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SUPPLEMENTARY TABLES 
Table S1. Escherichia coli K12 strains 

Strain number Relevant Genotypea Source 

MG1655 derivatives 

MG1655 F– rph-1 (1) 

AM1655 ΔrecG::apra (2) 

AM1666 ΔrecA::apra (3) 

AM1775 Δtus::cat (4) 

AM1874 ΔxseA::dhfr (2) 

AM1974 ΔrnhA::dhfr A.A. Mahdi & R.G. Lloyd, 
unpublished 

AS1062 <kan>-ypet-dnaN (5) 

AU1014 priA300 ΔlacIZYA ΔrecG::apra White colony of JJ1078 

AU1015 ΔlacIZYA ΔrecG::apra (6) 

AU1020 ΔlacIZYA ΔrnhA::cat pJJ100 N6283 × P1.N4704 to Cmr 

AU1054 tnaA::Tn10 dnaA46 (4) 

AU1185 ΔrecG263::kan pDIM104 N4256 × pDIM104 to Apr 

AU1188 ΔrecG263::kan ΔrnhA::cat pDIM104b AU1185 × P1.N4704 to Cmr Apr 

DG010 kankanMX4-<cat>-yjhRc This study 

DG011 kankanMX4-<cat>-narU tus1::dhfr SLM1042 × P1.N6798 to Tmr 

DG024 ΔlacIZYA pheA::oriX-<> kankanMX4-<cat>-yjhR JD1338 × P1.DG010 to Cmr 

DG026 ΔlacIZYA oriZ-<> kankanMX4-<cat>-yjhR JD1339 × P1.DG010 to Cmr 

DG028 ΔlacIZYA oriZ-<> kankanMX4-<cat>-narU JD1339 × P1.SLM1042 to Cmr 

DG033 ΔlacIZYA oriZ-<> kankanMX4-<cat>-narU tus1::dhfr DG028 × P1.DG011 to Tmr 

DG040 ΔrecG::apra MG1655 × P1.AU1014 to Aprar 

DG059 kankanMX4-<cat>-tldDc This study 

DG061 ΔlacIZYA pheA::oriX-<> kankanMX4-<cat>-tldD JD1338 × P1.DG059 to Cmr 

DG062 ΔlacIZYA oriZ-<> kankanMX4-<cat>-tldD JD1339 × P1.DG059 to Cmr 

DG069 ΔlacIZYA oriZ-<> kankanMX4-<cat>-yjhR ΔrecG::apra DG026 × P1.DG040 to Aprar 

DG076 kankanMX4-<cat>-yjhRc ΔrecA::apra DG010 × P1.AM1666 to Aprar 

DG077 ΔlacIZYA oriZ-<> kankanMX4-<cat>-yjhR ΔrecA::apra DG026 × P1. AM1666 to Aprar 

DL729 ΔsbcCD::kan recD1009 supE supF David Leach 

JD1017 ΔxonA::apra ΔsbcCD::kan RCe563 × P1.N5296 to Kmr 

JD1041 ΔlacIZYA ΔrnhA::cat White colony from AU1020 

JD1072 ΔlacIZYA ΔrnhA::cat pAM490 JD1041 × pAM490 to Apr 

JD1181 ΔlacIZYA pheA::oriX-<cat> (7) 

JD1338 ΔlacIZYA pheA::oriX-<> JD1181 × pCP20 to Cms Aps 

JD1339 ΔlacIZYA oriZ-<> (7) 

JD1443 ΔlacIZYA ΔrnhA::cat pDIM104b JD1041 × pDIM104 to Apr 

JD1450 ΔlacIZYA ΔrnhA::cat ΔrecG::apra pDIM104b JD1443 × P1.AU1015 to Aprar 

JD1504 ΔxseA::dhfr ΔxonA::apra ΔsbcCD::kan SLM1203 × P1.RCe562 to Kmr 

JD1514 ΔxseA::dhfr ΔsbcCD::kan pDIM104b SLM1209 × pDIM104 to Apr 

JD1516 ΔxseA::dhfr ΔsbcCD::kan ΔrecG265::cat pDIM104b JD1514 × P1.N4560 to Cmr Apr 

JD1521 ΔxseA::dhfr ΔsbcCD::kan ΔrecG265::cat ΔxonA::apra 
pDIM104b 

JD1516 × P1.RCe563 to Aprar Apr 

JD1576 ΔxseA::dhfr ΔsbcCD::kan ΔrecG265::cat SLM1209 × P1.N4560 to Cmr 

JD1577 ΔxonA::apra ΔsbcCD::kan ΔrecG265::cat RCe569 × P1.N4560 to Cmr 

JD1579 ΔxseA::dhfr ΔxonA::apra ΔrecG265::cat SLM1203 × P1.N4560 to Cmr 

JD1587 ΔxseA::dhfr ΔrecG::apra AM1874 × P1.AU1015 to Aprar 
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JJ1060 priA300 ΔlacIZYA White colony of N5933 

JJ1075 priA300 ΔlacIZYA ΔrecG::apra JJ1060 × P1.AM1655 to Aprar 

JJ1078 priA300 ΔlacIZYA ΔrecG::apra pJJ100 JJ1075 × pJJ100 to Apr 

JJ1359 ΔlacIZYA dam1::kan ΔrecG::apra tus1::dhfr J. Zhang and R.G. Lloyd, 
unpublished 

N4256 ΔrecG263::kan (8) 

N4560 ΔrecG265::cat (9) 

N4704 ΔrnhA::cat (2) 

N5286 xonAΔ300::cat MG1655 × P1.N5005 to Cmr 

N5296 xonAΔ300::cat ΔsbcCD::kan N5286 × P1.DL729 to Kmr 

N5933 priA300 ΔlacIZYA pAM374 (3) 

N6283 ΔlacIZYA pJJ100 (2) 

N6798 ΔrecG265::cat tus1::dhfr (7) 

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

RCe203 tnaA::Tn10 dnaA46 Δtus::kan (4) 

RCe504 oriZ-cat-frt (10) 

RCe562 ΔsbcCD::kan (11) 

RCe563 ΔxonA::apra (11) 

RCe567 oriZ-cat-frt tus1::dhfr (10) 

RCe569 ΔxonA::apra ΔsbcCD::kan (11) 

RCe632 ΔlacIZYA ΔrnhA::cat tus1::dhfr pAM490 JD1072 × P1.N6798 to Tmr Apr 

RCe633 ΔlacIZYA ΔrnhA::cat tus1::dhfr Plasmid-free derivative of RCe632 

RCe666 ΔsbcCD::kan ΔrecG265::cat RCe562 × P1.N4560 to Cmr 

RCe667 ΔxonA::apra ΔrecG265::cat RCe563 × P1.N4560 to Cmr 

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

RCe759 oriZ-cat-frt tus1::dhfr <kan>-ypet-dnaN RCe567 × P1.AS1062 to Kmr 

RCe766 ΔrecG::apra <kan>-ypet-dnaN AM1655 × P1.AS1062 to Kmr 

RCe941 ΔrecG::apra <kan>-ypet-dnaN pDIM104b RCe766 × pDIM104 to Apr 

RCe942 tus1::dhfr MG1655 × P1.RCe759 to Tmr 

RCe951 ΔrecG::apra <kan>-ypet-dnaN ΔrnhA::cat pDIM104b RCe941 × RCe633 to Cmr Apr   

RCe960 Δtus::cat MG1655 × P1.AM1775 to Cmr 

SLM1037 kankanMX4-<cat>-narUc This study 

SLM1042 kankanMX4-<cat>-narU MG1655 × P1.SLM1037 to Cmr 

SLM1185 ΔxseA::dhfr (11) 

SLM1203 ΔxseA::dhfr ΔxonA::apra (11) 

SLM1209 ΔxseA::dhfr ΔsbcCD::kan (11) 

STL2694 xonAΔ300::cat thr-1 leuB6 proA2 supE44 kdg51 rfbD1 
araC14 lacY1 galK2 xyl-5 mtl-1 tsx-33 rpsL31 rac– 

Susan Lovett 

a − Only the relevant additional genotype of the derivatives is shown. The abbreviations ‘kan’, ‘apra’, ‘dhfr’ and ‘cat’ refer to 
insertions conferring resistance kanamycin (Kmr), apramycin (Aprar), trimethoprim (Tmr) and chloramphenicol (Cmr). ‘<>’ 
indicates the use of frt sites, where frt stands for the 34 bp recognition site of the FLP/frt site-directed recombination system. 
Thus, <cat> refers to a chloramphenicol marker flanked by an frt site either side. If the frt site was removed via Flp 
recombinase, this is shown by ‘<>’, indicating that a single frt scar is left in the chromosome.  

b − All plasmids shown carry an ampicillin resistance marker (Apr). pDIM104 carries the recG coding sequence, cloned behind 
the ParaBAD promoter of pLAU17 (12) using the NcoI and XbaI sites, thus replacing eCFP (13). 

c – For a description of the chromosomal integrations of the recombination reporter cassette please see Material & Methods. 
(7, 14, 15)  
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Goodall et al. Supplementary Figure 1

Figure S1: Fork fusion events in an ectopic location trigger increased recombination. 
A) Schematic of the tandem-repeat recombination reporter cassette used. �e construct is based on the kanamycin resistance 
marker from plasmid pFA6a-kanMX4 (14). To generate the KanKanMX4 module, a 266 bp internal NsiI fragment of the KanMX4 
cassette was cloned into pFA6a-kanMX4 partially digested with NsiI, creating an internal 266 bp direct repeat. �is duplication 
introduces a frameshi� and premature stop codon, rendering the resistance gene inactive. �e module was subcloned into 
pRS316 via EcoRI and SalI, and the cassette was sequence-veri�ed (15). Additional modi�cations required for chromosomal 
integration are described in Materials & Methods. B) Schematic of possible recombination outcomes of the reporter cassette. 
Recombination between the repeats can maintain the tandem duplication, delete one repeat, or expand the duplication, 
depending on which repeated segment the double-stranded DNA end aligns with. C) Representative example of reversion 
frequencies in cells with a single origin (oriC+), a second origin in the le�-hand replichore (oriC+ oriX+) and a second origin in the 
right-hand replichore (oriC+ oriZ+). All had the kankanMX4 module integrated near the yjhR gene (see also main text for further 
details). Overnight cultures of the E. coli strains of interest were diluted 1:100 into 1 mL of LB (Miller) medium in 2 mL reaction 
tubes (Sarstedt) to achieve an initial A600 of 0.04. For each strain, 11 parallel cultures were grown at 37 °C in a �ermomixer 
(Eppendorf) with shaking at 1000 rpm to an A600 of 0.4. One additional culture was grown alongside the �uctuation test 
cultures to allow determination of the cell density via A600 measurement. Viable titres were determined by spotting serial 
dilutions of this parallel A600 culture onto agar plates three times and the average colony count was used to represent the 
number of colonies for that dilution. Dilutions of 1 × 10–5 and 1 × 10–6 were used to avoid resolution issues for higher dilutions. 
When the target A600 was reached, cultures were centrifuged, resuspended in 100 µL LB (Miller) broth and plated onto LB 
(Miller) agar supplemented with 40 µg/mL kanamycin. Plates were incubated at 37 °C for 24 hours and all colonies per plate 
counted.  
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Goodall et al. Supplementary Figure 2

Figure S2: E�ects of the presence or absence of RecA recombinase and RecG helicase on recombination events 
in an ectopic termination location. 
A) Overview of the E. coli chromosome, highlighting the integration site of the tandem repeat reporter cassette at 4.53 Mbp, 
integration sites of the additional ectopic replication origin oriZ, as well as the resulting replichore con�guration and termi-
nation sites. Due to the shorter replichore lengths resulting from ectopic origin integration, the fork initiating from the ectopic 
origin and travelling in the normal direction always reaches the termination area earlier than the fork coming from oriC and is 
arrested at Tus-ter complexes (7, 10), indicated by the grey bar. B) Tandem repeat reversion frequencies measured in the 
presence and absence of the RecA recombinase in cells with only the native oriC (oriC+) as well as cells that carry the additional 
ectopic oriZ (oriC+ oriZ+). Data from 33 individual cultures are shown for each strain, generated across 3 independent experi-
ments. An ANOVA test was performed on each group of data points to determine p values, which are indicated above the data 
points. �e strains used were DG010 (oriC+), DG076 (oriC+∆recA), DG026 (oriC+ oriZ+) and DG077 (oriC+ oriZ+ ∆recA). All had the 
tandem repeat reporter cassette integrated at yjhR near position 4.53 Mbp of the chromosome. C) Tandem repeat reversion 
frequencies measured in the presence and absence of the RecG helicase in cells with the additional ectopic oriZ (oriC+ oriZ+). 
Data from 22 individual cultures are shown for each strain, generated across 2 independent experiments. �e strains used were 
DG026 (oriC+ oriZ+) and DG069 (oriC+ oriZ+ ∆recG). All had the tandem repeat reporter cassette integrated at yjhR near position 
4.53 Mbp of the chromosome.
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Goodall et al. Supplementary Figure 3

Figure S3: Replication dynamics in exponentially growing cells with one and two origins of replication. 
A) Cells were grown to mid exponential growth phase in LB broth (Miller), transferred to an agarose pad (see Material & 
Methods) and visualised. Active DNA synthesis is highlighted using the replisome sliding clamp protein (DnaN) fused to the 
�uorophore YPet. �e strains used were AS1062 (oriC+) and RCe749 (oriC+ oriZ+).  B) Foci numbers form the experiment shown 
in A) were quanti�ed across two independent biological replicates with at least three random frames selected from each 
replicate and foci numbers pooled. Number of cells analysed was 210 and 206 for the single origin and double origin strain, 
respectively. 
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Goodall et al. Supplementary Figure 4
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Goodall et al. Supplementary Figure 4 – continued

Figure S4: Over-replication in the termination area of E. coli cells lacking RecG helicase and 3’ exonuclease proteins. 
The number of sequence reads (normalised against reads for a stationary phase wild type control) is plotted against the 
chromosomal location. A schematic representation of the E. coli chromosome showing positions of oriC and ter sites 
(above) as well as dif and rrn operons A–E, G and H (below) is shown above the plotted data. Sequencing templates were 
isolated from MG1655 (wild type), AU1015 (∆recG), RCe563 (∆xonA), SLM1185 (∆xseA), RCe562 (∆sbcCD), SLM1203 (∆xonA ∆xseA), 
JD1017 (∆xonA ∆sbcCD), SLM1209 (∆xseA ∆sbcCD), JD1504 (∆xonA ∆xseA ∆sbcCD), RCe667 (∆xonA ∆recG), JD1587 (∆xseA ∆recG),
RCe666 (∆sbcCD ∆recG), JD1579 (∆xonA ∆xseA ∆recG), JD1577 (∆xonA ∆sbcCD ∆recG) and JD1576 (∆xseA ∆sbcCD ∆recG). 



Goodall et al. Supplementary Figure 5

Figure S5: R-loop levels in the presence and absence of RNase HI and RecG helicase and susceptibility of detected 
structures to various RNases. 
A) Genomic DNA was extracted from wild type cells (MG1655) and adjusted to 100 ng/µl to allow detection of the relatively 
low signal levels. Equal volumes of gDNA were then pre-treated with the RNases indicated for 60 min before the dot blot was 
performed as described in Material & Methods. �e fact that RNase HI removes all of the signal con�rms that a signi�cant 
proportion of the structures recognised by the S9.6-speci�c antibody are bona �de R-loops. B) R-loop levels in exponentially 
growing and stationary cells. For the exponentially growing samples cells were grown to an A600 of 0.4.  For the stationary 
phase samples cells were grown overnight under agitation. Extraction of genomic DNA, dot blotting and R-loop detection
using the S9.6 antibody was performed as described in Material & Methods. Shown are the averages of three in-
dependent experiments. �e strains used were MG1655 (wild type) and AM1974 (∆rnhA). C) Detection of R-loops in genomic 
DNA of cells lacking both RecG helicase and RNase HI. Cells carrying deletions of the genes for RecG helicase and RNase HI, 
with the deletion of recG covered by a plasmid with an arabinose-inducible recG gene, were grown in rich medium with 
arabinose to maintain recG expression to early exponential phase. Cells were then washed and resuspended in rich medium 
with either arabinose (top row) or glucose (bottom row), either maintaining expression of recG or switching it o�. Samples were 
taken at the times indicated. Genomic DNA was extracted and the dot blot performed as described in Material & Methods. �e 
strain used was JD1450 (∆rnhA ∆recG precG).
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Goodall et al. Supplementary Figure 6

Figure S6. DNA synthesis in cells lacking RecG helicase and RNase HI.
∆recG precG and ∆recG ∆rnhA precG cells were grown in rich medium with arabinose to maintain recG expression to early 
exponential phase. Cells were then washed and resuspended in rich medium with either glucose or arabinose, switching the 
expression of the recG gene either on (upwards pointing arrow) or o� (downwards pointing arrow). DNA replication was 
visualised via a �uorescent fusion of the β sliding clamp with the YFP derivative YPet. Samples were taken at the times indicat-
ed. �e strains used were RCe941 (ΔrecG ypet-dnaN precG) and RCe951 (ΔrecG ΔrnhA ypet-dnaN precG). One representative set of 
images from three independent experimental replicates is shown.
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Goodall et al. Supplementary Figure 7

0

20

30

60

80

100

%
 o

f c
el

ls

0

20

30

60

80

100

0

20

30

60

80

100

%
 o

f c
el

ls

0

20

30

60

80

100

no foci

de�ned, dim foci

de�ned bright foci

foci clusters

∆rnhA ∆recG
precG+ ↓

∆rnhA ∆recG
precG+ ↑

∆recG
precG+ ↓

∆recG
precG+ ↑

0 
m

in

60
 m

in

12
0 

m
in

18
0 

m
in

24
0 

m
in

0 
m

in

60
 m

in

12
0 

m
in

18
0 

m
in

24
0 

m
in

0 
m

in

60
 m

in

12
0 

m
in

18
0 

m
in

24
0 

m
in

0 
m

in

60
 m

in

12
0 

m
in

18
0 

m
in

24
0 

m
in

B

A

0 min 120 min 240 min

ce
ll 

si
ze

s 
[µ

m
]

0

5

10

15

20

25

30

35

Figure S7. Replisome numbers and cell length analysis in cells lacking RecG helicase and RNase HI.
A) Cells were treated and visualised as described for Figure S6. Across the experiments 4 major types of foci distributions were 
found as shown in the legend: cells with no foci (dark blue), cells with de�ned but dim foci (green), cells with de�ned and bright 
foci (orange) and cells that contained signal that cannot be resolved as single foci and that therefore was de�ned as “foci 
cluster”. Cells from a minimum of 3 frames per experiment and time point were analysed. Between 298 and 638 cells were 
analysed, depending on how many cells were visible across the frames analysed. �e strains were as described in Figure S6. 
B) Bright�eld images as shown in Figure S6 were used for a cell length analysis via Fiji/MicrobeJ (see Material & Methods). As 
cell density was variable on the images obtained, the number of cells analysed varied between time points and conditions; for 
the analysis shown we analysed a minimum of 232 and a maximum of 746 cells. Stated p values were established via a 
two-tailed students t-test. �e strains were as described in Figure S6.
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Goodall et al. Supplementary Figure 8 – continued

Fig. S8: R-loop levels and replication profiles in the presence or absence of Tus terminator protein.  
A) Genomic DNA was extracted from cells lacking RNase HI and Tus, respectively. Equal volumes of concentration-adjusted 
gDNA were then pre-treated with RNase HI for 60 min. �e dot blot was performed subsequently as described in Material & 
Methods. �e fact that RNase HI removes all of the signal from both samples con�rms that a signi�cant proportion of the 
structures recognised by the S9.6-speci�c antibody in these mutants are bona �de R-loops. �e strains used were AM1775 (∆tus) 
and AM1974 (∆rnhA).  B) Schematic representation of the chromosomal region containing the tus gene before and a�er disrup-
tion. Primers used for veri�cation of the deletion are shown in green (a – f). �e sizes of the PCR products are indicated between 
the appropriate primer combinations. C) PCR veri�cation of the ∆tus::cat deletion. All strains were tested using 4 primer 
combinations, thereby testing for the presence or absence of the wild type region as well as the replacement cassette, as 
indicated in B). In wild type cells only primer combinations a/b and c/d generate a PCR product, which is clearly visible in lanes 1 
& 2, while there are no bands in lanes 3 & 4. In the deletion mutants only primer combinations a/e and d/f should generate a 
speci�c PCR product, and combination 5 (a combined with d) should show an increased size. PCRs with gDNA from the ∆tus::cat 
strain shows some unspeci�c bands, but the speci�c wild type bands are clearly absent, and products with the expected sizes 
are present, as highlighted by the white arrows. �is veri�es that the wild type copy of the tus gene is replaced with the 
chloramphenicol resistance cassette. D) Genomic DNA was extracted from wild type cells, cells lacking RNase HI and two strains 
with di�erent tus alleles, ∆tus::cat and tus1::dhfr. �e dot blot was performed as described in Material & Methods. �e strains 
used were MG1655 (wild type), RCe960 (∆tus::cat), RCe942 (tus1::dhfr) and AM1974 (∆rnhA::cat).



Goodall et al. Supplementary Figure 9

Fig. S9: DNA replication dynamics in synchronised cells in the presence and absence of Tus terminator protein. 
Cells were grown at 30 °C to early exponential cells. The temperature was then shifted to 42°C for 90 min to block firing of oriC 
while all ongoing rounds of synthesis can be completed. Cultures were then shifted to 30 °C for 30 min to allow the initiation 
of synthesis at oriC before shifting back to 42 °C to prevent further rounds of DNA synthesis. The initial shift to permissive 
temperature is given as the “0 min” time point. The number of sequence reads (normalised against reads for a stationary phase 
wild type control) is plotted against the chromosomal location. A schematic representation of the E. coli chromosome showing 
positions of oriC and ter sites (above) as well as dif and rrn operons A–E, G and H (below) is shown above the plotted data. 
Sequencing templates were isolated from AU1054 (dnaA46) and RCe203 (dnaA46 ∆tus).
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