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Abstract The primary task of developing embryos is genome replication, yet how DNA

replication is integrated with the profound cellular changes that occur through development is

largely unknown. Using an approach to map DNA replication at high resolution in C. elegans, we

show that replication origins are marked with specific histone modifications that define gene

enhancers. We demonstrate that the level of enhancer associated modifications scale with the

efficiency at which the origin is utilized. By mapping replication origins at different developmental

stages, we show that the positions and activity of origins is largely invariant through

embryogenesis. Contrary to expectation, we find that replication origins are specified prior to the

broad onset of zygotic transcription, yet when transcription initiates it does so in close proximity to

the pre-defined replication origins. Transcription and DNA replication origins are correlated, but

the association breaks down when embryonic cell division ceases. Collectively, our data indicate

that replication origins are fundamental organizers and regulators of gene activity through

embryonic development.

DOI: 10.7554/eLife.21728.001

Introduction
In many developing organisms, early rounds of DNA replication occur in the absence of zygotic

gene transcription: in both Drosophila and Xenopus embryos, the rapid genome duplication in early

cycles is facilitated by the use of many, closely spaced, replication initiation sites (Blumenthal et al.,

1974; Callan, 1974). Within Drosophila and Xenopus, the onset of zygotic transcription is accompa-

nied by a marked increase in S phase length, caused by a reduction in the number of replication initi-

ation events, rather than changes in the rate of replication fork progression (Blumenthal et al.,

1974). Numerous studies in metazoa have found particular chromatin signatures that typify transcrip-

tionally active chromatin are enriched at replication initiation sites and also influence the relative

time in S phase that origins are active (MacAlpine and Almouzni, 2013). Yet a specific signature

within chromatin that marks distinct sites in a genome where replication initiates has not been identi-

fied (Urban et al., 2015).

We chose to investigate DNA replication within developing C. elegans embryos, with the goal of

characterizing signatures of replication origins and understanding replication patterns through early

development. Our approach relies on transient depletion of DNA ligase I, which results in the accu-

mulation of Okazaki fragments on the lagging strand (Smith and Whitehouse, 2012;

McGuffee et al., 2013). By sequencing Okazaki fragments we, and others, have provided high-reso-

lution maps of DNA replication across budding yeast (McGuffee et al., 2013) and human genomes
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(Petryk et al., 2016). One advantage of sequencing Okazaki fragments is that replication signatures

can be deduced from a population of cells growing at steady state. Thus, providing that Okazaki

fragments can be harvested in sufficient quantity, DNA replication can be mapped in cells, tissues or

organisms without need for synchronization (Smith and Whitehouse, 2012).

Results and discussion
Okazaki fragments were purified from mixed early embryos (ME) following RNAi depletion of lig-1,

which is the sole C. elegans DNA ligase responsible for ligating Okazaki fragments. To minimize

genome instability and prevent embryonic lethality associated with complete lig-1 depletion, we

determined an optimal level of depletion to maintain normal development, while enriching for frag-

ments by dilution of the lig-1 RNAi bacteria (Figure 1A, Figure 1—figure supplement 1). Resolution

of labeled DNA harvested from lig-1 depleted embryos on a denaturing agarose gel, revealed a

highly periodic pattern of Okazaki fragment size, similar to that of the nucleosome repeat uncovered

by MNase digestion (Figure 1A). While the periodicity is far more pronounced in C. elegans, the

size distribution of Okazaki fragments matches those observed in budding yeast, indicating that the

coupling of lagging strand synthesis and nucleosome assembly is likely conserved (Smith and White-

house, 2012; Yadav and Whitehouse, 2016).

Next, we analyzed the Okazaki fragments by deep sequencing using a protocol that preserves

strand identity (Smith and Whitehouse, 2012). Mapping to the worm WS220 reference genome, we

find a clear strand bias, which matches the expected distribution of Okazaki fragments synthesized

on the lagging strand: replication origins are at sites of transition from Watson to Crick strand reads

(Figure 1B) (McGuffee et al., 2013). While the data is noisier than budding yeast – in part due to

the high A:T content of the genome, residual DNA ligase activity and the complexity of the sample

preparation – we identified >2000 replication origins using a modified mapping protocol

(McGuffee et al., 2013). Median spacing between origins is 40 kb, and 96% of origins are within

100 kb of another origin; the median efficiency – that is, the likelihood that a given origin is utilized

during S phase, is ~50%, although we note that numerous origins are fired in most cells in the popu-

lation (Figure 1—figure supplement 2A and B). In contrast to budding yeast, in which initiation is

confined to a narrow range (McGuffee et al., 2013), replication in C. elegans apparently initiates

within broad zones at most origins, similar to human cells (Figure 1—figure supplement 3)

(Petryk et al., 2016; Dijkwel et al., 1991). Replication origins potentially influence gene organiza-

tion: genes near origins tend to be shorter and genes flanking origins show a pronounced bias to

ensure that replication fork progression and transcription are co-directional (Figure 1—figure sup-

plement 4A and B) (Petryk et al., 2016).

Having generated a high-resolution map of replication origins, we next considered whether par-

ticular chromatin signatures are enriched near origins. Thus, we analyzed the abundance of several

histone modifications that were mapped in embryos at similar stages (Gerstein et al., 2010). As Fig-

ure 2 shows, there is a remarkable concordance between the location of replication origins and acet-

ylation of histone H3 and methylation of H3 at lysine 4 (K4). Analyzing H3 K27ac (H3 K4me2 is near

identical), we find that 75% of efficient origins (>30% efficiency) are within 1 kb of the histone mark

and most H3 K27ac peaks overlap origins (Figure 2B). Further, the most efficient replication origins

are associated with sites with the most H3K27 acetylation (Figure 2C, Figure 2—figure supplement

1). By surveying the abundance of various modifications present at replication origins, we tested

whether other modifications behaved similarly to H3K27ac (Figure 2D); this revealed that acetylation

of H3 at K18, K23, K27 and dimethylation of H3 at K4 are not only present at origins, but the level of

modification increases according to origin efficiency. Significantly the histone modifications, we find

most strongly associated with origins are those that define gene enhancers in metazoan genomes

(Ho et al., 2014).

Given that ME embryos are transcriptionally active, our finding that replication initiates near his-

tone marks linked with enhancers indicates that origins are localized to ‘accessible’ transcriptionally

active regions. In this scenario, replication origins become defined once zygotic transcription has ini-

tiated; DNA replication in pre-gastrula embryos (PG), where transcription is limited and non essential

(Robertson and Lin, 2015), would presumably initiate from many, seemingly random sites – much

like the apparent situation in Drosophila and Xenopus embryos prior to the Mid Blastula Transition

(MBT). To investigate this, we harvested pre-gastrula embryos from a hyperactive egg laying strain
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Figure 1. Purification and sequencing of Okazaki fragments from C. elegans. (A) Left panel: increasing DNA ligase I (lig-1) depletion by RNAi

results in the generation of small DNA molecules with periodic size distribution. Right panel: comparison of the putative Okazaki fragments with DNA

resultant from a Micrococcal Nuclease digestion of chromatin, reveals both species have similar periodicity. (B) Fragments mapped to the C. elegans

genome display a characteristic strand bias expected of Okazaki fragments. Regions of high Watson-strand signal (red) that transition to regions of high

Crick-strand signal (green) are replication origins; normalized signal is shown in brown. Mapped replication origins are black bars above the Okazaki

fragment traces and are shown as 5 kb blocks centered on the origin midpoint to aid visualization. Annotated genes and their coordinates are shown

below the fragment traces.

DOI: 10.7554/eLife.21728.002

The following figure supplements are available for figure 1:

Figure supplement 1. Average progeny number in C. elegans treated with 100% and 10% lig-1 RNAi.

DOI: 10.7554/eLife.21728.003

Figure supplement 2. Global measures of origin efficiency and spacing.

DOI: 10.7554/eLife.21728.004

Figure 1 Purification and sequencing of Okazaki fragments from C elegans continued on next page
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(PG: median 9, mean 13 cells/embryo, n = 50; Figure 3A) and late embryos from wild-type worms

(L: ~200–558 cells/embryo), which represent different levels and extent of gene expression

(Figure 3B). We compared origin location and efficiency for each population and found that the pat-

terns of replication were highly similar (Figure 3C) – especially for the most efficient origins

(Figure 3D). Evidently, even though gene transcription is fundamentally altered through this time

course, replication origin usage is globally similar through early development. Thus, the establish-

ment of specific replication origins in C. elegans occurs prior to the broad onset of zygotic transcrip-

tion – meaning that the replication origins we define are unlikely to be dependent upon

transcription. This finding is in keeping with data showing that isolated embryonic cells treated with

a-amanitin divide normally up to approximately 100 cells (Edgar et al., 1994). Indeed, S phase

length, lineage-specific cell cycle timing, asymmetric cell division and cleavage patterns all proceed

normally in the absence of transcription in pre-gastrula early embryos (Robertson and Lin, 2015;

Edgar and McGhee, 1988; Edgar et al., 1994).

Coupling of DNA replication with gene enhancers within rapidly dividing embryonic cells likely

imposes particular constraints upon genome duplication. S phase in pre-gastrula embryonic cells

ranges from ~10 to 25 min, depending on the lineage (Edgar and McGhee, 1988). In an ideal sys-

tem, where all origins fire in each S phase (100% efficiency), complete genome duplication could be

achieved in ~15 min if origins are uniformly spaced every ~75 kb and replication forks progress at

2.5 kb/min. We find that the median origin spacing is ~40 kb (Figure 1—figure supplement 1),

which reflects that not all origins are fired within each S phase. Given that DNA replication appears

to initiate at enhancers, the requirement for closely spaced origins to achieve timely genome dupli-

cation would seemingly constrain the positions of enhancers across the genome. Thus, enhancers,

and the genes they regulate, may be organized to facilitate the execution of the DNA replication

and transcription programs in rapidly dividing embryonic cells. To investigate this, we first per-

formed a gene ontology analysis of genes at varying distances from replication origins: this revealed

that genes whose products are involved growth, embryonic development, cell cycle, gene expres-

sion, and chromatin are clustered near replication origins (Figure 4A and Figure 4—figure supple-

ment 1). Next, we compared origins with the whole embryo transcriptome time series derived from

individual embryos from the one-cell stage through hatching (Hashimshony et al., 2015). For each

of the 50 time points, we removed maternally derived transcripts and plotted the sum of normalized

transcript levels for each gene relative to the midpoint of replication origins. As shown in Figure 4B

and Figure 4—figure supplement 2, transcript abundance accumulates through the early time

points with no apparent trends in the data; but, beginning at time point ~9 and coincident with gas-

trulation, there is an apparent clustering of actively transcribed genes near replication origins. The

association of transcription with origins spans to time point ~25 and broadly scales according with

origin efficiency (Figure 4—figure supplement 2). Beyond time point 25, the association breaks

down; yet, as gene expression changes, the pattern evolves such that from time point 40 onwards,

sites of active transcription now appear anti-correlated with replication origins. As we have shown in

Figure 3, replication origins are defined prior to the onset of global zygotic gene activation, yet

Figure 4B reveals that when the genome becomes broadly transcriptionally active, transcription gen-

erally occurs in close proximity to the pre-defined origins. At time point 25, which is ~300 min into

embryogenesis, transcription begins to shift away from the origins, and by 500 min, peak transcrip-

tion occurs some 15–25 kb from the origin. Since the median spacing between origins is 40 kb, the

shift in transcription late in embryogenesis ensures that gene transcription is as far removed as possi-

ble from sites of replication initiation. The alteration in transcription that occurs after ~300 min is

coincident with ventral enclosure and has been shown previously to underlie a developmental mile-

stone wherein the ‘morphogenesis’ transcriptome is activated (Levin et al., 2012). Given the close

association between replication origins and expressed genes, we considered whether global altera-

tions in the transcriptome may be related to origin activity. Thus, we compared the origin/transcript

Figure 1 Purification and sequencing of Okazaki fragments from C elegans continued

Figure supplement 3. Heatmap illustrating the varying size of the ’initiation zone’ at replication origins.

DOI: 10.7554/eLife.21728.005

Figure supplement 4. Gene orientation around replication origins.

DOI: 10.7554/eLife.21728.006
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DOI: 10.7554/eLife.21728.007

The following figure supplement is available for figure 2:

Figure supplement 1. Heatmap illustrating the relationship between H3K27ac and replication origins.

DOI: 10.7554/eLife.21728.008
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Figure 4 continued on next page
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profiles with a time course that measured living nuclei per embryo during embryogenesis from Sul-

ston et al (Sulston et al., 1983) (Figure 4C). Significantly, the shift of transcription from origins that

begins at ~300 min is coincident with the completion of the last wave of cell division that occurs

within the embryo – indicating that the inactivation of replication origins may be coupled with the

restructuring of the transcriptome to facilitate post replicative development.

Our finding that replication initiates at specific sites in PG embryos is in marked contrast to the

seemingly random patterns observed in the rapid and synchronous cycles in both Drosophila and

Xenopus embryos (Blumenthal et al., 1974; Callan, 1974). However, early development in C. ele-

gans differs from these organisms: initial cell divisions are asynchronous, and the cell cycle does not

slow abruptly near gastrulation (Bao et al., 2008). Thus, the rapid establishment of the defined repli-

cation landscape in C. elegans may be related to the very early stage at which cell lineages are spec-

ified. Indeed, several histone modifications, including H3K27ac and H3K4me2, are potentially

passaged with the maternal genome and are known to be present in two cell embryos (Arico et al.,

2011; Samson et al., 2014). Replication origins appear to be tied with gene expression: in general

terms, origin proximal genes experience the first wave of zygotic transcription and are expressed in

replicating cells; origin distal regions encode genes whose transcription is delayed until later in

development when DNA replication has ceased. Our results indicate that the C. elegans genome

has evolved to couple embryonic transcription with replication; yet, such coupling would appear to

impose constraints on a system that needs not only to transcribe a diverse array of genes, but also

replicate the ~100 mb genome in ~15 min. C. elegans seemingly resolves this issue as follows: first,

replication origins appear to be co-localized with gene enhancers which can activate transcription of

genes at a distance; second, genes required for cell division and early development are clustered

near replication origins (Figure 4—figure supplement 1). Such association is likely to be functionally

important in rapidly cycling cells with limited gap phases: most obviously, genes near to origins such

as histones, will be replicated at the start of S phase and have a higher effective copy number than

those further away. Relatedly, the passage of the replication fork may trigger genes to be reacti-

vated that were presumably repressed during mitosis; thus ensuring replication-transcription con-

flicts do not occur. Finally, the inactivation of replication origins may serve as a trigger to relieve the

gene expression program from replication origin-associated spatial constraints – allowing the

expression of genes whose products are required for the many aspects of development that occur in

the absence of cell division. The spatiotemporal coupling and uncoupling of gene expression with

replication may be a general principal underlying the profound transcriptional and morphological

changes that occur during embryogenesis across species: genes expressed early are characterized

by proteins involved in proliferation, while those expressed late are typically involved in differentia-

tion (Levin et al., 2016). Separating early and late genes is a comparatively short phase termed the

‘mid-developmental transition’ (Levin et al., 2016); in C. elegans, we find that this transition is coin-

cident with the uncoupling of transcription from replication origins (Figure 4B,C). It will be of great

Figure 4 continued

replication origins for each ontology term as a heatmap: color key is below – yellow indicates enrichment, blue is

depletion. Right, heatmap showing the calculated p-values (hypergeometric distribution) for the data on left; color

key is below. (B) Normalized transcript abundance within ±25 kb of the replication origin was summed for the top

1000 origins for each of the 50 time points through embryogenesis. Data are displayed as a heatmap and

arranged according to sample number shown on left, corresponding time in embryogenesis is also indicated.

Timing of gastrulation and mid development transition (MDT) calculated by (Levin et al., 2016) are also shown.

(C) Live cell nuclei per embryo as calculated by (Sulston et al., 1983) is plotted as a function of time through

embryogenesis and aligned with B.

DOI: 10.7554/eLife.21728.010

The following figure supplements are available for figure 4:

Figure supplement 1. Gene ontology analysis for genes at varying distances from the midpoint of a replication

origin.

DOI: 10.7554/eLife.21728.011

Figure supplement 2. Heatmap showing the relationship between transcribed genes and replication origins

through embryogenesis.

DOI: 10.7554/eLife.21728.012

Pourkarimi et al. eLife 2016;5:e21728. DOI: 10.7554/eLife.21728 8 of 12

Short report Developmental Biology and Stem Cells Genes and Chromosomes

http://dx.doi.org/10.7554/eLife.21728.010
http://dx.doi.org/10.7554/eLife.21728.011
http://dx.doi.org/10.7554/eLife.21728.012
http://dx.doi.org/10.7554/eLife.21728


interest to learn whether this is a ubiquitous feature of the mid-developmental transition across

species.

Materials and methods

C. elegans maintenance and strains
All C. elegans strains were maintained at 20˚C on NGM plates with OP50 E. coli strain, as previously

described (Brenner, 1974). Strains used in this study:

The wild-type strain corresponds to Bristol N2 (RRID:CGC_N2), CG21 egl-30(tg26) I; him-5

(e1490) V (RRID:CGC_CG21).

Knocking down lig-1 using RNAi
We used lig-1 RNAi generated by the Ahringer laboratory and used a modified version of RNAi

feeding protocol (Fraser et al., 2000). lig-1 and control (empty vector) RNAi-expressing bacteria

were grown overnight at 37˚C in LB medium supplemented with 50 mg/ml Ampicillin and 10 mg/ml

tetracycline. Bacterial cultures were transferred to fresh LB medium supplemented with 50 mg/ml

Ampicillin and were grown at 37˚C until reaching OD 1.0. RNAi expression was induced with 1 mM

IPTG for 1 hr at room temperature.

To attenuate lig-1 associated genome instability and prevent sterility associated with complete

lig-1 depletion, lig-1 RNAi expressing bacteria was diluted 1:10 with control (empty vector) bacteria

to a final volume of 500 ml. Diluted bacteria were harvested by centrifugation and added to C. ele-

gans S-Basal liquid media containing 150,000–200,000 well synchronized early L3 staged N2 worms

(see below). N2 worms were grown in S-Basal liquid culture containing diluted lig-1 RNAi at 20˚C
until adulthood. Pre Gastrula embryos were harvested from early L3 staged egl-30 mutants that

were grown on 1 mM IPTG plates as described previously (Fraser et al., 2000). Gravid adults were

harvested and their embryos were collected by bleaching. Additional lig-1 dilution ratios (Figure 1a)

were generated as above.

To collect synchronous L1 populations, 10,000 worms were grown on NGM plates. Their progeny

were washed with M9 buffer and passed through 11 mM nylon net filters (Millipore Ltd. NY1104700).

Approximately 150,000 synchronized L1 stage worms were grown in liquid media supplemented

with OP50 bacteria until reaching L3 stage. Synchronized L3 staged worms were collected by centri-

fugation, followed with three times washing with M9 buffer containing 50 mg/ml Ampicillin. For

progeny counting L3 staged worms where grown on 1 mM IPTG plates.

Genomic DNA purification and Okazaki fragment labeling
Okazaki fragments were purified as previously described with slight modifications (Smith and White-

house, 2012). Samples were resuspended in 480 ml Lysis buffer (50 mM Tris-HCL, pH 8.0, 50 mM

EDTA, 100 mM NaCl, 1.5% Sarkosyl, 1% SDS) and incubated with 200 mg proteinase K at 42 degree

overnight. Digested proteins and peptides were precipitated by addition of 200 ml 5 M KOAc and

centrifugation at 16,000 g for 30 min at 4˚C. Genomic DNA was precipitated by adding 500 ml iso-

propanol and spinning at 16,000 g at 4˚C for 10 min. Genomic DNA pellets were washed with 70%

ethanol and then resuspended in 300 ml STE (10 mM Tris-HCL, PH8.0, 1 mM EDTA, 100 mM NaCl).

Residual RNA was digested by addition of 5 U RiboShredder RNase Blend (Epicentre) at 37˚C over-

night. Genomic DNA was precipitated with 30 ml 3 M NaOAc and 1.7 ml ethanol pelleted at

10,000 g for 10 min at 4˚C. DNA pellets were washed with 70% ethanol and resuspended in 30 ml TE

(10 mM Tris-HCl pH 7.5, 0.1 mM EDTA) and stored over night at 4˚C to allow complete resuspension

of genomic DNA. Samples were stored at �80˚C. Radiolabeling of Okazaki fragments and denatur-

ing gel electrophoresis were followed as previously described (Smith and Whitehouse, 2012). Input

genomic DNA for labeling was 2–3 mg.

Okazaki fragment purification
Okazaki fragments were purified from genomic DNA of Ligase I depleted C. elegans embryos, by

ion exchange chromatography, similar to the procedure previously described (Smith and White-

house, 2012). C. elegans Okazaki fragments were enriched in the 750–850 mM NaCl fractions.

These fractions were pooled and DNA precipitated for sequencing library preparation.
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Sequencing library generation
Three hundred nanograms purified Okazaki fragments were used to generate sequencing libraries

similar to the previously optimized protocol (Smith and Whitehouse, 2012). Following fragment

ligation the total reaction was loaded on a 2% agarose gel; fragments corresponding to ~200–700

bp were purified from the gel using QiAquick gel extraction kit (Qiagen). Purified ligated fragments

were amplified by (PCR 16) cycles using custom Illumina or Ion Torrent sequencing oligos.

MNase digestion of C. elegans embryos
To isolate nucleosomal DNA through in vivo micrococcal nuclease digestion, embryos were har-

vested from gravid N2 adults by bleaching. Embryos were permeabilized by digesting with chitinase

(Sigma, St. Louis, MO; C6137) followed by pronase (EMD Millipore, 537088-50KU) each for 3 min at

37˚C (Edgar and Goldstein, 2012). Embryos were then pelleted and washed 3X with Egg Buffer

(118 mM NaCl, 48 mM KCl, 3 mM CaCl2, 3 mM MgCl2, 5 mM HEPES, pH 7.3). Embryos were fixed

with a 1% formaldehyde solution for 30 min and were quenched by adding glycine to a 125 mM final

concentration and washed with NP-S buffer (0.075% NP-40, 50 mM NaCl, 10 mM Tris pH 7.4, 5 mM

MgCl2, 1 mM CaCl2, 1 mM b-mercapatoethanol) for MNase digestion. Thirty-five thousand fixed

embryos were digested with 100 U of MNase (Worthington, LS004798) for 3 min at 23˚C. After the
reaction was terminated, the samples were treated with RNase A and proteinase K before incubation

at 65˚C for 12 hr to reverse crosslinks. Samples were phenol extracted and the DNA subsequently

precipitated (Ooi et al., 2010). DNA was visualized on 1.3% denaturing agarose gel following label-

ing with T4 PNK (NEB) and radiolabeled g-ATP.

Genomics protocols
Sequencing was performed using Ion Torrent (Proton) or Illumina (HiSeq) platforms. At least one bio-

logical replicate was performed for each DNA replication map; Ion Torrent (Proton) generally had a

higher background and lower reproducibility than Illumina so direct comparisons between different

embryonic stages were made using only the Illumina data (Figure 3). Sequencing reads were

mapped to the WS220 genome using Bowtie2 with –local function (RRID:SCR_005476). Reads with

q < 30 were removed using Samtools (RRID:SCR_002105). Remaining reads were binned in 100 bp

intervals using Bedtools (RRID:SCR_006646), maintaining strand identity. Data were partially

smoothed by calculating the median with a sliding window of 1.5 kb (Royce et al., 2007). Data were

normalized (such that the sum of Watson and Crick reads = 1) and positions of origins were mapped

using custom program described earlier, using a 12 kb window (McGuffee et al., 2013). Because

replication initiates in a broad zone at most origins, we found that the method of McGuffee signifi-

cantly underestimated the true origin efficiency; therefore, origin efficiencies are defined by the max-

imum value of normalized reads within 20 kb of the origin. The distance between normalized

maxima on the Watson and Crick strands defined the size of transition zone at origins. Histone modi-

fication data used in Figure 2 were downloaded from ModEncode consortium (http://www.moden-

code.org/). Regions of ChIP enrichment were calculated using Macs2 (Zhang et al., 2008) with

default parameters. Regions of enrichment were defined as peaks with >5 fold enrichment over

background. Associations of ChIP peaks with replication origins was calculated using intervalstats

(Chikina and Troyanskaya, 2012); replication origins were defined as a 5 kb region centered on the

origin midpoint. Transcriptomics data from the whole embryo time course from

(Hashimshony et al., 2015) were used in this study. Data for each gene were individually normalized

such that the sum of all 50 time points = 1. Data were then clustered (unsupervised) and genes with

highest transcription within the first five time points were defined as ‘maternal’ all other expressed

genes are defined as ‘zygotic’.

Accession number
All sequencing data are availed at Gene Expression Omnibus with under accession number

GSE90939.
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