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ABSTRACT

Single-stranded (ss) gapped regions in bacterial
genomes (gDNA) are formed on W- and C-strands
during replication, repair, and recombination. Using
non-denaturing bisulfite treatment to convert C to U
on ssDNA, combined with deep sequencing, we have
mapped gDNA gap locations, sizes, and distributions
in Escherichia coli for cells grown in mid-log phase
in the presence and absence of UV irradiation, and
in stationary phase cells. The fraction of ssDNA on
gDNA is similar for W- and C-strands, ∼1.3% for log
phase cells, ∼4.8% for irradiated log phase cells, and
∼8.5% for stationary phase cells. After UV irradiation,
gaps increased in numbers and average lengths. A
monotonic reduction in ssDNA occurred symmetri-
cally between the DNA replication origin of (OriC) and
terminus (Ter) for log phase cells with and without
UV, a hallmark feature of DNA replication. Stationary
phase cells showed no OriC → Ter ssDNA gradient.
We have identified a spatially diverse gapped DNA
landscape containing thousands of highly enriched
‘hot’ ssDNA regions along with smaller numbers of
‘cold’ regions. This analysis can be used for a wide
variety of conditions to map ssDNA gaps generated
when DNA metabolic pathways have been altered,
and to identify proteins bound in the gaps.

INTRODUCTION

Single stranded (ss)DNA is generated as intermediate struc-
tures in genomic DNA (gDNA) in a variety of biochemi-
cal pathways including DNA replication, repair, recombi-
nation, and RNA transcription. In eukaryotes, ssDNA re-
gions in gDNA have been measured by labeling the nascent
DNA strand with bromodeoxyuridine (BrdU) followed by
ChIP-sequencing (1–3). BrdU incorporation in wild-type
Escherichia coli is inefficient (4–6), thus limiting its utility
in measuring ssDNA in the E. coli genome. Electron micro-
scopic imaging has proved valuable in visualizing ssDNA

gapped regions (7), but it has not been used for a whole
genome analysis.

In this paper, we have investigated asynchronous popu-
lations of cells growing exponentially in the presence and
absence of UV irradiation, and cells growing in stationary
phase. Escherichia coli gDNA has been treated with sodium
bisulfite under non-denaturing conditions to detect ssDNA
gaps throughout the genome. We show that this powerful
technique, when used in conjunction with next-generation
DNA sequencing allows an extensive analysis of ssDNA
gaps in gDNA, including a determination of the amount of
ssDNA present, its location along the entire genome, its dis-
tribution on W- and C- strands and on leading- and lagging-
DNA replication strands. ssDNA gaps have been mapped
with close to single nt precision within 10 nt windows, for
gapped regions from 50 nt up to ∼500 nt long.

The data display a spatially diverse landscape of ssDNA
distributed throughout gDNA. Notably, the amount of ss-
DNA is similar on leading- and lagging-replication strands
for the three growth conditions; however, the number and
distribution of gaps exhibit distinct differences for each
growth condition. We have emphasized the mapping and
characterization of chromosomal regions containing high
ssDNA concentrations, termed ‘hot’ regions, and regions
with a paucity of ssDNA, ‘cold’ regions. A future high-
resolution application for the method described here could
use a standard ChIP-Seq approach to identify individual
proteins located within ssDNA gaps. Whereas ssDNA gaps
are routinely associated with DNA replication and DNA
repair processes such as nucleotide excision repair, others
can be traced to replisome collisions with DNA lesions or
other barriers. Such collisions can result in fork collapse,
fork regression, and other repair outcomes (8–15). In a pro-
cess first documented by Howard-Flanders, Rupp, Clark
and others (16–19), replisomes sometimes do not halt DNA
synthesis at a template lesion. Instead, they skip over the le-
sion, leaving it behind in a single strand gap, often called
a post-replication gap (20). The past five decades have wit-
nessed only limited progress in understanding the mecha-
nism and molecular outcomes of lesion skipping. We still
do not know how often post-replication gaps are formed,
how they are formed, how large they are, or what types of
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lesions or DNA structures are most proficient in triggering
their formation. Our current study begins to address this
gap in knowledge.

MATERIALS AND METHODS

Materials

MG1655 E. coli strain is from our lab collection. Con-
trol 203 nt ssDNA fragment was prepared as described
previously (21). Mung Bean Nuclease (10 000 units/ml),
Monarch PCR & DNA clean-up kit were purchased from
New England Biolabs. DNase-free RNAse A (100 mg/ml)
was from Qiagen, Proteinase K, sodium metabisulfite
and hydroquinone were from Sigma-Aldrich. Accel-NGS
Methyl-Seq DNA Library kit was purchased from Swift
Biosciences, MI.

E. coli cells

MG1655 cells were grown in LB broth in the presence of
0.2% glucose at 37 ◦C. Mid-log cells were harvested when
OD600 reached 0.5. Cells from an overnight culture (OD600
∼ 3.0) were collected as stationary cells. Cells were washed
twice with TBS buffer (50 mM Tris–HCl, pH 7.5, 150 mM
NaCl) and cell pellets were stored at −80◦C. To prepare
UV-irradiated cells, 20 ml of the mid-log cells were washed
and re-suspended in 20 ml ice-cold 100 mM MgSO4. 10
ml of cells in a sterile plastic Petri dish were irradiated
with 254 nm UV light at 100 J/m2 using a CL-1000 UV
crosslinker (UVP, Inc. Upland, California). Immediately af-
ter UV-treatment, cells were centrifuged at 4000 × g for 7
min at 4◦C and resuspended in 20 ml LB. After incubation
at 37 ◦C for 10 min, UV-treated cells were washed twice with
TBS buffer by centrifugation at 4000 × g for 7 min at 4◦C.
The cell pellets were stored at −80◦C and used for genomic
DNA purification. Titration of viable cells before and after
UV-treatment showed that only 0.2% of cells survived after
an exposure to a high dose of UV-irradiation (100 J/m2),
and 1.8% of irradiated cells survived after 10 min incubation
at 37◦C. Cell survival was measured by plating aliquots of
UV-irradiated cells (1:100 dilution in LB) immediately af-
ter UV-exposure. Plating aliquots of the same cells after 10
min incubation in LB at 37◦C was used to determine cell
survival 10 min post UV-irradiation.

Genomic DNA purification

Escherichia coli cells (equivalent of 5 ml culture at
OD600 = 0.5) were lysed with lysozyme (2 mg/ml) in 200 �l
of lysis buffer (20 mM Tris, pH 8.0, 5 mM EDTA, 100 mM
NaCl) for 10 min at 37◦C. Cellular RNA was removed by
treatment with RNAse A (100 �g/ml) for 20 min at 37◦C.
Cellular proteins were then digested by addition of Pro-
teinase K (final concentration 0.5 mg/ml) and SDS (final
concentration 1%) and incubated for 2 h at 37◦C. Genomic
DNA (gDNA) was purified by twice extracting with phe-
nol:chloroform:isoamyl alcohol (25:24:1) and precipitated
with ethanol. Purified gDNA were resuspended in TE buffer
(10 mM Tris–HCl, pH 8.0; 0.1 mM EDTA) and stored at
−20◦C.

Bisulfite treatment of control ssDNA and gDNA

Non-denaturing bisulfite treatment was carried out by in-
cubation of ssDNA (1 �g) or purified gDNA (5 �g) with
a freshly prepared solution of 5 M sodium bisulfite and 20
mM hydroquinone at 37 ◦C. The presence of hydroquinone
helps to protect DNA from degradation during bisulfite
treatment (22). Following incubation for 18 h, bisulfite-
treated DNAs were washed three times with water using
Amicon Ultra 10 K Centrifugal Filter Device (Millipore)
and desulphonated in 0.3 M NaOH solution for 20 min at
room temperature. After removal of NaOH by the Amicon
Centrifugal Filter Device, the DNA solution was buffer-
exchanged to 10 mM Tris pH 8.0 using Bio-spin P6 column
(Bio-Rad, CA, USA).

Illumina library preparation and genome sequencing

Bisulfite-treated gDNA (1 �g) was sheared to an average
size of ∼200–250 bp by sonication using a Covaris S2 in-
strument. 10 ng of sheared DNA was used directly in Il-
lumina’s sequencing library preparation. For a subset of
experiments, sheared gDNA (200 ng) was incubated with
Mung Bean (MB) nuclease (0.5 units) for 30 min at 30◦C
and purified using a Monarch PCR & DNA ‘clean-up’ kit.
For Illumina’s sequencing library preparation, Accel-NGS
Methyl-Seq DNA Library kit (Swift Biosciences, MI) and
10 ng of sheared gDNA (or control DNA) were used to pre-
pare Illumina’s sequencing library according to the com-
pany’s protocol with 9 PCR amplification cycles. This li-
brary preparation kit relies on enzymatic attachment of
adaptors directly on bisulfite-treated ssDNA by the com-
pany’s Adaptase technology. The libraries were purified by
two rounds of SPRI bead clean up, quantified by Qubit and
qPCR, and subjected to Illumina’s sequencing (2 × 150 bp
paired-end) on a Mini-Seq or a Next-Seq 550 instrument
using High Output Reagent Kits (300-cycles).

Sequencing data analysis

Illumina sequencing data were analyzed by CLC Genomic
Workbench (v. 21.0) (Qiagen). High quality sequencing
reads were imported and trimmed 25 bases from the 5′-
end and 20 nt from the 3′- end. Sequencing reads having a
length of 101–105 nt long were used to analyze ssDNA gaps.
To quantify genomic ssDNA content, bisulfite-treated reads
were aligned and mapped to the MG1655 reference genome
(Accession number NC 000913) using a Bisulfite Sequenc-
ing (BS-seq) directional protocol with a length fraction set-
ting of 0.8 and similarity fraction setting of 0.9. This BS-seq
mapping involved in silico conversion of all reads. All cyto-
sine residues within the first reads of a pair were converted
to thymine (CT conversions) and all guanine residues in the
second reads of a pair were converted to adenine (comple-
ment of CT conversions). The MG1655 reference genome
was also converted into two different in silico versions. For
the CT-converted genome all C residues were replaced by
T, and for the GA-converted genome, all G residues were
converted to A. The in silico converted reads were then in-
dependently mapped to the CT- and GA-converted refer-
ence genomes and the better score of the two mappings
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was reported as final mapping result. Reads that mapped
non-specifically (i.e. reads aligned at more than one genome
position with equally good scores) were ignored and not
used for analysis. Non-specific match reads often represent
genes with multiple copies in E. coli chromosome such as
seven copies of ribosomal 23S, 16S and 5S, numerous in-
sertion sequences, Rhs elements and tufA and tufB genes.
Counts and percentages of mismatches between the mapped
reads and the reference for each base were calculated us-
ing a ‘QC for read mapping’ tool in the CLC genomic
workbench.

To identify sequencing reads that represent ssDNA
gaps on the W-strand (or C-strand), the reads were se-
rially aligned and mapped to the CT-converted (or GA-
converted) reference genomes using a standard ‘Map reads
to reference’ tool in the CLC program, with a similar frac-
tion setting of 0.95 and match length fraction settings vary-
ing from 1.0 to 0.1. In the first mapping round, all reads
were first aligned and mapped to the CT-converted (or GA-
converted) reference genomes with the match length frac-
tion setting as 1.0. Reads that mapped to the reference
genome were extracted and used to identify ssDNA gaps
of >100 nt on the W-strand. Unmapped reads were sub-
jected to a second mapping to the CT-converted (or GA-
converted) reference genomes using the match length setting
at 0.9. Reads that mapped to the reference genome in the
second round were extracted and used to identify ssDNA
gaps of 90–100 nt on the W-strand. Subsequent read map-
pings were carried out in similar manner with a stepwise
length fraction setting at 0.8, . . . , 0.5 to extract reads that
represent ssDNA gap sizes from 80–90 nt, 70–80 nt, 60–70
nt, 50–60 nt, respectively. Although gaps from 10 to 50 nt
were identified, the presence of small numbers of C residues
did not allow a clear distinction to be made between C to U
conversions emanating from bona fide genomic ssDNA gaps
and sporadic C to U conversions that may have occurred
during bisulfite treatment of genomic dsDNA. Some reads
in genomic regions with low GC content mapped to the
CT-converted (or GA-converted) reference genomes, but
do not represent ssDNA gaps. These reads were removed
by their alignment to the unconverted MG1655 reference
genome.

Sequencing reads having their entire length aligned and
mapped to the CT-converted or GA-converted reference
genomes were used to analyze the spatial distribution of ss-
DNA gaps on W- or C-chromosomal strands, respectively.
Hot and cold genomic regions on W- and C-strands were
identified by the ‘Whole Genome Coverage Analysis’ tool in
the CLC Genomic Workbench, using 50 bp as the minimum
length and 0.01 as the ‘P-value threshold’ value. This tool
identifies regions in ssDNA read mapping (CT-converted
reference genome for the W-strand, and GA-converted ref-
erence genome for the C-strand) with ‘unexpectedly’ high or
low ssDNA read coverage. The coverage analysis involves
the examination of the coverage in each of the positions in
the ssDNA read mapping and marks the ones with coverage
in the lower or upper tails of the estimated Poisson distribu-
tion. Regions with consecutive positions marked as having
high or low ssDNA coverage are designated as ‘hot’ or ‘cold’
regions.

RESULTS

We have identified the genome-wide locations of ssDNA
gapped intermediates in the E. coli chromosome and have
analyzed their properties and possible functions. Three cell
populations have been analyzed: cells grown exponentially
in the presence and absence of UV radiation, and cells
grown to stationary phase. We have measured the locations,
sizes, and distributions of ssDNA gaps on the W and C
chromosomal strands, and on leading- and lagging- repli-
cation strands.

The technical process entails the following steps (Fig-
ure 1A). First, genomic (g)DNA is isolated and then in-
cubated with sodium bisulfite under non-denaturing con-
ditions. This initial step results in efficient conversion of
C → U in ssDNA (∼95%), with little C deamination in
genomic dsDNA (∼5%). The gDNA is then mechanically
sheared to yield 200–250 bp fragments, suitable for in Il-
lumina’s next-gen sequencing. Genomic ssDNA gaps on
the W-strand are identified as sequencing reads containing
tracks with all C residues converted to T; ssDNA gaps on
the C-strand are identified as sequencing reads containing
tracks with all G residues converted to A. In an experi-
ment performed in parallel, sheared gDNA was treated with
Mung Bean (MB) Nuclease. MB Nuclease specifically di-
gests ssDNA (23) released from genomic ssDNA gaps, but
does not act on sheared dsDNA fragments. This experiment
allows for correction of background bisulfite-induced C →
U deamination taking place in genomic dsDNA under non-
denaturing conditions. The analytical mapping of ssDNA
gaps entails the alignment of sequencing reads (101–105 nt)
to E. coli reference genomes with all C residues converted
to T, which identifies the W-strand, and with all G residues
converted to A, which identifies the C-strand. The locations,
sizes and biological features of the gapped ssDNA regions
are described and evaluated below.

Measuring the ssDNA gap content in the E. coli chromosome
in exponentially dividing cells ± UV and during stationary
phase

We measured the efficiency of C to U conversion by non-
denaturing bisulfite treatment using a 203 nt long control
ssDNA substrate, which corresponds approximately to the
average size of sheared gDNA. Following incubation with
sodium bisulfite, the ssDNA was purified and sequenced
(see Materials and Methods). All sequencing reads con-
tained C → T conversions essentially at all C template posi-
tions (Figure 1B). Bisulfite-generated C deamination occurs
at ∼95% efficiency under DNA non-denaturing conditions
(Table 1, ‘Bisulfite-treated ssDNA control’). The observed
low background of other than C → T mutations (less than
0.2% for C → A/G, G → C/T, A → N or T → N) pos-
sibly result from a combination of PCR-generated muta-
tions, spontaneous hydrolytic deamination occurring dur-
ing DNA processing, and Illumina sequencing errors.

We have mapped ssDNA gaps in gDNA and have ana-
lyzed their content in asynchronous populations of E. coli
during exponential growth (mid-log phase cells), mid-log
phase cells irradiated with a high UV dose (100 J/m2), and
cells in stationary phase. Optimization of sequencing reads
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Figure 1. Detection of genomic ssDNA gaps by non-denaturing bisulfite treatment and DNA sequencing. (A) Schematic representation of ssDNA gap
detection. Purified genomic DNA was incubated with sodium bisulfite at 37◦C for 18 h, followed by mechanical shearing to ∼200–250 bp fragments. After
Illumina whole genome sequencing, ssDNA gaps on the W- or C-strands were identified as reads containing sequence tracks with all C → T or G → A
conversions. (B–D) Representative sequencing reads from a bisulfite-treated ssDNA control (B), fragmented genomic dsDNA (C) and genomic ssDNA
gaps (D). Reads derived from ssDNA gaps have either all C converted to T (green highlight) or G converted to A (red highlight) when aligned to a MG1655
reference sequence (bottom line without highlight). Data aggregations for reads are shown at the top of the sequence reads.

to obtain high quality scores were achieved by trimming
25 nt from the 5′-end and 20 nt from the 3′-end, and then
filtered to select for uniform lengths of 101–105 nt. The
reads were mapped to an MG1655 reference genome us-
ing a bisulfite sequencing alignment algorithm, which maps
all reads regardless of whether C → T conversion occurred
in individual reads (see Materials and Methods). The maps
contained sequencing reads derived from genomic dsDNA
(e.g. Figure 1C), as well as reads derived from genomic ss-
DNA gaps (e.g. Figure 1D). Typical individual sequenc-
ing reads derived from genomic dsDNA contained one or
a few sporadic C → T or G → A mutations (Figure 1C).

In contrast, sequencing reads from the ssDNA control sub-
strate, and from genomic ssDNA gaps contained either C
→ T conversion or G → A conversion at nearly all C or
G sites, respectively (Figure 1B, D). Bisulfite-induced C →
U deamination was highly efficient on ssDNA (∼95%), but
it also occurred on genomic dsDNA using the same non-
denaturing conditions, albeit at a low frequency (5%) (see
MB Nuclease-treated gDNA, Table 1). Non-specific C →
U deaminations on gDNA were likely caused by bisulfite
action on transient ssDNA generated by local conforma-
tional fluctuations within dsDNA (24,25). Transient disrup-
tion of base pairing in dsDNA occurs at temperatures well
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Table 1. Mismatches detected in bisulfite-treated genomic DNA

Detected mismatches (%)

Sample C → T C → A/G G → A G → C/T A → N* T → N Number of sequenced bases

Bisulfite-treated ssDNA control
Expt 1 94.80 0.06 0.13 0.06 0.17 0.07 174 549 412
Expt 2 94.80 0.06 0.13 0.07 0.17 0.06 167 138 560
gDNA without bisulfite treatment
Mid-log 0.04 0.06 0.04 0.06 0.11 0.11 3 415 108 394
Bisulfite-treated gDNA
Mid-log
Expt 1 6.29 0.07 6.28 0.07 0.11 0.11 9 028 568 963
Expt 2 6.37 0.07 6.37 0.07 0.12 0.12 563 946 106
MB Nuclease 4.98** 0.15 5.06** 0.15 0.26 0.26 334 177 870
UV-irradiated
Expt 1 8.78 0.07 8.77 0.07 0.11 0.11 2 486 784 904
Expt 2 10.86 0.07 10.82 0.07 0.12 0.12 536 444 294
MB Nuclease 5.96** 0.12 6.04** 0.12 0.21 0.21 296 677 061
Stationary
Expt 1 11.26 0.06 11.23 0.06 0.11 0.11 1 866 168 393
Expt 2 15.65 0.07 15.67 0.07 0.13 0.13 575 894 587
MB Nuclease 5.90** 0.14 6.02** 0.14 0.24 0.24 359 640 871

* A → N and T → N denote all three mismatches at A and T bases.
** Significant decrease (P < 0.0001, Chi-square test) in the levels of C → T and G → A mutations, compared to samples not treated with Mung Bean
Nuclease (MB Nuclease).

below the DNA melting temperature resulting in the for-
mation of short ssDNA bubbles containing one or several
bases (24,25) that possibly can be deaminated at C sites by
sodium bisulfite.

The whole genome distribution of mapped reads showed
a distinct pattern for mid-log and UV-irradiated cells with
highest levels of reads located at the replication origin
(OriC). The levels of mapped reads gradually declined mov-
ing bidirectionally away from OriC, with the fewest reads
located at the replication termination site (Ter) (Figure 2A,
top two graphs). A symmetric and monotonic reduction in
mapped reads at increasing distances from OriC is a hall-
mark of chromosomal replication in cells growing asyn-
chronously in exponential phase. In contrast to mid-log and
UV-irradiated cells, mapped reads for stationary cells ap-
peared to be uniformly distributed along the entire length
of E. coli chromosome (Figure 2A, bottom graph).

A genome-wide analysis of base substitution mutations at
C, G, A and T in aligned reads revealed that only C → T and
G → A mutations were specifically increased in bisulfite-
treated gDNA, ranging from 6.3% for mid-log cells to 15.7%
for stationary cells (Table 1). For each experiment, C → T
and G → A mutations were detected at similar levels. The
other mutations (C → A/G, G → C/T, A → N or T → N)
were detected at levels comparable with the corresponding
mutations in non-bisulfite treated gDNA (Table 1), suggest-
ing that these mutations arose as a combination of PCR and
sequencing errors. The removal of ssDNA genomic frag-
ments by MB Nuclease prior to sequencing led to a signif-
icant reduction (P < 0.0001) in both C → T and G → A
mutations compared to non-MB Nuclease treated samples
(Table 1). Since bisulfite treatment of ssDNA gaps present
on the top W strand resulted in sequencing reads with C →
T conversions and ssDNA gaps on the C strand – reads with
G → A conversions, the excess of C → T and G → A muta-
tions above background mutation levels can be used to esti-
mate the genomic content of ssDNA that mapped to W- and

C-strands, respectively. Using C → T and G → A levels in
MB Nuclease-treated gDNA as the background values for
spontaneous bisulfite-induced C deamination in genomic
dsDNA, the level of genomic ssDNA gaps is estimated to
be ∼1.4% for mid-log cells, ∼4.8% for UV-irradiated cells
and ∼8.5% for stationary cells (Figure 2B). ssDNA gaps
appeared to be present at about equal levels on W and C
strands within each of the three cell populations (Figure
2B).

The E. coli genome contains two oppositely replicating
halves designated as replichore 1, replicating clockwise on
the right side of OriC, and replichore 2, replicating coun-
terclockwise on the left side of OriC (26). An analysis of
ssDNA gap contents showed that the leading- and lagging-
strands in each replichore contained similar levels of ss-
DNA distributed throughout the gDNA (Table 2). Thus,
the percentage of ssDNA on the E. coli genome is essen-
tially the same on the W and C strands (Figure 2B), and it
remains the same when considering leading- and lagging-
strands separately (Table 2).

ssDNA gap distribution and lengths throughout the E. coli
chromosome

Read mappings were carried out to analyze ssDNA gap
sizes on W and C strands. To obtain reads that derived from
ssDNA gaps on the W strand, reads were directly mapped
to an in-silico CT-converted MG1655 genome (i.e. a genome
containing all C residues changed to T). Reads that fully
aligned to the CT-converted genome were identified as ss-
DNA reads since the entire sequences were derived from ss-
DNA gaps on the W strand. For reads that partially aligned
to the CT-converted genome, only the aligned regions of
the reads represent ssDNA gaps. Considering the average
bisulfite-induced C → T conversion rate is 95% (Table 1),
the alignment parameter ‘match fraction’ (the minimum
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Figure 2. Whole genome distribution of aligned sequencing reads. (A) Aggregated coverage graphs of all mapped reads for mid-log, UV-irradiated mid-log,
and stationary cells. Three blue shades indicate the average read coverage values at the genome positions (blue color), the maximum coverage values (dark
blue color), and the minimum coverage values (light blue color). The origin of replication (OriC), Dif and replication termination sites TerA, TerB, TerC,
TerD are indicated by dashed vertical lines. Approximate chromosomal boundaries of four macrodomains (Ori MD – green, Ter MD – cyan, Left MD –
blue, Right MD – red) are indicated at the bottom. (B) Estimated ssDNA gap content on the top and bottom strands. The values represent the averages
and standard deviations from two independent experiments.

Table 2. Comparison of ssDNA gap contents on the leading and lagging
strands

ssDNA gap content (%)a

Leading strand Lagging strand

Mid-log cells
Replichore 1 (OriC right) 1.4 ± 0.1 1.2 ± 0.1
Replichore 2 (OriC left) 1.5 ± 0.1 1.2 ± 0.1
UV-irradiated cells
Replichore 1 (OriC right) 4.7 ± 1.1 4.8 ± 1.7
Replichore 2 (OriC left) 5.0 ± 1.5 4.5 ± 1.4
Stationary cells
Replichore 1 (OriC right) 8.3 ± 2.8 8.4 ± 3.5
Replichore 2 (OriC left) 8.7 ± 3.1 8.2 ± 3.1

aValues represent the averages and standard deviations from two indepen-
dent experiments.

percentage identity between the aligned region and the ref-
erence sequence) for all mappings was set at 0.95.

In the first round of mapping, the ‘length fraction’ (the
minimum percentage of the total alignment length that ex-

actly matches the reference sequence) was set at 1.0, i.e.,
the mapped reads are identical in length to the reference.
Reads that did not conform to the 100% length match cri-
teria in the first round were used in subsequent mapping
rounds with length fractions reduced in steps going from
0.9 to 0.5. Since all reads were processed to have similar
lengths between 101–105 nt, these mappings correspond to
ssDNA gap sizes in windows of 10 nt, ranging from 50 nt to
>100 nt (Figure 3). The same ssDNA gap analysis was car-
ried out for the C strand, where an in-silico GA-converted
MG1655 genome with all G bases changed to A was used as
the reference for read mappings. In this paper, the ssDNA
gap resolution is in a range of 50–100 nt, which is set by the
length fraction that align precisely to the CT-converted or
GA-converted reference genome within each read (101 to
105 nt). For gaps <50 nt, the presence of small numbers of
C residues did not allow a distinction to be made between C
to U conversions occurring in gDNA gaps and sporadic C
to U conversions by bisulfite-treatment of genomic dsDNA.

We have measured the distribution of ssDNA gap sizes
on W- and C-strands for each cell population (Figure 3).
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Figure 3. Distribution of sequencing reads containing an aligned region corresponding to ssDNA on W- and C-strands. CT- and GA-converted MG1655
genomes were used as reference genomes to identify ssDNA gap on W- and C-strands, respectively. Bar colors indicate mid-log cells (blue color), UV-
irradiated mid-log cells (orange color), and stationary cells (gray color). Each bar represents the average percentage of reads containing an aligned region
corresponding to ssDNA gaps with the indicated gap size (± standard deviation), from 2 independent experiments.

For mid-log phase cells, relatively low frequencies of reads
containing a region corresponding to genomic ssDNA gaps
were observed, mainly in size ranges of 50–60 nt, 60–70
nt and larger than 100 nt (∼0.7% each). In contrast, gaps
larger than 100 nt on W- and C-strands occurred with a
much higher frequency in UV-irradiated cells (∼5.8%) and
stationary cells (∼11%). Reads that aligned along their en-
tire length to the CT- or GA-converted reference genome
represent ssDNA gaps >100 nt on W- and C-strands, re-
spectively. Although individual reads were within a 101–
105 nt range, ssDNA gaps >105 nt can nevertheless be de-
tected if both the forward reads (5′-end of a sheared frag-
ment) and reverse reads (3′-end of a sheared fragment) map
to the same CT- or GA-converted reference genome. The
gDNA fragment is partially single stranded when one read
in a pair mapped to one of the two reference genomes. The

entire gDNA fragment is fully single stranded when both
reads in a pair mapped to the same reference genome. For
mid-log phase cells, 60% of the read pairs show both reads
mapped to CT- or GA-converted genomes (Supplementary
Figure S1A). However, for UV-irradiated and stationary
phase cells, essentially all read pairs (98%) have both for-
ward and reverse reads mapped to one of the genomes. Al-
though the sheared gDNA fragments have an average length
of 200–250 bp, the distribution of lengths for the mapped
pairs reveals the presence of ssDNA for up to 400 nt for
mid-log phase cells and up to 500 nt for UV irradiated mid-
log and stationary phase cells (Supplementary Figure S1B).
In summary, longer (>100 nt) ssDNA gaps were predomi-
nantly found to occur in UV irradiated mid-log and station-
ary phase cells, whereas numbers of ssDNA gaps >100 nt
were far smaller in mid-log phase cells.
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Figure 4. Whole genome distribution of ssDNA gaps in E. coli. (A) Aggregated coverage graphs of mapped ssDNA reads for mid-log cells for both W-
and C-strands (top panel), W-strand (middle panel) and C-strand (bottom panel). Blue color displays the average coverage values at the genome positions,
dark blue – the maximum coverage values and light blue – the minimum coverage values. The origin of replication (OriC), Dif and replication termination
sites TerA, TerB, TerC, TerD are indicated by dashed vertical lines. Approximate chromosomal boundaries of four macrodomains (Ori MD – green, Ter
MD – cyan, Left MD – blue, Right MD – red) are indicated at the bottom. (B) A zoom-in genomic segment containing a hot ssDNA region and a cold
ssDNA region. Each line below the aggregated graph represents an aligned ssDNA read. Green indicates the C to T conversion and red indicates G to A
conversions in the aggregated data and in individual ssDNA reads.

An analysis of the spatial distribution of ssDNA gaps on W
and C strands on the E. coli chromosome

Sequencing reads that have their entire length aligned to the
CT-converted or GA-converted reference genomes corre-
spond to ssDNA gaps on W- or C-chromosomal strands,
respectively. The whole genome coverage maps built from
these reads were used to analyze the spatial distribution
of ssDNA gaps. The distribution of ssDNA chromosomal
gaps during mid-log phase growth has been determined
with W- and C-strands combined (Figure 4A, top panel)
and for each strand separately (Figure 4A, middle and bot-
tom panels). The same gap analysis depicting UV irradiated
mid-log and stationary phase cells is shown in Supplemen-
tary Figure S2. In mid-log phase cells ± UV, the average
ssDNA content declined moving from OriC to Ter (Figure
4A and Supplementary Figure S2, ‘light blue shading’). Su-
perimposed on the average ssDNA profiles were multiple
peaks and troughs containing gDNA regions with increased
and decreased ssDNA content, respectively (Figure 4A and
Supplementary Figure S2, ‘dark blue shading’). A ‘zoomed-
in’ profile illustrates the presence of a genomic DNA region

containing greater and lower than average ssDNA levels on
W- and C-strands (Figure 4B).

The observation of approximately equal numbers of
ssDNA reads that mapped to CT- and GA-converted
genomes (Figure 4A, Supplementary Figures S1 and S2),
implies the presence of similar amounts of ssDNA present
on W- and C-strands. A finer-grained analysis identified
chromosomal regions in which ssDNA is strongly enriched
(‘hot’ regions) and regions containing a paucity of ssDNA
(‘cold’ regions). The hot and cold regions are those for
which the read-map coverage lies in the upper and lower
tails of a Poisson distribution (Materials and Methods). Us-
ing 50 bp as a minimum length and P-value cut-off = 0.01,
we identified 1301 hot ssDNA regions and 333 cold ssDNA
regions on the W-strand, and 1335 hot ssDNA regions and
339 cold ssDNA regions on C-strand for mid-log cells (Ta-
ble 3). The hot and cold regions have average lengths of
108 and 81 bp, respectively. For UV-irradiated cells, there
were 2200 hot ssDNA regions and 1300 cold regions iden-
tified on W- and C-strands, and for stationary cells, there
were 935 to 984 hot and cold regions contained on W- and
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Table 3. Hot and cold genomic regions for ssDNA gaps on the W- and
C-strand

Hot ssDNA regions Cold ssDNA regions

W-strand C-strand W-strand C-strand

Mid-log cells
Number of regions 1301 1335 333 339
Average size (± SD), bp* 108 ± 69 107 ± 56 81 ± 30 85 ± 34
Maximum size, bp 1165 677 205 264
Median distance
between regions, bp

1059 1066 5590 5795

UV-irradiated cells
Number of regions 2188 2198 1266 1297
Average size (± SD), bp 135 ± 100 132 ± 101 115 ± 66 115 ± 72
Maximum size, bp 1198 1767 700 781
Median distance
between regions, bp

376 393 1309 1221

Stationary cells
Number of regions 984 962 953 935
Average size (± SD), bp 105 ± 111 103 ± 118 109 ± 63 110 ± 65
Maximum size, bp 1966 2505 693 742
Median distance
between regions, bp

2470 2930 2740 1916

*Values represent the averages and standard deviations (SD) from two in-
dependent experiments.

C-strands. A detailed analysis for the numbers of hot and
cold regions, their average and maximum sizes, and dis-
tances separating them is shown in Tables 3, 4 and in Sup-
plementary Table S1.

The distribution of hot and cold ssDNA regions throughout
the E. coli genome

We determined the distribution of hot and cold regions that
lie within 10 kb segments along the E. coli chromosome
(Figure 5). For mid-log cells, hot regions are highly concen-
trated in the vicinity of OriC for W- and C-strands, averag-
ing 8–10 regions per 10 kb segment (Figure 5A). A grad-
ual decrease in the density of hot regions occurs moving
bidirectionally away from OriC toward Ter, which contains
0–2 regions per 10 kb (Figure 5A, top two panels). This
gradient in ssDNA hot regions correlates with the num-
bers of replication forks, being greatest at replication origins
in exponentially growing E. coli and diminishing roughly
monotonically toward Ter. A tabulation of the data from
Figure 5A shows that there are about 1.4-fold more hot re-
gions identified on the lagging-strand (1555) compared to
the leading-strand (1081) (Table 4). The average lengths of
hot and cold regions are roughly similar on both strands
(103–111 bp). The cold ssDNA distribution exhibited a re-
verse pattern with the highest density in the vicinity of Ter
and lowest density near OriC (Figure 5A, bottom two pan-
els). Cold ssDNA regions are favored by about 1.4-on the
leading-strand (393) compared to the lagging-strand (279)
(Table 4). For cells growing in mid-log phase, it seems possi-
ble, maybe even likely, that the reciprocal distribution of hot
and cold regions could arise from the presence of lagging-
strand Okazaki fragments. If these patterns are associated
with normal DNA replication, the result suggests that the
start and stop points for the generation of Okazaki frag-

Table 4. Hot and cold genomic regions for ssDNA gaps on the leading
and lagging strands

Hot ssDNA regions Cold ssDNA regions

Leading
strand

Lagging
strand

Leading
strand

Lagging
strand

Mid-log cells
Number of regions 1081 1555 393 279
Average size (± SD), bpa 103 ± 56 111 ± 67 83 ± 33 84 ± 29
Maximum size, bp 597 1165 264 220
Median distance
between regions, bp

1219 970 4988 6295

UV-irradiated cells
Number of regions 2286 2100 1255 1308
Average size (± SD), bp 136 ± 104 131 ± 95 117 ± 74 113 ± 64
Maximum size, bp 1767 1198 781 578
Median distance
between regions, bp

372 394 1224 1282

Stationary cells
Number of regions 1111 835 888 1000
Average size (± SD), bp 103 ± 110 105 ± 121 111 ± 67 109 ± 61
Maximum size, bp 2505 1966 699 742
Median distance
between regions, bp

2354 3171 3123 2617

aValues represent the averages and standard deviations (SD) from two in-
dependent experiments.

ments and ssDNA regions on the leading strand template
are not entirely random.

It is perhaps surprising that UV-irradiated cells exhibit
even more accentuated distributions of hot and cold ssDNA
regions (Figure 5B). Hot regions are highly concentrated at
OriC and sharply declined bidirectionally within ∼1000 kb
distance. Hot regions are virtually absent in the second half
of each replichore, i.e. ∼1000 kb on both sides of Ter. Con-
versely, cold region densities were peaked at Ter and sharply
decreased over a distance of ∼1000 kb on both sides (Fig-
ure 5B). A distinctive feature of irradiated vs. non-irradiated
rapidly dividing cells is that in contrast to mid-log phase
cells, which had a ∼1.4-fold excess of ssDNA present on the
lagging-strand in the absence of UV (Table 4), hot regions
with ssDNA were observed at similar levels on leading- and
lagging strands in UV irradiated cells (Table 4). In contrast,
the non-dividing stationary phase cells show no indication
of an ssDNA gradient between OriC and Ter, and indeed an
approximately uniform distribution of hot ssDNA regions
was observed for leading- and lagging strands through-
out the entire E. coli chromosome (Figure 5C, Table 4).
We note however the presence of numerous, ‘spiked’ devia-
tions from the average for hot and cold ssDNA regions that
were observed throughout the genome for each class of cells
(Figure 5).

The E. coli chromosome has been shown to be organized
as a ring composed of four macrodomains (MD): Ori MD,
Ter MD, left MD and right MD, and two-less structured
regions (27,28). DNA recombination occurs facilely within
macrodomains, whereas recombination between different
macrodomains is far more restricted (28,29). We find that
hot ssDNA regions are concentrated within the Ori MD in
mid-log phase cells (Figure 5A, B). Conversely, cold ssDNA
regions tend to concentrate within the Ter MD (Figure 5A,
B).

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/2/937/6482582 by U

niversity of W
isconsin-M

adison Libraries user on 09 February 2022



946 Nucleic Acids Research, 2022, Vol. 50, No. 2

Figure 5. Spatial distribution of hot and cold ssDNA genomic regions. Distribution of hot and cold genomic regions on W- and C-strands for mid-log
(A), UV-irradiated mid-log (B), and stationary cells (C). Each bar in the graphs represents the number of hot or cold ssDNA regions in a 10 kb genomic
segment. The origin of replication (OriC), Dif and replication termination sites TerA, TerB, TerC, TerD are indicated by dashed vertical lines. Approximate
chromosomal boundaries of four macrodomains (Ori MD – green, Ter MD – cyan, Left MD – blue, Right MD – red) are indicated at the bottom. A sketch
at the top indicates the leading and lagging strands for each of the replichores on the left and the right of OriC.
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Table 5. Characteristics of Hot and Cold ssDNA regions

Percent of regions (%)

Hot ssDNA
regions

Cold ssDNA
regions

Mid-log cells
With a chi site 1.6 2.0
With a GATC site 28.0 28.7
In ORFs 83.1 84.2
In intergenic regions 16.9 15.8
UV-irradiated cells
With a Chi site 3.2 2.1
With a GATC site 42.2 29.2
In OFRs 94.6 85.2
In intergenic regions 5.4 14.8
Stationary cells
With a Chi site 1.6 1.8
With a GATC site 32.3 24.7
In OFRs 94.3 79.4
In intergenic regions 5.7 20.6

An examination of two nicking motifs contained in hot ss-
DNA gapped regions

We have probed hot ssDNA gapped regions to identify
RecBCD-mediated Chi recombination hot spot motifs (5′-
GCTGGTGG) (30) and 5′-GATC postreplication mis-
match repair MutH nicking motifs (31). There are 1–3% hot
ssDNA regions that were found to contain Chi sites (Ta-
ble 5). Therefore, RecBCD-mediated recombination events
are unlikely to be responsible for generating ssDNA in
hot genomic regions. GATC sites, which are required for
MutH-MutL mediated nicking on the unmethylated strand
of hemi-methylated DNA during mismatch repair, occur at
a frequency of 1/243 bp in the E. coli genome (31). Since
the average lengths of hot genomic regions lies in a range of
80–130 bp (Table 3), then ∼33–53% of the hot gaps could,
by chance, contain a GATC site. These sites were present
in 28% of mid-log phase cells, 42% of UV irradiated mid-
log phase cells, and 32% of stationary phase cells (Table 5).
All are present at close to the predicted average frequencies
suggesting that perhaps MMR might be implicated in the
generation of hot regions of ssDNA throughout the gDNA.

Protein coding genes occupy a sizable part of the genome
(87.8%); stable RNA accounts for ∼0.8%, with 11.4% oc-
curring as intergenic DNA, including regulatory regions
and a variety of additional functions (26). We determined
the locations of hot and cold regions in open reading frames
(ORFs) and in intergenic DNA (Table 5). For mid-log cells,
hot and cold regions are distributed essentially randomly
between ORFs and intergenic regions. Small departures
from randomness in hot and cold ssDNA regions were ob-
served for UV-irradiated and stationary phase cells.

DISCUSSION

This study provides a comprehensive first look at the ss-
DNA landscape in the E. coli genome. A diverse pattern
of ssDNA regions is distributed throughout the E. coli
genome, present to a similar extent on W- and C-strands,
and on leading- and lagging- strands. The gDNA gap con-
tent depends on cell growth conditions. The ss/ds DNA
ratio is approximately 1.3% for log phase cells, which in-

creased to 4.8% in the presence of high UV radiation and
reached 8.5% for unirradiated stationary phase cells (Ta-
ble 2). Rapidly dividing log phase cells ± UV contained a
marked ssDNA gradient, high proximal to OriC and de-
creasing bidirectionally reaching a minimum at Ter (Fig-
ures 4A, 5A and B, Supplementary Figure S2). In contrast,
the distribution of ssDNA gaps is essentially flat in non-
dividing stationary phase cells (Figure 5C, Supplementary
Figure S2). There were large numbers of short gaps in unir-
radiated log phase cells. Gap sizes, along with numbers, in-
creased substantially in UV irradiated cells (Figure 3). As
DNA synthesis largely halts for a period after UV irradi-
ation (32–34), the large increase is not readily explained
by increased replisome encounters with UV lesions, as dis-
cussed below. The patterns we establish in the current work
provide a launching point for a wide variety of studies to
explore gap generation as a part of DNA metabolism.

Two classic papers published in the mid and late ‘60s de-
scribed the formation of ssDNA gaps in the E. coli chromo-
some (35,36). In the first, Rupp and Howard-Flanders used
sucrose gradient ultracentrifugation to measure the size dis-
tributions of chromosomal ssDNA gaps in UV-irradiated
E. coli (35). In the second, Okazaki et al. used radioactive
pulse-chase experiments in combination with sucrose gra-
dient ultracentrifugation, to show that replication occurred
in short fragments (subsequently named Okazaki frag-
ments) on the lagging replication strand, which were then
joined into full-length chromosomal DNA (36). Notably,
Okazaki’s model for discontinuous lagging-strand syn-
thesis and continuous leading-strand synthesis (i.e. semi-
discontinuous DNA replication) did not rule out that inter-
rupted, i.e. discontinuous DNA synthesis could also occur
on the leading strand.

During the ensuing 50 years, genetic and biochemical
studies have identified numerous proteins used during DNA
replication, repair and recombination that are involved in
gap formation. Gaps have been shown to be formed in chro-
mosomal DNA in response to exogenous DNA damage,
and during normal DNA processes in unstressed cells. How-
ever, a way to measure the distribution of ssDNA gaps in
the E. coli chromosome has not been previously reported.
Here, we present a method of detection of genomic ss-
DNA gaps by whole genome sequencing of bisulfite-treated
gDNA (Figure 1A).

For the three cell populations, ssDNA gap levels ap-
peared to be similar on the W- and C-strands (Figure
2B). Despite different modes of DNA synthesis (continuous
for the leading-strand and discontinuous for the lagging-
strand), ssDNA gap content was found to be similar on
the leading- and lagging-strands, specific for each growth
condition (Table 2). The roughly equal numbers of full-
length ssDNA sequencing reads that aligned and mapped to
CT-converted and GA-converted genomes (Figures 3 and
4A, Supplementary Figure S1A) provide additional support
that ssDNA gaps are present at similar levels on the leading
and lagging strands.

The genome-wide distribution of ssDNA gap interme-
diates was analyzed by mapping full-length ssDNA reads
to W- and C-strands at each location along the E. coli
chromosome (Figure 4A, Supplementary Figure S2). Av-
erage ssDNA levels in mid-log cells ± UV show a grad-
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ual decrease going from OriC to Ter (Figure 4A, Supple-
mentary Figure S2, blue color shades) with essentially the
same amount of ssDNA on the W-strand and on the C-
strand (Figure 4A, middle and bottom read-map graphs).
However, the ssDNA is distributed non-uniformly along
the E. coli chromosome with the presence of localized hot
regions enriched for ssDNA, and cold regions that con-
tain much lower levels of ssDNA relative to the genome
average (Figure 4B). A compilation of hot ssDNA regions
shows strong similarities for W- and C-strands (Table 3).
For mid-log cells, there are ∼1300 hot regions distributed
throughout the E. coli genome having an average length
∼ 108 bp with a median separation between the regions
of ∼ 1060 bp. Compared to hot regions, there are much
fewer cold regions, 333–339 regions per strand with an aver-
age size of 81–85 bp. Hot regions are concentrated around
OriC with very few found in the vicinity of the Ter site.
In contrast, many more cold regions are located proximal
to the Ter site (Figure 5A). When leading- and lagging-
strands were examined individually, hot regions appeared
to be 1.4-fold higher on the lagging- strand, compared to
the leading-strand. Conversely, there are ∼1.4-fold more
cold regions on the leading-strand compared to the lagging-
strand (Table 4). The differences in distribution of hot and
cold regions on the leading- and lagging-strands might be
attributable to discontinuous lagging-strand synthesis and
near-continuous leading-strand synthesis. Alternatively, the
observed strand bias might be due to a difference in orien-
tation of gene transcription relative to the direction chro-
mosome replication. Both co-directional and head-on colli-
sions between replications forks and RNA polymerases can
cause stalling or collapse of the replication forks leading to
ssDNA formation with more detrimental effects implicated
for head-on collision events (37–41). We examined whether
hot genomic ssDNA regions occurred more frequently in
genes transcribed in an opposite direction of replication
forks (head-on), than in genes transcribed in the same di-
rection of replication forks (co-directional) (Supplementary
Table S2). The analysis showed that hot ssDNA regions
are present at similar frequencies in ‘head-on’ genes and in
‘co-directional’ genes for all three cell populations (Supple-
mentary Table S2).

Post UV-irradiated cells were harvested 10 min after ex-
posure to UV light (100 J/m2). Based on previous UV expo-
sure experiments (32,34), we estimate that this UV dose gen-
erated approximately 4000 cyclobutane–pyrimidine dimers
per E. coli chromosome, or an average of one cyclobutane–
pyrimidine dimer per 2.2 kb on either the W- or C-strand.
The presence of a high number of replication-blocking le-
sions is likely to be responsible for killing 99.8% of the
cells immediately after irradiation, while only ∼1.8% of the
cells appeared to survive at 10 min post UV irradiation (see
Materials and Methods). Compared to non-irradiated cells,
UV-treated cells showed a ∼8-fold increase in long ssDNA
gaps (>100 nt) on W- and C-strands (5.8% versus 0.7%)
(Figure 3). In contrast to non-UV-irradiated cells, leading-
and lagging-strands in UV-irradiated cells appeared to con-
tain roughly similar numbers of hot (2286 versus 2100) and
cold (1255 versus 1308) regions (Table 4).

Where are the long ssDNA gaps coming from? The long
ssDNA gaps seen during normal exponential growth are

likely to reflect two processes, lesion-skipping by the DNA
polymerase to generate post-replication gaps and mismatch
repair. Recent work (42) has reinforced the idea that post-
replication gaps are generated in virtually every replication
cycle during growth in rich media. Mismatch repair should
also occur multiple times in each replication cycle (43). The
two processes would both generate longer stretches of ss-
DNA and together they likely account for the long gaps
seen in the log phase cells. Based on the appearance of many
pyrimidine dimers after UV irradiation, one might expect
additional lesion-skipping and many new post-replication
gaps as suggested 50 years ago by the work of Rupp and
Howard-Flanders (18). However, replication largely halts
for about 20 min after UV irradiation (32–34) with the pos-
sible exception of some extension of the leading strand (44).
The replisome is not progressing and thus not encountering
large numbers of pyrimidine dimers. Most of the genomic
breaks uncovered by Rupp and Howard-Flanders may re-
flect transient strand breaks created by nucleotide excision
repair. Something is nevertheless occurring that is generat-
ing larger amounts of ssDNA, with lengths that cannot be
explained by excision repair. We note that the lengths of
ssDNA we can document are limited, by the paired reads
method, to about 500 nucleotides. The lengths of ssDNA
being generated may be much longer. Somewhat extensive
DNA unwinding and/or nucleolytic degradation may be
occurring, at the replisome or elsewhere, a phenomenon
not detected by other methods and that requires further
research to explain. In stationary phase cells, the numbers
of long ssDNA regions increase still further. We speculate
that random genomic nicks and strand breaks may get en-
larged by nucleolytic digestion in an environment where
ATP-dependent DNA repair processes are constrained by
metabolic limitation but nuclease action is not.

Hot ssDNA gaps might reflect sites of frequent repli-
cation fork stalling or collapse, high levels of recombi-
nation, and R-loop formation during transcription. The
range of lengths for hot regions is sufficient to accommo-
date the many cellular processes involved in ssDNA gen-
eration, going from a low of ∼1–12 kb ssDNA gaps for
base and nucleotide excision repair (45,46), to a high of
∼50–2 kb ssDNA gaps associated with homologous re-
combination, post-replication mismatch repair, replication
fork – transcription bubble collisions, and the generation
of lagging-strand Okazaki fragments during DNA replica-
tion (9,38,41,47). The low percentage of hot regions con-
taining Chi recombination hotspots in the three cell popu-
lations (Table 5) suggests that RecBCD-mediated recombi-
nation is unlikely to be responsible for generating ssDNA
in these regions. The distribution of hot ssDNA regions in
mid-log cells ±UV is also consistent with the involvement
of chromosome replication in generating ssDNA gaps. No-
tably, the distribution of hot ssDNA regions exhibits strong
spatial polarity, highest in the vicinity of OriC, decreasing
sharply for a distance of ∼1000 kb on both leading- and
lagging-strand DNA, and barely detectable in the vicinity
of Ter (Figure 5A, B). The approximate symmetry centered
around OriC on leading- and lagging-strands, for W- and
C-strands, is consistent with the possibility that ssDNA in
the hot regions occur principally as DNA replication in-
termediates generated in cells growing asynchronously in
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log phase. Conversely, the distribution of cold ssDNA re-
gions has the opposite spatial polarity pattern on W- and
C-leading and lagging strands, with the number of cold ss-
DNA regions peaking at Ter site and gradually decreasing
toward OriC (Figure 5A, B). We have found that hot regions
in UV-irradiated cells are strongly prevalent in regions sur-
rounding OriC. Previous studies have shown that E. coli es-
sentially halts ongoing replication for at least 15–20 min fol-
lowing UV-irradiation (32–34). Nevertheless, OriC contin-
ues to fire at its normal rate in a DnaA-dependent manner
(34,48). Active origins of replication in UV-irradiated cells
would lead to enrichment of replication forks around OriC
regions, which could also contribute to the strong localiza-
tion of hot ssDNA regions in the vicinity of OriC (Figure
5B).

An earlier publication used a Na bisulfite-deep
sequencing-informatics approach to characterize R-
loops in E. coli gDNA (49). Unlike the earlier study,
our DNA was treated with RNase to remove most of
the RNA and R-loops. Based on our analysis of hot-
and cold-gapped regions (Figures 4 and 5, Table 4), we
have identified potential R-loop structures for the pur-
pose of estimating their contribution to gapped ssDNA
regions (Supplementary Table S3). For mid-log phase
cells, there were 1.7-fold more hot ssDNA regions on the
transcribed non-template strands (∼700) compared to
template strands (∼400), suggesting that R-loops make a
significant contribution to ssDNA gaps. Since RNA:DNA
hybrids are insensitive to exposure to bisulfite, an almost
exact reciprocal relationship was observed for cold ssDNA
regions, which showed 1.7-fold more ssDNA regions on
the template strands (∼170) compared to non-template
strands (∼100). Based on the data in Supplementary Table
S3, we estimate that R-loops contribute about 12 to 15%
of the ssDNA observed in both hot- and cold regions in
mid-log phase cells. In contrast, there appeared to be no
significant transcription strand bias for UV irradiated and
stationary phase cells (Supplementary Table S3).

Okazaki’s model for discontinuous lagging-strand DNA
replication (36) was compatible with the possibility that dis-
crete DNA fragments might also be present on the leading-
strand, arising perhaps as replication intermediates, or pos-
sibly not. Between 1968 and 2019, many leading-strand dis-
continuities were traced, not to replication intermediates,
but instead to intermediates arising during DNA damage
repair, e.g. BER, NER, MMR (50,51), and to pathways
used to rescue stalled replication forks (20). In 2019, Kuzmi-
nov and colleagues showed that by eliminating BER, NER,
MMR, and especially RER (removal of misincorporated ri-
bonucleotides) the leading strand is then synthesized in a
long continuous stretch (∼80 kb) (44), which corresponds
to ∼3.5% of the distance between OriC and Ter. However,
when repair pathways are present, there are large numbers
of leading strand discontinuities observed for cells grown
in the absence of exogenous DNA damage (44). Interrup-
tions in synthesis that result in RNA-initiated repriming
can lead to the generation of ssDNA gaps on the leading
strand (18,20,52). The origin of these leading strand gaps is
not known, and, apart from the generation of Okazaki frag-
ments, the same holds true for regions containing an excess
of lagging strand gaps.

We’ve described a straightforward method to map ss-
DNA gapped regions on the E. coli chromosome with near-
single nt precision. A new insight obtained from the cur-
rent data is the detection of high concentrations of ssDNA
gapped regions (i.e. hot ssDNA regions) on the leading
strand that lie close to the replication origin OriC in actively
dividing cells (Figure 5A, B). The presence of ssDNA on the
leading strand at the replication fork is consistent with a
biochemical characterization of model replication forks re-
ported by Manhart and McHenry (53), which used DNA–
protein crosslinking to identify the presence of SSB bound
simultaneously on lagging- and leading-strands during pri-
mosome assembly in proximity with an E. coli replication
fork. The ssDNA gap distributions observed for mid-log
cells ± UV (Figure 5A, B) are compatible with replication-
restart models that involve replisome reassembly. For ex-
ample, the median distance between hot ssDNA regions
in heavily UV-irradiated cells (∼372 bp, Table 4) could re-
flect the need for frequent replication fork reassembly in
response to the presence of high numbers of inadvertent
blocks to DNA synthesis. Furthermore, the average and
maximum lengths of the leading strand hot ssDNA regions
in mid-log cells ±UV (Table 4) are sufficient to accommo-
date SSB assembly.

In summary, the bisulfite sequencing method presented
here can be used to map ssDNA gaps generated during dif-
ferent stages of cell growth. It can be used to map ssDNA
gaps in situations where replication, recombination, repair
pathways have been modified, and in the presence of exoge-
nous agents that damage DNA. Several general patterns of
ssDNA generation have been revealed in the current study,
setting a critical baseline for future work. The method is
amenable to identifying proteins bound in the ssDNA gaps
using ChIP-Seq analysis. Although at present the origins of
chromosomal ssDNA gaps remain elusive, we hope to build
on the current results and utilize this method as one impor-
tant tool to explore genomic gap creation in many different
DNA metabolism contexts.
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