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ABSTRACT

Genomes are replicated in a reproducible temporal
pattern. Current methods for assaying allele replica-
tion timing are time consuming and/or expensive.
These include high-throughput sequencing which
can be used to measure DNA copy number as a proxy
for allele replication timing. Here, we use droplet dig-
ital PCR to study DNA replication timing at multiple
loci in budding yeast and human cells. We establish
that the method has temporal and spatial resolutions
comparable to the high-throughput sequencing ap-
proaches, while being faster than alternative locus-
specific methods. Furthermore, the approach is ca-
pable of allele discrimination. We apply this method
to determine relative replication timing across timing
transition zones in cultured human cells. Finally, mul-
tiple samples can be analysed in parallel, allowing us
to rapidly screen kinetochore mutants for perturba-
tion to centromere replication timing. Therefore, this
approach is well suited to the study of locus-specific
replication and the screening of cis- and trans-acting
mutants to identify mechanisms that regulate local
genome replication timing.

INTRODUCTION

DNA replication is the process by which genetic infor-
mation is duplicated before transmission from parental to
daughter cells. Quantification of DNA replication is, there-
fore, a measurement of DNA within the biologically re-
stricted scale of between one and two. At a single molecule
level, a region of DNA is either unreplicated and has a copy
number of one, or has been replicated and has a copy num-
ber of two. However, in ensemble samples, differences in cell
cycle synchrony and the stochastic nature of DNA replica-
tion lead to variations in the proportions of cells that have a
particular locus replicated. Thus, instead of the discrete bi-
nary scale that can be applied to a single molecule, average
DNA copy number per cell in a synchronized population
lies on a continuous scale from one to two. This relative copy
number is inversely proportional to the locus’ replication

timing: it is close to two in early replicated regions of DNA
and approaching a relative copy number of one in late, pas-
sively replicated regions. Therefore relative copy number of
DNA from a replicating cell population can serve as a proxy
for DNA replication timing (1).

Bacteria, such as Escherichia coli, have small genomes
with a single origin of replication per replication unit (chro-
mosome or plasmid) from which DNA replication is initi-
ated. Eukaryotes have much larger genomes and contain
multiple origins per replication unit, presumably to facili-
tate the timely completion of S phase and protect the stabil-
ity of large replication units (2–5). In this case, origins fire
with different efficiencies (proportion of cells in a popula-
tion in which the origin is active) and timing (relative to the
onset of S phase). Notably, the timing of origin firing follows
a defined and reproducible replication programme in many
organisms and tissues (6–8). This phenomenon is poorly un-
derstood. However, it is known that some human disorders
involve changes in the replication timing programme, for
example, in many types of cancer (9). As yet, it is unclear
whether those changes are a cause or consequence of these
disorders.

Methods used to study DNA replication can be divided
by the scope of investigation: locus studies that use specific
probes or genome-wide approaches that take advantage of
microarrays or high-throughput sequencing (HTS). In ad-
dition, some methods use direct DNA copy number quan-
tification, for example locus-specific microscopy-based ap-
proaches (10,11), quantitative real-time PCR (qPCR) (12)
or deep sequencing (1,13). Other methods rely on the in-
corporation of labelled bases into the nascent strand during
DNA replication (14–16).

The original nascent-strand based method for analysis of
DNA replication timing involves the incorporation of bases
with C and/or N substituted for dense isotopes in an adap-
tion of Meselson and Stahl’s famous experiment in sup-
port of semiconservative DNA replication. The dense iso-
tope transfer assay, as first established, was a single-locus,
quantitative assay (17) that has more recently been applied
genome-wide (18). However, it is time-consuming, requires
defined media for cell culture and the variable density of
genomic fragments can result in artefacts (19). An alter-
native to dense isotopes involves the incorporation of base
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analogues at actively replicating forks, which allows subse-
quent immunoprecipitation of nascent DNA for analysis by
qPCR, microarrays or HTS. This is the basis for repli-seq,
which involves sorting subfractions of S phase cells after a
pulse of labelling with a thymidine analogue and HTS of im-
munoprecipitated nascent DNA (14,16,20). Sequences that
are enriched in the early S phase population are defined
as early replicating, while sequences enriched in the late S
phase sample are those that replicate late. This method can
detect transition zones between early and late replicating re-
gions of genomic DNA.

The microscopy-based replication timing methods use a
single-cell, locus-specific copy number approach. The locus
of choice is labelled either by FISH or targeted by a flu-
orescent protein (facilitated by the tetO–TetR interaction,
or similar) and its replication detected by the duplication
of the labelled loci (10,11). This method relies on cell syn-
chronization and requires involved sample processing (or
genome editing, when labelling with fluorescent proteins),
data acquisition and analysis. In the case of mammalian
cells, the need for cell synchronization may be mitigated by
the simultaneous visualization of replication sites and bin-
ning replication timing into 5 phases with distinct patterns
(21). Nuclease-dead Cas9 has been utilized to avoid compli-
cated sample processing or genome engineering (22) while
allowing live imaging (23). However, the method is likely to
remain of low throughput.

Other copy number methods that determine replication
timing rely on measuring relative DNA copy number ei-
ther in asynchronous cell cultures or S phase samples (1,24).
The latter can be obtained by sorting using fluorescence
activated cell sorting (FACS) to isolate the whole S-phase
cell population, or cells can be synchronized in S phase.
Deep sequencing can then be used to precisely analyse rel-
ative DNA copy number from S phase cells. We have pre-
viously shown mathematically and experimentally that rel-
ative DNA copy number in S phase cells is linearly related
to the relative replication time (1,25). While this HTS-based
approach is valuable for the measurement of genome-wide
replication timing, the temporal precision and spatial res-
olution depend on sequencing depth, and is less practical
for organisms with large genomes, such as humans, and in
studies where high spatial resolution is required. For single
allele studies, quantitative real-time PCR (qPCR) offers the
benefit of a cheap, fast and high throughput approach that
has been used to detect differences in DNA replication time
(12). However, it requires a large number of technical repli-
cates to detect small differences and the detection limit can
be greatly affected by impurities in DNA samples (26,27).
Therefore, there is a need for a more precise, locus-specific,
quantitative method to study DNA replication that is also
less sensitive to contaminants.

Digital PCR is a recent refinement of quantitative PCR
(28–31). It relies on partitioning of a qPCR mix into many
reactions each of much smaller volume. In these partitioned
reactions, all components are present in vast excess, ex-
cept for the target template DNA molecules. For example,
droplet digital PCR takes advantage of non-miscible liquid
phases to generate compartments of around 1 nl in size (31).
This allows easy handling of the digital PCR reactions in
widely used 96-well format and bypasses the requirement

for expensive microfluidics devices making it the cheap-
est, per sample, digital PCR platform currently available.
For successful quantification in digital PCR, DNA samples
must be diluted so that only a fraction of the partitions con-
tain the target DNA. Following end-point PCR amplifica-
tion and fluorescence detection, partitions are either posi-
tive or negative, thus resulting in a digital readout. The pro-
portion of positive partitions is then used to calculate the
number of target DNA molecules in the initial PCR mix.
Therefore, the resulting method provides absolute quan-
tification of target DNA in a single reaction without the
need for the calibrating standard curves used in traditional
qPCR. Compared to qPCR, digital PCR offers higher pre-
cision and is less sensitive to DNA sample contamination
(32). The method has already been used successfully to com-
pare replication timing between SNP-containing alleles in
human lymphoblastoid cell lines (8).

Here, we confirm that droplet digital PCR (ddPCR) can
be used to measure relative DNA copy number during DNA
replication. Using Saccharomyces cerevisiae and human cell
lines, we compare ddPCR to HTS-based replication timing
analyses, testing the temporal and spatial resolution, and
the ability to distinguish alleles. We demonstrate that this
method can be applied to organisms with large genomes
by quantifying the relative replication timing across timing
transition zones in cultured human cells. Finally, we find
that the throughput of this method allows for the rapid
screening of multiple mutants to determine locus-specific
perturbations to replication timing.

MATERIALS AND METHODS

Strains and cell lines

Yeast strains used in this study are listed in Supplemen-
tary Table S1. Cells were grown in standard rich YPAD
medium (Formedium). HeLa and Jurkat cells were cultured
in DMEM supplemented with 10% (v/v) FBS and 100 u/ml
each Penicillin and Streptomycin (Gibco) at 37◦C in a hu-
mid atmosphere with 5% CO2. MRC-5 cells were cultured
as above but supplemented with 20% (v/v) FBS. To arrest
MRC-5 cells in G1 phase, cells were cultured in medium
lacking FBS for 7 days (with one medium change after 3
days).

Time course experiments

For cell cycle synchronization, yeast cells were grown, ar-
rested and released at 23◦C. Alpha factor was added at
OD600 ∼0.2 to a final concentration of 450 nM with sub-
sequent additions to maintain the arrest for 1.5–2 genera-
tion times; release was initiated by addition of pronase to
0.2 mg/ml (zero time point). Culture samples were collected
at the indicated times and immediately mixed with 10% vol-
ume of ice-cold AE buffer (1% sodium azide, 0.2 M EDTA
pH 8.0) for flow cytometry analysis and DNA extraction.
All cells were pelleted by centrifugation and washed once
with water. For DNA extraction, cell pellets were stored at
−20◦C. For flow cytometry analysis, cells were fixed in 70%
ethanol for a minimum of 10 h at 4◦C.
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Flow cytometry and cell sorting

Yeast. Cells were grown at 30◦C to an OD600 of 0.5–0.7.
Cells were pelleted, washed twice with water and fixed in
70% ethanol for a minimum of 10 h at 4◦C. Cells may be
stored long term during this step. Fixed cells were pelleted,
washed twice, resuspended in FC buffer (50 mM sodium
citrate pH 7.0, 0.1% sodium azide), and treated consecu-
tively with 0.1 mg/ml RNase A and 0.2 mg/ml proteinase
K, for 1 h each at 55◦C. To stain DNA, the cells were re-
suspended in FC buffer containing 2 �M (flow cytometry)
or 10 �M (FACS) SYTOX™ Green Nucleic Acid stain (In-
vitrogen) and incubated overnight at 4◦C. Prior to analysis,
cells were pulse sonicated to break cell clumps and diluted 2-
fold with FC buffer. Flow cytometry samples were analysed
on a Cytek DxP flow cytometer using the 488 nm laser and
530/30 filter. A MoFlo Sorter (Coulter Beckman) was used
to sort 1–5 million cells from respective cell cycle stages. The
DNA fluorescence histogram plot was used to set the gates
for the sorting. The purity of the sorted cell fractions was
confirmed by flow cytometry.

Human cells. Cells were washed once in PBS and
trypsinised. Trypsin was neutralized with PBSF (PBS sup-
plemented with 2% FBS) and the cells were pelleted, rinsed
twice in PBSF, resuspended in PBS and fixed in 70% ethanol
for at least 1 h at 4◦C. Cells may be stored long term during
this step. After fixing, cells were rinsed twice with PBSF and
incubated in staining solution (PBSF supplemented with
3.8 mM sodium citrate, 5 �g/ml RNase A and 50 �g/ml
of propidium iodide, PI) for 30 min at ambient temperature
in the dark. Alternatively, 2 �M SYTOX™ Green Nucleic
Acid stain may be used in place of PI followed by overnight
incubation at 4◦C (as was done in the experiment in Supple-
mentary Figure S7). An Astrios (Beckman Coulter) sorter
was used to sort partial G1 and whole S phase fractions (at
least 3 million each) from HeLa cells based on PI signal.

DNA extraction

Yeast genomic DNA. Sorted cells were flocculated by ad-
dition of ethanol to 30% v/v final and pelleted. Cell pel-
lets (either sorted or from time course) were resuspended
in 50 mM Tris–HCl pH 8.0, 0.1 M EDTA, 0.1% (v/v) �-
mercapthoethanol and were spheroplasted with 1 mg/ml
Zymolyase for 30 min at 37◦C. The reactions were supple-
mented with 1% w/v SDS, 0.2 M NaCl, 0.1 mg/ml RNase A
and 0.2 mg/ml proteinase K and incubated for 1 h at 55◦C.

Human genomic DNA. MRC-5 cells were pre-treated with
1 mg/ml collagenase prior to trypsinization. Cell were
pelled (MRC-5 after trypsin neutralization, HeLa S3––after
FACS) and resuspended in 10 mM Tris–HCl pH 8.0, 0.5%
(w/v) SDS, 100 mM EDTA supplemented with 20 �g/ml
RNase A and 1 mg/ml proteinase K and incubated at 50◦C
for at least 1 h.

After the RNase A and proteinase K treatment, DNA
samples from yeast and mammalian cells were allowed to
cool to room temperature and sample volumes were ad-
justed to 0.5 ml by addition of TE buffer (10 mM Tris
pH 8.0, 1 mM EDTA). The samples were mixed with an
equal volume of phenol:chloroform:isoamyl alcohol pH 8.0

(25:24:1; Sigma) followed by single or double extraction us-
ing an equal volume of chloroform. DNA was then precip-
itated using isopropanol in the presence of potassium ac-
etate. DNA concentration was measured using the Qubit™
dsDNA HS assay (ThermoFisher).

ddPCR

Genomic DNA was cut with EcoRI, BamHI, HindIII, or
KpnI (NEB) and diluted to 50–150 pg/�l. Each reaction
consisted of 0.5–1.5 ng of yeast genomic DNA or 25–75 ng
of human genomic DNA, 1× QX200™ ddPCR™ EvaGreen
Supermix (Bio-Rad) and primers (225 nM final each). The
samples were processed using the QX200™ Droplet Digi-
tal™ PCR system and analysed with the QuantaSoft soft-
ware (Bio-Rad). Probe primers are listed in Supplementary
Tables S2 and S3. A more detailed ddPCR protocol can be
found in the Supplementary Materials.

Sort-seq

Extracted genomic DNA samples were fragmented by son-
ication so that the majority (∼95% or more) of DNA frag-
ments were between 50 and 500 bp, and the mean length
between 200 and 300 bp as confirmed by TapeStation (Ag-
ilent). 500 ng of fragmented genomic DNA was used for
library construction for Illumina sequencing. Indexed ge-
nomic DNA libraries were prepared using a NEBNext Ul-
tra II library prep kit for Illumina without size selection,
and NEBNext Multiplex Oligos for Illumina using four
cycles of amplification (NEB), followed by two rounds of
clean-up using Agencourt AMPure XP beads (Beckman
Coulter). Library samples were quantified by qPCR using
a NEBNext Library Quant Kit for Illumina (NEB) and a
Rotor-Gene real time PCR cycler (Qiagen). Fragment sizes
were confirmed by Tapestation (Agilent). Library samples
were mixed and diluted to 2.2 pM for single-end deep se-
quencing by NextSeq 500 using a NextSeq 500/550 High
Output v2 kit (80 cycles) (both Illumina) generating 168 000
000 and 238 000 000 reads for G1 and S samples, respec-
tively.

Sequencing reads aligned (using STAR v2.5.3) to a sin-
gle genomic location (with up to two mismatches) on the
hg38 human genome assembly (without chrY) were in-
dexed and summed in 50 kb genomic bins using Sam-
tools (version 1.3.1), Bedtools (version 2.26.0) and cus-
tom bash scripts (https://github.com/DNAReplicationLab/
batrakou2018.git). In the R environment, the ratio between
read numbers from replicating and non-replicating samples
was calculated for each genomic bin using the following for-
mula: r = (rep/nonRep) × (nonrepSum/repSum), where
r is the calculated ratio, rep is number of reads in a sin-
gle bin from a replicating sample, nonRep is the number
of reads in a single bin from a non-replicating sample, rep-
Sum is the total number of reads from a replicating sam-
ple and nonRepSum is the total number of reads from a
non-replicating sample. The resulting ratio was addition-
ally adjusted using a custom function that minimizes the
sum of ratio values outside of the one to two range (https:
//github.com/DNAReplicationLab/batrakou2018.git).

https://github.com/DNAReplicationLab/batrakou2018.git
https://github.com/DNAReplicationLab/batrakou2018.git
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Data analysis and figure generation

Flow cytometry. To estimate bulk genome replication in
arrest/release experiments, population means of DNA flu-
orescence signals were extracted for each sample using
FlowJo software, normalized to the arrested sample and
the dynamic range was fit between 1 and 2 using a linear
contrast stretching algorithm. A Boltzman sigmoid func-
tion was fit to the data using the nls function of the R base
package (33).

Comparison to sort-seq. Previously published Illumina
sort-seq data (1) was smoothed using the cubic spline func-
tion of the R base stats package and values from 1 kb win-
dows overlapping with the location of the corresponding
ddPCR probes were extracted. In cases where a ddPCR
probe spanned two sort-seq windows, an average of the two
windows was used. Linear fit between ddPCR concentra-
tion and the smoothed sort-seq relative copy number values
was performed using the lm function of the R base package.

Statistical analysis of the resolution of ddPCR. The ex-
periments in Figures 3 and 5 were performed using three
technical replicates and analysed using one-way ANOVA
(aov function) followed by post hoc Tukey HSD compar-
ison (TukeyHSD function) of the R base stats package.

Curve fitting. Boltzman sigmoid curves were fit to the
replication dynamics data in Figure 4B using the nls func-
tion of the R base stats package.

Figure generation. The figures were produced using gg-
plot2 R package (34) and Xara Photo & Graphic Designer.

RESULTS

ddPCR measurement of relative copy number in non-
replicating and replicating cells

The advantages of ddPCR prompted us to explore the pos-
sibility of using it as a method to measure relative DNA
replication timing. Based on available replication timing
data for the S. cerevisiae genome (1), we selected several
unique regions that replicate either early in S phase (close
to early efficient origins), mid/late (a late origin) or late
(passively replicated regions of the genome). As well as
these single-copy probes, we also designed probes to re-
gions that have either two (TEF1 and TEF2 genes) or three
(mating loci HML, HMR and MAT) copies per haploid
genome (Supplementary Figure S1A). Each probe con-
sisted of primer pairs that amplified DNA fragments rang-
ing in size (86–197 bp) and GC content (33–49%).

Using these probes, we first analysed DNA from a hap-
loid wild type strain arrested in G1 phase with �-factor.
The cells should not have been replicating, therefore unique
probes should have a similar concentration, corresponding
to a relative copy number of 1. Flow cytometry analysis of
the DNA content in the arrested cells showed that 95% were
in G1 phase of the cell cycle, with only 3% in S phase (Sup-
plementary Figure S1B). Thus, the replication timing of the
amplified regions should not affect the copy number anal-
ysis by more than 3%. The top panel of Figure 1A shows

that all unique probes had a similar concentration, while
the TEF1/TEF2 and MAT probes were double and triple
the concentration of the unique probes, respectively.

Fluorescence-activated cell sorting (FACS) is a valuable
method for DNA replication studies because it allows the
enrichment of cells based on DNA content, and is of-
ten used as an alternative to cell cycle synchronization for
species that are difficult to synchronize. As a proof of con-
cept, we sorted G2 phase cells from an asynchronous cul-
ture of diploid wild type cells. Flow cytometry analysis
of the sorted cells showed that 94% of cells were in G2,
with ∼3% of cells in S phase (Supplementary Figure S1B),
therefore the difference in concentration between an early
and late replicating region should not exceed 3%. DNA ex-
tracted from these cells was subjected to a similar analysis
of integer copy number variation analogous to the �-factor
arrested haploid sample. As with the arrested sample, DNA
from the G2 sorted sample showed the discrete distribution
of unique and non-unique probes that follow a 1:2:3 ratio
(Figure 1A, bottom panel).

Having confirmed appropriate probe behaviour using
DNA from non-replicating cells, we then analysed DNA
from replicating cells. A haploid S. cerevisiae culture was
arrested with �-factor and released into S phase, with sam-
ples taken at intervals for DNA content analysis and DNA
extraction. DNA content-based flow cytometry confirmed
arrest of cells in G1 phase and synchronous progression
through S phase upon release from �-factor (Supplemen-
tary Figure S1C). The kinetics of bulk DNA replication in
the cell population was determined based on the median
DNA content of the cells at each time point (Supplemen-
tary Figure S1D). A mid S phase sample (55% genome repli-
cation, 35 min after release) was selected for ddPCR us-
ing the unique probes (Figure 1B, top panel). As expected,
the concentration of probes targeting early-replicating re-
gions was double that of late probes, with the late-firing ori-
gin ARS1413-proximal probes having intermediate values.
DNA from S phase cells sorted from an asynchronous cul-
ture of a wild type diploid strain showed a similar distri-
bution of probe concentrations (Figure 1B, bottom panel)
with a correlation coefficient of 0.91 between the synchro-
nized and sorted cells (Supplementary Figure S2). These re-
sults suggest that ddPCR can be used as a tool to deter-
mine locus-specific DNA copy number as a proxy for rela-
tive DNA replication timing.

Comparison of ddPCR to high-throughput sequencing

High-throughput sequencing has become the de facto stan-
dard to determine genome replication dynamics in various
organisms, including S. cerevisiae. It can be used to de-
termine the relative DNA copy number genome-wide as a
proxy for DNA replication timing. The temporal and spa-
tial resolution of this method depends on genome coverage
– the more reads per bin, the smaller the standard error.
At ∼1000 reads mapped per 1 kb bin of the S. cerevisiae
genome, the coefficient of variation (CV) is ∼5% (1). Sort-
seq and repli-seq analyses of large mammalian genomes
typically use larger bins of 10–50 kb in order to increase
sequencing depth per bin, thereby retaining temporal reso-
lution at the expense of spatial resolution (8,14,16). Similar
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Figure 1. DNA copy number in non-replicating and replicating cells. (A) DNA copy number in non-replicating yeast cells. Top, haploid cells (T7107) were
arrested in G1 phase with �-factor and their DNA was analysed by ddPCR. Bottom, FACS-enriched G2 phase diploid cells (T9475) were analysed by
ddPCR. Indicated probes targeted unique, duplicated or triplicated regions. The left y-axis indicates absolute concentration in the analysed samples. The
right y-axis indicates the DNA copy number relative to the mean concentration from all probes (copy-adjusted for non-unique probes). (B) DNA copy
number in replicating cells was analysed by ddPCR. Top, DNA from synchronized haploid cells (T7107), in mid-S phase. Bottom, DNA from FACS-
enriched S phase diploid cells (T9475). ddPCR was performed with probes targeting late, mid-late and early replicating regions. Error bars are 95% CI
based on 3 technical replicates.
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to the high-throughput sequencing-based sort-seq, ddPCR
can determine relative DNA copy number. Errors in ddPCR
come from subsampling and partitioning; within a range of
0.11–5.73 copies/droplet (i.e. over a ∼50-fold range of con-
centration) the CV of the absolute DNA concentration cal-
culation is <2.5% (31). These errors will limit the temporal
resolution, while the spatial resolution is limited by the min-
imal amplicon length (60 bp) and primer design constraints.
Thus, ddPCR is capable of precise relative copy number de-
termination with high spatial resolution that is currently not
practical for the high-throughput sequencing-based meth-
ods.

Therefore, we decided to compare the ddPCR-
determined concentration values to deep sequencing-
derived relative copy number values (1). The bulk DNA
replication value of the time course sample from Figure 1B
closely matched bulk DNA replication from a published
deep sequencing time course experiment (55% replicated
sample corresponding to 45 min in (1)). Therefore, we
extracted HTS-derived normalized relative copy number
values from 1 kb windows that overlap with the ddPCR
probes and asked how well they correspond to the ddPCR-
determined concentrations (Figure 2A). Inherent variations
in culture conditions and sampling make it challenging
to have highly comparable samples between biological
replicates of arrest/release experiments. Nevertheless, a
linear fit between the sequencing- and ddPCR-determined
relative copy number measurements had an adjusted
coefficient of determination (R2) of 0.94, demonstrating
good correlation between the two methods.

Consistent gating in FACS can offer more reproducibil-
ity and, therefore, more comparable S phase samples. We
therefore performed a linear fit between ddPCR- (Figure
1B, bottom panel) and HTS-derived (1) values from FACS-
enriched samples (Figure 2B). The linear fit resulted in a R2

of 0.97, indicating good agreement between these two meth-
ods of assessing relative DNA copy number.

High resolution measurement of replication time in yeast

To accurately determine replication timing in S phase cells,
the resolution of detecting copy number variation should
be sufficiently high to be able to distinguish between mul-
tiple values on the continuous scale between one and two.
The resolution of a similar method, qPCR, depends on the
number of technical replicates. Four qPCR replicates allow
discrimination between a copy number of 1 and 2 at 95%
confidence, with the least stringent Power test, while 17–40
qPCR replicates are required to distinguish between 4 and
5 copies, corresponding to the difference between 1 and 1.2
on the relative copy number scale (26). We tested the reso-
lution power of ddPCR by designing adjacent probes every
2 kb across an approximately 45 kb region of yeast chro-
mosome 4 that previously has been shown to span relative
copy numbers between two (near ARS428) and one (proxi-
mal late replicating region) (1).

The 55%-replicated sample (from Figure 1B) was anal-
ysed by ddPCR using a panel of probes spanning the
chrIV 913–958 kb region. Figure 3 shows the ddPCR-
determined relative DNA concentration and equivalent
high-throughput sequencing-derived relative copy number

values (R2 = 0.91). To analyse the significance of the dif-
ference between adjacent ddPCR probes, one-way ANOVA
followed by post hoc Tukey HSD was performed on the
data from three technical replicates. Eight statistically dif-
ferent states were detected from the chosen set of primers
(P<0.05), with 0.07 being the smallest significant detected
difference in relative copy number. Therefore, on a scale
from one to two, up to 14 ((2 – 1)/0.07) significantly dif-
ferent states can theoretically be detected by ddPCR. As a
result, the resolution of ddPCR is over an order of magni-
tude higher than that of real time PCR when using three
technical replicates.

Inter-sample comparison of replication timing using ddPCR

Often it is necessary to compare the replication timing of
a DNA region between two or more independent samples
and that brings the challenge of inter-sample normaliza-
tion. Ideally, the samples to be compared need to have ex-
actly the same amount of DNA (in the case of equal S phase
populations, i.e. DNA from the similarly sorted cells) or ad-
justed according to percentage of the bulk genome repli-
cation. Traditionally-used methods of DNA quantification
are not sufficiently quantitative for the task. Absorbance-
based methods require very pure samples for quantification
of DNA to be accurate, while the SYBR Green-based ap-
proach (as used in the Qubit™ system) can still lead to an er-
ror of 20% in the estimation of the DNA concentration, and
it is less accurate if samples contain single-stranded DNA.

To address this issue, we used the commonly applied ap-
proach of control probes. For sample normalization, a con-
trol probe must remain at a constant concentration between
the different samples. This is straightforward for pooled
S phase samples, for example as obtained by cell sorting.
However, it is more challenging for DNA replication sam-
ples from a synchronized arrest-release experiment, since
every allele replicates (increases in concentration) at some
point during the time course. Therefore, we tested whether
time points in early S phase could be normalized to a late
replicated region that has not started to replicate (constant
concentration). Later time points could then be normal-
ized to an early-replicating region that has completed DNA
replication (constant concentration). In order to assess all
time points, the early region must be completely replicated
before the onset of the replication of the late region. To this
end, we chose a probe targeting a late-replicating region on
chromosome 4 (chrIV:966kb) and a probe proximal to an
early-firing origin (ARS607) (1). We performed an arrest-
release experiment (Supplementary Figure S3) and anal-
ysed the concentration of these probes by ddPCR. Figure
4A shows the concentration ratio of these control probes
as a function of time after release from the G1 arrest. As
expected, in the arrested G1 cells the ratio is close to 1 indi-
cating that neither of the loci tested have been replicated. In
the first half of S phase, the ratio progressively approaches
2, as the early locus is being replicated, while the late lo-
cus is not. At ∼50% bulk replication (44 min after release),
we observe a maximum ratio which is close to 2. The ob-
served ratio of ∼1.8 is, most likely, lower than 2 due to im-
perfect synchronization and in a biological replicate it ap-
proached 2 (Supplementary Figure S4). Therefore, the early
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Figure 2. Comparison of ddPCR and HTS-based methods. (A) Linear fit between absolute DNA concentrations measured by ddPCR and HTS (1) from
cell-cycle synchronized S phase haploid cells (T7107) with ∼55% bulk genome replication. (B) Linear fit between absolute DNA concentration measured
by ddPCR and HTS (1) from FACS-enriched S phase diploid cells (T9475). Error bars, HTS: estimated 5% coefficient of variation; ddPCR: 95% CI based
on 3 technical replicates.

locus is replicated in almost all the cells prior to the late lo-
cus starting to replicate. In the second half of S phase, the
ratio decreases as the late locus is replicated in a progres-
sively larger proportion of cells, and in G2 cells both loci
are fully replicated, thus giving a ratio of 1. This confirms
that it is possible to use these probes for dual normalization
in a synchronous S phase experiment, with the late probe
used until 44 min, at which point the early probe can be
used (adjusted for ploidy).

As a proof of principle, we determined replication ki-
netics for early (ARS428), mid/early (CEN12.L), mid/late
(ARS1413.L) and late (chrVI:18kb) probes, applying the
dual normalization (Figure 4B). The loci replicated in the
order ARS428, CEN12, ARS1413 and chrVI:18kb as antic-
ipated from previous studies and with similar relative kinet-
ics (1,18,35,36). Therefore, ddPCR can be used to determine
locus replication timing across a time course experiment.

Allele-specific replication timing

Small changes in DNA sequence can lead to large changes
in replication timing. For example, replacing just a few nu-
cleotides within the ORC-binding site can lead to complete
origin inactivation in S. cerevisiae (37). Diploid heterozy-
gotes, where one allele is mutated while the other one is
wild type, present a rare example of an internally-controlled
system. Here, the defined change is contained within the
same cell as the control, and both are subjected to the
same conditions. PCR-based methods can be used to dis-
tinguish even a single nucleotide polymorphism (38). As a
proof of concept, we used a diploid heterozygous strain that
contains three inactivated origins of replication ARS606,
ARS731.5 (also known as ARS737) and ARS1021 (previ-
ously ARS121), as previously described (37). The origins
are inactivated by point mutations in their respective ORC-
binding sites, changing the critical AT-rich region to the
XhoI restriction enzyme recognition site (CTCGAG), thus
the alleles are only different by up to six nucleotides. We de-
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Figure 3. Resolution of ddPCR for measurement of DNA replication tim-
ing. Comparison of relative DNA concentrations measured by ddPCR and
HTS (1) for the genomic region including ARS428, as indicated on the x-
axis. Both datasets are from cell-cycle synchronized S phase haploid cells
(T7107) with ∼55% bulk genome replication. The HTS data is shown with
and without smoothing. The ddPCR data error bars are 95% CI based
on technical replicates. HTS data is smoothed using LOESS local regres-
sion, shown with 0.95 confidence interval. Asterisks denote significance in
ANOVA followed by Tukey HSD test (*P-value ≤ 0.05, **P-value ≤ 0.01,
***P-value ≤ 0.001).

signed and confirmed primer pairs with specificity to either
the wild type allele or the mutant allele. S phase cells were
sorted from an asynchronous culture of the heterozygous
diploid and the extracted DNA was analysed by ddPCR us-
ing the allele-specific probes, as well as pan-allelic controls
(early ARS607-proximal and late chrXIV:222kb probes). As
expected, the DNA concentration from the allele-specific
probes was lower than the probes that amplify from both
alleles (Figure 5). Furthermore, there was a clear differ-
ence in concentration between wild type origins and inac-
tivated origins, with ARS737 and ARS1021 showing the
strongest effect. The smaller difference at ARS606 may be
explained by a proximal early origin (ARS607) that pas-
sively replicates the ars606 locus. Therefore, ddPCR has
the power to distinguish alleles with minimal differences
in sequence, consistent with a previous report using asyn-
chronously growing cells (8).

Detection of replication timing transition zones in human cells

Lack of suitable locus-specific methods to determine repli-
cation timing is especially detrimental to studies in organ-
isms with large genomes, such as mammalian cells. Avail-
able locus-specific methods are elaborate and of low resolu-
tion (39). Alternative genome-wide replication timing pro-
filing, aided by HTS, either requires a large read number in
case of sort-seq, or elaborate sample processing during the
repli-seq procedure. Therefore, we tested whether ddPCR

could be used as a rapid and cost-effective way to analyse
the relative replication timing in locus-specific mammalian
studies. To this end, we first designed sex chromosome-
specific probes, as well as probes targeting autosomal and
duplicated autosomal regions of the human genome (40).
We tested these probes on DNA from the male MRC-5
cell line arrested in G1 phase (Figure 6A, Supplementary
Figure S5). As expected, autosomal probes (TOP1, MYC1,
chr18:4.6Mb) and a probe targeting both sex chromosomes
(PLCXD1) were twice the concentration of unique sex
chromosome probes (KAL1, XIST, SRY, PKRY). In ad-
dition, the concentration of duplicated autosomal probes
(CLDN22 and ORM1) was four times the concentration of
unique sex chromosome probes.

To test the dynamic range of ddPCR in sorted mam-
malian cells, we analysed available HeLa cells repli-seq data
(41) and designed probes that span a ∼1.5 Mb region on
chromosome 18 that contains a sharp change in replica-
tion timing. Using only DNA content, we sorted cells from
S and G1 phases, extracted the DNA and analysed DNA
copy number by ddPCR and sort-seq. ddPCR analysis of
the G1 sample showed the probed loci to be at similar
concentrations (Figure 6B and Supplementary Figure S6,
top panels), while the concentrations of the loci in the S
phase sample closely matched relative copy number deter-
mined by sort-seq (R2 of the linear fit is 0.94). The data
from both relative copy number methods resembled the
data from the nascent-strand repli-seq approach (Figure 6B,
bottom panel) (14,41). We also tested a region in the 11q
chromosome locus in Jurkat cells, which has been shown to
have a sharp transition from early to late replication by a
locus-specific nascent DNA-based method in a closely re-
lated THP-1 cell line (39). Similar to the HeLa cell transi-
tion zone, probes amplified from the Jurkat S phase sample
had concentrations that corresponded to the expected tran-
sition between early and late replication, while their concen-
tration was uniform in the G1 control sample (Supplemen-
tary Figure S7). Therefore, ddPCR is able to detect repli-
cation timing transition zones in cultured mammalian cells
and offers a relative copy number measurement that may be
used as an alternative to HTS-based methods to determine
replication timing of defined loci in organisms independent
of genome size.

Detection of centromere DNA replication differences by
ddPCR

We next aimed to compare replication timing in multiple
biological samples by ddPCR. We focused on replication
of centromeric DNA in S. cerevisiae, since we have previ-
ously shown that Dbf4 enrichment at kinetochores leads
to early activation of centromere-proximal origins (42). C-
terminally tagged Dbf4 is no longer associated with the
kinetochore and replication of the centromeric DNA is de-
layed in this mutant. We tested the replication timing of sev-
eral centromeres (each with two proximal probes less than
10 kb apart), both in wild type and Dbf4-9myc tagged cells.
The tested centromeres included ones previously shown
to be strongly affected by Dbf4 tagging (CEN9, CEN12,
CEN16) and unaffected by tagging (CEN2, CEN4, CEN6)
(42). S phase cells from asynchronous cultures were sorted
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Figure 4. DNA replication dynamics during a synchronized cell cycle time course. (A) DNA concentration, determined by ddPCR, of an early (ARS607.L2)
relative to a late replicating probe (chrIV:966kb) through a synchronized cell cycle. Haploid cells (T7107) were arrested in G1 phase and synchronously
released into S phase and samples taken at the times indicated on the x-axis. (B) Normalized copy number of early (ARS428), mid-early (CEN12.L),
mid-late (ARS1413.L) and late (chrVI:18kb) replicating probes. Samples from early S phase (up to and including the 44 min sample) were normalized to
the late chrIV:966kb probe; samples from late S phase (46 min onwards) were normalized to the early replicating ARS607.L2 probe, adjusted for copy
number. Error bars are 95% CI based on 2 technical replicates. Curve fits were generated by fitting to a sigmoidal Boltzmann function.

and DNA was extracted for analysis using ddPCR. The
two samples had different dynamic ranges, most likely due
to variation in the sorted fractions (Supplementary Figure
S8A). To account for this, we used replication index as a way
to compare the replication timing of the probes between
the samples. Replication index has been extensively used to
analyse density transfer experiments (43). It compares me-
dian replication time (Trep) of probes on a scale from 0 to 1,
with 0 being the Trep of a control early probe and 1 the Trep
of a control late probe. In an analogous manner, we used
the concentration of ARS607-proximal and chrXIV:222kb
probes to normalize other probes. Figure 7A shows the
replication indices for the tested centromeres, as well as
independent early (ARS428-proximal) and late-replicating
(chrIV:966kb) controls. Similar to the HTS-derived data,
centromeres 9, 12 and 16 had their replication time delayed
in the Dbf4-9myc mutant, while centromeres 2, 4 and 6 were

unaffected. Thus, ddPCR was able to confirm the effect of
Dbf4 C-terminal tagging on centromere replication timing.

In addition to the Dbf4 mutant, it has been shown
that a CTF19 deletion mutant also has a similar effect
on centromere replication timing (42). Previously, Sld7 co-
localization near the spindle pole body was used as a read-
out to screen for the components of the kinetochore re-
quired to localise replication factors to centromeres (42).
Here, we used ddPCR to screen for delay to CEN16 repli-
cation timing in deletion mutants of components of the
Ctf19 complex. In addition, we screened deletion mutants
of CNN1, SLK19 (non-Ctf19 kinetochore components) and
RIF1, a negative regulator of DNA replication (44). As
above, results are expressed as replication index (Figure 7B,
Supplementary Figure S8B), and are summarized in Fig-
ure 7C and D. We find that all mutants that lost Sld7 lo-
calization also showed a delay in CEN16 replication tim-



e112 Nucleic Acids Research, 2018, Vol. 46, No. 19 PAGE 10 OF 15

Figure 5. Allele-specific DNA replication timing. S phase cells were FACS-enriched from an asynchronous population of diploid cells (MHY230). The
cells are heterozygous for three origins (ARS606, ARS737 and ARS1021) due to one allele of each origin containing an origin-inactivating mutation.
Extracted DNA was analysed using allele-specific or pan-allelic probes. Early control, ARS607.L2 probe; late control, chrXIV:222kb probe. Each mutated
allele (labelled �) shows lower copy number than its wild type (labelled wt) counterpart corresponding to the delay in replication time. Note that the
allele-specific probes (right panel) are on a different y scale than the pan-allelic probes (left panel). The error bars are 95% CI based on three technical
replicates. Asterisks denote P-value ≤ 0.001.

ing. Additionally, deletion of several genes that were not
tested in the Sld7 localization screen also showed delayed
CEN16 replication timing. These included MCM16 and
MCM22 (encoding components of Ctf3 subcomplex), as
well as IML3 (Chl4 subcomplex). In contrast, NKP1 and
NKP2 (NKP subcomplex) deletions did not affect replica-
tion timing. This targeted screen demonstrates the through-
put of the ddPCR methodology and its ability to rapidly
identify trans-acting factors affecting DNA replication tim-
ing of a specific locus.

DISCUSSION

Measurement of DNA replication timing during S phase
can be achieved via measurement of relative DNA copy
number. This approach can be used with DNA extracted
from either an asynchronous cell population (for exam-
ple, marker frequency analysis in bacteria) or from S
phase cells enriched for by synchronization or using FACS.
This has recently been exploited in HTS-based methods
to generate genome-wide replication profiles in various
species (6,8,12,45–47). However, current locus-specific ap-
proaches are technically challenging, time consuming, ex-
pensive and/or of lower resolution. These restrictions have
limited the ability to screen for trans- or cis-acting factors
involved in locus-specific regulation of DNA replication
timing. Here, we demonstrate that the high-resolution of
ddPCR, as a measure of DNA copy number, allows ac-
curate determination of relative DNA replication timing.
While ddPCR gives data comparable to those from HTS,
it offers complementary applications particularly for locus-
or allele-specific analyses, for screening panels of mutants,
and for applications in organisms with large genomes.

Recently ddPCR has been used to quantify the number
of rDNA repeats in S. cerevisiae within a range of 20–1000

copies per genome with 5–10% technical error (48). Our re-
sults suggest similar levels of technical error in measure-
ments within the range of one to two during DNA repli-
cation (Figure 3). The technical errors in ddPCR come
mainly from sub-sampling and droplet partitioning, where
the former prevails in low abundance samples while the lat-
ter in high copy number samples. Therefore, ddPCR has
the greatest certainty at intermediate concentrations of tar-
get DNA. Concentrations within the range of 110 – 5730
copies/�l have CVs less than 2.5%; a >50-fold dynamic
range. The naturally limited 2-fold dynamic range of DNA
replication allows the use of the same dilution for both early
and late replicating probes within the range of minimal tech-
nical error, corresponding to concentrations between 1000
and 2000 copies/�l and a CV of ∼1%. This small measure-
ment error allows precise comparison of probe concentra-
tions within a single biological sample and, when compar-
ing replication timing between samples with large biological
variation, it contributes very little to the total uncertainty.
While we have not tested other digital PCR platforms, it is
likely that our findings will be applicable to other digital
PCR techniques.

The analysed cell population will have an impact on the
dynamic range of the relative copy number with variation
ranging from 1 to 1 + [proportion of cells in S phase]. Thus,
if an asynchronous population of cells is analysed, of which
20% of cells are in S phase, the dynamic range would be
1 to 1.2. By comparison, an S phase cell population from
the most efficient cell cycle synchronization will have a dy-
namic range approaching 2 where there are loci that are
fully replicated before other loci commence replication (Fig-
ure 4A). Similarly, FACS aims to isolate S phase cells from
asynchronous population. However, Gaussian dispersion of
DNA dyes used during FACS causes overlapping signal at
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Figure 6. Application of ddPCR to determine relative DNA replication time in human cells. (A) DNA copy number analysis in non-replicating human
cells. DNA from male MRC-5 cells arrested in G1 phase of the cell cycle was analysed by ddPCR with probes targeting sex chromosomes, autosomal
chromosomes and duplicated genes. Relative copy number was calculated as a mean concentration of all probes adjusted by copy number. (B) DNA
concentration analysed by ddPCR across a known replication timing transition zone on chromosome 18. Top: non-replicating control from FACS-enriched
G1 HeLa cells, as well as FACS-enriched S phase HeLa cells analysed by ddPCR and sortSeq. Note that G1 and S phase samples, while coming from
the same initial population of cells, are independent DNA samples and their absolute concentration cannot be compared. Bottom: repli-seq data of the
corresponding genomic region from (14,41). cPNS - combined percentage-normalised signal.
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Figure 7. Identification of trans-acting factors regulating centromere replication timing. (A) Replication of DNA at centromeres is delayed in a dbf4-
9myc mutant, as previously reported (42). Replication timing of 6 centromeres was analysed by calculating replication indices (where zero and one are
defined as the S phase DNA copy number of ARS607.L2 and chrXIV:222kb, respectively). Additionally, control early (ARS428) and late (chrIV:966kb)
probes are shown. (B) Application of ddPCR to rapidly screen for trans-acting factors that affect DNA replication timing. Replication timing of two
CEN16 proximal probes (left and right) was analysed in wild type cells or cells with the indicated gene deletions. (C) Table summarizing results in B and
comparing them to a previously reported screen (42) for Sld7 co-localization with the spindle pole body (SPB). (D) Schematic representation of the Ctf19
kinetochore sub-complex (modified from (51)) indicating components that affect centromere replication timing. In bold black text––tested components;
in grey text––components whose deletion affected replication timing, in light grey––components that did not affect replication timing; crossed––essential
components that were not tested.

the phase boundaries (G1/S and S/G2) leading to under-
representation of cells from the earliest and latest stages of
S phase and contaminating the sample with non-replicating
G1 and G2 cells. This contributes to the observed reduction
in the dynamic range of sorted S phase samples when com-
pared to a mid S phase sample from a well-synchronized
yeast cell population (Figures 1 and 2, Supplementary Fig-
ure S2).

The replication time of a DNA locus can be influenced
by its sequence. Thus, heterozygous alleles in a diploid or-
ganism may have different replication times (8). Approaches
that are able to distinguish replication timing between the
two alleles have two main benefits. First, the two alleles
are in the same cell and this provides an identical environ-
ment for both the mutated (experimental) and the control
wild type alleles. Second, there is no need for inter-sample
normalization using extra probes, which would lead to am-
plification of experimental error. The effect of a mutation
on replication timing can simply be expressed as a ratio
to the control wild type allele. In PCR, careful primer de-

sign enables highly specific amplification which can distin-
guish DNA molecules that differ by only one nucleotide.
The positional requirement of the distinguishing nucleotide
greatly limits choice in primer design. For accurate quan-
tification, real-time quantitative PCR requires primer effi-
ciency to be close to two (1.8–2.1) and thus, occasionally,
may be incompatible with assays where primer position is
restricted. In comparison, ddPCR uses end point amplifi-
cation allowing low primer efficiency to be counteracted by
an increased number of amplification cycles. As a result,
ddPCR has the power to differentiate between the replica-
tion timing of nearly identical alleles in a diploid/polyploid
organism (Figure 5).

In comparison to HTS-based approaches, ddPCR has
a much lower input DNA requirement per sample. In the
case of S. cerevisiae, to be within the smallest error range,
we have used ∼0.5–1 ng of DNA per reaction. Typically, it
took ∼10 minutes to sort sufficient numbers of haploid cells
to give enough DNA for 20–60 reactions. This is dramati-
cally less than the ∼2 hours of FACS required per sample
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when subsequent measurements are via HTS. This advan-
tage, coupled with a comparatively low cost per ddPCR re-
action and fast turnaround time, allowed us to use ddPCR
to screen candidate mutations for an effect on centromere
replication timing. As a proof of principle, we were able to
screen for changes in DNA replication timing at centromere
16 in twelve deletion strains in under 2 weeks, including
time for strain recovery and culture growth. We found that
centromere 16 replication timing is delayed in strains lack-
ing CTF19, MCM21, CTF3, MCM16, MCM22 and IML3.
A recent report demonstrated direct binding of Dbf4/Cdc7
to Ctf19/Mcm21 dimers and Ctf3/Mcm16/Mcm22 trimers
(49), giving weight to the results presented here. However,
the same study showed that Chl4/Iml3 dimers did not in-
teract in vitro with Dbf4/Cdc7, while we have demonstrated
that IML3 deletion delays CEN16 replication timing. This
apparent discrepancy could be explained in at least three
ways. First, deletion of IML3 may affect overall kineto-
chore structure and thus reduce Dbf4/Cdc7 binding indi-
rectly. Given that deletion of a single component of either
Ctf19 or Ctf3 subcomplexes is sufficient to delay CEN16
replication timing, it is likely that Dbf4/Cdc7 binding re-
quires an intact kinetochore. Second, it is possible that the
in vitro assay does not fully recapitulate events in vivo, for
example, due to a lack of post-translational modifications.
Finally, the Chl4/Iml3 subcomplex may be required to ad-
vance centromeric DNA replication timing in a second step
downstream of Dbf4/Cdc7 recruitment to the kinetochore.

The locus-specificity of ddPCR also allows it to be prac-
tical even in organisms with large genome sizes. With HTS-
based methods of relative DNA copy number determina-
tion there is a trade-off between the cost of sequencing in or-
der to achieve high genome coverage to maintain the same
error rate and lower spatial resolution. For example, a sort-
seq replication profile of the human genome at 1 kb resolu-
tion and 5% CV would require 3.5 billion reads per sample,
which is impractical even with recent advances in HTS tech-
nologies. In contrast, the technical error of ddPCR depends
mostly on the concentration of target DNA in the sample,
which can be approximated using various DNA quantifi-
cation methods. As a proof of principle, we have shown
that ddPCR is able to quantify relative DNA copy num-
ber across two replication timing transition zones in human
cell lines. We note that neither of the tested timing transi-
tion zones had the dynamic range of the sorted yeast sam-
ples. This is, most likely, due to the fact that transformed
mammalian cell lines are heterogenous populations with
cells containing variable number of chromosomes. This in-
terferes with the DNA content-based cell cycle stage enrich-
ment during FACS. For example, a proportion of cells that
appear to be in G1 phase according to the DNA content flu-
orescence can, indeed, incorporate BrdU – a characteristic
property of S phase cells (50).

As part of this study, we have performed sort-seq on
sorted HeLa cells. This allowed us to compare the two HTS
methods – relative copy number-based sort-seq and nascent
strand-based repli-seq, for which we used published data
(14). Comparison of these methods, using 50 kb bins, pro-
duced a correlation coefficient of 0.6 (Supplementary Fig-
ure S9A), while cubic spline smoothed signal comparison
had a correlation coefficient of 0.71 (Supplementary Fig-

ure S9B). This correlation is likely an underestimate of the
comparability of the two methods due to potential hetero-
geneity in HeLa cell karyotype between different laborato-
ries (bioRxiv: http://dx.doi.org/10.1101/307421). Addition-
ally, both methods have similar dynamic range. We note that
the region on chr18, analysed by ddPCR (Figure 6B) rep-
resents almost the full dynamic range observed across the
whole genome (Supplementary Figure S10). Therefore, it is
possible to use the probes from Figure 6B for inter-sample
normalization in human cells, similar to the strategy pre-
sented in this paper using yeast (Figure 4).

In conclusion, ddPCR offers a high spatial and tempo-
ral resolution approach to rapidly determine locus-specific
replication timing in both sorted cells and synchronized
cell populations, including in organisms with large genome
sizes. The rapid sample turnaround times make this ddPCR
approach a valuable addition to current tools for the study
of replication dynamics, particularly for screening candi-
dates, for validating samples prior to HTS, and for allele-
specific analyses. Coupled with advances in CRISPR/Cas9
genome editing, it will allow rapid screening of cis- and
trans-acting factors that affect DNA replication timing in
yeasts, cultured mammalian cells (bioRxiv: https://doi.org/
10.1101/285650) and other model systems.

DATA AVAILABILITY

Sequenced HeLa raw fastq files and processed bed
files giving the final calculated relative copy num-
ber values are available from the NCBI GEO
database (accession number GSE114480). Genomic
data for sort-seq and repli-seq (14) described in
this study can be visualized via a UCSC genome
browser hub (http://genome.ucsc.edu/cgi-bin/hgTracks?
hgS doOtherUser=submit&hgS otherUserName=
Can1002&hgS otherUserSessionName=hg38).

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Polak,P., Eggan,K. and McCarroll,S.A. (2014) Genetic variation in
human DNA replication timing. Cell, 159, 1015–1026.

9. Donley,N. and Thayer,M.J. (2013) DNA replication timing, genome
stability and cancer. Late and/or delayed DNA replication timing is
associated with increased genomic instability. Semin. Cancer Biol.,
23, 80–89.

10. Boggs,B.A. and Chinault,A.C. (1997) Analysis of DNA replication
by fluorescence in situ hybridization. Methods, 13, 259–270.

11. Saner,N., Karschau,J., Natsume,T., Gierliński,M., Retkute,R.,
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