abundance throughout 

286 each competition. As expected for a synthetic rdgB priB relationship, simultaneous 

287 deletion of both genes caused a pronounced fitness defect within 24 hours when grown 

288 in competition with rdgB+ ΔpriB cells (Fig 4A, red). In contrast, ΔrdgB priB+ cells exhibited 

289 no detectable fitness defect when grown in competition with wt cells, as evidenced by 

290 steady relative abundance within the priB+ competition (Fig 4A, black). These results 

291 confirm that rdgB is not essential in a ΔpriB strain, but that it is conditionally important. 

292 The mild defect in growth rate of ΔrdgB ΔpriB colonies (Fig 3J) but clear fitness defect 

293 (Fig 4A) align well with rdgB as a relatively weak hit from our ΔpriB Tn-seq screen (Figs 
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294 2 and S1A), which subjected transposon-insertion mutants to periods of independent and 

295 competitive growth.

296

297 Fig 4. Importance of rdgB and Pol I polymerase activity in ΔpriB E. coli. (A) Growth 

298 competition examining the effect of a rdgB mutation on fitness for priB+ or ΔpriB strains. 

299 Trendlines for each series intersect the mean, and biological triplicate data points are 

300 presented for competitions done in duplicate. (B) Effect of the polA12(ts) allele on priB+ 

301 or ΔpriB strains. Strains were spot plated on minimal (M9, left) or rich (LB, right) media 

302 and incubated at 30, 37, or 42 °C. Dilutions (from left to right) are 10x serial dilutions from 

303 normalized overnight cultures.

304

305 Pol I polymerase activity is conditionally important for ΔpriB 

306 cells

307 The Tn-seq screen suggested a genetic relationship between priB and polA (Fig 2). 

308 However, the essential nature of polA ruled out simple gene deletion experiments to 

309 further examine this link [46, 47]. Inspection of the transposon-insertion profiles (Fig 2B) 

310 suggests that only certain regions of polA are conditionally important for survival in ΔpriB 

311 cells. Specifically, regions of the gene that encode the C-terminal 3΄-5΄ exonuclease and 

312 polymerase domains of DNA polymerase I (Pol I) poorly tolerated transposon insertions 

313 in the ΔpriB strain compared to the wt strain. These two domains comprise the Klenow 

314 fragment of Pol I [48]. Conversely, the portion of polA encoding the 5΄-3΄ exonuclease 

315 domain poorly tolerated insertions in both the ΔpriB and wt strains, consistent with this 

316 domain encoding the essential function of polA in rich media [46].
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317 To test the importance of the polymerase activity of Pol I in ΔpriB cells, we utilized 

318 the polA12(ts) mutant allele. This mutation encodes a Pol I variant with severely inhibited 

319 polymerase activity at high temperatures [49-51]. Additionally, polA12(ts) is synthetically 

320 lethal with a priA mutation under non-permissive conditions [7, 52]. Spot plate assays 

321 examined the viability of polA12(ts) ΔpriB and control strains at increasing temperatures 

322 on LB (rich) or M9 (minimal) media to determine the conditional importance of Pol I 

323 polymerase activity (Fig 4B). In agreement with the Tn-seq screen results, polA12(ts) 

324 ΔpriB cells displayed temperature-sensitive synthetic defects on LB media. At 37 °C, the 

325 double mutant was at least 100-fold less viable than the polA12(ts) priB+ strain, and this 

326 effect was exacerbated to ~1000-fold at 42 °C. The polA12(ts) mutation appeared to 

327 cause a reduced growth rate of ΔpriB cells even at 30 °C, evidenced by the smaller colony 

328 sizes in the double mutant. Based on previous studies, this detrimental effect is likely 

329 driven by reduced polymerase activity [49-51]. Interestingly, polA12(ts) ΔpriB strain 

330 viability was significantly restored by plating on M9 (minimal) media. This partial 

331 suppression likely stems from tighter control over DNA replication initiation in minimal 

332 media, and it underpins the importance of efficient genome maintenance in nutrient-rich 

333 environments [28-30].

334

335 Mutations in rep, lexA, polA, or dam cause sensitivity to 

336 exogenous DSBs

337 A prior study demonstrated a synthetic lethal relationship between priB and dam, and 

338 suggested that this relationship may result from DSBs formed in dam mutants being 

339 funneled into the PriA/PriB restart pathway following their repair [18]. Therefore, we 
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340 examined whether other genes identified by our ΔpriB Tn-seq screen could be driving 

341 toxicity through enhanced DSB accumulation. Mutant strains were spot plated onto LB 

342 medium supplemented with sublethal concentrations of the DSB-inducing antibiotic 

343 ciprofloxacin (Fig 5) [53, 54]. A recA deletion strain was utilized as a positive control for 

344 hypersensitivity [55] and was inviable at 5 ng/mL ciprofloxacin. Notably, a ΔpriB strain 

345 also exhibited extreme hypersensitivity and was inviable at 10 ng/mL ciprofloxacin. 

346 Mutations in rep and lexA led to viability defects at 10 ng/mL ciprofloxacin but were 

347 significantly more resistant than ΔpriB or ΔrecA strains. At 15 ng/mL ciprofloxacin, the 

348 Δdam and polA12(ts) mutants began to display defects as well. Other mutants identified 

349 in the ΔpriB Tn-seq screen were not sensitized to ciprofloxacin (S2 Fig). These results 

350 suggest cellular roles for priB, recA, dam, rep, lexA, and polA in prevention and/or repair 

351 of DSBs in vivo.

352

353 Fig 5. Effects of priB, rep, lexA, polA, or dam mutations on DNA damage sensitivity 

354 in E. coli. Sensitivity of mutants to DSBs was examined by spot plating on LB-agar with 

355 0-25 ng/mL ciprofloxacin. A recA deletion strain was utilized as a positive control of 

356 ciprofloxacin hypersensitivity. Dilutions (from left to right) are 10x serial dilutions from 

357 normalized overnight culture.  Displayed spot plate data are representative of three 

358 replicates.

359

360 Visualizing DSBs in vivo with MuGam-GFP

361 Sensitization of rep, lexA, polA, and dam mutants to ciprofloxacin suggests that these 

362 mutant strains may also have enhanced levels of endogenous DSBs. To test this 
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363 hypothesis, mutations were transduced into an E. coli strain (SMR14334) encoding 

364 inducible MuGam-GFP, a DSB sensor protein, and the extent of DSB accumulation was 

365 determined in vivo with fluorescence microscopy (S3A,B,D Fig) [56].

366 MuGam-GFP foci were more abundant in a dam deletion strain than in the wt strain 

367 (Fig 6A,B) [20]. These mutant cells were also severely filamented which is a hallmark of 

368 genome instability in E. coli (Fig 6A,C) [57]. Consistent with their sensitivity to 

369 ciprofloxacin (Fig 5), mutations in rep, lexA, or polA also resulted in increased MuGam-

370 GFP focus formation (Fig 6B) and cell length (Fig 6C). Notably, a rdgC mutant displayed 

371 significant accumulation of DSBs (S3A,B,D Fig) while exhibiting only a moderate increase 

372 in cell length (S3C Fig) and no observable sensitization to ciprofloxacin (S2 Fig). It is 

373 worth noting that MuGam helps repair DSBs via non-homologous end-joining, therefore, 

374 the extent of DSB formation may be more dramatic in these strains than the results 

375 presented here [58].

376

377 Fig 6. Enhanced DSB formation in mutant E. coli strains. (A) Representative images 

378 depicting MuGam-GFP (green) foci and FM 4-64-stained membranes (gray) for wt (left) 

379 and Δdam (right) strains. The abundance of MuGam-GFP foci per cell (B) and measured 

380 cell lengths (C) are displayed for wt, Δrep, lexA::kan, polA12(ts), and Δdam strains. (B,C) 

381 Mean values are depicted with error bars representing standard error of the mean. 

382 Statistical significance (U-Mann-Whitney) for each strain compared to the wt control is 

383 displayed: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****).

384
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385 The evidence of DSB accumulation and cell filamentation in other mutants tested 

386 is less compelling. Mutations in priC, uup, or rdgB produce only mild filamentation 

387 phenotypes, and there was limited evidence that disrupting priC enhances DSB levels 

388 (S3A-D Fig). In fact, nagC and rdgB mutant strains exhibited significantly lower 

389 abundance of MuGam-GFP foci compared to the wt control and GFP focus levels in the 

390 nagC mutant approached the lower limit of detection. For the nagC mutant, this may have 

391 been caused by a significantly lower level of mean fluorescence (S3E Fig).

392

393 Modulating RecA function partially suppresses lexA or rdgC 

394 mutational effects on ΔpriB cells

395 Mutations in dam, rep, lexA, polA, or rdgC increase DSB formation in vivo (Figs 6A,B and 

396 S3A,B,D). In most cases, this effect is accompanied by sensitization to ciprofloxacin (Figs 

397 5 and S2) and cell filamentation (Figs 6C and S3A,C). Deleting dam or hindering Pol I 

398 polymerase activity can cause persistent ssDNA gaps that form DSBs when subsequent 

399 replisomes collide [59-61]. Similarly, a loss of Rep accessory helicase activity correlates 

400 with more stalled replication forks that can create DSBs when they are encountered by 

401 subsequent replisomes [62, 63]. Our data strongly suggest an increase in DSB formation 

402 in lexA or rdgC mutants, which likely accounts for their genetic relationships with priB, but 

403 their mode of DSB formation is less clear. 

404 Previous work has shown that loss of PriA or Rep helicase activity at stalled 

405 replication forks can cause inappropriate RecA recombinase loading mediated by the 

406 ssDNA gap repair proteins RecFOR [40]. After it is loaded by RecFOR, RecA is 

407 hypothesized to reverse a stalled replication fork to form a Holliday junction, also known 
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408 as a “chicken-foot” structure [64, 65]. Because LexA or RdgC inhibit the activity of cellular 

409 RecA (via transcriptional repression [39] or physical inhibition [32], respectively), we 

410 hypothesized that more stalled forks were reversed in lexA or rdgC mutants. The DSBs 

411 observed in vivo (Figs 6B and S3A,B) could form in these mutants when the “chicken-

412 foot” structures were encountered by additional replisomes (from multi-fork replication 

413 conditions in rich media) or upon processing by RuvABC, the Holliday junction resolvase 

414 [28, 63, 66].

415 To test this hypothesis, we examined the effect of RecA modulation on lexA or 

416 rdgC mutants in the priB-pRC7 plasmid retention assay (Fig 7). Previously, our results 

417 identified a conditional essentiality of lexA in ΔpriB cells based on robust retention of the 

418 priB-pRC7 plasmid (Figs 3E and 7A,B). After deleting recR in this strain (inactivating the 

419 RecFOR pathway), we observed viable lexA::kan ΔpriB white colonies (Fig 7C). The 

420 resulting colonies display considerable growth defects, but these results strongly support 

421 a partial suppression of lexA::kan ΔpriB via recR deletion. Likewise, the conditional 

422 importance of rdgC in ΔpriB cells (Fig 3G) was partially suppressed with a recR deletion, 

423 evidenced by significantly larger plasmid-less white colonies (Fig 7C).

424

425 Fig 7. Modulating RecA activity partially suppresses mutational effects on ΔpriB E. 

426 coli. (A) Plasmid (priB-pRC7) retention in ΔpriB strains is shown along with strains also 

427 carrying a recR deletion or recA promoter mutation. Mean values are depicted with error 

428 bars representing standard error of the mean. Statistical significance (unpaired student t-

429 test) for each strain pair is displayed: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 

430 0.0001 (****). (B) Representative images of priB-pRC7 assay plates are presented for wt, 
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431 lexA::kan, ΔrdgC, and ΔnagC strains with or without chromosomal priB. This experiment 

432 was extended to strains with (C) a recR deletion or (D) a mutation in recA’s promoter. (B-

433 D) Each image includes raw colony counts for each condition (# of blue colonies / # of 

434 total colonies). To better visualize small white colonies, 2.25x magnified insets are 

435 included in the upper right-hand corner. Each plate was incubated at 37 °C for 22 hr.

436

437 In addition to restricting the scope of RecA activity in vivo with a recR deletion, we 

438 hypothesized that reducing the cellular levels of RecA would also produce a suppressive 

439 effect. To accomplish this, we utilized a recA promoter mutation, PrecA(AtoG), which 

440 decreases recA expression [43, 67, 68]. This mutation also suppressed the effects of lexA 

441 or rdgC mutations in ΔpriB cells, and the degree of suppression was strikingly similar to 

442 that of a recR deletion (Fig 7D). To rule out general suppression ability of these RecA 

443 modulations, we tested their effect on other mutants identified in our Tn-seq screen. We 

444 only observed modest evidence of suppression by RecA modulation in ΔnagC ΔpriB 

445 strains when comparing the relative sizes of white and blue colonies (Fig 7B-D). Taken 

446 together, these results suggest that lexA or rdgC deletions promote inappropriate and/or 

447 excessive RecA activity causing stalled replication forks to physically reverse and 

448 eventually devolve to DSBs upon replisome collision or Holliday junction processing.

449

450 Discussion

451 DNA replication restart reactivates prematurely abandoned DNA replication sites that 

452 have failed due to replisome encounters with damaged DNA or proteins tightly bound to 

453 chromosomes. Our knowledge of the coordination between DNA replication restart and 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.16.496518doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.16.496518
http://creativecommons.org/licenses/by/4.0/


21

454 other genome maintenance pathways has been limited by a lack of systematic genetic 

455 studies assessing the importance of genes to each replication restart pathway in E. coli. 

456 To determine links between replication restart and other cellular processes, we have 

457 identified genes that are conditionally essential or important in E. coli strains with 

458 inactivated replication restart pathways. High-density transposon mutant libraries in 

459 strains lacking priB, priC, or with the priA300 mutation were analyzed after growth on rich 

460 media. These mutations inactivate the PriA/PriB, PriC/Rep and PriA/PriC, or PriA/PriC 

461 pathways, respectively (Fig 1) [5]. Comparison of transposon insertion profiles to a wt 

462 control strain revealed genetic interactions with specific replication restart pathways. 

463 Several genes were found to be conditionally essential or important in ΔpriB E. 

464 coli, which specifically lacks the PriA/PriB pathway (Figs 2 and S1A). In contrast, only one 

465 gene (rep) displayed significant importance in priA300 E. coli and no genes were 

466 significantly conditionally important in priC::kan E. coli (S1B,C Fig). These results point to 

467 PriA/PriB serving as the major replication restart pathway integrated within the larger 

468 genome maintenance program in E. coli, consistent with prior data [17]. It is possible that 

469 the PriA/PriC and PriC/Rep pathways operate on DNA replication fork substrates that are 

470 rarely generated under the conditions tested in our experiments.

471 Deletion of rep was found to be detrimental in both ΔpriB and priA300 strains, 

472 consistent with a general importance of the Rep helicase in genome maintenance (Figs 

473 2 and S1C). Rep can be recruited to stalled replication forks via interaction with PriC 

474 where it helps facilitate DNA replication restart in the PriC/Rep pathway (Fig 1) [69, 70]. 

475 PriC interaction with Rep also stimulates its helicase activity [71]. It may be that ΔpriB 

476 and priA300 E. coli strains rely more heavily on the PriC/Rep pathway or that deletion of 
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477 rep places a larger burden on the PriA/PriB or PriA/PriC DNA replication pathways. In 

478 accordance with the latter possibility, Rep also interacts with the replicative helicase, 

479 DnaB, which localizes Rep helicase activity to sites of DNA replication and is thought to 

480 enhance its ability to remove tightly associated protein barriers ahead of the replication 

481 fork [70]. The absence of Rep results in increased fork stalling, replisome dissociation, 

482 and DSBs if left unrepaired, which could also feed into the PriA/PriB pathway (Fig 8) [62, 

483 63]. 

484

485 Fig 8. DSBs accumulate from a variety of sources and are funneled into the 

486 PriA/PriB replication restart pathway following their repair. An active replication fork 

487 facilitates continuous DNA synthesis on the leading strand, while lagging strand synthesis 

488 is discontinuous and downstream processing is required by other enzymes. These 

489 productive processes are contained within the black box. Several damaging paths are 

490 also shown. Loss of Rep causes an increase in replication fork collisions with nucleo-

491 protein complexes (orange star). The most severe collisions cause lethal replisome 

492 dissociation unless DNA replication restart is carried out, which is primarily facilitated by 

493 the PriA/PriB pathway. Increased mismatch repair (without Dam methylation) or loss of 

494 Pol I polymerase activity following DNA repair or during Okazaki fragment maturation 

495 cause persistent ssDNA gaps. RecA (blue) loading at stalled replication forks mediated 

496 by RecFOR can drive fork reversal, which is inhibited by LexA or RdgC. Stalled/reversed 

497 replication forks and ssDNA gaps are DSB-prone substrates; if they are not efficiently 

498 repaired, they lead to DSBs (green arrows) when they are encountered by subsequent 

499 replisomes. When DSBs form, they are recognized and repaired with homologous 
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500 recombination (RecA is loaded via RecBCD pathway). The resulting D-loop substrate is 

501 shuttled into the PriA/PriB pathway to reinitiate DNA replication and maintain cell viability. 

502 The genes/proteins examined in this study are highlighted in yellow.

503

504 In addition to the known importance of rep in ΔpriB cells, our results corroborated 

505 the importance of dam and priC in ΔpriB cells (Fig 3C,F) [5, 18]. In cells lacking Dam 

506 methyltransferase, both DNA strands are nicked and excised at equal frequency by 

507 methyl-directed mismatch repair enzymes, causing persistent ssDNA gaps that can lead 

508 to DSBs (Fig 8) [59]. Interestingly, Δdam cells are also associated with chromosomal 

509 over-replication, likely stemming from DSB repair feeding into DNA replication restart [72]. 

510 Over-replication could exacerbate DSB accumulation in Δdam cells and it may elicit a 

511 similar effect in other DSB-causing mutants described in this study. The synthetic lethality 

512 of the ΔpriB ΔpriC combination was also confirmed (Fig 3C), although the genetic 

513 relationship was not detected in either the ΔpriB or priC::kan Tn-seq screens due to a 

514 small number of transpositions insertions mapped for priB or priC in the wt reference 

515 strain (Figs 2 and S1B). This may be due to a transposition recalcitrance for priC as has 

516 been noted for priB [41]. Thus, it is possible that additional priB, priC, or priA300 genetic 

517 interactions beyond those described here may exist and that limitations of the Tn-seq 

518 approach could mask their identification.

519 The Tn-seq results in the ΔpriB strain and targeted genetic experiments identified 

520 a host of novel priB genetic interactors: lexA, polA, rdgC, uup, nagC, and rdgB (Figs 2 

521 and 3). In addition to mutant strains expected to exhibit DSB accumulation (rep and dam), 

522 in vivo measurements detected significant DSB accumulation for lexA, polA, and rdgC 
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523 mutants (Figs 6A,B and S3A,B). Formation of DSBs in these mutant strains was 

524 correlated with longer cell lengths (Figs 6C and S3C) and sensitization to the DSB-

525 inducing antibiotic ciprofloxacin (Figs 5 and S2), except for the rdgC deletion. 

526 Pol I is known to utilize its polymerase activity to fill ssDNA gaps during Okazaki 

527 fragment synthesis and following DNA repair [49, 51, 60, 61]. The results shown here 

528 suggest this activity is especially important in ΔpriB cells (Figs 2B and 4B). We 

529 hypothesize that persistent ssDNA gaps are formed in polA12(ts) mutant strains at 

530 elevated temperatures, which could lead to DSBs if left unrepaired (Fig 8). This notion is 

531 supported by polA12(ts) ΔpriB phenotype suppression on minimal media (Fig 4B) when 

532 multi-fork DNA replication is less likely to occur and cause DSBs from collisions with 

533 ssDNA gaps [28-30].

534 The formation of DSBs in lexA or rdgC deletion strains is less straightforward. 

535 Previous work has shown that the absence of PriA or Rep helicase activity can allow the 

536 RecFOR mediator proteins to inappropriately load RecA at stalled replication forks [40, 

537 45]. Upon binding, RecA can physically reverse the stalled fork forming a “chicken-foot” 

538 structure (Fig 8). DSBs will form from these structures when they are encountered by 

539 subsequent replication forks or when they are processed by RuvABC (Fig 8) [28, 63, 66]. 

540 Therefore, we hypothesized that the higher levels of DSBs formed in lexA or rdgC mutants 

541 (Figs 6B and S3A,B,D) was caused by excessive RecA activity: either by disrupting its 

542 transcriptional repressor (LexA) or by removing a RecA inhibitor (RdgC). Increasing the 

543 activity of RecA by disrupting lexA or rdgC would in turn promote unwarranted RecA 

544 activity (Fig 8). Consistent with this notion, we were able to suppress the effects of lexA 

545 or rdgC mutations on ΔpriB cells by disabling the RecFOR pathway (with a recR deletion) 
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546 or by inhibiting cellular RecA activity by decreasing its expression with a promoter 

547 mutation (PrecA(AtoG)) (Fig 7). Notably, these suppression attempts significantly restored 

548 the growth rates of ΔrdgC ΔpriB colonies, while permitting (albeit limited) viability of 

549 lexA::kan ΔpriB cells. Therefore, it is likely that the SOS DNA-damage response induces 

550 the expression of one or more genes (other than recA) that are harmful to ΔpriB cells.

551 DSBs can form in a variety of different ways in the cell. Disrupting genes identified 

552 in the ΔpriB Tn-seq screen likely increased DSB levels by promoting the formation of 

553 DSB-prone substrates (stalled/reversed replication forks and ssDNA gaps), which are 

554 encountered by subsequent replication complexes in rich media (Fig 8) [28-30]. While 

555 DSBs are problematic, cells can survive if they are readily recognized and repaired. In E. 

556 coli, DSB repair is usually carried out by RecBCD, which processes DSBs before loading 

557 RecA to catalyze strand invasion and create a D-loop site for DNA replication restart (Fig 

558 8) [73]. The DSBs formed in rep, lexA, polA, dam, and rdgC mutants can still be 

559 recognized and repaired by the RecBCD pathway to form D-loops, which subsequently 

560 undergo DNA replication restart via the PriA/PriB pathway. We hypothesize that these 

561 mutations are synergistic with a priB deletion because DSBs are committed to a 

562 nonproductive pathway (when priB is absent) and stagnant D-loops may ultimately lead 

563 to cell death (Fig 8). Furthermore, while most DSB-causing mutants showed some 

564 sensitization to ciprofloxacin, priB and recA deletion strains exhibited extreme 

565 sensitization (Fig 5). Taken together, our data support a fundamental link between DSB 

566 repair and the PriA/PriB pathway of DNA replication restart.

567 The results presented here highlight a variety of new questions and exciting 

568 opportunities of study. While uup, nagC, and rdgB are conditionally important in ΔpriB 
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569 cells, their disruption does not appear to cause DSBs in the conditions tested (S3A,B,D 

570 Fig). Most puzzling is the genetic relationship between priB and nagC, a transcriptional 

571 repressor that coordinates the biosynthesis of N-acetylglucosamine, a component of the 

572 bacterial cell wall [33, 34]. Deletion of nagC led to an aberrant cell morphology (S3A Fig), 

573 which may have caused the mutant’s extremely low level of mean fluorescence in our 

574 experiments (S3E Fig). It is possible the perturbed cell membrane morphology is linked 

575 to DNA damage, similar to observations made with perturbed nuclear envelopes upon 

576 loss of lamin proteins in cancer cells [74]. Future studies will be required to further probe 

577 this possibility. Taken together, our findings have defined a primary role for the PriA/PriB 

578 replication restart pathway following DSB repair in E. coli and have established important 

579 links that integrate replication restart processes into a larger genome maintenance 

580 program in bacteria.

581

582 Materials and Methods

583 Strain construction

584 All strains used in this study are derivatives of E. coli MG1655 (S1 Table). To enhance 

585 the viability and ease of cloning, all strains (unless otherwise stated in S1 Table) carry the 

586 sulB103 allele, encoding a FtsZ variant that resists SulA-mediated cell division inhibition 

587 [26, 27]. All plasmids and oligonucleotides used in this study are listed in S2 Table. To 

588 construct derivative polA12(ts) and MuGam-GFP strains, the method developed by 

589 Datsenko and Wanner [75] was employed with some modifications, as described 

590 previously [43]. All strains constructed with P1 transduction utilized kanamycin selection, 
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591 many of which relied on Keio collection strains as donors [76]. All chromosomal mutations 

592 were confirmed with PCR amplification flanking the locus of interest, and if necessary, 

593 verified with Sanger sequencing.

594

595 Transposome preparation

596 Transposon mutagenesis was performed using the EZ-Tn5 <DHFR-1> transposon kit 

597 (Epicentre) and EK54/MA56/LP372 Tn5 transposase, a hyperactive variant [77]. The Tn5 

598 transposon was PCR amplified with oAM054 and Phusion polymerase (New England 

599 Biolabs). Tn5 transposase was purified as described previously [78, 79]. Transposomes 

600 were prepared by incubating 2.5 pmol of Tn5 DNA with 0.5 nmol of Tn5 transposase in 

601 20 µL for 3 hr at room temperature before dialyzing into 1x-TE for 3 hr to remove salt prior 

602 to electroporation.

603

604 Generation of electrocompetent cells and in vivo transposition

605 E. coli  strains were prepared for transposition as previously described [79]. Briefly, cells 

606 in mid-log phase were washed three times with ice-cold 10% glycerol. In the final wash, 

607 cells were either resuspended in 10% glycerol or glycerol-yeast extract medium, flash 

608 frozen with liquid nitrogen, and stored at -80 °C. Dialyzed transposome (5 µL) was mixed 

609 with 100 µL of electrocompetent cells, electroporated, and immediately recovered in 1 mL 

610 of SOC medium for 1 hr. After recovery, dilutions of the cells were plated on SOB-agar 

611 containing 10 µg/mL trimethoprim to select for transposon-insertion mutants. Colony 

612 counts for each library were estimated by counting one-third of ~10% of plates. To pool 

613 the mutants and construct libraries of ~500,000 insertion mutants, 2 mL of LB was added 
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614 to each plate to scrape the colonies into a thick slurry. Care was taken to sufficiently mix 

615 each slurry before archiving each in technical triplicate (in 50% glycerol) at -80 °C.

616

617 Preparation of transposon-insertion DNA for sequencing

618 For sufficient sampling, 100 mL of LB (with 10 µg/mL trimethoprim) was inoculated to 

619 OD600 ~0.02 with each respective transposon-insertion mutant library and grown 

620 overnight at 37 °C. Genomic DNA was purified using a Wizard Genomic DNA Purification 

621 Kit (Promega) and quantified using the QuantiFluor ONE dsDNA System (Promega). 

622 Genomic DNA was sheared to ~200 bp fragments with sonication. The resulting gDNA 

623 fragments were prepared for sequencing using NEBNext Ultra II DNA Library Prep Kit for 

624 Illumina (New England Biolabs). Bead-based size selection was used to enrich for 200 

625 bp fragments prior to a 21-cycle splinkerette PCR utilizing a custom Tn5-enriching forward 

626 primer (oAM055) and custom indexed reverse primers for multiplexing (oAMrev) [25]. To 

627 ensure the quality and length of amplified DNA, a final bead-based size selection was 

628 employed. DNA was then sequenced with a NextSeq platform (Illumina) at the University 

629 of Michigan Advanced Genomics Core using a custom read primer (oAM058) to read the 

630 last 10 nt of the transposon before entering chromosomal DNA (to ensure reads 

631 corresponded to Tn5-insertions). To maintain sufficient sequence diversity on the flow-

632 cell, a phiX174 DNA spike (20%) was also included in the run. A custom index read primer 

633 (oAM059) and standard Illumina primer (oAM112) were employed for sequencing the 

634 read indexes and PhiX DNA, respectively. 

635

636 Tn-seq data analysis
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637 Tn-seq sequencing files were trimmed with fastx_trimmer.pl version 0.0.13.2 

638 (http://hannonlab.cshl.edu/fastx_toolkit) using default parameters except the first base to 

639 keep (-f flag) was set to 10 to remove transposon sequence. Individual samples were 

640 then split with fastx_barcode_splitter.pl, version 0.0.13.2 

641 (http://hannonlab.cshl.edu/fastx_toolkit) using a file containing the sample ID and the 

642 individual barcode sequence used to split each sample into an individual FASTQ file. The 

643 barcode sequence was then removed from each read within each FASTQ file using 

644 Cutadapt, version 1.13 [80]. The trimmed FASTQ files were then aligned to the E. coli K-

645 12 MG1655 genome (NC_000913.3) using Bowtie2, version 1.2 using default parameters 

646 [81]. Conditionally important or essential genes were determined using TSAS, version 

647 0.3.0 using Analysis_type2 for two-sample analysis to compare transposon insertion 

648 profiles of each mutant strain to the wt [31]. Weighted read ratios were calculated as 

649 described previously [31]. All other parameters were kept at the default settings.

650

651 Plasmid (priB-pRC7) retention assay

652 The priB-pRC7 plasmid is a lac+ mini-F (low copy) derivative of pFZY1 [42] containing the 

653 priB gene. PCR amplification of priB with oAM170 and oAM171 conferred ApaI restriction 

654 sites flanking the gene. The resulting PCR product and the empty pRC7 plasmid were 

655 digested with ApaI and ligated, yielding priB-pRC7. Gene deletions via P1 transduction 

656 were carried out after the cells had been transformed with the priB-pRC7 plasmid to help 

657 ensure the viability of each mutant tested. Once constructed, cultures were grown 

658 overnight in LB supplemented with 50 µg/mL ampicillin. The following day, cells were 

659 diluted 100x in LB and grown to ~0.2 OD600 shaking at 37 °C. The cultures were then 
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660 placed at 4 °C, serially diluted, and plated on SOB-agar containing X-gal (80 µg/mL) and 

661 IPTG (1 mM) to yield 50-500 colonies per plate. Most colonies were counted and imaged 

662 after 16 hr incubations at 37 °C, but plates used in Fig 7 were incubated for 22 hr to better 

663 visualize the small white colonies.

664

665 Growth competitions

666 A growth competition experiment was used to determine if deleting rdgB conferred a 

667 measurable fitness defect in ΔpriB cells. Pairwise competitions were constructed where 

668 the fitness effect of a ΔrdgB mutation was examined in a priB+ or ΔpriB strain. To quantify 

669 the abundance of the ΔrdgB mutant, one strain within each competition was modified to 

670 carry a neutral ΔaraBAD mutation. When ara- or ara+ strains are plated on medium 

671 containing tetrazolium and arabinose, they form red or white colonies, respectively. The 

672 individual strains of each competition were grown in isolation overnight at 37 °C in LB, 

673 then equivalent volumes of each were mixed and diluted 100x in fresh LB. The cultures 

674 (now with competing strains) resumed growth at 37 °C, and incubations were temporarily 

675 paused every 24 hr to re-dilute (100x) in fresh LB and quantify the ΔrdgB mutant 

676 abundance by plating on LB-agar with tetrazolium (0.005% w/v) and arabinose (1% w/v). 

677 The competitions were performed in biological triplicate and with pairwise alternation of 

678 the ΔaraBAD mutation (to ensure it did not produce a fitness effect).

679

680 Spot plating experiments

681 Serial dilution spot plating was used to examine mutant sensitivities to ciprofloxacin and 

682 the effect of temperature and media on polA12(ts) strains. For ciprofloxacin sensitivity 
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683 experiments, biological triplicate LB cultures were inoculated and grown overnight at 37 

684 °C, whereas strains used in the polA12(ts) experiment were grown at 30 °C. The following 

685 day, the cultures were diluted to OD600 of 1.0 and 10x serial dilutions were prepared with 

686 the corresponding plating media (LB or M9). Serial dilutions (10 µL) ranging from 10-1 to 

687 10-6 were spot plated and incubated at 37 °C, unless stated otherwise. LB-agar plates 

688 were incubated for 16 hr, and M9-agar plates were incubated for 40 hr before imaging.

689

690 Fluorescence and brightfield microscopy

691 An E. coli strain carrying MuGam-GFP (SMR14334 [56]) was derivatized to carry the 

692 sulB103 allele (wt) before P1 transduction deleted other genes of interest. Saturated 

693 cultures were diluted 100x and grown in LB for 30 min at 37 °C to enter early exponential 

694 phase. MuGam-GFP expression was then induced at 100 ng/mL doxycycline and growth 

695 continued for an additional 2.5 hr at 37 °C. Cells were pelleted and resuspended in 1x 

696 PBS buffer (to OD600 of 1.0) and placed on ice. About 15 min prior to imaging, cell 

697 membrane stain FM 4-64 (5 mM) was added and 2-3 µL of cells were sandwiched 

698 between a 24x50 mM, No. 1.5 coverslip (Azer Scientific) and a 1.5% agarose pad. All 

699 cells were imaged at room temperature with a motorized inverted Nikon Ti-eclipse N-

700 STORM microscope equipped with a 100x objective and ORCA Flash 4.0 digital CMOS 

701 C13440 (Hamatsu). Imaging was performed using NIS-Elements software with the 

702 microscope in epifluorescence mode. Cells were first imaged in the brightfield (4.5 V, 100 

703 ms exposure). Visualization of the cell membranes was performed in the DsRed channel 

704 to ensure the focusing (4.5 V, 50 ms exposure) and then MuGam-GFP was imaged in the 
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705 GFP channel (4.5 V, 50 ms exposure). Growth, preparation, and imaging was performed 

706 for each strain in biological triplicate.

707 Analysis of cell features was performed with Fiji software (ImageJ) equipped with 

708 plugins as described previously: Single Molecule Biophysics 

709 (https://github.com/SingleMolecule/smb-plugins) and MicrobeJ [82]. Briefly, the nd2 raw 

710 images for each strain (4 to 8 per replicate with a maximum difference of 2 images within 

711 triplicate) were concatenated together by channels. The image processing of each 

712 channel was carried out the same way and uniformly throughout the field of view. The 

713 scale of all images was corrected to fit the Hamamatsu camera scale. The brightfield and 

714 DsRed image stacks were auto-scaled while the GFP images were processed with 

715 discoidal averaging of 1-5 and intensity scale set at 0-300. Both brightfield and DsRed 

716 channels were cleaned by running a Bandpass filter 10_2 with autoscale 5, a rolling 

717 sliding stack of 10, and an enhance contrast of 0.1. Channel stacks were converted to 8 

718 bits before analysis in MicrobeJ. For the analysis, hyperstacks combining only the FM 4-

719 64 and GFP channels were generated in MicrobeJ. From these hyperstacks, cell outlines 

720 were detected in the DsRed channel using the default method with a threshold of +25. 

721 Within identified cells, GFP foci were detected using the maxima features as foci with a 

722 Gaussian fit constraint. The exact setup used to identify bacteria and MuGam-GFP foci 

723 in MicrobeJ is available (Final Bacteria setup 1_5 foci 90) as a .xml file. After automatic 

724 detection, cells were manually sorted to remove poorly fitting outlines or outlines fitting to 

725 cells out of focus. Cell features analysis acquired with MicrobeJ (cell ID, cell length, 

726 number of foci per cell, foci intensity and size) were exported as .csv files. Plots and 
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727 statistical analysis were generated and performed with GraphPad Prism software. At 

728 least 650 single cells were analyzed for each condition. 

729
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960 Supporting Information Captions

961 S1 Fig. Tn-seq performed in ΔpriB, priC::kan, and priA300 E. coli strains. (A) 

962 Volcano plot (generated with VolcaNoseR) for Tn-seq results in ΔpriB cells. The fold-

963 change (log2) in unique insertions within each gene (in wt vs ΔpriB strains) is plotted 

964 against the probability of essentiality p-value adjusted for multiple comparisons (-log10) 

965 [31]. Genes exceeding the fold-change (>4) and significance (>4) thresholds are colored 

966 blue and labeled. The rdgB gene is also labeled. Circos plots depicting the results of the 

967 Tn-seq screens in (B) priC::kan and (C) priA300 cells. Each bar in the Circos plots 

968 represents the weighted read (log10) ratio of a single gene where extension into the blue 

969 or orange region corresponds to a detrimental or beneficial, respectively, effect of gene 

970 disruption. The priA300 strain very poorly tolerated transposon insertions within rep. 

971 Genes with less than three average unique transposon-insertions per replicate in the wt 

972 condition were omitted.

973
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974 S2 Fig. Effects of mutations on DNA damage sensitivity in E. coli. The results 

975 contained in Fig 4 are expanded to reflect the viabilities of priC, rdgC, rdgB, uup, and 

976 nagC mutants plated on LB-agar with 0-30 ng/mL ciprofloxacin. A recA deletion strain 

977 was utilized as a positive control of ciprofloxacin hypersensitivity. Dilutions (from left to 

978 right) are 10x serial dilutions from normalized overnight culture. Displayed spot plate data 

979 are representative of three replicates.

980

981 S3 Fig. DSB formation in mutant E. coli strains. (A) Representative images depicting 

982 MuGam-GFP (green) foci and FM 4-64-stained membranes (red) for SMR14334, wt, 

983 Δrep, lexA::kan, polA12(ts), Δdam, ΔpriC, ΔrdgC, Δuup, ΔnagC, and ΔrdgB strains. The 

984 brightness of FM 4-64 and GFP images was uniformly exaggerated to highlight 

985 differences between strains more clearly. Scale bars are 10 µm. The abundance of 

986 MuGam-GFP foci per cell (B), measured cell lengths (C), distribution of the number of foci 

987 per cell in cells with MuGam-GFP foci (D), and mean fluorescence per cell (E) are shown 

988 for all strains included in A. (B-D) Mean values are depicted with error bars representing 

989 standard error of the mean. (E) Median values are depicted as gray or black bars. (B-C) 

990 Statistical significance (U-Mann-Whitney) for each strain compared to the wt control is 

991 displayed: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****).

992

993 S4 Fig. Importance of Pol I polymerase activity in ΔpriB E. coli. Biological replicates 

994 (A,B) of spot plating experiments pertaining to Fig 4B.

995
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996 S5 Fig. Mutant sensitivities to ciprofloxacin. Biological replicates (A,B) of spot plating 

997 experiments pertaining to Figs 5 and S2.

998

999 S1 Table. Strains used in this study.

1000

1001 S2 Table. Oligonucleotides and plasmids used in this study. The “*” indicates 

1002 phosphorothioate bonds. The underlined bases in oAMrev reflect twelve distinct indexes 

1003 (and primers) employed for multiplexing during sequencing. Italicized bases in 

1004 oAM192/oAM193 and oAM215/oAM216 directed FRTkanFRT chromosomal insertion 

1005 location to construct AM354 and AM395 strains, respectively.

1006

1007 S1 File. Analysis of ΔpriB, priC::kan, and priA300 Tn-seq data.

1008

1009 S2 File. Colony counts for priB-pRC7 retention assays and growth competitions.

1010

1011 S3 File. Fluorescence and brightfield microscopy data/analysis.
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