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ABSTRACT 20 

The bacterium Escherichia coli contains a single circular chromosome with a defined 21 

architecture. DNA replication initiates at a single origin called oriC. Two replication forks are 22 

assembled and proceed in opposite directions until they fuse in a specialised zone opposite 23 

the origin. This termination area is flanked by polar replication fork pause sites that allow 24 

forks to enter but not to leave. Thus, the chromosome is divided into two replichores, each 25 

replicated by a single replication fork. Recently we analysed replication parameters in E. coli 26 

cells in which an ectopic origin termed oriZ was integrated in the right-hand replichore. Both 27 

head-on replication-transcription conflicts at highly transcribed rrn operons and the 28 

replication fork trap were identified as major obstacles to replication. Here we describe 29 

replication parameters in cells with ectopic origins termed oriX and oriY integrated into the 30 

left-hand replichore and a triple origin construct with oriX integrated in the left-hand and 31 

oriZ in the right-hand replichore. Our data again highlight both replication-transcription 32 

conflicts and the replication fork trap as important obstacles to DNA replication and we 33 

describe a number of spontaneous large genomic rearrangements which successfully 34 

alleviate some of the problems arising from having an additional origin in an ectopic location. 35 

But our data reveal additional factors that impact on efficient chromosome duplication, 36 

highlighting the complexity of chromosomal architecture. 37 

INTRODUCTION 38 

The ability to accurately duplicate the genetic material and faithfully transmit it into daughter 39 

cells is a fundamental necessity of life. An important regulatory step for the initiation of DNA 40 

duplication process in all organisms is the assembly of fully functional replisomes at defined 41 

origin sequences [1,2]. While eukaryotic cells replicate their genomes from hundreds or 42 

thousands of origins [1], the number of initiation sites in bacteria is mostly restricted to a 43 

single origin per chromosome (oriC) [3,4]. In Escherichia coli initiation of DNA replication 44 

at oriC is tightly controlled by the main initiator protein DnaA, which facilitates recruitment 45 

of two replisomes [2,5–7]. These replisomes proceed in opposite directions around the 46 

circular chromosome with very high speed and accuracy until they eventually fuse within a 47 

specialised termination area opposite the origin (Figure 1A) [8,9]. The area is flanked by 10 48 

primary ter sequences A–J. If bound by Tus protein, these ter sites form polar traps that 49 

allow forks to enter but not to leave [8,10,11]. The E. coli chromosome is thereby divided into 50 

two replichores, each being replicated by a single replication fork [8,10–12]. 51 

Bacteria can tolerate the integration of a second replication origin or movement of the 52 

origin into an ectopic location, but both scenarios cause serious problems. Movement of oriC 53 

in Bacillus subtilis to an ectopic location revealed that forks replicating the chromosome in 54 

an orientation opposite to normal was significantly slowed at highly transcribed regions such 55 

as the rrn operons [13,14], supporting the idea that head-on collisions between replication 56 
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and transcription are problematic for ongoing DNA replication [15,16]. Introduction of a 57 

second replication origin also appears to be difficult to tolerate. Integration of an IPTG-58 

inducible plasmid origin ~450 kb away from oriC was shown to be active, but repressed firing 59 

of oriC [17].  60 

 61 

Figure 1. Schematic representation of the replichore arrangement of E. coli chromosomes with ectopic replication 62 
origins in different locations. A) Normal replichore arrangement in E. coli. The origin, oriC, and the dif chromosome 63 
dimer resolution site are indicated. ter sites are shown by triangles and identified by their corresponding letter 64 
(“A” indicates the terA site). The numbers represent the minutes of the standard genetic map (0–100 min). Green 65 
arrows represent location and direction of transcription of the 7 rrn operons A–E, G and H. The location marked 66 
GRP indicates a tight cluster of genes coding for ribosomal proteins, all of which are transcribed co-directionally 67 
to replication coming from oriC. B) Integration site of a 5 kb oriC fragment termed oriY into malT upstream of the 68 
rrnD operon. C) Integration sites of 5 kb oriC fragments into pheA upstream of the rrnG operon, termed oriX (this 69 
study), and near the lacZYA operon, termed oriZ [18,19]. 70 

In a recent study Wang and colleagues reported the integration of a 5 kb oriC fragment 71 

called oriZ near the lac operon at 7.4 min into the E. coli chromosome, half way into the right-72 

hand replichore (Figure 1C) [19]. oriC+ oriZ+ cells grew with doubling times similar to wild 73 

type cells and cell biological observations confirmed that both origins fire simultaneously 74 

[19]. The authors also observed that in ΔoriC oriZ+ cells, in which the chromosome is 75 

replicated exclusively from the ectopic origin, the doubling time is only marginally longer 76 

than in wild type cells [19], much in contrast to the studies in B. subtilis [13,14]. When we re-77 

generated the relevant strains to study their replication dynamics, we found that the doubling 78 

time of ΔoriC oriZ+ cells was increased from 20 to over 40 min, demonstrating that cells 79 

seriously struggle to grow. The replication profiles of these strains revealed two major 80 
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obstacles to replication. Firstly, the ectopic oriZ disrupts the normal replichore arrangement, 81 

with the clockwise replication fork reaching the termination area much quicker than the 82 

counter clockwise fork coming from oriC. Consequently, the vast majority of forks are 83 

blocked by the replication fork trap. Secondly, replication initiated at oriZ and traversing the 84 

chromosome opposite to normal is also significantly inhibited by the highly transcribed rrn 85 

operons rrnH and rrnCABE, all of which are transcribed co-directionally with replication 86 

coming from oriC [18], in line with the results in B. subtilis [13,14]. Our data show that the 87 

slow growth of ΔoriC oriZ+ cells can be partially suppressed by a) inactivation of the 88 

replication fork trap by deletion of tus and b) an rpoB*35 point mutation, which reduces the 89 

stability of RNA polymerase-DNA complexes, thereby alleviating conflicts between 90 

replication and transcription [18]. However, when we investigated why the original ΔoriC 91 

oriZ+ construct by Wang and colleagues [19] was growing so quickly, we found a different 92 

suppressor mutation altogether: the strain carried a gross chromosomal rearrangement that 93 

inverted almost the entire portion of the chromosome that would otherwise have been 94 

replicated in the wrong orientation from oriZ, including the rrnCABE operon cluster, thereby 95 

re-aligning replication and transcription [18].  96 

This study describes attempts to integrate ectopic replication origins at two defined 97 

locations into the opposite, left-hand replichore. In contrast to rrn operons CABE and H in 98 

the right-hand replichore, the left-hand replichore only contains rrn operons D and G, as well 99 

as a cluster of genes encoding for ribosomal proteins (Figure 1). We therefore hypothesised 100 

that integration of an ectopic origin into the left-hand replichore might be less problematic. 101 

However, the results presented suggest the opposite. Integration of an active 5 kb origin 102 

fragment termed oriY upstream of rrnD was not possible. Given that no rrn operons would 103 

be encountered head-on by replication starting from this location, the inability to integrate a 104 

functional origin in this location suggests that multiple factors must contribute towards 105 

origin activity. Integration of a functional 5 kb origin fragment termed oriX just upstream of 106 

rrnG into the left-hand replichore was successful, but ΔoriC oriX+ cells grew even more 107 

slowly than ΔoriC oriZ+ cells and rapidly accumulated suppressor mutations, some of which 108 

are characterised. Finally, we report the successful construction of oriC+ oriX+ oriZ+ cells. In 109 

this triple origin background all origins are active in principle, but both ectopic origins show 110 

a reduced activity relative to oriC. Our results re-iterate that both the termination area and 111 

head-on replication-transcription encounters act as severe obstacles for chromosomal 112 

replication if the replichore arrangement is asymmetric. But our inability to integrate a 113 

functional oriY, the slow growth of ΔoriC oriX+ cells and the preference for oriC in triple 114 

origin cells strongly support the idea that a number of different factors influences origin 115 

activity and successful genome duplication in the presence of additional ectopic replication 116 

initiation sites.  117 
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MATERIAL & METHODS 118 

Bacterial strains and general methods  119 

For Escherichia coli K12 strains see Table 1. Strains were constructed via P1vir transductions 120 

[20] or by single-step gene disruptions [21].  121 

Table 1: Escherichia coli K-12 strains 122 

Strain number Relevant Genotypea Source 

General P1 donors 

WX297 AB1157 oriZ-<kan> [19] 

RRL190 AB1157 <kan>-ypet-dnaN [19] 

RUC1593 DY330 pheA::oriX-cat This study 

MG1655 derivatives 

MG1655 F– rph-1 [22] 

AS1062 <kan>-ypet-dnaN MG1655 × P1.RRL190 to Kmr 

JD1181 ΔlacIZYA pheA::oriX-cat TB28 × P1.RUC1593 to Cmr 

JD1187 ΔlacIZYA pheA::oriX-cat ΔoriC::kan JD1181 × P1.RCe576 to Kmr 

JD1190 rpoB*35 ΔlacIZYA pheA::oriX-cat N5925 × P1.RUC1593 to Cmr 

JD1197 rpoB*35 ΔlacIZYA pheA::oriX-cat ΔoriC::kan JD1190 × P1.RCe576 to Kmr 

JD1203 ΔlacIZYA pheA::oriX-cat tus1::dhfr JD1181 × P1.N6798 to Tmr 

JD1205 rpoB*35 ΔlacIZYA pheA::oriX-cat tus1::dhfr JD1190 × P1.N6798 to Tmr 

JD1208 ΔlacIZYA pheA::oriX-cat tus1::dhfr ΔoriC::kan JD1203 × P1.RCe576 to Kmr 

JD1209 rpoB*35 ΔlacIZYA pheA::oriX-cat tus1::dhfr 
ΔoriC::kan 

JD1205 × P1.RCe576 to Kmr 

JD1332 ΔlacIZYA pheA::oriX-cat oriZ-<kan> JD1181 × P1.WX297 to Kmr 

JD1333 ΔlacIZYA pheA::oriX-cat oriZ-<kan> JD1181 × P1.WX297 to Kmr 

JD1336 ΔlacIZYA oriZ-<kan> TB28 × P1.WX297 to Kmr 

JD1339 ΔlacIZYA oriZ-<> JD1336 × pCP20 to Kms Aps 

JD1341 ΔlacIZYA oriZ-<> pheA::oriX-cat JD1339 × P1.RUC1593 to Cmr 

JD1343 ΔlacIZYA oriZ-<> pheA::oriX-cat ΔoriC::kan JD1341 × P1.RCe576 to Kmr 

JJ1359 ΔlacIZYA dam1::kan ΔrecG::apra tus1::dhfr [23] 

N4560 ΔrecG265::cat [24] 

N5925 rpoB*35 ΔlacIZYA [25] 

N6798 ΔrecG265::cat tus1::dhfr N4560 × P1.JJ1359 to Tmr 

RCe504 oriZ-<cat> [18] 

RCe576 rpoB*35 oriZ-cat-frt tus1::dhfr ΔoriC::kanb [18] 

RCe749 oriZ-<cat> <kan>-ypet-dnaN RCe504 × P1.AS1062 to Kmr 

RCe751 ΔlacIZYA pheA::oriX-cat <kan>-ypet-dnaN JD1181 × P1.AS1062 to Kmr 

RCe753 ΔlacIZYA oriZ-<> pheA::oriX-cat <kan>-ypet-
dnaN 

JD1341 × P1.AS1062 to Kmr 

TB28 ΔlacIZYA [26] 
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a – Only the relevant additional genotype of the derivatives is shown. The abbreviations kan, cat and dhfr refer to 123 

insertions conferring resistance to kanamycin (Kmr), chloramphenicol (Cmr) and trimethoprim (Tmr), respectively. frt 124 

stands for the 34 bp recognition site of the FLP/frt site-directed recombination system. 125 

b – ΔoriC refers to a replacement of the entire origin region (754 bp) including DnaA boxes and 13mers as well as the 126 

entire mioC gene by a kanamycin resistance cassette [23]. 127 

Growth media  128 

Luria broth (LB) and agar was modified from Luria and Burrous [27] as follows: 1% tryptone 129 

(Bacto™, BD Biosciences), 0.5% yeast extract (Bacto™, BD Biosciences) and 0.05% NaCl 130 

(Sigma Aldrich). The pH was adjusted to 7.4. M9 minimal medium (Bacto™, BD Biosciences) 131 

contained 15 g/L KH2PO4, 64 g/L Na2HPO4, 2.5 g/l NaCl and 5.0 g/L NH4Cl. Before use, 132 

MgSO4, CaCl2 and glucose were added from sterile-filtered stock solutions to final 133 

concentrations of 2 mM, 0.1 mM and 0.2%, respectively, according to the manufacturer’s 134 

recommendation. Doubling times of MG1655 in our growth media were 19.3 ± 1.7 min in LB 135 

and 68.8 ± 6.2 min in M9 glucose.  136 

Marker frequency analysis by deep sequencing  137 

Marker frequency analysis by deep sequencing was performed as described before [18]. See 138 

the Supplementary Methods section for a detailed description. All relevant raw sequencing 139 

data can be accessed at the European Nucleotide Archive 140 

(http://www.ebi.ac.uk/ena/data/view/PRJEB9476) 141 

LOESS regression 142 

A LOESS regression allows for a simplified visualisation of complex data sets. For a LOESS 143 

regression relatively simple models are fitted to defined small subsets of data points in order 144 

to develop a function describing the deterministic part of the variation in the data. Weighted 145 

least squares are used to fit a low-degree polynomial to a specified percentage of data points. 146 

Data points are weighted by a smooth decreasing function of their distance to the smoothed 147 

point, giving more weight to points closer to the point whose response is being estimated, 148 

while less weight is given to points further away. We used a second order polynomial for local 149 

fit, tricube as weight function and set a fraction of data used for smoothing to 10%, which 150 

corresponds to a smoothing window around 460 kbp [28]. To account for circularity of the 151 

chromosome, periodic boundary conditions were used. 152 

Growth curves 153 

Samples from cultures of a strain grown over night in LB broth were diluted 100-fold in fresh 154 

broth and incubated with vigorous aeration at 37°C until A600 reached 0.48. The only 155 

exception were ΔoriC oriX+ backgrounds, for which growth was initiated from a single colony 156 

from a streak plate to avoid suppressors formed in the overnight culture outgrowing the slow 157 

growing ΔoriC oriX+ cells. Upon reaching an A600 of 0.48 the culture was diluted 100-fold in 158 

pre-warmed fresh broth and grown under identical conditions. Samples were taken every 30 159 
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min, diluted to 10–7 in M9 minimal medium without added glucose and 10 µl aliquots of each 160 

dilution dropped onto LB agar plates. For each dilution series 2 sets of drops were spotted. 161 

Colonies were counted after incubation for 18–24 h at 37°C. Mean colony numbers from both 162 

spots were calculated and a growth curve plotted. A suitable period where growth was 163 

exponential was selected (usually between 60 and 180 min following dilution into fresh LB). 164 

For calculation of the doubling time the LINEST function in MS Excel was used to determine 165 

linear regression parameters for data points which were calculated from averages per time 166 

point of between three and eight independent experiments. The doubling times of strains 167 

shown in tables 2 and 3 were carried out in sets. Thus, relevant controls, such as MG1655, 168 

oriC+ oriZ+ and oriC+ oriX+, were always measured in parallel to the strains of interest, 169 

explaining the slight variations of the doubling times of these strains in the respective tables. 170 

Doing so allowed us to largely avoid the comparison of doubling times generated under 171 

potentially slightly varying conditions.  172 

Mathematical modelling 173 

See Supplementary Methods for a detailed description of the mathematical modelling. 174 

RESULTS 175 

Ectopic replication origins in the left-hand replichore 176 

Previously we investigated replication parameters in strains in which a 5 kb oriC fragment 177 

called oriZ was integrated about 1 Mbp away from the native oriC in the right-hand replichore 178 

[18,19]. Here we attempted to integrate another copy of the 5 kb oriC fragment in two 179 

separate locations into the left-hand replichore. Our previous study had identified rrn 180 

operons C, A, B, E and H as major obstacles to the progression of replication forks coming 181 

from the ectopic origin [18]. We speculated that the opposite replichore might pose less 182 

problems, as only 2, rather than 5, rrn operons are present (Figure 1). We attempted to 183 

integrate one 5 kb oriC fragment called oriY into the malT gene at 76.5 min, which is 184 

upstream of rrnD. The location allows forks coming from oriY to progress without any rrn 185 

operons in their way (Figure 1B). A second construct termed oriX was integrated into pheA 186 

at 59 min, an integration location that is roughly equivalent to the oriZ location in terms of 187 

replichore length (Figure 1C). The pheA gene is just upstream of rrnG. Thus, only rrn operon 188 

D and a cluster of genes coding for ribosomal proteins will be encountered in a direction 189 

opposite to normal in ΔoriC oriX+ cells (Figure 1).  190 

Both chromosomal integrations resulted in colonies with the correct antibiotic 191 

resistance. However, deletion of oriC was only possible in oriC+ oriX+ cells; we failed to 192 

generate a ΔoriC oriY+ construct. PCR verification of two of the oriY constructs demonstrated 193 

one partial truncation and one complete loss of the oriC core elements (Figure 2), explaining 194 

the lack of functionality. A repeat of the chromosomal integration directly into MG1655 again 195 

did not result in constructs with a functional oriY. We do not currently know what is causing 196 
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the inability to integrate oriY into the chromosome, given oriX, which was amplified from 197 

the same template, could be integrated without difficulty.  198 

 199 

Figure 2. PCR confirmation of oriX and oriY integration cassettes into the chromosome. A) Schematic 200 
representation of the integration region following successful integration of oriX into pheA or oriY into malT, 201 
respectively. Primers are identified according to their position with letters, numbers or roman numerals. Primer 202 
binding sites are indicated. The orange bars below the oriY scheme indicate the likely regions where truncation 203 
has taken place, taking into consideration the overall length of the integrated region as well as the presence and 204 
absence of defined primer binding sites as shown in B). The dashed lines represent the approximate sizes of 205 
truncations. B) Agarose gel electrophoresis of PCRs with primers highlighted in A) on templates in which either 206 
oriX or oriY is integrated into the chromosome. Sizes of relevant marker fragments (2-log kb ladder, NEB) are 207 
indicated. The primer combinations used for the individual PCRs are given directly above the relevant lane 208 
(primers A and I shown in A) are given as A-I). An inverted gel image is shown for clarity. 209 

oriX is active in double-origin cells  210 

Marker frequency analysis (MFA) was used to investigate the replication profile of oriC+ 211 

oriX+ cells (Figure 3A). Given that all replication profiles of our previous oriZ study were 212 

generated from cultures grown in LB broth [18], all samples were grown under similar 213 

conditions to enable a direct comparison. The replication profile of oriC+ oriX+ cells showed 214 

similar features to the previously obtained oriC+ oriZ+ profile (Figures 3A). The MFA 215 

confirmed that oriX was active (Figure 3A ii).  216 
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 217 

Figure 3. Replication dynamics in E. coli cells with one and two replication origins. A) Marker frequency analysis of 218 
E. coli oriC+, oriC+ oriX+ and oriC+ oriZ+ cells and impact of ∆tus and an rpo* point mutation on these cells. The 219 
number of reads (normalised against reads for a stationary phase wild type control) is plotted against the 220 
chromosomal location. A schematic representation of the E. coli chromosome showing positions of oriC and oriX 221 
(green line) and ter sites (above) as well as dif and rrn operons A–E, G and H (below) is shown above the plotted 222 
data. The strains used were MG1655 (oriC+), RCe504 (oriC+ oriZ+), JD1181 (oriC+ oriX+), JD1203 (oriC+ oriX+ ∆tus), 223 
JD1190 (oriC+ oriX+ rpo*) and JD1205 (oriC+ oriX+ ∆tus rpo*). B) Visualisation of replisomes (Ypet-DnaN) in wild type, 224 
oriC+ oriX+ and oriC+ oriZ+ cells. Cells were grown in M9 minimal salts medium with 0.2% glucose and transferred 225 
onto a thin agarose pad of the same medium on a microscopy slide (see Material & Methods). Slides were 226 
transferred into a chamber heated to 37°C and fluorescent foci in single cells tracked over time. The strains used 227 
were AS1062 (ypet-dnaN), RCe749 (oriC+ oriZ+ ypet-dnaN) and RCe751 (oriC+ oriX+ ypet-dnaN). 228 
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There appears to be a minor difference in peak height between oriC and oriX. Our subsequent 229 

analysis has shown that this is caused by the column purification procedure to extract 230 

genomic DNA for Deep Sequencing. Insufficient proteolytic digest causes DNA fragments to 231 

be lost in areas where protein-DNA complexes are particularly tight or frequent, such as rrn 232 

operons or ter/Tus complexes, as proteins still bound to DNA fragments are eluted from the 233 

DNA-binding column (see Supplementary Methods and Suppl. Figure 1). For oriX it is the 234 

proximity of rrnG that causes a mild under-representation of the region, which results in a 235 

reduced peak height. After identifying this issue, re-sequencing of an oriC+ oriX+ construct 236 

following phenol-chloroform extraction of genomic DNA demonstrated that both oriC and 237 

oriX are active at similar frequencies (Suppl. Figure 2).  238 

To confirm that both origins are simultaneously active, a strain was used in which the 239 

bright YFP derivative YPet was fused to the N-Terminus of the β-sliding clamp, encoded by 240 

the dnaN gene, as reported [19]. To avoid the complexity of overlapping rounds of DNA 241 

replication, cells were grown in M9 minimal medium with 0.2% glucose (called M9 hereafter; 242 

see Material & Methods). Time-lapse microscopy of otherwise wild type cells shows that 243 

under these conditions replisomes are disassembled upon completion of synthesis before 244 

replication is initiated at the segregated copies of oriC (Figure 3B). Time-lapse analysis of 245 

both oriC+ oriZ+ and oriC+ oriX+ cells showed that both origins are active, as shown before 246 

for oriC+ oriZ+ cells [19], ruling out that either oriX/oriZ or oriC fire independently but with 247 

similar frequencies.  248 

Termination and replication-transcription conflicts in double-origin cells 249 

Replication initiated at oriX and proceeding counter clockwise will reach the termination 250 

area much earlier than forks coming from oriC and consequently forks will be blocked at the 251 

terA/Tus complex, the first ter/Tus complex encountered in blocking orientation, which 252 

results in the clearly visible step of the replication profile at terA (Figure 3A ii). A similar step 253 

is observed in oriC+ oriZ+ cells at terC/B (Figure 3A iii) [18]. Deletion of tus in oriC+ oriX+ 254 

cells enabled replication forks to proceed into the opposite replichore, resulting in a 255 

symmetrical replication profile (Figure 3A iv). The arithmetic mid-point between oriC and 256 

oriX is at position 1.010 Mbp, close to the measured low point of the LOESS regression at 257 

0.991 Mbp (Suppl. Table 1). Thus, even if leaving the termination area in a direction opposite 258 

to normal, forks appear to proceed with similar speed. In line with this, the introduction of 259 

an rpo* point mutation which decreases the stability of transcribing RNAP complexes [29], 260 

did not significantly change the location of the low point of the replication profile (Figure 3A 261 

v), suggesting that problems associated with replication-transcription encounters must be 262 

similar for both replication machineries.  263 

Doubling times of all oriC+ oriX+ constructs followed trends that were similar to our 264 

previous observations in oriC+ oriZ+ cells (Table 2 and Figure 4). Introduction of oriX mildly 265 

slowed the doubling time, indicating that integration of a second replication origin interferes 266 
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in some way with the fast growth observed in wild type cells. An rpo* point mutation was 267 

shown before to slow growth [18] and consequently a slower doubling time is seen in oriC+ 268 

oriX+ rpo* cells (Table 2 and Figure 4). A tus deletion had little effect, but a combination of 269 

Δtus and rpo* resulted in the slowest doubling time (Table 2 and Figure 4).  270 

 271 

Figure 4. Comparison of doubling times of oriZ+ constructs, as reported in [18], and oriX+ constructs (this study). 272 
The presence or absence of oriC is highlighted above each group of strains. The ectopic origin and all other 273 
genotype details are identified for each strain individually. The two ΔoriC oriX+ constructs identified by a lighter 274 
colour contained large chromosomal inversions (see main text for details). All doubling times were determined 275 
by measuring viable titres of cultures grown in LB broth (see Material and Methods for details). 276 

Table 2: Doubling times of E. coli strains with an ectopic replication origin in the 277 

left replichore 278 

Strain background doubling time [min] SD r² Doubling time  
oriZ constructsa 

MG1655 19.3 ± 1.7 0.983 19.9 

oriC+ oriX+ 22.3 ± 1.2 0.981 20.6 

ΔoriC oriX+ 48.1 ± 5.6 0.969 39.8 

oriC+ oriX+ Δtus 23.1 ± o.7 0.985 21.5 

oriC+ oriX+ rpoB*35 24.7 ± 1.5 0.986 23.1 

oriC+ oriX+ Δtus rpoB*35 29.3 ± 1.9 0.993 24.5 

ΔoriC oriX+ Δtus 53.2 ± 9.1 0.977 29.2 

ΔoriC oriX+ rpoB*35 37.5 ± 8.4 0.980 32.0 

ΔoriC oriX+ Δtus rpoB*35 44.8 ± 9.2 0.99 29.8 

a – doubling times as reported in [18]. 279 

Deletion of oriC in double-origin mutants triggers chromosomal rearrangements 280 

In ΔoriC oriX+ cells only rrnD is replicated in an orientation opposite to normal, together 281 

with a cluster of ~30 genes encoding for ribosomal proteins. However, ΔoriC oriX+ cells had 282 

a growth rate even slower than that of ΔoriC oriZ+ cells (Table 2 and Figure 4) [18] and 283 
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rapidly accumulated fast growing suppressor mutations (Figure 5A). Given our experience of 284 

suppressor accumulation in ΔoriC oriZ+ cells we were vigilant for spontaneous suppressor 285 

mutations arising whilst generating ΔoriC oriX+ constructs. Nevertheless, our ΔoriC oriX+ 286 

construct contained a gross chromosomal rearrangement (GCR), inverting an ~820 kb 287 

fragment of the chromosome that spans from IS5 at 575 kb to IS5 at 1394 kb (Figure 5B i & 288 

ia; Suppl. Figure 3 for PCR verification of the inversion). This inversion spans all restrictive 289 

ter sites (terA, D, E, H and I) and flips them into permissive orientation, thereby allowing 290 

forks to leave the termination area. While the previously reported inversion that re-aligned 291 

replication and transcription in ΔoriC oriZ+ cells acted as a very efficient suppressor of the 292 

slow growth phenotype [18], the ΔoriC oriX+ construct containing the inverted ter sites 293 

(ΔoriC oriXinv)  grew slowly (Table 2 and Figure 4), suggesting that additional effects must 294 

interfere with efficient chromosome duplication. We suspect that ΔoriC oriX+ cells without 295 

the GCR have an even longer doubling time or might potentially be inviable.  296 

The doubling time of ΔoriC oriX+ Δtus cells was roughly comparable to that of our ΔoriC 297 

oriX+ construct carrying the GCR, in line with the replication fork trap not being active in 298 

both backgrounds (Table 2 and Figure 4). The doubling time of the ΔoriC oriX+ Δtus 299 

construct was markedly longer than that of the corresponding ΔoriC oriZ+ Δtus construct 300 

(Table 2 and Figure 4), and the replication profile of ΔoriC oriX+ Δtus cells (Figure 5B ii) 301 

revealed a discontinuity that indicates a duplication of a 175 kb stretch spanning the rrn 302 

operons A and B. This GCR turned out to be a spontaneous mutation in the culture grown for 303 

the preparation of genomic DNA, but not in our stock culture, as a second replication profile 304 

showed no GCR (Suppl. Figure 4). This suggests that the measured doubling time (Table 2 305 

and Figure 4) was correctly determined. 306 



13 
 

 307 

Figure 5. Growth and replication profiles of E. coli cells replicating from a single ectopic replication origin. A) Large 308 
colony variants due to accumulation of suppressor mutations in ΔoriC oriX+ cells. Shown is a streak to single 309 
colonies of an overnight culture of both constructs. While an oriC+ oriX+ strain shows largely uniform colony sizes 310 
with only some variation due to colony density, a ΔoriC oriX+ constructs shows small, medium and large colonies, 311 
as highlighted by green, blue and red arrows, respectively. The strains used were JD1181 (oriC+ oriX+) and JD1187 312 
(∆oriC oriX+). B) Replication profiles of E. coli cells with a single ectopic replication origin. Shown is the marker 313 
frequency analysis of E. coli ΔoriC oriX+, ΔoriC oriX+ ∆tus, ΔoriC oriX+ rpo* and ΔoriC oriX+ ∆tus rpo* cells. The 314 
number of reads (normalised against reads for a stationary phase wild type control) is plotted against the 315 
chromosomal location. A schematic representation of the E. coli chromosome showing positions of oriC and oriZ 316 
(green line) and ter sites (above) as well as dif and rrn operons A–E, G and H (below) is shown above the plotted 317 
data. Clear discontinuities of the profiles can be seen in panels i, ii and iv. For panels i and iv these are due to large 318 
inversions, as highlighted by the continuous replication profile that results if the area highlighted in red in the 319 
schematic representation of the chromosome is inverted. The strains used were JD1187 (ΔoriC oriX+), JD1208 320 
(ΔoriC oriX+ ∆tus), JD1197 (ΔoriC oriX+ rpo*) and JD1209 (ΔoriC oriX+ ∆tus rpo*). 321 
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To determine the impact of replication-transcription conflicts that occur when part of the 322 

chromosome is replicated in an orientation opposite to normal a ΔoriC oriX+ rpo* construct 323 

was generated. This construct indeed showed a faster doubling time (Table 2 and Figure 4), 324 

but contained yet another GCR. An 895 kb section of the chromosome spanning from IS5 at 325 

1394 kb to IS5 at 2288 kb was inverted (Figure 5B iv & iva; see Suppl. Figure 3 for PCR 326 

verification of the inversion). In this case the GCR was observed in two independent MFAs, 327 

suggesting that it has arisen during the construction process. Its presence prevents a detailed 328 

analysis. However, the doubling time of the ΔoriC oriX+ rpo* construct carrying the inversion 329 

is faster than those of ΔoriC oriXinv and ΔoriC oriX+ Δtus (Table 2), suggesting that the rpo* 330 

mutation still improves growth. Indeed, introduction of an rpo* point mutation into ΔoriC 331 

oriX+ Δtus cells resulted in a decrease of the doubling time (Table 2), in line with the idea 332 

that replication-transcription conflicts contribute to the slow growth phenotype of ΔoriC 333 

oriX Δtus cells. The ΔoriC oriX+ Δtus rpo* construct is the only construct without GCRs, 334 

similar to ΔoriC oriZ+ Δtus rpo* cells in which suppressor accumulation is markedly reduced 335 

[18]. However, the growth rate of ΔoriC oriX+ Δtus rpo* cells is still substantially slower than 336 

that of the equivalent ΔoriC oriZ+ Δtus rpo* construct (Table 2 and Figure 4), further 337 

supporting the idea that a number of factors influence the doubling time in oriX+ cells.  338 

Replication initiation in cells with a triple-origin chromosome 339 

We wanted to investigate whether an E. coli chromosome with three active origins could be 340 

constructed. In oriC+ oriX+ oriZ+ cells defined areas would be replicated opposite to normal, 341 

thereby causing some difficulties, but replication should be less asymmetric than in double 342 

origin cells. Construction of an oriC+ oriX+ oriZ+ construct was easily achieved. However, the 343 

doubling time of this construct was longer than that of both wild type and double origin cells 344 

(Table 3) and the replication profile revealed a surprising skew in origin usage (Figure 6).  345 

Table 3: Doubling times of E. coli strains with two ectopic replication origins 346 

Strain background doubling time 
[min] 

SD r² 

MG1655 19.6 ± 1.o 0.999 

oriC+ oriZ+ 21.0 ± o.8 0.997 

oriC+ oriX+ 21.8 ± o.8 0.996 

oriC+ oriX+ oriZ+ 22.7 ± 2.5 0.994 

ΔoriC oriX+ oriZ+ 35.3 ± 2.6 0.990 
 347 

oriC showed the highest peak height, while the peak heights of both oriZ and oriX was 348 

reduced (Figure 6 iii). As replication profiles only give an indication of origin usage within a 349 

population of cells, time-lapse fluorescence microscopy of oriC+ oriX+ oriZ+ cells carrying 350 

YPet-DnaN was used to investigate whether there are cells in which all three origins can be 351 

active. While the signal in double origin cells produced defined foci (Figure 3B), the signal in 352 
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triple origin cells was less defined. In addition, the close proximity of multiple and less 353 

defined foci made differentiation with conventional fluorescence microscopy very difficult. 354 

Nevertheless, in some cells three separate foci were observed, suggesting that all three origins 355 

can be active at least in a fraction of cells (Figure 6B). Given the resolution limit of 356 

conventional fluorescence microscopy and the fact that the β-sliding clamp remains bound 357 

to DNA for some time after the replisome has passed [30,31], we did not attempt a detailed 358 

analysis of foci dynamics in cells, as this is unlikely to result in meaningful data. However, 359 

foci numbers in snap shots of cells in exponential phase grown in M9 minimal medium with 360 

0.2% glucose were analysed. Fluorescent DnaN foci per cell were then counted (Figure 7A). 361 

Overall only a minor increase in the number of DnaN foci per cell was observed both in oriC+ 362 

oriZ+ and oriC+ oriX+ cells, despite the fact that time-lapse analysis shows clearly that both 363 

origins are active (Figure 3B). We believe the main reason for this is the short presence of 364 

multiple replisomes. Upon initiation of replication one replisome coming from oriC will 365 

replicate a relatively short stretch of 500 kb before it is met by a replisome coming from the 366 

ectopic origin. If replication proceeds with the reported 650–1000 nt · s–1 [32], forks will fuse 367 

after 10–12 min and disassemble, leaving two forks that move in the opposite directions, the 368 

same number as in wild type cells. Thus, in asynchronously growing cultures only a small 369 

fraction of cells will show an increased number of replisomes, which, together with the 370 

limited resolution, explains the very moderate shift in foci numbers. 371 

One interesting feature of triple origin cells is the increase in cells with no foci, while both 372 

oriC+ oriX+ and oriC+ oriZ+ cells show a decrease in comparison to wild type cells. One 373 

explanation for this effect might be a limitation of initiation of DNA replication in triple origin 374 

cells. It was reported before that multiple chromosomal locations including the datA locus 375 

bind the DnaA initiator protein with high affinity [33]. Upon initiation of chromosome 376 

replication the duplication of the origin, these regions will act as a sink for DnaA, thereby 377 

reducing the concentration of free DnaA protein in the cell [34], which limits initiation of 378 

replication [35,36].  379 

Levels of DnaA are clearly high enough to allow simultaneous initiation at two 380 

independent copies of the origin (Figure 3A and B) [18,19]. However, a third copy might 381 

cause the concentration of free DnaA to drop below the threshold level for initiation for 382 

longer, thereby limiting initiation of replication and thus leading to an increased fraction of 383 

cells with 0 foci. This effect might also explain why triple origin cells grow more slowly than 384 

both double origin constructs (Table 3 and Figure 7B). To test whether this was the case, a 385 

low copy number plasmid carrying a copy of dnaA under its native promoter was introduced 386 

into these cells and the doubling times measured. An increased dnaA copy number caused 387 

only minor reductions of the doubling time of double origin cells, but triple origin cells show 388 

a marked reduction, in line with the idea that the concentration of free DnaA becomes 389 

limiting (Figure 7B and Suppl. Table 2). 390 
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 391 

Figure 6. Replication dynamics in E. coli cells with one and two ectopic replication origins. A) Marker frequency 392 
analysis in E. coli oriC+ oriZ+, oriC+ oriX+ and oriC+ oriX+ oriZ+ cells. The number of reads (normalised against reads 393 
for a stationary phase wild type control) is plotted against the chromosomal location. A schematic representation 394 
of the E. coli chromosome showing positions of oriC, oriX and oriZ (green lines) and ter sites ( all above) as well as 395 
dif and rrn operons A–E, G and H (all below) is shown above the plotted data. The strains used were JD1181 (oriC+ 396 
oriX+), RCe504 (oriC+ oriZ+) and JD1333 (oriC+ oriX+ oriZ+). B) Visualisation of replisomes (Ypet-DnaN) in wild type 397 
and oriC+ oriX+ oriZ+ triple origin cells. Cells were grown in M9 minimal salts medium with 0.2% glucose and 398 
transferred onto a thin agarose pad of the same medium on a microscopy slide (see Material & Methods). Slides 399 
were transferred into a chamber heated to 37°C and fluorescent foci in single cells tracked over time. The strains 400 
used were AS1062 (ypet-dnaN) and RCe753 (oriC+ oriX+ oriZ+ ypet-dnaN). 401 



17 
 

 402 

Figure 7. Replisome numbers and doubling times of cells with one and two ectopic replication origins. A) 403 
Replisome numbers (YPet-DnaN) in wild type, oriC+ oriX+, oriC+ oriZ+ and oriC+ oriX+ oriZ+ cells. A minimum of 300 404 
cells from at least 3 independent experiments were analysed per strain. Shown are the average focus counts per 405 
strain and focus class. The strains used were AS1062 (ypet-dnaN), RCe749 (oriC+ oriZ+ ypet-dnaN), RCe751 (oriC+ 406 
oriX+ ypet-dnaN) and RCe753 (oriC+ oriX+ oriZ+ ypet-dnaN). B) Doubling times of E. coli cells with one or two ectopic 407 
replication origins in the presence and absence of an additional copy of the dnaA gene expressed from a low copy 408 
number plasmid from its native promoter. All doubling times were determined by measuring viable titres of 409 
cultures grown in LB broth (see Material and Methods for details). Changes in doubling times relative to wild type 410 
cells are shown due to the fact that the presence of ampicillin necessary for plasmid selection causes a mild 411 
change in doubling times (see Suppl. Table 2). The strains used were MG1655, RCe504 (oriC+ oriZ+), JD1181 (oriC+ 412 
oriX+) and JD1333 (oriC+ oriX+ oriZ+) in the presence or absence of plasmid pAU101 (see Supplementary Methods), 413 
as indicated. 414 

Finally we wanted to investigate growth of a ΔoriC oriX+ oriZ+ construct. A ΔoriC oriX+ 415 

oriZ+ construct has a symmetrical replichore arrangement, but forks coming both from oriX 416 

and oriZ will still replicate ¼ of the chromosome in an orientation opposite to normal, which 417 

would be expected to impose problems. In line with this assumption the deletion of oriC 418 

increased the doubling time to 35.3 min (Table 3). However, the doubling time of ΔoriC oriX+ 419 

oriZ+ cells is still significantly quicker than that of ΔoriC oriX+ cells, suggesting that the 420 

presence of oriZ alleviates some of the problems that occur in ΔoriC oriX+ cells. 421 

DISCUSSION 422 

Previously we investigated replication dynamics in cells in which an ectopic origin termed 423 

oriZ was integrated in the right-hand replichore [18,19]. In this study we attempted to 424 

integrate ectopic replication origins at different locations in the left-hand replichore. We 425 

hypothesised that replication-transcription conflicts should be less severe, as the left-hand 426 

replichore contains less highly transcribed rrn operons (Figure 1). We were surprised to find 427 

that the attempted integration of oriY at 3.55 Mbp into the chromosome, a position where no 428 

highly-transcribed rrn operons are encountered head-on, only resulted in constructs in 429 
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which the oriC core sequences were truncated (Figure 2), despite the use of PCR products 430 

with the correct length. The truncations differed in all constructs analysed, suggesting that 431 

they are spontaneous mutations. If so this indicates strongly that integration of an active 432 

origin in this precise location is toxic, while the general integration of sequences such as the 433 

antibiotic resistance marker is not. This result rules out that inactivation of malT itself is 434 

harmful to cells for some reason or that the integration of this fragment somehow activates a 435 

cryptic gene that might be toxic for cells. Indeed, it was reported before that integration of an 436 

ectopic replication origin resulted in silencing of the native oriC [17], supporting the idea that 437 

the activity of two origins in close proximity might cause problems for cells.  438 

In contrast, integration of oriX into pheA was unproblematic and replication profiles as 439 

well as fluorescence microscopy analysis confirmed that in oriC+ oriX+ cells both origins are 440 

active and fire with similar frequencies (Figure 3; Suppl. Figure 2), as observed for oriC+ 441 

oriZ+ cells [18,19] (Figure 3).  442 

Termination and replication-transcription conflicts in double-origin strains 443 

The features of the replication profile of oriC+ oriX+ cells were similar to the replication 444 

profiles of oriC+ oriZ+ cells [8,18]. The innermost ter sites terA and terD stop synthesis 445 

coming from oriX efficiently, causing a marked asymmetry in the termination area (Figure 446 

3). The impact of ter/Tus complexes is highlighted in particular by the ~800 kb inversion 447 

found when we attempted to generate a ΔoriC oriX+ construct. This inversion flipped all ter 448 

sites of the left-hand replichore into the permissive orientation for replication coming from 449 

oriX, thereby effectively inactivating the replication fork trap in this replichore (Figure 5). 450 

Thus, the situation in ΔoriC oriX+inv cells should be similar to the situation in ΔoriC oriX+ 451 

Δtus cells, and indeed, ΔoriC oriX+inv and ΔoriC oriX+ Δtus cells had similar doubling times 452 

(Table 2 and Figure 4). Since no “clean” ΔoriC oriX+ construct was generated, we currently 453 

do not know whether the inactivation of tus acts as a suppressor of the slow growth phenotype 454 

of ΔoriC oriX+ cells. However, it is likely that the doubling time of ΔoriC oriX+ cells is even 455 

longer. In this case both the deletion of tus and the inversion of all blocking ter sites act 456 

indeed as a suppressor mutation of the slow growth phenotype of ΔoriC oriX+ cells, as 457 

observed in ΔoriC oriZ+ cells (Table 2 and Figure 4) [18].  458 

Our results show that the growth rate of ΔoriC oriX+ Δtus cells is considerably slower 459 

than the equivalent ΔoriC oriZ+ Δtus construct (Table 2 and Figure 4), suggesting that 460 

replication in ΔoriC oriX+ Δtus cells has to deal with other serious problems that do not apply 461 

in the same way to ΔoriC oriZ+ Δtus cells. One contributing factor might be head-on 462 

replication-transcription encounters, and the doubling time of ΔoriC oriX+ Δtus rpo* cells is 463 

indeed reduced in comparison to ΔoriC oriX+ Δtus cells (Table 2 and Figure 4). Given that 464 

an rpo* point mutation itself slows the doubling time of wild type cells [18], the real effect is 465 

likely to be even stronger than the difference immediately obvious from the direct 466 

comparison of ΔoriC oriX+ Δtus cells with and without rpo*. However, the fact that the 467 
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doubling time of ΔoriC oriX+ Δtus rpo* cells is significantly longer than that of ΔoriC oriZ+ 468 

Δtus rpo* cells (Table 2 and Figure 4) further supports the idea that additional factors must 469 

interfere with successful and efficient chromosome duplication in ΔoriC oriX+ cells.  470 

Large chromosomal rearrangements in double-origin cells 471 

A clue as to which additional factors might interfere with DNA replication in ΔoriC oriX+ 472 

cells might come from a spontaneous rearrangement observed in one of our ΔoriC oriX+ Δtus 473 

cultures, duplicating the chromosomal stretch containing rrn operons A and B (Figure 5B ii). 474 

The location of important genetic elements relative to the origins and the resulting gene 475 

dosage effect was described before [37]. The rrn operons CABE and D are all located in close 476 

proximity to the replication origin, ensuring an increased copy number in fast growing cells 477 

(Figure 3A) [37]. In contrast, shifting the origin from its original to the oriX location results 478 

in a much reduced copy number especially of the rrn operons CABE and H (Figure 5B i). This 479 

effect is specific to oriX due to its distance to all rrn operons with the exception of rrnG. The 480 

location of oriZ is in close proximity to rrn operons H and the rrnCABE cluster (Figure 1), 481 

providing a potential explanation why ΔoriC oriZ+ cells struggle less. In addition, the 482 

inversion found in ΔoriC oriZ+ cells not only re-aligns replication and transcription, but also 483 

brings the rrnCABE cluster in close proximity of oriZ [18], explaining perhaps why this 484 

particular inversion is such an efficient suppressor of the slow growth phenotype despite a 485 

persisting replication asymmetry. It is tempting to speculate that ΔoriC oriZ+ Δtus cells 486 

containing the duplication of rrnA and rrnB will be able to grow faster. However, as this 487 

duplication was spontaneously acquired in a culture for genomic DNA extraction and only 488 

revealed after sequencing, it was not possible to measure whether it conferred a growth 489 

advantage. Indeed, other effects might contribute. It was shown before that deletion of rrn 490 

operons affects growth rate of cells only moderately [38,39]. However, in a recent study a 491 

duplication of a similar location was observed as a suppressor of the severe growth defect of 492 

cells lacking the DnaA regulatory inactivator Hda [40]. The suppression of the slow growth 493 

phenotype of Δhda cells was found to be the increased gene dosage for DNA polymerase I 494 

[40]. This or other similar effects might be important contributors in oriX cells. 495 

The large number of GCRs observed as part of our studies fits well with previous reports 496 

of a surprising number of rearrangements in a limited set of E. coli samples, including a 497 

duplication of the rrn operons A, B and E [41], highlighting a surprising degree of plasticity 498 

of the E. coli chromosome. Rearrangements and especially duplications are among the most 499 

frequent mutational events [41,42]. But unless they confer an immediate advantage they will 500 

be rapidly lost because of a fitness cost [41]. Given the slow growth of ΔoriC oriZ+ cells and 501 

the robust suppression by the inversion, the isolation of the GCR observed is not much of a 502 

surprise, as it will out-grow the original construct very rapidly. We assume that a similar 503 

argument can be made for the GCR observed in our ΔoriC oriX+ construct (Figure 5). Perhaps 504 

the biggest surprise is the inversion observed in ΔoriC oriX+ rpo* cells. An 895 kb section of 505 
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the chromosome spanning from IS5 at 1394 kb to IS5 at 2288 kb was inverted (Figure 5B iv 506 

& iv a; see Suppl. Figure 3 for PCR verification of the inversion). This inversion not only 507 

brings the ter sites C and B in close proximity of oriX, but also switches them to the restrictive 508 

orientation, forcing the replication fork coming from oriX travelling in the normal 509 

orientation to stop after 650 kb. The remaining 4000 kb of the chromosome have to be 510 

replicated by the clockwise replication fork. If this inversion acts as a suppressor mutation 511 

then it must alleviate a yet unidentified replication stress, but the replication profile gives 512 

little clue as to what this stress might be. However, the doubling time of the ΔoriC oriX+ rpo* 513 

construct carrying the inversion is quicker than the doubling time of ΔoriC oriXinv and ΔoriC 514 

oriX tus (Table 2), suggesting that the rpo* mutation does indeed improve growth despite 515 

the effect of the highly asymmetric replichore arrangement. 516 

 It is noteworthy that two of the inversions found in this study have specifically arisen at 517 

IS5 elements, which provide large stretches (~1.2 kb) of homology. These IS elements allow 518 

for relatively frequent large chromosomal rearrangements to occur that clearly can efficiently 519 

alleviate problems to replication and other cellular processes. Indeed, it was shown that the 520 

systematic deletion of all IS elements caused a robust genetic stabilisation, with a 75% 521 

decrease of the mutation rate determined in this particular study [43], demonstrating their 522 

contribution towards the observed plasticity of the genome.  523 

Replication in cells with three functional replication origins 524 

The replication profiles of our triple origin construct provides further evidence of how finely 525 

balanced the replication parameters of the E. coli chromosome are. While our fluorescence 526 

microscopy studies show that all three origins can be active in some of the cells (Figure 6B), 527 

the replication profile revealed that the peak height of both ectopic origins was significantly 528 

reduced (Figure 6). This suggests that all three origins being simultaneously active is 529 

probably a rare event. It is likely that in a fraction of cells only two of the three origins might 530 

be active, one of which almost always is the native oriC. In oriC+ oriZ+ and oriC+ oriX+ cells 531 

both the ectopic and the native origin fire with similar frequency (Figure 3) [18,19], 532 

suggesting that both are equivalent. Apparently this changes in a triple origin background, 533 

even though the reason for this effect is not known. The reduction of the doubling time of 534 

triple origin cells in which an additional copy of dnaA is introduced via a low copy number 535 

plasmid (Figure 7B) suggests that three copies of the origin per cell generate an environment 536 

where, at least in some cells, the threshold level of DnaA necessary for efficient origin 537 

initiation is not reached for some time. This causes a delay of initiation of all origins in a 538 

fraction of cells, which explains the increased level of cells in which no replisomes are 539 

observed (Figure 7A). Thus, our data are in line with the idea that a delay of origin firing 540 

contributes to the slow doubling time of triple origin cells.  541 

Nevertheless, if all origins were equivalent there should be an equal reduction of peak 542 

heights of all three origins, which was not observed. The oriC peak is significantly higher, 543 



21 
 

demonstrating that the oriC sequence in its native location has the highest capacity for being 544 

active. Indeed, in bacteria chromosomes with a single origin are the norm [3], despite the 545 

fact that the resulting long replichores require replication machineries with very high speed 546 

and accuracy in comparison to DNA synthesis in eukaryotic cells. It was suggested that the 547 

genes flanking the origin sequence might influence origin activity [44], explaining why cells 548 

carrying a 5 kb oriC region stretch as developed in the Sherratt lab [19] is active, whereas 549 

smaller fragments are not [44]. It is possible that an even larger fragment of the chromosome 550 

is required for full functionality, which might explain the reduced activity of both oriX and 551 

oriZ in our oriC+ oriX+ oriZ+ construct (Figure 6). However, the toxicity of the 5 kb origin 552 

fragment integrated into the malT gene strongly argues that this assumption is too simple, 553 

as there appear to be strong effects relating to the relative position of multiple origins to each 554 

other, the precise location of an origin within the cell or the combination of multiple effects.  555 

We were intrigued to find what looks like a peak of over-replication within the 556 

termination area. Similar peaks were reported in cells lacking RecG helicase [23], RNase HI 557 

[45,46], and other proteins [8,47,48]. We have postulated that the fusion of two replisomes 558 

in the termination area results in intermediates which require processing by proteins such as 559 

RecG helicase and 3’ exonucleases [8,23,49–52], the absence of which results in substantial 560 

amounts of over-replication in the termination area. However, all the above proteins are fully 561 

functional in our triple origin construct, making it unlikely that the peak is a similar type of 562 

over-replication. In fact, the peak can be fully explained if replication is initiated at two of the 563 

three origins in a significant fraction of cells. In oriC+ oriZ+ cells marker frequency is high 564 

throughout the termination area, with a marked decrease at terC/B (Figure 3A iii). In oriC+ 565 

oriX+ the opposite is the case. Marker frequency is again high throughout the termination 566 

area, with a marked decrease at terA/D (Figure 3A ii). If in triple origin cells a significant 567 

fraction of cells only uses two origins, as the replication profile of triple origin cells suggest, 568 

then the replication profile of triple origin cells should be formed by the superposition of the 569 

two profiles of oriC+ oriX+ and oriC+ oriZ+ cells (Figure 8A).  570 

In both the marker frequency is high in the middle of the termination area, while the 571 

areas around terC/B and terA/D should be reduced because of the marked decrease in one 572 

fraction of cells (Figure 8A). We exploited mathematical modelling of whole genome 573 

replication [53] (see Supplementary Methods) to predict the replication profile within a 574 

population of cells where either oriC and oriX or oriC and oriZ are active. In our modelling 575 

we assume a constant fork speed once forks are established. The periodicity of origin firing 576 

is estimated from our experimental data. For simplicity, ter/Tus complexes were treated as 577 

a hard stop to replication. While the resulting modelled replication profile lacks the 578 

complexity of our data sets (Figure 8B), it fits overall well with the population-based 579 

replication profile and shows a clear peak in the termination area, as predicted. This supports 580 

the idea that this peak is indeed caused by the presence of defined fractions within the overall 581 

population, rather than actual over-replication of the termination area. 582 
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 583 

 584 

Figure 8. Comparative analysis of replication profiles of E. coli cells with two and three replication origins. A) 585 
Shown is a combination of the LOESS regression profiles for oriC+ oriZ+ (blue), oriC+ oriX+ (green) and oriC+ oriX+ 586 
oriZ+ (red) cells, as shown in Figure 6. B) Mathematical model fitting for oriC+ oriZ+ (blue), oriC+ oriX+ (green) and 587 
oriC+ oriX+ oriZ+ (red) cells. The modelling for oriC+ oriX+ oriZ+ (red) assumes that oriC and oriX are active in 50% of 588 
cells, oriC and oriZ are active in 40% of cells, based on the peak heights in the replication profiles. The LOESS 589 
regression curve for oriC+ oriX+ oriZ +cells is shown in light grey, as shown in Figure 6. See text for further details. 590 

As the replication profiles of cells lacking RecG helicase or 3’ exonucleases have been 591 

generated from a similar population-based approach [23,45,48], it could be suggested that 592 

the peaks observed might be resulting from a similar superposition of different populations. 593 

Indeed, it was recently shown that the sharp loss of sequences corresponding to the terminus 594 

area in the replication profile of a recB mutant strain stems only from a defined fraction of 595 

cells [54]. However, the presence of synthesis in the termination area was confirmed using 596 

different experimental approaches [52] and we were able to demonstrate that cells lacking 597 

RecG helicase can tolerate the inactivation of oriC as long as the termination area is 598 

inactivated by deletion of tus and replication-transcription encounters are alleviated by the 599 

presence of an rpo* point mutation [23,45]. Thus, there is no doubt that extra synthesis is 600 

indeed initiated in the termination area of cells lacking RecG. However, use of the rapidly 601 

emerging single-cell approaches [55] will enable an even more refined approach to these 602 

aspects of replication and chromosome dynamics. 603 
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SUPPLEMENTARY MATERIAL AND METHODS 

Plasmids 

Plasmid pAU101 is a derivative of pRC7 [1] carrying the coding sequence for dnaA+ including 

its native promoter. The dnaA region was PCR amplified from MG1655 using 5’ and 3’ 

primers incorporating ApaI sites. The PCR product was cloned into the ApaI site within lacIq 

to give pAU101. The coding sequence inserted is transcribed in the same orientation as the 

disrupted lacIq gene. pAU101 fully complements the temperature sensitivity of the dnaA46 

temperature sensitive strains. 

Marker frequency analysis by deep sequencing 

Samples from cultures of a strain grown over night in LB broth were diluted 100-fold in fresh 

broth and incubated with vigorous aeration until an A600 reached 0.48 at 37°C. The only 

exceptions were all ΔoriC oriX backgrounds, for which growth was initiated from a single 

colony from a streak plate to avoid suppressors formed in the overnight culture outgrowing 

the slow growing ΔoriC oriX derivatives. All cultures were then diluted a second time 100-

fold in pre-warmed fresh broth and grown again until an A600 of 0.48 was reached. Samples 

from these exponential phase cultures were flash-frozen in liquid nitrogen at this point for 

subsequent DNA extraction. Growth curves were recorded using the same procedure (see 

below), demonstrating that cultures grown to an A600 of 0.48 did not show any sign of 

transition into stationary phase. For wild type incubation of the remaining culture was 

continued until several hours after the culture had saturated and showed no further increase 

in the A600. A further sample (stationary phase) was frozen at this point. For all samples 

shown in the main Figures of this work DNA was then extracted using the GenElute Bacterial 

Genomic DNA Kit (Sigma-Aldrich), using a 30 min proteinase K digest at 55°C, as indicated 

in the manufacturer protocol (see below for limitations of this procedure). Marker frequency 

analysis was performed using Illumina HiSeq 2500 sequencing (fast run) to measure 

sequence copy number. FastQC was used for a basic metric of quality control in the raw data. 

Bowtie2 was used to align the sequence reads to the reference. Samtools was used to calculate 

the enrichment of uniquely mapped sequence tags in 1 kb windows for an exponentially 

growing (replicating) sample relative to a non-replicating stationary phase wild type sample 

to correct for differences in read depth across the genome and to allow presentation of the 

data as a marker frequency, as described previously [2–4]. 

For presentation of the data as a marker frequency replication profile the raw read counts 

for each construct was divided by the average of all read counts across the entire genome to 

correct for the somewhat different absolute numbers of aligned reads in the various samples. 

The normalised read count values for each exponentially growing sample were then divided 

by the corresponding normalised read count value from a stationary (non-replicating) 

sample. This division “cleans” the raw data significantly, because data points which are 
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outliers caused by technical aspects (precise sequence environment interfering with library 

preparation or similar issues) will be similarly distorted both in the exponential and the 

stationary samples. However, while true in principle, we have observed that there can be 

variations specifically in these noisy data points even within a single batch of samples 

processed in parallel. If the absolute sequence reads of the genome fragments causing the 

noisy data points in a sample are underrepresented in comparison to the same fragments in 

the stationary phase sample, then the division process described above causes all of these 

data points to skew below the position of the neighbouring data points. In contrast, if the 

absolute sequence reads of the fragments are higher than the sequence reads in the stationary 

control, then the same division process causes all of these data points to skew above the 

position of the neighbouring data points. An example of this effect can be seen in Figures 3A 

and 3B. While the sample in panel iii shows no skew, indicating that noise both in the 

exponential sample and the stationary sample are of a similar level, the sample in panel v 

shows a clear skew of all noisy data points below the level of neighbouring data points, while 

the sample in panel vi shows a skew above the level of neighbouring data points. We do not 

currently know what is causing these variations even though we have run extensive tests to 

try to identify their cause. From our tests we suspect that a combination of factors including 

quality of genomic DNA preparation and library generation contributes to this effect. 

Whatever the reason, these problems affect mostly the noise and do not obscure the general 

trend of the bulk of the data points.  

We have by now identified another effect that is specifically caused by the quality of the 

genomic DNA. The genomic DNA extraction via the GenElute Bacterial Genomic DNA Kit 

(Sigma-Aldrich) requires a 30 min proteolytic digest with proteinase K. This digestion step 

is not sufficient to fully remove all proteins in the sample. As a consequence, some partially 

digested or undigested proteins remain bound to DNA fragments. As part of the following 

column purification procedure, these proteins including the bound DNA are removed. This 

causes areas of the chromosome in which proteins are tightly bound (ter/Tus complexes are 

one example) or which are very frequently bound by proteins (highly transcribed areas such 

as the rrn operons) to be under-represented in the genomic DNA preparation, leading to 

small dips in the profile. Examples can be seen in Figure 5. In Figure 5B panel i/ia clear dips 

of the profile can be seen at all rrn operons and at some of the ter sites. As shown in Suppl. 

Figure 1, these dips are much reduced if the proteolytic digest of the samples is extended to 

2 h.  

Mathematical modelling 

We used the DNA replication modelling described in Retkute et al. [5]. Our modelling has 

the following assumptions: (i) the length of the chromosome is normalised by half of its 

length with oriC positioned at x = 0 (i.e. the length unit is the distance between oriC and ter); 

(ii) the replication time unit is defined as time required for full replication of the half of the 
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chromosome (C period of the bacterial cell cycle); (iii) fork velocity is constant and equal to 1 

time unit per length unit; (vi) the age of the genome is defined from one fork termination to 

the next; (v) the time at which new initiation events occur is s (the periodicity of initiation) 

and it is defined with respect to the previous replication initiation event; (vi) all origins 

activate at the same time and with the same periodicity s. Supplementary Figure 5A shows a 

spatiotemporal representation of the replication program for a hypothetical chromosome 

with two replication origins positioned at x = 0 and x = 0.5. Each new round of replication 

starts while the previous replication round is still ongoing, so there are four copies of newly 

replicated genetic material. Given the age distribution of genomes [6] (shown in 

Supplementary Figure 5B), the mean number of copies is calculated as an integral over all 

ages of age distribution multiplied by the number of copies at a particular position and a 

particular age (shown in Supplementary Figure 5C). Then different compositions 

(percentages of genomes with one, two or three active origins) were set as parameters. 

Supplementary Figure 5D shows an illustrative example with 25% genomes firing one origin 

and 75% firing both origins. Parameters were fitted by minimising a mean squared error 

(MSE) between model predicted values, Fi, and experimental data, di: 

𝑀𝑀𝑀𝑀𝑀𝑀 = �∑ (𝑑𝑑𝑖𝑖 − 𝑎𝑎 𝐹𝐹𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛
 

with a scaling factor a fitted as one of the parameters, along with periodicity of initiation and 

percentage of genomes.  

In the case of asynchronious initiation (shown in Supplementary Figure 5E), there would 

be differences in comparison to the synchronous initiation with a fraction of cells firing one 

origin. A comparison of profiles for synchronous initiation (blue curve) and asynchronous 

initiation (dashed magenta curve) is shown in Supplementary Figure 5F. 
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SUPPLEMENTARY TABLES 

Supplementary Table 1: Replication profile minima established by LOESS 
regression of the replication profiles of E. coli strains with one and two replication 
origins 

Strain background Location of terminus-
proximal LOESS 
minima [Mbp] 

Location of oriC–
oriX LOESS 
minima [Mbp] 

Arithmetic mid 
points [Mbp] 

MG1655 1.627 n/a 1.603 

oriC+ oriX+ 1.322 3.3925 1.010; 3.330 

oriC+ oriX+ Δtus 0.991 3.348 1.010; 3.330 

oriC+ oriX+ rpoB*35 1.3175 3.373 1.010; 3.330 

oriC+ oriX+ Δtus rpoB*35 0.967 3.360 1.010; 3.330 

ΔoriC oriX+ Δtus 0.292 n/a 0.4159 

ΔoriC oriX+ rpoB*35 1.9675 n/a 0.4159 

ΔoriC oriX+ Δtus rpoB*35 0.2658 n/a 0.4159 

ΔoriC oriX+ 0.658 n/a 0.4159 

Supplementary Table 2: Effect of increased dnaA gene dosage on the doubling 
times in cells with one and two ectopic replication origins 

Strain background Doubling time [min] SD r² 

MG1655a 19.6 ± 1.o 0.999 

oriC+ oriX+ a 21.0 ± o.8 0.997 

oriC+ oriZ+ a 21.8 ± o.8 0.996 

oriC+ oriX+ oriZ+ a 22.7 ± 2.5 0.994 

MG1655 pAU101 27.1 ± 2.4 0.985 

oriC+ oriX+ pAU101 28.5 ± 2.9 0.995 

oriC+ oriZ+ pAU101 29.7 ± 1.7 0.992 

oriC+ oriX+ oriZ+ pAU101 27.7 ± 1.9 0.995 

a – data for constructs without dnaA plasmid pAU101 as in Table 3, for comparison. For details of pAU101 see 

Supplementary Material and Methods. 

SUPPLEMENTARY FIGURE LEGENDS 
Supplementary Figure 1. Marker frequency analysis and sample quality of E. coli ΔoriC 

oriX+ Δtus rpo* cells following short (30 min) and extended (120 min) de-proteinisation via 

proteolytic digest using proteinase K. The numbers of reads (normalised against reads for a 

stationary phase wild type control) are plotted against the chromosomal location. A 

schematic representation of the E. coli chromosome showing positions of oriC and oriX  and 

ter sites (above) as well as dif and rrn operons A–E, G and H (below) is shown above the 

plotted data. The strain used was JD1209 (ΔoriC oriX+ ∆tus rpo*). 
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Supplementary Figure 2.  Marker frequency analysis of E. coli oriC+ oriX+ cells following 

phenol-chloroform extraction of genomic DNA. The numbers of reads (normalised against 

reads for a stationary phase wild type control) are plotted against the chromosomal location. 

A schematic representation of the E. coli chromosome showing positions of oriC and oriX 

(green line) and ter sites (above) as well as dif and rrn operons A–E, G and H (below) is 

shown above the plotted data.  

Supplementary Figure 3. PCR verification of chromosomal inversions. A) Schematic 

representation of primer binding sites, inversion locations and the relocation of primer 

binding sites following specific inversion events. The schematic showing the inversion 

between IS5 elements at location 575 kb and 1394 kb is shaded in red, the schematic showing 

the inversion between IS5 elements at 1394 kb and 2288 kb is shaded blue. The wild type 

situation is shaded in yellow. Primers have a single letter identifier, which is shown in bold if 

the binding site is relocated due to an inversion event to highlight their changed position. 

Location of primer binding sites are not to scale. All expected PCR products are between 3 

and 6.5 kb in length. B) Agarose gel electrophoresis of PCRs with primer combinations 

probing for the wild type sequence and chromosomal DNA templates for a wild type control 

(yellow), the ΔoriC oriX background carrying the inversion at IS5 elements at 575 kb and 

1394 kb (red) as well as the ΔoriC oriX rpo* background that carries an inversion at IS5 

elements at 1394 kb and 2288 kb. Primer combinations as shown in A are given above each 

lane. The size of the PCR product for a specific primer combination is indicated by a grey 

arrow. The + or – indicates whether a PCR product is expected with the template used.  

Primer combination a & b did not give a PCR product in any PCR attempted. However, PCR 

products for both primers a and b are obtained if paired with different secondary primers, 

suggesting that it is the specific combination of a & b that fails to produce a PCR product. An 

inverted gel image is shown for clarity. C) Agarose gel electrophoresis of PCRs with primer 

combinations probing for both inversions and chromosomal DNA templates for a wild type 

control (yellow), the ΔoriC oriX background carrying the inversion at IS5 elements at 575 kb 

and 1394 kb (red) as well as the ΔoriC oriX rpo* background that carries an inversion at IS5 

elements at 1394 kb and 2288 kb. Primer combinations as shown in A are given above each 

lane, with a + or – indicating whether a PCR product is expected. An inverted gel image is 

shown for clarity. All primers that span flanks following both inversion events show a PCR 

product, confirming both inversion events identified in our replication profiles. 

Supplementary Figure 4. Replication profiles of E. coli cells with synthesis starting at 

ectopic replication origins only. A–B) Marker frequency analysis of E. coli ΔoriC oriX+ 

derivatives. The numbers of reads are normalised against reads for a non-growing stationary 

phase wild type control and then plotted against the chromosomal location. In this particular 

run the noise observed comes from an increased overall level of noise of the entire sequencing 

run. This is made worse by the fact that the stationary wild type control was particularly 
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affected by the noise, which introduces this noise into all other samples due to the 

normalisation. A schematic representation of the E. coli chromosome showing positions of 

oriC and oriX (green line) and ter sites (above) as well as dif and rrn operons A–E, G and H 

is shown above the plotted data. Inverted regions are highlighted by a red box. Replication 

profiles in A are obtained from independent experiments, with independently generated 

chromosomal DNA, library generation and sequencing runs. Replication profiles in B are 

reproduced from Figure 5 for comparison. The direct comparison of the ΔoriC oriX+ Δtus 

replication profile from the first and second run shows a duplication of the rrnA–B region 

present only in the second run, even though cultures for the preparation of genomic DNA 

were prepared from the same frozen stock (highlighted in red in B and in grey in A). 

Supplementary Figure 5. Mathematical modelling of chromosomal replication in E. coli 

with one or multiple origins. A) Spatiotemporal representation of a replication program for 

two origins positioned at x = 0 and x = 0.5. The tops of each inverted red triangle indicate the 

initiation of replication. Number of genome copies are 1 (white), 2 (yellow) or 4 (red). The 

difference between two initiation events establishes the periodicity s. B) Age distribution. C) 

Mean number of copies. D) Inferring population composition: overall profile (blue) is a result 

of 25% of genomes with only origin at x = 0 active (red) and 75% of genomes having both 

origins active. E) Spatiotemporal representation of the replication program for two 

asynchronously initiating origins. F) Mean number of copies for synchronous initiation with 

25% of cells firing one origin and 75% firing two origins (blue), and asynchronous initiation 

with 100% of cells firing two origins but at different times (magenta). G) Overlay of model 

predictions for synchronous (blue) versus asynchronous (magenta) initiations and LOESS 

data of the replication profile of an oriC+ oriX strain. Asynchronous initiation predicts a shift 

of the termination point to the left, while a shift to the right is observed in our experimental 

data. 
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