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Genomic methods for measuring DNA replication
dynamics

Michelle L. Hulke & Dashiell J. Massey &

Amnon Koren

Abstract Genomic DNA replicates according to a de-
fined temporal program in which early-replicating loci
are associated with open chromatin, higher gene density,
and increased gene expression levels, while late-
replicating loci tend to be heterochromatic and show
higher rates of genomic instability. The ability to measure
DNA replication dynamics at genome scale has proven
crucial for understanding the mechanisms and cellular
consequences of DNA replication timing. Several
methods, such as quantification of nucleotide analog
incorporation and DNA copy number analyses, can ac-
curately reconstruct the genomic replication timing pro-
files of various species and cell types. More recent devel-
opments have expanded the DNA replication genomic
toolkit to assays that directly measure the activity of
replication origins, while single-cell replication timing
assays are beginning to reveal a new level of replication
timing regulation. The combination of these methods,
applied on a genomic scale and in multiple biological
systems, promises to resolve many open questions and
lead to a holistic understanding of how eukaryotic cells
replicate their genomes accurately and efficiently.
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ini-seq Initiation site sequencing
TSS Transcription start sites
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ESC Embryonic stem cell
FISH Fluorescence in situ hybridization
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Introduction

The replication of genomic DNA is mediated by the
sequential activation of DNA replication origins along
chromosomes. Different origins are activated at different
times during the S phase of the cell cycle to mediate
bidirectional DNA synthesis that continues until the ensu-
ing replication forks merge with opposing forks that orig-
inated from nearby origins. Ultimately, this process leads
to the duplication of the entire genomic material, with
different regions of the genome replicating at different
times (Fig. 1). DNA replication origins are located at
specific sites along chromosomes and are activated at
characteristic and reproducible times, prompting questions
regarding both the mechanisms and function of this spa-
tiotemporal regulation. The “program” of replication origin
activation and resulting replication timing has been linked
to chromatin structure, chromosome conformation, gene
activity, and genome stability and development. On aver-
age, early-replicating genomic regions tend to residewithin

open chromatin regions in the “A” compartment and con-
tain a high density of active genes, while late-replicating
regions tend to be gene-poor and are more susceptible to
accumulating mutations during evolution or somatic cell
divisions. The replication program has been shown to be
extensively remodeled during embryonic development
and cellular differentiation, while disruption of the normal
replication program can lead to cell lethality, developmen-
tal defects, and cancer (reviewed in (Aladjem and Redon
2017; Gaboriaud andWu 2019; Rhind and Gilbert 2013)).

Not with standing the central role of DNA replication
and its temporal regulation in cellular and organismal
biology, several fundamental questions remain incomplete-
ly resolved despite many years of intensive research. For
instance, the locations of replication origins in higher
eukaryotic genomes remain to be unequivocally
established, as does the actual nature of replication initia-
tion sites as single origins, clusters of nearby origins, or a
combination thereof. Similarly, although the replication
timing of different genomic regions appears to be highly

Fig. 1 DNA replication timing. DNA initiates at replication ori-
gins, each of which is activated at a characteristic time during S
phase. Replication continues bidirectionally until all replication
forks converge and the entire genome is replicated. The DNA
replication timing program can be represented in the form of a
replication profile (bottom), in which the amplitude of the profile

represents the replication timing along the chromosome and peaks
correspond to the locations of replication origins. These replication
profiles also correspond to the average DNA copy number in a
population of replicating cells, in which earlier-replicating regions
will have a greater DNA content compared to later-replicating
genomic regions
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reproducible, there is compelling evidence for substantial
heterogeneity in origin activation timing among individual
cells. The molecular mechanisms determining the activa-
tion times of different replication origins are another fun-
damental yet unresolved aspect of DNA replication. Last,
while replication timing has been linked to cellular and
organismal development, it remains unclear to what extent
that different functional aspects have driven the evolution
of the replication timing program. For example, is a spe-
cific replication program required in order to support par-
ticular patterns of gene expression (Muller and
Nieduszynski 2012) or for maintaining the stability of
specific parts of the genome (Gaboriaud and Wu 2019)?
Or perhaps are there other “functions” for the replication
timing program?

For several decades, a plethora of genetic, molecular,
biochemical, and cellular assays have been applied to
study DNA replication dynamics. These studies have re-
vealed the existence of a replication timing program, the
locations and nature of replication origins in bacteria and in
budding yeast, and a great deal of detail regarding the
mechanisms of replication initiation and DNA synthesis.
Classical studies have also started to point out the intrica-
cies of DNA replication timing, including the complexity
of metazoan replication origins and their regulation. These
studies set the stage for the current era of DNA replication
research, where replication dynamics are studied predom-
inantly on a genomic scale. A genomic approach has
proven particularly important for studying DNA replica-
tion: not only does it provide the advantage of scale, but it
also enables a much deeper interrogation of the concerted
process of genome replication.

DNA replication encompasses the entire genome in a
single “mega-reaction” in which replication of one geno-
mic region affects that of other genomic regions. This is
due to several reasons. First, since replication is continuous
along chromosomes, replication initiation from one locus
affects the replication timing of adjacent loci. These dy-
namics also lead to a form of replication origin interfer-
ence, in which incoming replication suppresses the activity
of replication origins that have yet to fire. Thus, replication
timing is best interpreted in the context of the activity of all
surrounding origins and, by extrapolation, of all origins on
a chromosome. Second, replication origins compete for
limited amounts of initiation factors (Lynch et al. 2019;
Mantiero et al. 2011; Tanaka et al. 2011;Wong et al. 2011).
Thus, replication activity in one part of the genome can in
principle influence the replication of other parts (Yoshida
et al. 2014). Last, replication timing is relative: in some

instances, an entire chromosome can be generally replicat-
ed before or after the replication of another chromosome
(Koren and McCarroll 2014). By extension, a region that
replicates relatively early compared to the rest of the
genome may actually be late-replicating in the context of
its chromosomal region. Thus, a full account of replication
timing necessitates a genome-wide perspective.

Here, we review genomic approaches to studying DNA
replication dynamics.We separate our discussion into three
parts. First, we review genomic methods for measuring
DNA replication timing itself and how these have evolved
over the past few years. We then describe developing
methods that aim to map the actual locations of DNA
replication origins in higher eukaryotes. We end by
discussing recent approaches for genome-wide replication
profiling in single cells. Throughout, we focus on recent
developments and challenges for the future, while we point
the reader to several excellent reviews that provide more
detail about various methods and approaches (Hyrien
2015; Prioleau and MacAlpine 2016; Raghuraman and
Brewer 2010; Urban et al. 2015).

Measuring DNA replication timing in eukaryotic
genomes

The first measurement of replication timing of a eukary-
otic genome used a clever genomic implementation of
the classic Meselson-Stahl experiment. Saccharomyces
cerevisiae (budding yeast) cells were cultured in isoto-
pically dense media, after which cells were transferred
to light media and synchronously released into S phase.
Replicated (heavy-light) DNA was separated from
unreplicated (heavy-heavy) DNA at several time points,
and genomic tiling microarrays were used to reveal the
locations of replicated DNA, generating a genome-wide
profile of replication timing (Raghuraman et al. 2001).
The genomic scale of this first replication timing mea-
surement revealed the locations of replication origins in
the form of peaks that replicated before their adjacent
regions, as well as the activation times of replication
origins as indicated by the height of each peak. Similar-
ly, troughs in the profile represented the locations and
timing of replication termination events, while the
slopes between peaks and valleys were interpreted to
correspond to the rate of replication fork progression
(see Fig. 1). This study revealed several important prin-
ciples that were largely inaccessible with pre-genomic
analyses. For instance, origin activation times appeared
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to lie on a continuum rather than being bimodally dis-
tributed to early and late. In addition, replication was
earlier near the centromeres and later near telomeres, a
property that had been alluded to with locus-specific
studies yet is best evaluated with chromosome-level
data. Notwithstanding the transformative impact of this
first genomic analysis of replication timing, several
limitations of such an approach also became clear. For
instance, not all replication origins can be detected, in
particular locally weak or inefficient origins that may be
undetected or missed in data analysis (e.g., over-
smoothed). Similarly, the inferred locations of replica-
tion origins are not precise, and single origins cannot be
discriminated from tight clusters of several nearby ori-
gins. Replication fork progression inferred from repli-
cation timing profiles can be confounded by integrating
information from multiple, often superimposed replica-
tion forks (deMoura et al. 2010). To a large extent, these
limitations are due to the ensemble cell-population-level
measurement of replication timing in bulk cultures.
Heterogeneity between cells has emerged as an impor-
tant layer of complexity and a missing source of infor-
mation in such genomic studies (see further below).

Following the first characterization of the replication
dynamics of a eukaryotic genome, a branching-out of
techniques ensued. Notable among those are the probing
of replicating DNA via detection of single-stranded
DNA (Feng et al. 2006), immunoprecipitation of nucle-
otide analogs (specifically, the thymidine analog BrdU)
incorporated into replicating DNA (Knott et al. 2012;
Peace et al. 2016), and detection of Okazaki fragments
by DNA ligase inactivation and genomic analysis of
short single-stranded DNA fragments (McGuffee et al.
2013; Smith and Whitehouse 2012). Another approach,
which was used in parallel to the first characterization of
the yeast replication program, is based on DNA copy
number per se: the doubling of DNA can be followed
along chromosomes as cells traverse through S phase
(Yabuki et al. 2002).

All of the above techniques proved consistent and
highly informative with regard to the replication of the
budding yeast genome. However, interrogating the ge-
nomes of metazoan species introduced further chal-
lenges, most notably the greater difficulty of obtaining
synchronized cell cultures and of genetic manipulation
of the cells.While specialized techniques to synchronize
mammalian cells have been implicated in genomic rep-
lication timing measurements (Farkash-Amar et al.
2008; Jeon et al. 2005), two complementary approaches

ultimately became the current mainstay of mammalian
replication timing profiling. Both of these are genomic
versions mirroring (or following) yeast techniques or
locus-specific molecular techniques (Gartler et al.
1999; Hansen et al. 1995; Hansen et al. 1993; Koren
et al. 2010a; Yabuki et al. 2002). The first approach is
immunoprecipitation of BrdU-labeled DNA from cells
flow-sorted into different fractions of S phase. Cells are
incubated with BrdU for a certain amount of time (typ-
ically 30 min to 2 h) to allow incorporation into actively
replicating DNA. This is followed by sorting of S phase
cells, immunoprecipitation of BrdU-labeled DNA, and
genomic analysis of the DNA by either microarrays or,
more recently, next-generation sequencing. This ap-
proach obviated the need for synchronization and en-
abled genome-wide replication timing measurements in
higher eukaryotes such as flies (Schubeler et al. 2002),
mice (Hiratani et al. 2008), and humans (Chen et al.
2010; Hansen et al. 2010; Rivera-Mulia et al. 2015).
Retrospective synchronization achieved by flow sorting
enables a more native experiment without chemical
perturbation of live cells. On the other hand, the reliance
on analog-labeled DNA prevents the ability to use non-
replicating G1 cells as a direct control. Accordingly,
some experiments compare cells in late S phase to cells
in early S phase (Hiratani et al. 2008; Rivera-Mulia et al.
2015; Ryba et al. 2010). Alternatively, several studies
have used up to six fractions of cells within S phase
(Chen et al. 2010; Du et al. 2019; Hansen et al. 2010) to
measure replication timing. The use of multiple S phase
fractions in particular reveals loci that replicate at dif-
ferent times between the two chromosomal copies
(asynchronously replicating regions) (Hansen et al.
2010). This family of approaches is typically referred
to as “Repli-seq.”

Repli-seq provides a highly reproducible assay and
has led to the emergence of the “replication domain”
model, in which long regions of 400 Kb to 1.2 Mb with
consistent replication timing manifest as relatively flat
plateaus on replication profiles (Hiratani et al. 2008;
Pope and Gilbert 2013). Two limitations of Repli-seq
are, however, notable: the use of BrdU requires contin-
uous incubation with the analog which therefore labels
long stretches of DNA as single units. These stretches
are similar in length to replication domains. A second
potential shortcoming is the sorting of sub-S phase
fractions. This is expected to limit resolution, particular-
ly at the beginning and end of S phase, if not all S phase
cells are included in the sorting gates. In addition, the
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use of one S phase fraction in comparison to another,
instead of relative to a non-replicating G1 control, could
also compromise the accuracy of the replication timing
measurements. It remains an open question whether
these restrictions account for some of the global proper-
ties of replication timing profiles measured using Repli-
seq, such as broad domains.

A second general approach for measuring replication
timing is based on assaying DNA copy number (see
Fig. 1), similar to the original yeast experiment (Yabuki
et al. 2002), yet by using sorted S phase cells instead of
synchronized cells (Koren et al. 2010a; Woodfine et al.
2004). The quantitative nature of copy number measure-
ments and the ability to assay G1 cells in parallel enable
sorting a single, entire S phase fraction instead of several
sub-S fractions. This offers a more complete and uni-
form representation of the replication profile, while G1
cells serve to correct for any technical deviation from
euploid copy number. The power of this technique lies
in its independence from in vivo manipulation of cells
and in its experimental simplicity. It has accordingly
been applied to various systems, from yeast where it
enabled scaled-up experiments in many strains (Gispan
et al. 2014, 2017; Koren et al. 2010a) and species (Agier
et al. 2018; Koren et al. 2010b; Liachko et al. 2014;
Muller and Nieduszynski 2012), to model organisms
such as zebrafish (Siefert et al. 2017) and mice (Gdula
et al. 2019; Gitlin et al. 2015; Yaffe et al. 2010; Yehuda
et al. 2018), and to humans (Brody et al. 2018; Desprat
et al. 2009; Koren et al. 2012; Massey et al. 2019;
Mukhopadhyay et al. 2014; Yaffe et al. 2010). The
more uniform representation of cells in S phase
provides higher-resolution replication profiles than
Repli-seq techniques, especially with deeper se-
quencing (Koren et al. 2014; Koren et al. 2012;
Mukhopadhyay et al. 2014). However, the reliance
on cell sorting means that resolution may still be lost
in some very early or very late-replicating regions,
since the corresponding cells may reside within the
G1 or G2/M cell cycle fractions.

A more recent development of the copy number
approach has eliminated the need for cell sorting. While
direct measurement of DNA copy number in proliferat-
ing cells has been used for detection of replication
origins in bacteria (referred to as MFA, marker frequen-
cy analysis; (Rudolph et al. 2013; Sueoka and
Yoshikawa 1965; Yoshikawa and Sueoka 1963)) and
also suggested in yeast (although stationary phase cells
were still used as a reference; (Muller et al. 2014)), this

approach has more recently been used to probe the
replication profile of entire human genomes (Koren
et al. 2014). Proliferating cell cultures include a fraction
of cells in S phase that enables detection of subtle
fluctuations in DNA copy number along chromosomes
by whole-genome sequencing. As little as 5–10% of
cells in S phase are sufficient in order to generate high-
resolution replication profiles. This approach is the least
manipulative of all and for the same reason also the
easiest to implicate. It does, however, require high-
quality (and deeper coverage compared to other tech-
niques) whole-genome sequence data and is more com-
putationally challenging. The extra computational pro-
cessing steps account for the lack of an empirical control
sample (such as a G1 cell sample). Instead, the sequence
data in combination with the reference genome is used
to in silico simulate copy number profiles in non-
replicating cells (Koren et al. 2014). Ultimately, this
sequencing-only, copy number-based method is proving
to yield the most accurate replication timing profiles,
with sharp peaks and valleys even in mammalian ge-
nomes (Fig. 2).

Overall, genome-wide replication timing has by now
been measured in various yeast species, plants, flies,
zebrafish, mice, ape species, and normal and cancer
human cells (Concia et al. 2018; Farkash-Amar and
Simon 2010; Rhind and Gilbert 2013; Yang et al.
2018). It has been applied to cultured cells as well as
in vivo animal specimens and low-input samples
(Rivera-Mulia et al. 2019; Siefert et al. 2017; Yehuda
et al. 2018). It has been performed in an allele-specific
manner by relying on polymorphisms in offspring of
genotyped family trios and quartets (Koren and
McCarroll 2014; Mukhopadhyay et al. 2014) and of
mouse strain crosses (Rivera-Mulia et al. 2018). Most
recently, it has been advanced to the level of single-cell
measurements (see below).

Mapping DNA replication origins genome-wide

While replication timing profiles provide a comprehen-
sive account of a genome’s replication dynamics, they
only indirectly inform of the locations and activation
times of replication origins. Accordingly, peaks in rep-
lication timing profiles of yeasts correspond to replica-
tion origins but can nevertheless be located several
kilobases away from the actual initiation sites (due to
resolution limitations). In higher eukaryotes, Repli-seq
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approaches are typically thought to reveal replication
domains rather than individual initiating sites, while
copy number approaches can reveal distinct peaks yet
cannot resolve single origins from origin clusters nor
predict the precise locations of initiation sites. In parallel
to studies of DNA replication timing, methods that
directly identify replication initiation sites are therefore
instrumental in understanding eukaryotic DNA
replication.

Eukaryotic replication origins have originally been
identified in budding yeast using several elegant tech-
niques, some of whichwere later adapted to the genomic
level. Originally, DNA sequences that confer autono-
mous replication ability to plasmids were isolated,
which was later followed by functional 2-D gel assays
in which locus-specific replication bubble structures
were identified in their native chromosomal location
(reviewed in (Fangman and Brewer 1991)). Such exper-
iments opened the way to comprehensive genetic and
biochemical characterization of yeast replication origins

and ultimately led to the uncovering of the origin rec-
ognition complex (ORC), the mini-chromosome main-
tenance (MCM) complex that forms the core of the
replicative helicase, and other factors essential for rep-
lication initiation ((Bell and Stillman 1992; Diffley and
Cocker 1992; Maine et al. 1984); reviewed in
(Raghuraman and Brewer 2010; Tye 1999)). Subse-
quently, ORC and MCM binding were used to probe
for origin sequences by chromatin immunoprecipitation
(ChIP), which was later used on a genomic scale to
reveal active as well as inactive origins genome-wide
(Wyrick et al. 2001). The autonomous replicating se-
quence (ARS) assay has also been applied on a genome-
wide level in budding yeast (“ARS-seq”), which re-
vealed new ARSs, enabled identification of essential
ARS sub-sequences, and tested the influence of se-
quence alterations on ARS function (Liachko et al.
2013). ARS-seq also enabled the identification of repli-
cation origins in other yeast species, such as Pichia
pastoris, in which two different ARS elements were
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Fig. 2. DNA replication timing. (A–D) Different cell isolation
schemes for measuring DNA replication timing. In Repli-seq (A–
B), cells are incubated with BrdU, two to six fractions of S phase
cells are sorted (five fractions are shown in B), and BrdU-
containing DNA is sequenced. The choice of gate locations varies
from one experiment to another, with some experiments using
wider gates that together span most of S phase. Alternatively, the
entire S phase fraction as well as G1 cells can be sorted and DNA
sequenced without BrdU incorporation (C); DNA copy number is
analyzed directly to infer replication dynamics. The control G1
cells are sorted from the left side of the G1 peak, in order to avoid
inclusion of contaminating S phase cells (which would distort the

replication pattern in early S phase). G2 cells could also be used as
controls instead of G1 cells. (D) Last, DNA can be sequenced from
proliferating cells without any sorting. This reduces technical
influences and avoids arbitrary choices of gate locations. (E)
Representative DNA replication timing profiles for the
lymphoblastoid cell line GM12878 generated by either two-
fractionRepli-seq (Pope et al. 2014) or DNA copy number without
sorting (Koren et al. 2014). Replication profiles from multi-
fraction Repli-seq and from S-/G1-sorted cells (not shown) typi-
cally fall in between the other two approaches. Greater dynamic
range and sharper peaks may be obtained by avoiding FACS
sorting of S phase cells
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identified (Liachko et al. 2014). Last, the identification
of replication origin sequences in S. cerevisiae enabled
their further refinement and dissection by studying their
conservation among closely related Saccharomyces spe-
cies (Nieduszynski et al. 2006). Together, the combina-
tion of focused and genome-scale assays has led to a
detailed understanding of the locations, nature, and
mechanisms of yeast replication origin activation.

While the biochemistry of replication initiation turned
out to be highly conserved throughout eukaryotic evolu-
tion, the specification and regulation of replication origin
sites are not. For instance, DNA sequences that are essen-
tial for mammalian replication origin activity have not
been found, and the ARS assay has not been successful
in higher eukaryotes (Gilbert 2004; Hyrien 2015; Prioleau
and MacAlpine 2016). Instead, metazoan ORC binds
DNA promiscuously throughout the genome
(MacAlpine et al. 2010; Vashee et al. 2003), suggesting
that a conserved sequence is not a primary determinant of
replication origins in higher eukaryotes. Currently,
searches for mammalian replication origins rely mostly
on the molecular and biochemical rather than genetic
properties of origins. Many of these methods are exten-
sions of earlier yeast techniques for origin mapping. For
instance, ChIP-seq has been applied to map human repli-
cation origins (Dellino et al. 2013; Miotto et al. 2016;
Sugimoto et al. 2018). An alternative, ChEC-seq, fuses a
protein of interest – for example, MCM subunits – to
micrococcal nuclease, and uses DNA sequencing to ex-
amine the patterns of DNA cleavage reflecting the native
binding region of the protein (Foss et al. 2019; Zentner
et al. 2015). Bubble-seq extracts DNA bubble structures
trapped in electrophoretic gels followed by next-
generation sequencing to map their locations (Mesner
et al. 2013). Another technique, short nascent strand se-
quencing (SNS-seq), size-selects and sequences short
single-stranded DNA fragments that represent the early
products ofDNA replication (Besnard et al. 2012; Cadoret
et al. 2008; Cayrou et al. 2011). In order to prevent false
signals arising from random chromosomal breaks that
occur during DNA isolation, SNS-seq makes use of an-
other biochemical property specific to nascent DNA
strands: the presence of short RNA primers upstream of
newly replicated DNA. In yet another translation of a
classic yeast technique to the genomic era, lambda exo-
nuclease, an enzyme that digests DNA but is blocked by
RNA (Bielinsky and Gerbi 1998), has been implicated to
enhance the specificity of SNS-seq to replicating DNA.
Alternatively, RNA primers can be used to positively

select for nascent DNA strands by binding short DNA
molecules to a column and then using RNase I to specif-
ically release RNA-primed DNA fragments (“nascent
strand capture and release,”NSCR; (Kunnev et al. 2015)).

Instead of relying on RNA primers, nascent DNA
can be isolated by pulse-labeling cells with BrdU or
EdU, followed by isolation and sequencing analog-
containing short double-stranded DNA fragments (Li
et al. 2014; Mukhopadhyay et al. 2014; Smith et al.
2016). This approach has also been applied to cells
arrested in early S phase using hydroxyurea (HU) in a
technique called EdUseq-HU (Macheret and
Halazonetis 2018; Tubbs et al. 2018). Alternatively,
ini-seq (initiation site sequencing) uses isolated G1 nu-
clei that initiate replication in a cell-free system with
soluble human cell extracts in the presence of
digoxigenin-dUTP (Langley et al. 2016). The cell-free
system used in ini-seq supports much slower replication
than normal, facilitating the labeling of short DNA
strands. Of note, the incubation periods with nucleotide
analogs differ among these various techniques, which
could potentially affect the resolution of origin calling.

Okazaki fragment sequencing (Smith and
Whitehouse 2012) has also been applied to mammalian
genomes. In OK-seq, cells are briefly pulse-labeled with
EdU, after which short DNA fragments are isolated and
EdU-containing DNA is enriched and sequenced in a
strand-specific manner. Shifts in the ratios of DNA
content between the two strands identify the locations
of replication origins or, reciprocally, termini (Chen
et al. 2019; Petryk et al. 2018; Petryk et al. 2016;
Tubbs et al. 2018; Wu et al. 2018). Another approach
based on the asymmetry of the replication fork uses
bioinformatic sequence analysis to predict the locations
of replication origins, adopting classical work in bacte-
ria. The differences in DNA polymerase usage and
DNA synthesis kinetics between the leading and lagging
strands lead to a mutational signature – nucleotide com-
position skews – that reverses sign exactly at replication
initiation sites (Huvet et al. 2007; Touchon et al. 2005).
This principle has also been applied to particularly sta-
ble centromeric origins in certain yeast species (Koren
et al. 2010b) and has been used to link somatic cancer
mutations to replication direction shifts and, by infer-
ence, initiation sites (Haradhvala et al. 2016; Shinbrot
et al. 2014; Tomkova et al. 2018). Interestingly, muta-
tional patterns reminiscent of bidirectional replication
around origins have been observed at CpG islands,
which are associated with transcription start sites (TSS;
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see further below (Polak and Arndt 2009)). The asym-
metrical usage of DNA polymerases within the eukary-
otic replication fork can also be used to experimentally
map replication initiation sites and overall replication
dynamics. This has been achieved by modifying differ-
ent DNA polymerases so that they incorporate an excess
of ribonucleotides into the sites and strands that they
replicate, which can then be assayed by DNA sequenc-
ing (Clausen et al. 2015; Daigaku et al. 2015; Reijns
et al. 2015).

Naturally, these diverse techniques each have
strengths and limitations. For instance, bubble-seq is
generalizable and unobstructive to replication since it
does not require any in vivo modification or manipula-
tion of DNA. In addition, the low background signal in
bubble-seq could enable the identification of rare origins
that might be lost inmethods that rely on signal averages
(reviewed in (Prioleau and MacAlpine 2016)). Howev-
er, bubble-seq relies on restriction enzymes that generate
the target lengths of DNA fragments to be assayed by 2-
D gels; this limits the resolution of origin identification
and also which origins can be identified. The use of two
restriction enzymes in parallel has been proposed to at
least partially overcome these limitations (Mesner et al.
2013). While bubble-seq has generally shown low re-
producibility, possibly requiring far more input to reach
full saturation of origin calling, SNS-seq has proven
reproducible among different cell types and labs and
has been applied in various species and systems, under
replication stress, as well as for allele-specific origin
mapping (Almeida et al. 2018; Bartholdy et al. 2015;
Besnard et al. 2012; Cayrou et al. 2015; Cayrou et al.
2011; Comoglio et al. 2015; Jodkowska et al. 2019;
Lombrana et al. 2016; Martin et al. 2011; Massip et al.
2019; Mukhopadhyay et al. 2014; Picard et al. 2014;
Sequeira-Mendes et al. 2019; Smith et al. 2016; Yudkin
et al. 2014). SNS-seq boasts a finer resolution compared
to bubble-seq as the reads are not limited by restriction
cut sites. However, because replication origins are iden-
tified by calling peaks of sequence read coverage, SNS-
seq will primarily detect frequently used origins within a
population of cells. Another concern that has been raised
with regards to SNS-seq is that lambda exonuclease may
have lower efficiency for digesting not only RNA-
primed DNA but also other species such as single-
stranded DNA, GC-rich DNA, and G-quadruplexes
(G4s; (Foulk et al. 2015; Perkins et al. 2003)). This
has been suggested to explain the enrichment of these
genomic features in SNS-seq libraries, although further

controls may argue against that ((Prioleau 2017) and see
further below). Similarly, ribonucleotides, which are
abundantly embedded in genomic DNA (reviewed in
(Jinks-Robertson and Klein 2015; Williams et al.
2016)), may also create false-positive origin calls by
directly blocking DNA degradation or by distorting the
DNA helix (Klein 2017). A comparison with nucleotide
skew patterns even suggested that some sites called by
SNS-seq and bubble-seq may correspond to sites of
replication termination, not just initiation (Langley
et al. 2016).

High resolution of origin calling has also been sug-
gested to be obtained by methods such as ini-seq and
EdUseq-HU, although these methods by design will
only identify the earliest replication origins in the ge-
nome. In fact, part of the signal in nucleotide analog-
based short nascent strand sequencing may come from
enriching early-replicating DNA per se, independently
of replication origins. For example, normalizing by a
control of newly replicated (input) DNAwithout immu-
noprecipitation of labeled DNA actually decreased the
reproducibility of ini-seq (Langley et al. 2016). Similar-
ly, BrdU-seq sites correspond significantly to sites
enriched in input DNA (Li et al. 2014). ChIP-seq tech-
niques identify active as well as inactive, dormant ori-
gins, which is a strength but also a limitation without the
ability to functionally discriminate the two. A common
potential source of bias in virtually all origin mapping
techniques to date is the need to amplify the small
amounts of DNA that are obtained. Single-molecule
approaches (see below) may circumvent this need for
DNA amplification (Fig. 3).

More fundamental, however, is the lack of consisten-
cy among different origin mapping techniques. Specif-
ically, different human replication origin maps reveal
initiation sites that show only partial overlap and some-
times not much more overlap than those obtained with
random sets of loci (Dellino et al. 2013; Hyrien 2015;
Langley et al. 2016; Miotto et al. 2016; Petryk et al.
2016; Picard et al. 2014; Urban et al. 2015). Some
techniques, such as EdUseq-HU (Macheret and
Halazonetis 2018; Tubbs et al. 2018) or OK-seq
(Petryk et al. 2016), map several thousand sites, while
SNS-seq and BrdU-seq often map several hundreds of
thousands of sites (Bartholdy et al. 2015; Besnard et al.
2012; Massip et al. 2019; Mukhopadhyay et al. 2014).
Different techniques reach different and sometimes op-
posing conclusions with regard to whether origins are
discrete sites (e.g., SNS-seq, ini-seq), broad initiation
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zones (bubble-seq, OK-seq), or peaks that may them-
selves organize into larger zones (EdUseq-HU). It is
almost inevitable to conclude that at least some of the
current originmaps contain a substantial fraction of false
negatives and/or false positives. One approach to cir-
cumvent this has been to look at the intersection of sites
mapped by more than one technique (Karnani et al.
2010; Mukhopadhyay et al. 2014). While intersecting
origin maps would reduce false positives, it also entails
the risk of increasing the burden of false negatives (i.e.,
true origins not called by one method) and cannot sub-
stitute for a more complete understanding of the poten-
tial biases of the various techniques.

Notwithstanding inconsistencies between tech-
niques, several genetic and epigenetic features are con-
sistently emerging as associated with replication origins.
For instance, various techniques have provided evi-
dence for the association of origins with transcribed
genes or transcription start sites ((Besnard et al. 2012;
Cadoret et al. 2008; Cayrou et al. 2015; Chen et al.
2019; Dellino et al. 2013; Langley et al. 2016; Picard
et al. 2014; Sequeira-Mendes et al. 2009; Sugimoto et al.
2018); but see (Macheret and Halazonetis 2018; Martin

et al. 2011)). One of the most intriguing findings that has
emerged from origin mapping techniques is an associa-
tion with G4s. Although it remains possible that this
association is a side effect, for example, of lambda
exonuclease being blocked by G4s and not just RNA
primers ((Foulk et al. 2015); see further below), evi-
dence is accumulating for G4s being directly associated
with mammalian replication origins. This association is
observed in SNS-seq even when including control G1
cells ((Smith et al. 2016); but see (Foulk et al. 2015)) or
an RNAse-treated control that accounts for background
signals of lambda exonuclease and replication-
independent short nascent strands (Cayrou et al. 2015).
In addition, BrdU nascent strands and ini-seq have also
linked G4 sequences to replication initiation indepen-
dently of lambda exonuclease (Langley et al. 2016;
Mukhopadhyay et al. 2014). Experiments in chicken
DT40 cells showed directly that G4 sequences are re-
quired (although they are not sufficient) for replication
origin activity (Valton et al. 2014). A recent comprehen-
sive study of the effect of G4s on DNA replication
provided compelling evidence for the importance of
G4s for origin activity, their ability to drive origin

Fig. 3 DNA replication origin mapping. Various techniques have
been used to map the locations of DNA replication origins in the
human genome. Shown are the mapped origin locations in several
of these techniques, together with replication timing profiles in
human lymphoblastoid cell lines (LCL) and embryonic stem cells
(ESCs, two cell lines each) measured by DNA copy number
sequencing. Replication origin or initiation zone locations are
based on the mapping used by each respective study and are
represented as plus signs with widths that correspond to the size
of the initiation sites or zones. At some locations, replication

origins are consistent between techniques and also correspond to
peaks in the replication timing profiles. However, there are also
fundamental differences among origin mapping methods in the
number of initiation sites along chromosomes, their widths (pre-
cise sites vs broader initiation zones), and the actual locations of
predicted origins. 1 (Mesner et al. 2013); 2 (Smith et al. 2016); 3

(Picard et al. 2014); 4 (Sugimoto et al. 2018); 5 (Dellino et al.
2013); 6 (Petryk et al. 2016); 7 (Langley et al. 2016); 8 (Macheret
and Halazonetis 2018). GM06990 is an LCL
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activity de novo, and their ability to drive the autono-
mous replication of episomal vectors in frog egg extracts
(Prorok et al. 2019). The involvement of G4s in DNA
replication is also suggested by their binding to ORC
(Hoshina et al. 2013) and the replication factors RecQL4
(Keller et al. 2014), MTBP (Kumagai and Dunphy
2017), and Rif1 (Masai et al. 2018).

Still, different studies report varying levels of as-
sociation of G4 sequences with replication origins,
and several have suggested that G4s are not necessary
for origin activity (e.g., (Comoglio et al. 2015;
Dellino et al. 2013; Foulk et al. 2015; Mesner et al.
2013; Miotto et al. 2016; Sugimoto et al. 2018)). G4s
are highly abundant across the genome and tend to
occur in promoters and untranslated regions (Prioleau
2017); origins that are enriched for G4s are often
found at TSSs; thus, it remains possible that G4s
are not an independent signal of replication origins
(Langley et al. 2016). In addition, origins mapped by
EdUseq-HU have not been reported to associate with
G4s and instead appear to be linked to long asym-
metrical poly(dA:dT) tracts (Tubbs et al. 2018). Sim-
ilarly, OK-seq initiation zones were enriched for ac-
tive genes and CpG islands at their borders but were
not enriched for G-quadruplex structures nor CpG
islands within the initiation zones. There is also evi-
dence that G4s cause replication fork stalling, as
opposed to directly driving initiation ((Comoglio
et al. 2015; Tubbs et al. 2018); reviewed in
(Prioleau 2017)). Replication restart at G4 sites or
other sites of replication stalling could in principle
produce strong SNS signals that do not represent
canonical replication origin sites. Allele-specific
SNS-seq (Bartholdy et al. 2015) has suggested that
G4 sequences do not contribute to origin firing effi-
ciency. Specifically, SNP alleles that disrupt G4 se-
quences increased origin activity more often than they
decreased origin activity. In addition, the enrichment
of G4 sequences at origin sites was suggested to be
secondary to the high GC content of these sites rather
than being specific to G4s. Instead, origins correlated
with asymmetric G/C and A/T sequences which were
suggested to be the actual drivers of origin activity by
means of facilitating origin unwinding (Bartholdy
et al. 2015). Taken together, it remains to be settled
whether G4s or other sequence elements and DNA
structures contribute to replication origin activity or
are side effects of technical manipulations or simply
correlative findings driven by other genomic features.

Going forward, the locations, nature, and genetic and
epigenetic associations of metazoan replication origins
remain to be fully established. A useful benchmark for
understanding the outputs of different methods would
be to map origins in model organisms in which their
locations are already well known and finely mapped.
For instance, SNS-seq has never (to our knowledge)
been applied to budding yeast or even bacteria, although
the expectation would be that it will uncover the known
initiation sites in these species or alternatively reveal
non-origin elements that are enriched by SNS-seq (of
note, one study that utilized lambda exonuclease to
enrich for Okazaki fragments in yeast was unable to link
them to known replication origins (Yanga and Lib
2013)). Zebrafish would also be a useful model species,
since replication timing and origins are well mapped
and, in contrast to many other species, are not correlated
with GC content (Siefert et al. 2017). In addition, it is
important to systematically include controls such as
non-replicating DNA and DNA specifically subject to
(or excluded from) the same enzymatic reactions used in
any given technique. Another important aspect of any
genomic method is rigorous statistical analysis. For
instance, not all current studies control for confounding
correlated factors when looking for genetic and epige-
netic enrichments at replication origins. These would
include sequence composition, gene density, open chro-
matin, replication timing, nucleosome positioning, and
other factors that tend to correlate with each other along
chromosomes. An association with one of these factors
may not always point to a biologically relevant
mechanism.

Last, it remains possible that unexpected aspects of
DNA synthesis may be at the basis of some of the
apparent discrepancies between studies. For instance,
some initiation events may not lead to productive
DNA synthesis but instead result in aborted replication
forks, extrachromosomal circular DNA (also known as
“microDNA”), or other outcomes (Artemov et al. 2019;
Moller et al. 2018; Shibata et al. 2012; Urban et al.
2015). Other replication-independent DNA synthesis
events such as repair intermediates may also be detected
by some techniques that attempt to map replication
origins. For instance, transcription-associated DNA
damage at highly transcribed genes can lead to DNA
repair synthesis that results in high rates of ribonucleo-
tide incorporation into DNA (Owiti et al. 2018). Simi-
larly, several studies have shown that RNA can prime
DNA replication outside of replication origins, typically
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as a result of collisions between RNA and DNA poly-
merases or the formation of RNA-DNA hybrids (R-
loops) (Pomerantz and O'Donnell 2008; Ravoityte and
Wellinger 2017; Stuckey et al. 2015; Xu and Clayton
1996). Such processes, to the extent that they influence
origin mapping techniques, might be more readily de-
tectable by some methods compared to others. They
may also themselves be biased to certain genomic fea-
tures, such as G4 structures (Hoshina et al. 2013). In that
respect, assays such as replication timing, nucleotide
composition skews, OK-seq, and polymerase usage are
useful readouts of DNA replication that do not directly
depend on measuring replication origin activity but
nonetheless represent the outcomes of productive initi-
ation events at canonical origin sites. With higher-
resolution replication timing profiles, it may prove ben-
eficial to consider the locations of replication timing
peak sites as bona fide markers of initiation events.

Toward single-cell genomics of DNA replication

While genome-wide replication timing assays have
proven highly reproducible and informative, a clear
limitation of these assays is that they rely on ensemble
population analyses and do not provide information
about replication progression in individual cells. Simi-
larly, replication origin mapping techniques rely on
many cells, largely masking heterogeneity that might
be present among cells. This could potentially also
underscore some of the discrepancies between tech-
niques, for example, if some techniques have a greater
propensity to reveal replication origins that are only
active in a subset of cells.

It has long been argued that DNA replication is
stochastic, in the sense that different cells (or the de-
scendants of the same cell in different cell cycles) acti-
vate different subsets of replication origins. From the
perspective of studying replication origins, the manifes-
tation of this stochasticity is that a given origin may or
may not fire in a given cell cycle. Thus, origins are
characterized by a genomic location and a preferred time
of activation but also by the probability of being acti-
vated. Importantly, many DNA replication assays mea-
sure a combination of these factors, and it may be
difficult to disentangle what is actually being measured.
For instance, an origin that fires frequently in late S
phase may appear similar in an ensemble analysis to
an origin that fires early but only in a subset of cells. In

addition, if origins are clustered along chromosomes,
the firing of different origins within the same region in
different cells will give the impression of an extended
initiation zone, masking the activity of the individual
origins.

The inefficiency of replication origins has been ob-
served early on with techniques such as 2-D gels. An-
other line of evidence in support of stochastic activation
of replication origins came from DNA combing exper-
iments, which assay nascent DNA replication in single
molecules (Bensimon et al. 1994; Michalet et al. 1997;
Norio and Schildkraut 2001) and are extensions of
earlier DNA fiber autoradiography analyses
(Huberman and Riggs 1968). In these experiments,
replication is allowed to proceed in the presence of a
succession of labeled nucleotide analogs, followed by
stretching of individual DNA fibers on glass slides. The
location and orientation of replication forks are inferred
from immunofluorescent detection of the incorporated
nucleotides. Combing-based analyses of DNA replica-
tion have been performed in frog cell extracts (Blow
et al. 2001; Herrick et al. 2000; Labit et al. 2008), yeasts
(Czajkowsky et al. 2008; Patel et al. 2006), flies (Cayrou
et al. 2011), mice (Cayrou et al. 2011; Norio et al. 2005;
Piunti et al. 2014), and human cells (Bester et al. 2011;
Frum et al. 2009; Guilbaud et al. 2011; Lamm et al.
2015). These studies have shown that firing of an origin
in one cell is not correlated to its firing in other cells
(Czajkowsky et al. 2008) or in a subsequent cell cycle
(Labit et al. 2008; Patel et al. 2006). However, at scales
larger than an individual origin, single-molecule repli-
cation is conserved: averaging data across all single
molecules recapitulates the population-level replication
profile (Czajkowsky et al. 2008), and broad regions
appear to have consistent replication timing across cell
cycles (Cayrou et al. 2011; Labit et al. 2008). Thus,
stochastic firing of individual replication origins, param-
eterized by differential firing potential (Rhind et al.
2010; Yang et al. 2010), still predicts overall replication
timing profiles that are consistent with observed ensem-
ble measurements.

A main limitation of DNA combing, however, is
throughput: a typical experiment involves two nucleo-
tide analog pulses, each of which requires a distinct
antibody detection step. In addition, combing alone
cannot determine where the observed replication initia-
tion events are located within the genome. Approaches
that combine DNA fiber analysis with fluorescence in
situ hybridization (FISH) of sequence-specific probes
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(Lebofsky et al. 2006; Pasero et al. 2002), most notably
a technique called SMARD (single-molecule analysis of
replicating DNA; (Norio et al. 2005; Norio and
Schildkraut 2001)), overcome this last restriction yet
introduce further experimental challenges.

Recently, two strategies have been put forward for
single-molecule replication timing analysis on a geno-
mic scale. The first, optical mapping with microfluidic
nanochannels, attempts to alleviate the bottlenecks that
reduce the throughput of traditional DNA combing ex-
periments. The use of fluorescently tagged nucleotides
instead of nucleotide analogs dramatically speeds up
detection of nucleotide incorporation (i.e., nascent
DNA replication), obviating the need for antibody de-
tection steps prior to imaging (De Carli et al. 2016;
Lacroix et al. 2016). In addition, fluorescent tag loca-
tions can be mapped to the genome by treating stretched
DNA molecules with a nicking endonuclease and iden-
tifying restriction patterns (De Carli et al. 2016; Xiao
et al. 2007). Together, these innovations make it practi-
cal to automate DNA combing for higher throughput:
DNA fibers can be imaged as they are flowed (and
stretched) through a microfluidic nanochannel and ret-
rospectively mapped back to the reference genome by
their endonuclease fingerprints (De Carli et al. 2018;
Lacroix et al. 2016). This strategy has been employed to
develop a high-coverage single-molecule map of origins
in Xenopus egg extracts (De Carli et al. 2018) and to
study early-firing origins in synchronized, aphidicolin-
treated HeLa S3 cells (Klein et al. 2017). The vast
majority of origins detected in single molecules by
optical mapping overlap with origins called by OK-seq
and are enriched for ORC1 binding. Additionally, ori-
gins can be identified that are used by as few as 1% of
the cells in a population (Klein et al. 2017). However,
this approach requires specialized equipment, and, more
fundamentally, resolution is inherently limited by the
distribution of endonuclease cleavage sites in the
genome.

The second strategy for single-molecule origin detec-
tion uses DNA sequencing, which enables direct geno-
mic mapping. The Oxford Nanopore Technologies se-
quencer produces reads that can reach upward of 100 Kb
in length from single DNA molecules without the need
for DNA amplification. Within the sequencer, a single
strand of DNA is translocated through a protein
nanopore by electrophoresis. As the DNA traverses the
nanopore, characteristic changes in ionic current can be
detected and interpreted as sequence readout (Clarke

et al. 2009). It has been shown that nanopore sequencing
can distinguish BrdU from thymidine and, thus, repli-
cated from unreplicated DNA. This strategy has been
used to map BrdU tracks to early-replicating origins in
yeast (Hennion et al. 2018; Muller et al. 2019). Intrigu-
ingly, ~20% of origins observed at the single-molecule
level were not detected in population-scale sequencing
(Muller et al. 2019). The long-read approach generates
large amounts of contextual information, making it eas-
ier to map reads to the genome and providing informa-
tion on how neighboring origins may impact one anoth-
er. However, it remains technically challenging to dis-
tinguish nucleotide analogs from canonical nucleotides.
For instance, nanopore base calling relies on the shifts in
ionic current characteristic of k-mers, rather than single
nucleotides – and BrdU can only be distinguished from
thymidine in certain 6-mer contexts (Muller et al. 2019).
Another concern is that this strategy compares BrdU-
labeled DNA to non-labeledDNA; biases in base calling
and mappability between BrdU and the native thymi-
dine must be accounted for (Muller et al. 2019). The
recent demonstration that 11 different thymidine ana-
logs can be detected using Oxford Nanopore Technolo-
gies sequencing provides a promising avenue for using
analog combinations to identify the location and direc-
tion of DNA synthesis events (Georgieva et al. 2019).

Finally, recent advances have extended DNA copy
number-based replication timing assays (that use short-
read sequencing depth) to single cells. Measuring
genome-wide replication timing in single cells is appeal-
ing: direct measurements can be made without cell
synchronization or other perturbations, and the set of
possible copy number values is theoretically limited to
integers. Single-cell replication timing requires isolation
of individual cells, which has so far been done using
flow cytometry. A greater challenge is that, unlike with
nanopore sequencing, short-read DNA sequencing re-
quires whole-genome amplification (WGA), and there
is rightful concern that even small biases in amplifica-
tion will be exponentially magnified given the paucity
of starting material. To date, several WGA strategies
have been developed (reviewed in (Blainey 2013;
Gawad et al. 2016)). Some, like degenerate-
oligonucleotide-primed PCR (DOP-PCR; (Arneson
et al. 2008; Telenius et al. 1992)), amplify the genome
exponentially. Other methods like multiple annealing
and looping-based amplification cycles (MALBAC;
(Zong et al. 2012)) combine reduced amplification bias
from the low-temperature isothermal MDA polymerase
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with the higher amplification efficiency of traditional
PCR once the amount of input template has been in-
creased sufficiently. More recently, an approach called
linear amplification via transposon insertion (LIANTI)
was developed, which uses in vitro RNA transcription to
linearly amplify the genome (Chen et al. 2017).

The possibility that single cells contain sufficient
copy number variation between early- and late-
replicating regions to be detected on a genomic level
was first proposed by analyzing microarray data of
single lymphoblastoid cells in S phase (Van der Aa
et al. 2013). Much higher resolution, however, has been
obtained using LIANTI and DNA sequencing of 11
single human BJ fibroblast cells in early S phase
(Chen et al. 2017). Although replication profiles were
correlated between cells and the average replication
timing correlated well with a Repli-seq ensemble pro-
file, there was also strong evidence of discrepant local
copy number between cells, suggesting stochasticity of
replication timing. In contrast, more recent studies that
used DOP-PCR to amplify DNA from hundreds of
mouse embryonic stem cells found limited heterogene-
ity between cells (Dileep and Gilbert 2018; Miura et al.
2019; Takahashi et al. 2019). This heterogeneity may be
non-uniformly distributed in the cell cycle: Dileep and
Gilbert reported that variability in replication timing was
comparable between early- and late-firing regions, while
Takahashi et al. claim that heterogeneity peaks in mid-S
phase with lower levels observed in early and late S
phase. These studies also showed that single-cell repli-
cation timing profiling can distinguish between different
cell types and even between the two copies of each
chromosome. It cannot, however, identify individual
replication initiation events. Future improvements in
data resolution, which will likely require minimally
biased amplification regimes such as LIANTI, may
enable high-resolution single-cell replication timing
analysis that could explicitly examine the activity of
replication origins.

At present, the primary drawback of short-read se-
quencing for single-cell replication analysis is scalabil-
ity: applying standard library preparation methods to
single cells is laborious. This limits the size of available
datasets, constraining the conclusions that can be drawn
from them. We anticipate that further improvements in
barcoding strategies (e.g., Vitak et al. 2017; Yin et al.
2019; Zahn et al. 2017) will allow larger numbers of
cells to be pooled during time-consuming steps of li-
brary preparation and that increased accessibility of

microfluidic devices will enable further automation of
this process (Davis Bell et al. 2019; Laks et al. 2019;
Zahn et al. 2017).

Conclusion

Recent years have brought about many exciting devel-
opments in the genomic interrogation of DNA replica-
tion. Replication timing profiling is becoming more
accurate and comprehensive and is being applied ever-
more broadly. Innovative techniques for mapping repli-
cation origin sites are constantly being developed and
improved. And single-molecule and single-cell ap-
proaches are adding a new dimension of DNA replica-
tion exploration. Together, these approaches promise to
resolve decades-long questions regarding the regulation
of DNA replication progression in eukaryotes. In paral-
lel, similar developments are being made in measuring
DNA damage and repair on a genomic scale (e.g.,
(Biernacka et al. 2018; Bryan et al. 2014; Canela et al.
2016; Hu et al. 2015; Mao et al. 2017)) as well as in
ensemble and single-cell epigenomic methods. Com-
bined analyses of these vast emerging data with DNA
replication dynamics would enable to answer additional
key questions regarding the molecular causes and con-
sequences of the spatiotemporal replication timing
program.
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