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Replication timing (RT), the temporal order in which genomic regions replicate, is considered a 
functional feature of multiple cellular processes and chromatin organization. Two approaches to 
measure RT are the Repli-seq and DNA copy number (also called S/G1) methods. We previously 
adapted Repli-seq using 5-ethynyl-2’- deoxyuridine (EdU) pulse-labeling and bivariate flow sorting, and 
while the approach offers high resolution and exposes heterogeneity in timing, the S/G1 method is a 
simpler, faster and less resource-intensive assessment. Here we modified the S/G1 technique by using 
EdU labeling (EdU-S/G1) to facilitate better separation of replicating from non-replicating nuclei during 
flow sorting, which enables the collection of a more pure sample of G1-phase nuclei. When comparing 
the three methods we found that profiles from the S/G1 and EdU-S/G1 methods are highly correlated 
with each other and with Repli-seq profiles for early replication. We also found that the EdU-S/G1 
approach offers a better representation of replication in early and late S phase than the conventional 
S/G1 method. However, the high reproducibility of RT profiles among all three methods indicates that 
considerations of cost and sample availability can drive the decision of which method to choose.

DNA replication is fundamental for maintaining genome stability and orchestrating developmental processes 
vital for plant growth and development. DNA replication is a highly ordered process in which various segments 
of the genome are copied at different times during S phase1–4. The DNA replication timing program is highly 
conserved across cell cycle divisions, and some commonalities, such as euchromatin replicating before 
heterochromatin, are conserved among eukaryotes including most fungi, mammals and plants5. The maize (Zea 
mays L.) root tip offers an ideal system to study replication timing (RT) due to its dense population of actively 
dividing cells6 and accessibility for in vivo labeling with thymidine analogs7. The many cultivars of maize (Z. 
mays, subsp. mays) also offer a unique opportunity to exploit natural genomic diversity8 to develop and test 
hypotheses about the variability, regulation, and thus the functional implications of RT. Moreover, by using 
preparative flow sorting to separate nuclei at different stages of S phase, replication timing can be assigned and 
assessed within asynchronous mitotic cell populations characteristic of growing root tips.

In previous work, our group developed a genome-wide replication timing profile for maize B73 root tips 
using the Repli-seq method with an EdU-labeling step9. Repli-seq, as initially developed, involves the metabolic 
labeling of replicating DNA with bromodeoxyuridine (BrdU), followed by immunoprecipitation to isolate 
BrdU-labeled DNA from a variable number of S-phase fractions obtained via flow sorting on DNA content 
only10. This technique has proven successful across diverse model systems, including humans10–12, Drosophila13, 
and mice14,15. When EdU is used as the DNA precursor in place of BrdU, as in our protocol, visualization of EdU 
using Click chemistry16 preserves nuclear integrity17 and permits flow cytometric separation of replicating and 
non-replicating nuclei7. As we demonstrated in maize and Arabidopsis9,18,19, the Repli-seq protocol provides 
high resolution profiles of replication timing across whole genomes.

While Repli-seq with EdU labeling and flow sorting based on both EdU incorporation and DNA content offers 
high resolution, it is also resource-intensive, requiring substantial starting material before immunoprecipitation 
of EdU-labeled DNA. This is a challenge when working with limited starting material, species with smaller 
genomes, or tissue that is not amenable to metabolic labeling. Consequently, the S/G1 method—a simpler, faster, 
and more cost-effective approach—remains widely used (reviewed in5). The conventional S/G1 method uses 
flow sorting on DNA content only to separate mostly mid-S phase cells or nuclei from their counterparts in G1 
phase to assess the relative copy number of each genomic locus in a replicating population. Higher S/G1 ratios 
in a given locus correspond to more complete replication, and hence to earlier replication time at that locus. The 
result is a continuous representation of replication timing across the genome. This method has been applied to 
multiple species, including yeast20, zebrafish21, fly22, humans23,24 and Arabidopsis25.
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In this study, we combined EdU labeling and bivariate flow sorting with the conventional S/G1 method 
to collect a more inclusive sample of replicating nuclei while also more precisely separating them from non-
replicating G1 and G2 nuclei. This adaptation (from here on called EdU-S/G1) provides increased resolution 
in the early and late portions of the replication timing landscape. Together with the relative simplicity of the S/
G1 technique, this increased resolution may be important in future genetic studies of replication timing control. 
We then compared the strengths and limitations of these three methods, Repli-seq, S/G1 and EdU-S/G1, for 
measuring replication timing across the genome and at various genomic elements.

Methods
Plant material and growth conditions
Seeds of maize cultivar B73 were surface sterilized in a solution of 1% sodium hypochlorite, 0.05% Tween-20 and 
then rinsed 4X with water. For the Repli-Seq experiment, seeds were also treated with absolute ethanol for 5 min 
immediately prior to the hypochlorite step. After rinsing, seeds were imbibed overnight at room temperature in 
constantly stirred, sterile water that was aerated with an aquarium air pump. After imbibition, seeds were again 
surface sterilized with 0.5% sodium hypochlorite; 0.05% Tween-20 solution and then rinsed 4X with water. 
Seeds were placed in 6.5 by 10-inch glass dishes on six layers of paper towels moistened with sterile water. The 
dishes were covered with a transparent lid, and the seeds were germinated at 28 °C for 3 days under continuous 
light (Feit Electric OneSync LED light system) adjusted to a 3000 K soft white color temperature and 300–400 lx.

Plant root tip tissue collection and nuclei isolation
Three independently grown biological replicates were used for each experiment. After the 3-day growth period, 
seedlings were processed differently for each replication timing protocol, as illustrated in (Fig. 1a). For the Repli-
seq and EdU-S/G1 methods, seedling roots were labeled in vivo for 20 min in a water solution of 25 µM EdU 
using previously described conditions9,26, except that after the labeling period, the seedlings were transferred to 
a 100 µM thymidine chase solution prior root tip isolation. Root tips (the terminal 1 mm) were excised from 
the primary and first two emerging seminal roots of each seedling, fixed in formaldehyde, and snap-frozen9,26. 
For the S/G1 method, no EdU labeling was performed, and the terminal 1-mm root tips from the primary and 
seminal roots were kept separate and processed in parallel, using the same fixation and freezing methods as for 
the Repli-seq and EdU-S/G1 samples.

Nuclei were isolated from frozen root tips ground in cell lysis buffer (CLB) supplemented with a Complete 
protease inhibitor tablet (Roche # 04693116001) using a small food processor (Cuisinart)7,26. For the Repli-seq 
and EdU-S/G1 methods, EdU in labeled nuclei was conjugated to Alexa Fluor 488 (AF-488) using a Click-iT 
EdU Alexa Fluor 488 imaging kit (Invitrogen # C10337)9,26. Clicked nuclei were resuspended in CLB containing 
2 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) with 40 µg/mL ribonuclease A and filtered through a 20-µm 
nylon mesh filter (Partec) prior to flow sorting9,26. For the S/G1 method, nuclei were isolated and prepared for 
sorting as described above except that the click reaction step was omitted.

Flow sorting of S-phase nuclei
Nuclei were sorted using a FACS Aria III flow cytometer equipped with UV (355 nm) and blue (488 nm) lasers 
and a 70-micron nozzle. Data was acquired with the BD FACSDiva v9.0.1 software and subsequently analyzed 
in FlowJo v10.8.2. 1X STE (100 mM sodium chloride; 10 mM Tris, pH 7.5; 1 mM EDTA) was used as sheath 
buffer and catch tube collection buffer. Nuclei were sorted into 2-mL tubes using the four-way sort purity mode. 
A sequential gating strategy was used to remove debris and nuclei doublets from the mitotic population prior to 
sorting (Supplementary Fig. S1). First, side scatter light (SSC) was plotted as a function of DAPI fluorescence, 
using PMT voltages adjusted to center the G1 (2C) mitotic populations in the bottom third of the plots. A gate 
drawn in the SSC vs. DAPI plot was used to exclude cellular debris and endocycling nuclei from the mitotic 
population (for details see7) (Supplementary Fig. S1a). After debris were excluded, plots of FSC-A (forward 
scatter area) vs FSC-H (forward scatter height) and of SSC-A (side scatter area) vs SSC-H (side scatter height) 
were used sequentially to gate out nuclei doublets and other aggregates27 (Supplementary Fig. S1b, c). This 
strategy ensured that comparable populations of nuclei were used as the input for sorting in the three types of 
RT experiments, after which additional gates were used to define the nuclei of interest, as shown in (Fig. 1b–g).

For both the Repli-seq and EdU-S/G1 methods, the AF-488 signal representing incorporated EdU was used 
to distinguish replicating, EdU-labeled nuclei from non-replicating, unlabeled nuclei on the y-axis, with the 
DAPI signal indicating DNA content on the x-axis. For the Repli-seq method, gates were drawn around the G1 
nuclei and three separate S-phase fractions with increasing DNA contents. Nuclei representing early, middle, 
and late stages of S phase9 were collected separately (Fig. 1b,e). For the EdU-S/G1 method, an S-phase gate was 
drawn to include most of the labeled, replicating nuclei in the S-phase arc and a G1 gate was drawn to include the 
unlabeled, non-replicating G1 nuclei (Fig. 1c,f). For the S/G1 method, nuclei were sorted on the basis of DNA 
content only, and a histogram plot of DAPI fluorescence vs number of nuclei was used to draw sorting gates 
(Fig. 1d,g). To minimize contamination of G1 nuclei with nuclei in early S phase, the G1 gate included only the 
left half of the G1 peak and the S-phase gate was placed between the G1 and G2 peaks, as indicated in (Fig. 1g). 
For this method, we increased the DAPI PMT voltage on the flow sorter to expand the relative width of the DAPI 
histogram along the x-axis and then drew the S-phase sorting gate to minimize contamination from nuclei with 
2C and 4C DNA contents (compare x-axis of histogram in Fig. 1e–g). After sorting, all nuclei were snap frozen 
in liquid nitrogen and stored at -80ºC until DNA isolation.

DNA isolation, shearing, and immunoprecipitation
Reversal of formaldehyde cross links and isolation of DNA were carried out as described in26. Isolated DNA was 
diluted to a total volume of 120–125 uL in 1X or 0.1X TE and sheared for 100 s in a Covaris S220 Ultrasonicator 
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using the following settings: Peak Incident Power, 140; Duty Cycle, 10%; and Cycles/burst, 200. These conditions 
resulted in an average sheared size of 325–425  bp. For the Repli-seq method, EdU-labeled DNA clicked to 
AF-488 was immunoprecipitated from each S-phase fraction. DNA samples were pre-cleared using magnetic 
Dynabeads protein G beads (Invitrogen # 10004D), and labeled DNA was immunoprecipitated using a 1:200 
dilution of Alexa Fluor 488 polyclonal antibody (Invitrogen # A-11094, lot 2,551,344) as described in26. DNA 
from the G1 fraction was not immunoprecipitated and directly used for library preparation. For the EdU-S/
G1 and S/G1 methods, sheared DNA preparations from S and G1 nuclear populations were used for library 
preparation without further processing.

Sequencing
DNA-seq libraries were made using the NEBNext Ultra II DNA Library Prep Kit for Illumina (# E7645). For S/
G1 and EdU-S/G1 libraries, we used 100 ng DNA for library input, and following the library kit instructions, 
performed a SPRIselect (Beckman Coulter # B23317) bead-based size selection targeting 300–400  bp (not 
including adaptors) sequenceable DNA inserts after adaptor ligation, and used 7 PCR cycles to amplify the 
libraries. Average library sizes (adaptors + DNA insert) ranged between 503–540 bp for the S/G1 samples and 
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Fig. 1.  Replication timing (RT) protocols and flow cytometry nuclei sorting strategies. (a) Flow chart of Repli-
seq, EdU-S/G1 and S/G1 RT protocols. Replication timing protocol steps are indicated in the black boxes. 
Steps in the three protocols that were compared are indicated below the text boxes, with a solid right arrow 
(→) indicating an included step and a dotted line indicating an omitted step. (b-d) Flow cytometry bivariate 
dot plots and histogram plots showing flow sorting gates used in each RT protocol. Nuclei populations for 
Repli-seq (b), and EdU-S/G1 (c) are displayed as bivariate dot plots of EdU incorporation (replication, y-axis) 
vs. DAPI (DNA content, x-axis). The nuclei population for S/G1 (d) is displayed as a DAPI (DNA content) 
univariate histogram, because no EdU was used. The Repli-seq plot shows the gates (rectangles) used to sort 
nuclei from early (E), middle (M), and late (L) S phase and G1 fractions. The EdU-S/G1 plot shows the gates 
used to sort nuclei from S-phase (S) and G1. The gates used to sort nuclei in S-phase (S) or the left half of the 
G1 peak (G1-left) in the S/G1 experiment are indicated as interval bars. Companion histograms for each RT 
protocol (e,f,g) show relative DNA content (DAPI) for the total nuclei population overlaid with the position 
and relative frequency of nuclei that fall in the respective sorting gates.
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472–492 bp for EdU-S/G1 samples. Repli-seq libraries were made with 0.5 ng DNA input for each fraction, no 
size selection after adaptor ligation, and 11 PCR cycles of amplification. Average library sizes (adaptors + DNA 
insert) ranged from 390–436 bp.

For each type of replication timing experiment, libraries from the flow sorted fractions were barcoded using 
unique dual indexes prior to sequencing. For Repli-seq, barcoded libraries of each sorted fraction (G1, early, mid, 
late) corresponding to three independent biological replicates were pooled, sequenced using 150-bp paired-end 
reads on one lane of an Illumina NovaSeq 6000 S4 flow cell, and demultiplexed. For the EdU-S/G1 and S/G1 
experiments, barcoded libraries from three independent biological replicates were similarly pooled, sequenced, 
and demultiplexed. In the case of S/G1, samples from primary and seminal roots were processed separately 
through the sequencing and demultiplexing. A preliminary analysis found no differences in replication timing 
profiles between primary and seminal roots from the same seedlings, and the data from matching sort gates and 
biological replicates were merged (i.e., primary root S-phase biological replicate 1 was merged with seminal root 
S-phase biological replicate 1) prior to processing and analysis. Data from all sequenced libraries were deposited 
in NCBI SRA under the accession numbers listed in Supplementary Table 4.

Comparing input material and cost of Repli-seq vs EdU-S/G1 and S/G1 experiments
While the source tissue in this study was maize root tips, any tissue or cell culture amenable to EdU labeling 
could be used for a DNA replication timing experiment if the number of available flow sorted nuclei is sufficient 
for library production, which in turn depends on genome size and the final DNA yield/nucleus. In maize, with 
a diploid genome size of ~ 2.4  Gb, about a million nuclei would be needed for each S-phase fraction in the 
Repli-seq protocol to yield a target library input of 100 ng DNA. The high number of nuclei in the Repli-seq 
protocol is necessary because immunoprecipitation of EdU-AF488 labeled DNA, the unique step that gives the 
protocol its increased specificity in measuring replication activity across different fractions of S phase, greatly 
reduces DNA yield. However, we have successfully used much less than 100 ng of input DNA for Repli-seq 
library construction. In contrast, the low DNA yield after immunoprecipitation is not a constraint in the S/G1 
methods, for which 100,000 nuclei from each sorting gate are sufficient to generate well over 100 ng of DNA for 
a sequencing library.

The immunopreciptiation step in Repli-seq requires the purchase of Alexa Fluor 488 antibody and associated 
costs of magnetic beads, buffers, and personnel time at the bench. Repli-seq uses a G1 gate and three S-phase 
gates while both S/G1 methods use a G1 gate and one S-phase gate, so the biggest cost difference is a twofold 
increase in the number of libraries to prepare and sequence for Repli-seq. In addition, if the input material is 
expensive or rare, the need for additional starting material could also contribute significantly to the cost of 
Repli-seq.

Creating an in silico low mappability droplist
We developed an in silico strategy to identify segments of reference genomes with inherent low mappability. 
These segments are enriched in repeats and low-complexity regions that preclude the unambiguous alignment 
of short reads to unique locations in the genome. Hard to map regions in the reference genome is a concern in 
the S/G1 methods because late replicating regions are defined by their lower read coverage relative to G1. It is 
therefore important to exclude low mappability regions from the analysis to avoid misclassifying some of them 
as late replicating. We located these regions and created a low mappability drop list for masking the genome 
during downstream analysis (Supplementary Fig. S2a, Github link: ​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​e​w​h​e​e​l​e​r​7​/​g​e​n​o​m​e​_​m​a​
p​p​a​b​i​l​i​t​y​/​​​​​)​.​​

To develop a “low mappability drop list” for the maize B73 assembly (AGPv5), artificial 150-bp reads 
were created by taking partially overlapping 150-bp windows, with a step size of 10 bp, across the whole B73 
(AGPv5) genomic reference assembly. These artificial reads were then mapped back to the reference genome 
with bowtie2 v2.5.1. Mapped artificial reads were filtered by MAPQ score, keeping only reads with scores ≥ 6 
to focus on uniquely mapping reads (see Supplementary Fig. S2b for the distribution of MAPQ values). The 
coverage of uniquely mapping reads was determined at the single base pair level (see Supplementary Fig. 
S2c–e for chromosome 1 and an example of expanded genomic regions). Then the genome was divided into 
non-overlapping 10-kb bins and the percentage of each bin with zero coverage by the MAPQ filtered artificial 
reads was calculated. We used non-overlapping 10-kb bins to align with the binning strategy we used with the 
experimental data. If 60% or more of a bin was void of artificial reads, that 10-kb bin was included in the “low 
mappability” drop list (see Supplementary Fig. S2e for an example of a 10-kb drop listed bin). Using 60% zero 
read coverage as a cutoff removes 2% of the genomic 10-kb bins and 1% of the genes from the maize reference 
genome. While several software packages are available to measure reference genome mappability28,29, using the 
same read mapper as used with experimental data is a simple and quick method to identify regions of inherently 
poor mappability.

Read pre-processing
Commands used for data processing can be found on Github (link: ​h​t​t​p​s​:​​/​/​g​i​t​h​​u​b​.​c​o​m​​/​e​w​h​e​e​​l​e​r​7​/​​r​e​p​l​i​c​​a​t​i​o​
n​_​​t​i​m​i​n​g​​_​m​e​t​h​o​d​s​_​c​o​m​p​a​r​i​s​o​n). Sequenced reads were trimmed using Trimmomatic v0.3930 with default 
parameters. The two sequencing runs (from the same libraries) for the EdU-S/G1 method were merged and the 
sequencing runs for the primary and seminal roots for the S/G1 method were merged. See Supplementary Tables 
1–3 for the number of reads processed at each step per sample. Trimmed, merged reads from each replication 
timing method were mapped using bowtie2 v2.5.131 to the B73 NAM version 5 reference genome, including 
scaffold sequences8. Duplicate mapped reads were removed using sambamba v1.0.032 markup, and only properly 
paired reads with a bowtie2 MAPQ value of 6 or greater were extracted using samtools v1.9–433 with -bf 0 × 2 
and -q 6 parameters. Finally, reads from the scaffolds and the low mappability drop list were removed.
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The coverages of the final mapped reads from all three replication timing experiments were calculated in 
non-overlapping 10-kb windows using DeepTools v3.5.434. To remove spikes in read coverage, which are likely 
due to collapsed repeats, 0.25% of 10-kb bins windows with the highest coverage in each G1 sample (for EdU-S/
G1 and S/G1 independently) were combined into a pooled high coverage drop list and removed from all S and 
G1 samples. While spikes in read coverage are rare, they accumulate a disproportionate number of reads which 
distort the 1X normalization step, so these regions are removed prior to normalization.

After removal of both the high coverage and low mappability drop list reads, each EdU-S/G1 and S/G1 
sample was 1X normalized using DeepTools v3.5.4 bamCoverage with parameters of a bin size of 10 kb, RPGC 
mode (Reads Per Genomic Content, or 1X normalization), ignoring duplicates and extending reads. The 
dropped regions from the high and low coverage drop lists were subtracted from the effective genome size used 
to normalize the data.

For Repli-seq, after removing both the high coverage and low mappability drop lists the mapped reads are 
processed using the Repliscan application35, which includes the 1X normalization step and classifies genomic 
regions into discrete replication signatures (see below). The theoretical coverage obtained by the number of 
filtered mapped reads is reported in the last column of (Supplementary Tables 1–3).

Repli-seq RT classification
After DNA from all Repli-seq fractions was sequenced, trimmed, mapped, and filtered, the Repliscan pipeline35 
(link to Repliscan container: https://zenodo.org/records/13937103, DOI: ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​5​2​8​1​/​z​e​n​o​d​o​.​1​3​9​3​7​
1​0​3​​​​​) was run to calculate the strength of signal from the early, mid, and late S-phase gates and to segment the 
genome into one of five classes: Early (E), Early-Mid (EM), Mid (M), Mid-Late (ML), or Late (L). Although 
only three S-phase gates are sorted, Repliscan can computationally define regions that replicate in intermediate 
classes like EM or ML. The following parameter modifications were used for the Repliscan pipeline: (1) read 
densities were aggregated in 10-kb non-overlapping windows across the genome ( –window 10,000) and (2) a 
segmentation threshold of 1.0 (–threshold value, –value 1.0).

Data from the new Repli-seq experiment was compared with Repli-seq data published in Wear, et al.9 2017, 
which was originally mapped to B73 RefGen_v3 (AGPv3) (NCBI SRA # PRJNA327875). The earlier Repli-seq 
data was re-mapped to the B73 NAM version 5 genome assembly (Zm-B73-NAM-5.08) using the same filtering 
parameters, high coverage drop list and low mappability removal as described for the EdU-S/G1 and S/G1 data 
processing. The re-mapped data was run through Repliscan with the same parameters described above to create 
the RT signal profiles from each S-phase nuclei population and to assign RT classes (see Supplementary Table 5 
for GEO accessions for these files, with both low mappability and high coverage drop lists removed).

The early, mid, and late replication timing signal outputs from Repliscan from the 20179 and current 
experiments have correlation coefficients of r = 0.98, 0.93, and 0.96 respectively (Supplementary Fig. S3a). 
However, there is a slight early shift in the 2025 coverage of each RT class defined by Repli-seq, such that some 
of the Early-Mid class regions are re-assigned into Early and some Late regions are re-assigned to Mid (see 
Supplementary Fig. S3b and Supplementary Table S6).

Comparing experiments with different sequencing depths
Sequencing depths differed considerably among the experiments for the different replication timing methods 
(see Supplementary Tables S1–S3 last column). We down-sampled the EdU-S/G1 data to 6X for more appropriate 
comparisons with S/G1 data. However, there are no apparent differences between the different coverages in the 
EdU-S/G1 down-sampled data, indicating that the EdU-S/G1 method can be useful even at moderate coverages 
(Supplementary Fig. 4a–c).

Calculating the S/G1 ratio, smoothing, and averaging bioreps
For both S/G1 approaches, replication is inferred from the ratio of normalized S-phase reads to normalized G1 
reads, with higher ratios corresponding to earlier replication. The S/G1 ratios were calculated in sequential, non-
overlapping 10-kb bins across the genome. In each bin, the S-phase signal for a given biological replicate was 
divided by the average signal of all the G1 replicates for that bin. All 10-kb bins with a ratio value of zero in any 
replicate were removed from all replicates. We also removed “stand-alone” single bins of data flanked on both 
sides by a drop listed bin. Haar wavelet smoothing36 (​h​t​t​p​s​:​​​/​​/​s​t​a​f​​f​.​w​a​s​h​i​n​g​t​o​​​n​.​e​​d​u​​/​d​​b​p​/​​W​M​​T​S​A​/​​N​​E​P​H​/​​w​a​v​e​​l​
e​t​s​.​h​t​m​l) was performed at level 2 on each replicate. After replicate data was processed through the smoothing 
step, an average profile of all bioreps was made for EdU-S/G1 and S/G1.

Because replication duplicates the DNA at each locus, it is intuitive for S/G1 ratios to vary between 1 for 
unreplicated regions and 2 for replicated regions. Both the S and G1 sequencing data are normalized to 1X 
coverage, which sets the mean ratio of the two datasets to 1. In principle, with this normalization—and assuming 
pure sorted populations of S phase and G1 nuclei—the earliest replicating regions of the genome should have 
S/G1 = 2 and the latest regions should have S/G1 = 0. However, in reality, there is enough heterogeneity in 
populations of nuclei that very few loci exhibit these theoretical extreme ratios.

Pearson’s correlation coefficients between and among the EdU-S/G1 and S/G1 bioreps were calculated and, 
as shown in Supplementary Fig. S4a, the minimum correlation coefficient was r = 0.93. A visual comparison of 
the S/G1 and EdU-S/G1 profiles at all coverages show consistent signal structure between all biological replicates 
(Supplementary Fig. S4b,c). The biorep average for the EdU-S/G1 or S/G1 profiles were also compared to the 
Repli-seq early, mid, and late profiles (Supplementary Fig. S5). The EdU-S/G1 6X coverage profile and Repli-
seq E profile had a correlation coefficient of r = 0.89, while the S/G1 6X coverage profile and Repli-seq E profile 
had a correlation coefficient of r = 0.85. Similarly strong negative correlations with the Repli-seq L profile were 
observed. A negative correlation between S/G1 data and Repli-seq L data is expected because in S/G1 type data, 
late replication is identified by a depletion of reads, whereas in Repli-seq, late replicating DNA is identified by 
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elevated read coverage from EdU-labeled DNA regions in nuclei from late S phase. A two-tailed paired Wilcoxon 
rank sum test using the R package rstatix v0.7.2 was performed to compare the EdU-S/G1 and S/G1 methods 
for the genome and for each individual RT class (Supplementary Table 7). The Wilcoxon effect size (r) was also 
calculated. Replication time at genes and TE families was calculated by averaging the genomic 10-kb bin data at 
each gene and TE element, using annotation files from the NAM project annotation8.

To explore replication timing across the entire maize genome in a meta-chromosome or relative position 
from the centromere format, we divided each chromosome arm evenly into 10 windows each representing 10% 
of the chromosome arm. For this analysis, the chromosome arm boundary extends to the edge of the centromere 
but does not include the centromere. Short arms and long arms both exhibit the trend of earlier replication 
in the distal end and later replication in the pericentromeric end of the chromosome arm. By dividing each 
arm into 10% windows we can associate the relative telomeric ends of all chromosome arms together and the 
relative centromeric regions together, regardless of absolute chromosomal size. The median EdU-S/G1 and S/
G1 ratios from all the genomic 10-kb bins contained in each 10% window was calculated, as were the ratios for 
all genes and TE superfamilies in each window. Processed files for each method were deposited at GEO, see 
Supplementary Table S5 for accession numbers.

Results and discussion
Flow cytometry considerations for measuring replication time
Separating replicating and non-replicating nuclei is a critical step for determining RT for both the Repli-seq and 
S/G1 approaches. This is frequently accomplished by using flow sorting to separate nuclei in G1 and S phase. In 
Repli-seq, nascent DNA is immunoprecipitated from nuclei in different S-phase sorting gates and compared to 
a G1 DNA sample (Fig. 1b). In the S/G1 methods, total DNA coverage in a gate that includes much of S phase is 
compared to DNA coverage in a G1 gate (Fig. 1c,d). It is important to obtain a non-replicating G1 population to 
accurately calculate RT in both approaches.

When sorting for conventional S/G1, only the left side of the G1 peak is collected to minimize contamination 
by early S-phase nuclei, and a narrow S gate is used to avoid G1 nuclei (Fig. 1d,g). However, using DAPI staining 
to measure DNA content has limitations, and cannot completely separate nuclei at the very beginning and very 
end of S phase from G1 and G2 populations, respectively. This can be seen in the EdU-labeled bivariate sorting 
profiles (Fig. 1b,c), where labeled S-phase nuclei actually span the whole width of the G1 and G2 peaks. The 
presence of S-phase nuclei in the G1 peak can also be visualized by overlaying the bivariate gates in a DNA 
content profile (Fig. 1e,f). An in silico overlay of the G1 left peak sorting gate of non-EdU, DAPI-only sorting 
experiments onto a EdU bivariate plot shows that ~ 10% of the G1 left peak nuclei are early S contaminants 
(Supplementary Fig. S6b,c). This contamination of the G1 control by early S-phase nuclei results in higher DNA 
coverage values in the G1 control that then decreases the RT signal ratio, primarily in the earliest-replicating 
regions. This dampening of early RT ratios in early regions could reduce resolution for researchers interested in 
early replicating regions that are enriched for genic sequences37.

Even with the ability to sort pure replicating vs non-replicating nuclei when using EdU, we did not extend 
the S-phase gate to fully include the 4C DNA content region of the EdU-labeled arc because, as is common in 
plant systems, maize terminal 1-mm root tips contain a small subpopulation of cells that undergo endocycling6. 
Thus, a population of labeled nuclei with a 4C DNA content containing primarily late mitotic S phase nuclei 
will also include some early replicating endocycling nuclei. We chose to avoid adding this complication to the 
EdU-S/G1 data.

Chromosomal distribution of replication time
Using chromosome 1 as an example, Fig. 2 shows a comparison of the chromosomal distribution of replication 
timing data generated from Repli-seq and the two S/G1 methods. In the Repli-seq protocol, newly synthesized 
DNAs from the early, middle and late S phase nuclei produce replication signals where a high signal from early 
S phase indicates earlier replication and a high signal from late S phase indicates later replication. For S/G1 
methods higher signal represents earlier replication, and earlier replicating sequences will have higher copy 
numbers than later replicating sequences20,23,38. Because both G1 and S phase reads are normalized, a S/G1 ratio 
above 1 indicates an earlier replicating locus whereas a ratio below 1 indicates a later replicating locus. Because 
of variations in sequencing depth (see Methods and Supplementary Tables S1–3) the EdU-S/G1 data were down-
sampled to 6X to remove coverage depth effects as a variable when comparing to the S/G1 data.

The Repli-seq early profile (Fig. 2a, top blue track) shows high replication activity at the gene-rich ends of the 
chromosome arms while the Mid profile shows a more evenly dispersed activity across the chromosome arms. 
In contrast, the Repli-seq Late profile exhibits notably high replication activity in the pericentromeric regions. 
The final track in Fig. 2a displays the replication timing class assigned by Repliscan.

The replication profiles obtained with the two S/G1 methods (Fig. 2b) look very similar to the early signal 
of Repli-seq. Peaks of the S/G1 profiles, which indicate local regions of earlier replication, align with Repli-seq 
early signal peaks, as indicated by the dashed lines in (Fig. 2c). Repli-seq early peaks appear somewhat sharper 
than their corresponding S/G1 peaks, but the positional alignment of peaks is consistent for all profiles. Peaks 
in Repli-seq Late correspond to valleys in the S/G1 profiles (Fig. 2d dashed lines, and Fig. 2e red dashed box), 
as expected because regions of late replication have a high signal in Repli-seq Late, but a low ratio in both 
S/G1 methods. The concordance of these profiles indicates that all three methods offer a reliable measure of 
replication timing.

From these replication profiles we can also visualize the chromosomal progression of S phase in both Repli-seq 
and S/G1 types of experiments. Local S-phase progression in Repli-seq can be seen as chromosomally sequential 
peaks of signal from the early to mid to late S-phase sorting gates9,10,18,39 (Fig. 2e, triangles in black dashed box), 
while the S/G1 methods have a peak of signal at early replication that transitions gradually to a valley in late 
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Fig. 2.  Chromosome 1 replication timing data from Repli-seq, EdU-S/G1 and S/G1 methods. (a) Repli-seq 
intensity profiles of 1X normalized signal from each S-phase fraction as a ratio to G1 in 10-kb windows across 
chromosome 1 (Chr 1) for early (E, blue), middle (M, green), and late (L, red) S phase (scales at 0-5). The RT 
Class annotation track shows the genome segmentation assigned by Repliscan. The scale at the top of panel 
a shows the chromosome coordinates in Mbp, and is used for both panels a-b. The locations of the enlarged 
regions shown in panels c-d are indicated on the chromosome graphic with red boxes, and the centromere is 
marked with “CEN”. (b) The S/G1 ratio signal for EdU-S/G1 (purple) and conventional S/G1 (black) methods 
for each 10-kb bin (scale of 0.5-1.5). Higher S/G1 ratios indicate earlier replication and lower S/G1 ratios 
indicate later replication. (c) Enlargement of a mostly early replicating Chr1 region, with vertical dashed lines 
aligning Repli-seq early peaks with EdU-S/G1 and S/G1 peaks. (d) Enlargement of a mostly late replicating 
Chr1 region, with vertical dashed lines aligning Repli-seq late peaks with EdU-S/G1 and S/G1 valleys. (e) 
An enlargement of a 7-Mbp region of chromosome 1 showing the same profiles as in panels a-b. The dashed 
rectangles outline typical examples of early (blue dashed box) and late (red dashed box) Repli-seq peaks, 
and the corresponding ratio data for the S/G1 methods. The black dashed rectangle outlines an example of 
replication progression that is most clear in the Repli-seq data. A peak of early replication (blue arrowhead) 
proceeds bidirectionally to two flanking peaks in mid (green arrowheads) and then to two peaks in late (red 
arrowheads). The S/G1 methods, which only have a single S-phase population, have a peak of signal indicating 
early replication that transitions to a valley, indicating late replication (black arrow).
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replicating regions (Fig. 2e, see arrow). Using the Repli-seq as the benchmark measure of replication timing, we 
show that the S/G1 methods faithfully captures RT profiles in our maize root tip system.

Sorting with EdU improves measurement of early and late replication timing regions
The replication timing profiles generated by the EdU-S/G1 and the S/G1 methods look remarkably similar 
(Fig. 3a), but a closer examination reveals that in distal regions of chromosome arms aligned peaks show earlier 
values in the EdU-S/G1 method (Fig. 3b). To a lesser degree, the reverse is true in pericentromeric regions, with 
EdU-S/G1 having later values at valleys in common between the two methods (Fig. 3c). This effect is likely due 
to the ability to generate a pure G1 population in the EdU-S/G1 protocol. In the S/G1 protocol, ca. 10% of the 
G1 population are in early S phase (Supplementary Fig. S6) and have already started replicating the genome. 
The contaminating S phase nuclei will increase the copy number in the G1 control and result in a corresponding 
reduction in the S/G1 ratio values in early replicating regions.

When comparing the EdU-S/G1 or S/G1 ratio values irrespective of genomic location, i.e., by plotting the 
distribution of all genomic bin S/G1 ratio values (Fig. 3d), the bulk of the data is very similar between the two 
methods, as seen by the nearly identical median and first and third quartile values. However, in the EdU-S/G1 
distribution the first and fourth quartile tail populations are extended toward earlier and later replication ratio 
values compared to the more compressed S/G1 distribution. When the genomic distributions are separated by 
Repli-seq segmentation classes (Fig. 3e) this extension of earlier and later data points in the EdU-S/G1 relative 
to the S/G1 method can be most clearly seen in the Repli-seq early (E) and late (L) segment classes, respectively.

Using the Wilcoxon rank sum test to compare EdU-S/G1 and S/G1 in each RT class, we see that in all classes 
EdU-S/G1 and S/G1 are statistically different. However, this statistical significance could be due to the large 
number of genomic bins considered (sample size). Consequently, we measured the effect size to quantify the 
magnitude of the differences. This analysis found small effects for the Early-Mid, Mid, and Mid-Late classes, but 
large effects for the Early and Late classes (Supplementary Table 7). Although the direction of the effect is not 
indicated in the statistical test, genome browsing (such as in Fig. 3b,c) and comparing the distributions by RT 
class (Fig. 3e) indicated that the EdU-S/G1 method has the effect of producing slightly earlier early values and 
later late values. Taken together, these observations suggest that the EdU-S/G1 approach can provide a wider 
range of early and late replicating ratio values at the maxima of early peaks and minima of late valley regions, 
allowing for more resolution in these regions. The slight improvement in EdU-S/G1 over S/G1 in early and late 
peaks and valleys could be useful if the genomic area under study is in early or late replicating regions.
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Comparing genic and transposable element (TE) replication
The maize genome is made up of features that can be classified as genes, TEs, intergenic regions or repeats. 
Genes constitute ca. 8% of the maize genome while TE families comprise over 75% of the genome40. Despite 
their repetitive nature, most maize TEs can be uniquely mapped allowing us to assess their replication timing 
compared to other genomic features. The TE superfamilies each have different distributions and we wanted to 
investigate possible differences in replication timing among the TE families, especially given the notable effect of 
relative chromosomal position on replication timing.

Figure 4 compares the distribution of replication times obtained by the S/G1 and EdU-S/G1 methods for the 
genome as a whole (“Genomic bins”), genes, class I retrotransposon superfamilies (Copia, Gypsy, and unknown 
LTR), and class II DNA transposon superfamilies (Helitron, hAT, CACTA, Pif-Harbinger, Mutator, and Tc1-
Mariner). Because of their small number of elements, individual superfamilies within the Class I retrotransposon 
LINE order were analyzed together (Supplemental Table 8).

The EdU-S/G1 and S/G1 RT distributions are similar to each other whether looking at the genome, genes, or 
TE superfamilies (Fig. 4). As seen previously in the genomic data (Fig. 3), all gene and TE EdU-S/G1 distributions 
show extended tail populations in earlier and later values compared to the S/G1 distributions. The median values 
of the genes and the LINE, Pif-Harbinger, hAT, Tc1-Mariner, Helitron, and Mutator TE superfamilies are earlier 
to varying degrees than the distribution for the genome as a whole (“Genomic bins”). In contrast, the median 
values for the unknown LTR and Gypsy superfamilies are somewhat later than the genome as a whole. In all 
cases, the differences between the spread of the EdU-S/G1 and S/G1 distributions are likely explained by the 
reduced dynamic range attributable to minor contamination of samples without EdU-based sorting.
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Fig. 4.  Distributions of EdU-S/G1 and S/G1 ratios for genes and TE superfamilies. The distributions of EdU-S/
G1 (purple) and S/G1 (black) ratio values for all genomic bins, genes, and indicated TE superfamilies. The 
percent genomic coverage of each gene and TE superfamily is included. A red line at S/G1 = 1 indicates mid S.
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Replication timing of genes and TEs can also be visualized in a chromosomal context by plotting RT values 
in a meta-chromosome-arm format. This approach allows the S/G1 ratios of specific genomic elements to be 
analyzed as a function of relative chromosome position (Fig. 5a). Using this approach, comparison of both S/
G1 methods yielded highly similar results for all genes and TE families. Minor differences were observed near 
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the telomeres and centromeres where the EdU-S/G1 method has earlier or slightly later RT values, respectively 
(Fig.  5a). Notably, the general pattern of chromosome replication, using either S/G1 method, mirrors the 
replication profiles illustrated in Fig.  2a and b where the ends of chromosome arms replicate earlier and 
centromeric regions replicate later. This pattern is suggestive that all genomic elements are subject to a large-
scale chromosome position effect on RT.

However, local differences between genomic elements and their local genomic environment can be seen as 
well by comparing the RT of genes and TE superfamilies to the genome (Fig. 5b,c and Supplemental Fig. S7). For 
the same relative chromosomal position, genes and some TE superfamilies, like hAT, replicate earlier and some 
TE superfamilies, like Gypsy, replicate slightly later than the genome as a whole, especially in the distal arms. 
These observations suggest that RT is affected by both genome-wide scale and by more localized influences.

In pericentromeric regions of the genome, the genes, as well as the LINE, Pif-Harbinger, hAT, and Tc1-Mariner 
elements have earlier RT compared to the genome as a whole, indicating they replicate earlier than the genomic 
regions around them. The CACTA, unknown LTR and Gypsy superfamilies replicate similarly to the genome 
throughout the chromosome arms. However, given that Gypsy elements are highly abundant, constituting up 
to 60% of some of the 10% relative windows, and are concentrated in pericentromeric and centromeric regions, 
(Supplementary Fig. S8), it is difficult to distinguish between overall genomic replication and Gypsy replication 
in those windows. Although their late RT could be due to their chromosomal distribution, the Gypsy and 
unknown LTRs also show slightly later RT compared to the genome in the distal arms (Supplementary Fig. 7a, 
b). Further study is needed to determine if these TEs families are active or passive elements in determining 
replication time in their local environment.

Conclusion
Repli-seq, EdU-S/G1 and S/G1 are three useful and highly correlated approaches for measuring replication 
times during S phase. A summary of each method’s features is listed in (Table 1). If EdU labeling of source tissue 
is feasible and enough material is available for bivariate sorting of labeled nuclei into multiple gates within S 
phase, Repli-seq offers the highest resolution as well as the ability to distinguish timing heterogeneity at each 
locus. When starting material is limited, or when the need to analyze many species or genotypes makes Repli-
seq impractical, the S/G1 method can be applied successfully to characterize average RT at each locus across 
the genome. Labeling replicating DNA is not required for this method. However, when EdU labeling is feasible, 
a broader sample of replicating nuclei and better separation from non-replicating nuclei can be obtained by 
bivariate sorting. Thus, the EdU-S/G1 procedure can further improve the resolution of early and late replication 
times compared to the conventional S/G1 procedure.

Data availability
Sequencing data is stored at the NCBI SRA database under the accession PRJNA1219493, PRJNA1136904, 
and PRJNA1137362. Processed files are stored at the NCBI GEO database under the accession GSE288800, 
GSE287258, GSE287085.
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