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In dividing cells, DNA replication occurs in a precise order, but many questions remain regarding the mechanisms of rep-

lication timing establishment and regulation.We now have generated genome-wide, high-resolution replication timingmaps

throughout zebrafish development. Unexpectedly, in the rapid cell cycles preceding the midblastula transition, a defined

timing program was present that predicted the initial wave of zygotic transcription. Replication timing was thereafter pro-

gressively and continuously remodeled across the majority of the genome, and epigenetic changes involved in enhancer

activation frequently paralleled developmental changes in replication timing. The long arm of Chromosome 4 underwent

a dramatic developmentally regulated switch to late replication during gastrulation, reminiscent of mammalian X

Chromosome inactivation. This study reveals that replication timing is dynamic and tightly linked to epigenetic and tran-

scriptional changes throughout early zebrafish development. These data provide insight into the regulation and functions of

replication timing and will enable further mechanistic studies.

[Supplemental material is available for this article.]

In dividing cells, each region of the genome replicates at a partic-
ular time during S-phase, resulting in a defined DNA replication
timing program (Rhind andGilbert 2013). Early replication is asso-
ciated with active gene expression, yet how DNA replication is
coordinated with the dynamic changes in transcription and epige-
netic marks during early development is not fully understood
(Schübeler et al. 2002; MacAlpine et al. 2004; Hiratani et al.
2009). Furthermore, the replication timing program correlates
with chromatin conformation, as early and late replicating regions
correspond to open and closed chromatin, respectively (Ryba et al.
2010; Pope et al. 2014). Therefore, replication timing can also be
used to assess changes in chromatin organization during develop-
ment. The timing program is modulated when embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs) are differen-
tiated in culture, but it is unknownwhat replication timing chang-
es occur in vivo during vertebrate development (Hiratani et al.
2010; Rivera-Mulia et al. 2015).

The zebrafish is an ideal model of vertebrate development,
because its embryos are transparent, develop externally, can be
produced in large numbers, and proceed rapidly through well-de-
fined stages with precise kinetics (Kimmel et al. 1995; Lessman
2011). The zebrafish is also a powerful model to study how the
embryonic cell cycle is remodeled, when cells undergo numerous
profound transcriptional, epigenetic, and structural changes nec-
essary for normal development (Newport and Kirschner 1982;
Farrell and O’Farrell 2014; Siefert et al. 2015). Prior to the midblas-

tula transition (MBT), the embryonic cells undergo 10 rapid cell cy-
cles consisting only of S/M phases, and the entire genome (1.4 Gb)
is replicated in <15 min (Kane and Kimmel 1993; Vastenhouw
et al. 2010; Siefert et al. 2015). Pre-MBT embryos lack a G1-phase,
which is thought to be necessary for the establishment of the rep-
lication timing program (Dimitrova and Gilbert 1999; Lu et al.
2010). Prior to the MBT, zebrafish embryos rely on maternally
depositedmRNA, and there is little or no transcription throughout
most of the genome (Lee et al. 2014). After the MBT, widespread
transcription begins, and certain histone modifications associated
with transcriptional activation and repression are added
(Vastenhouw et al. 2010). Cell cycle remodeling also commences
at the MBT, with initial S-phase lengthening and the appearance
of a G2-phase (Siefert et al. 2015). Furthermore, zebrafish display
a conserved fate map after the blastula stage, and like other verte-
brates, undergo cell fate restrictions to form germ layers during gas-
trulation (Kimmel et al. 1990). By 28 h post fertilization (hpf),
zebrafish embryos have formed a basic vertebrate body plan, and
their proliferating cells have a prototypical cell cycle profile
(Kimmel et al. 1995). Therefore, zebrafish provide an excellent in
vivo model to study how replication timing is altered coincident
with cell fate specification and with widespread transcriptional,
epigenetic, and structural changes transpiring during normal ver-
tebrate development.
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Here, we report the first genome-wide, high-resolution repli-
cation timing profiles generated in vivo across multiple stages of
zebrafish development.

Results

High-resolution replication timing analysis in zebrafish

embryos and adults

Because DNA replication timing profiles had not been generated
in zebrafish embryos, we first sought to establish the presence of
a replication timing program in zebrafish. To determine replica-
tion timing, we used an established method that is based on the
premise that early replicating DNA will be present at a higher
copy number than late replicating DNA in proliferating cells
(Koren et al. 2012, 2014). For this approach, cells in G1-phase
are used for a 2NDNA copy number reference, and replication tim-
ing is inferred from copy number differences between G1 and S-
phase cells (Fig. 1A; Supplemental Fig. S1A). We initially sorted
cells from 28 hpf zebrafish embryos, as they display a typical cell
cycle profile (Fig. 1A). We then performed whole-genome next-

generation sequencing on genomic DNA purified from G1 and
S-phase cells, which enabled the generation of high-resolution
replication timing profiles for the entire zebrafish genome.
Normalized timing profiles were generated by transforming S/G1
copy number ratios across the genome into Z-scores (Fig. 1A,B;
Supplemental Fig. S2). The long arm of Chromosome 4 was late
replicating in 28 hpf embryos, which is consistent with previously
published cytological data (Daga et al. 1996; Sola and Gornung
2001; Anderson et al. 2012). To further validate our results, an
independent experimental replicate of 28 hpf embryos was gener-
ated. The timing data were highly reproducible, as the replicate
profiles were qualitatively indistinct and the timing values
genome-wide were highly correlated (r = 0.95) (Fig. 1C; Supple-
mental Fig. S1B). We assessed the degree to which the timing pro-
gram was structured using autocorrelation, a measure of pattern
continuity. The autocorrelation of timing values along the lengths
of the chromosomes (excluding Chromosome 4) in each of the 28
hpf samples indicated the timing program was highly structured
(Fig. 1D). Collectively, these results demonstrate that a defined
and structured replication timing program can be reproducibly de-
tected in 28 hpf zebrafish.

Characteristics of the zebrafish

replication timing program

To define and validate the characteristics
of the 28 hpf replication timing program,
we compared the 28 hpf embryos to an
isolated adult zebrafish cell type.We gen-
erated a primary adult zebrafish tailfin
fibroblast cell line (ZTF cells) and per-
formed replication timing analysis as
described above. We first assessed the
distribution of timing values throughout
the genome, as replication timing in
mammals is bimodal, with most DNA
replication occurring either in early or
late S-phase (Goldman et al. 1984;
Chambers et al. 2013). Unexpectedly,
the distribution of replication timing
throughout the zebrafish genome in 28
hpf embryos and ZTF cells was unimodal,
indicating DNA replication is not biased
toward early or late S-phase (Fig. 2A,B).
Like the 28 hpf embryos (Fig. 1C), repli-
cation timing profiles in ZTF cells also
consisted primarily of sharp peaks and
valleys, with continuous fluctuations
between early and late replication (Sup-
plemental Fig. S3A). Yeast andmammali-
an replication timing profiles are also
similarly composed of a peak and valley
structure. In yeast, where replication ori-
gin positions have been mapped, peaks
in the replication timing profiles repre-
sent the precise locations of origins
(Raghuraman et al. 2001). In mammals,
peaks represent either isolated origins or
clusters of coordinately regulated origins
(Koren et al. 2014). Therefore, the sharp
peaks of the zebrafish replication timing
profiles likely represent the positions of

Figure 1. High-resolution replication timing analysis in zebrafish. (A) Experimental outline: cells were
FACS sorted based on DNA content into G1 and S-phase fractions, DNA was purified and sequenced,
and replication timingwas calculated based on variations in DNA copy number between G1 and S-phase
cells (S/G1 ratio). To normalize, the genomemean replication timing valuewas set to 0, and the standard
deviation was set to 1 (for full details, see Supplemental Figure S1A; Methods and Supplemental
Methods). (B) Whole-genome replication timing profile for 28 hpf zebrafish embryos: (blue/yellow)
odd/even chromosomes. (C) Replication timing profiles for two experimental replicates of 28 hpf embry-
os. (D) Autocorrelation of replication timing values along the length of the chromosomes (except
Chromosome 4) for two experimental replicates of 28 hpf embryos.
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highly efficient origins or origin clusters. Despite differences be-
tween the replication timing profiles of 28 hpf embryos and ZTF
cells (r = 0.56) (Supplemental Fig. S3B), peak locations were signifi-
cantly conserved, suggesting that efficient origins are consistently
utilized in different cell types (Supplemental Fig. S3C,D).

Replication timing in mammals correlates with DNA se-
quence features including GC content, repeat density, and gene
density (Rhind and Gilbert 2013). Furthermore, replication timing
was proposed to affect human genome sequence composition
through GC-biased substitutions and gene conversions (Galtier
et al. 2001; Stamatoyannopoulos et al. 2009; Chen et al. 2010;
Kenigsberg et al. 2016). Therefore, we determined whether zebra-
fish replication timing was related to DNA sequence features.
Despite the relationships betweenGC content and replication tim-
ing in mammals, there was no correlation observed in zebrafish
(Fig. 2C,D), suggesting that GC content variation is neither a con-
served cause nor a consequence of the replication timing program
across vertebrate species. The density of repetitive elements in

zebrafish also did not correlate with replication timing (Fig. 2E,
F). In contrast, a positive correlation between replication timing
and gene densitywas observed (Fig. 2G,H). The broad evolutionary
conservation of the correlation between replication timing and
gene density, but not GC or repeat content, supports a link be-
tween DNA replication and functional aspects of the genome rath-
er than sequence composition.

Early replication is associated with actively transcribed genes

and active enhancers

Replication timing positively correlates with transcriptional activ-
ity in cultured cells from multicellular organisms (Hiratani et al.
2009); thus, we examined whether a link between replication tim-
ing and transcription could be observed in vivo using 28 hpf em-
bryos. Indeed, we found that transcription start sites (TSSs) were
significantly early replicating (Fig. 3A). Next, we analyzed pub-
lished RNA sequencing (RNA-seq) data of 28 hpf embryos and clas-
sified genes based on whether their expression level was not
detectable, low, or moderate-to-high (Pauli et al. 2012). There
was a link between expression level and replication timing, as non-
expressed genes were significantly late replicating, low-level ex-
pressed genes were significantly early replicating, and moderate-
to-high-level expressed genes were even earlier replicating (Fig.
3B). Further separating the moderate-to-highly expressed genes
into additional expression level categories did not reveal a stronger
relationship between earlier replication timing and higher expres-
sion (Supplemental Fig. S4A).

Steady-state transcript abundance may not necessarily indi-
cate active transcription in early embryos, which have a significant
maternal mRNA contribution. Therefore, we used publicly avail-
able ChIP-seq data sets from 24 hpf embryos to identify genes ex-
hibiting epigenetic marks associated with active transcription and
assessed their replication timing (Ulitsky et al. 2011; Bogdanovic ́
et al. 2012). TSSsmarkedwithH3K4me3, amodification associated
with transcriptionally active promoters (Aday et al. 2011), were sig-
nificantly earlier replicating than TSSs lacking H3K4me3 (Fig. 3C).
In addition, genes with higher levels of H3K36me3, a mark for ac-
tively transcribed gene bodies (Hon et al. 2009; Vastenhouw et al.
2010), displayed increasingly earlier replication timing (Fig. 3D).
These results further support that transcribed genes are signifi-
cantly earlier replicating than nontranscribed genes.

To determine whether the correlation between early replica-
tion timing and gene expression extended beyond active genes
and to genomic regulatory elements, we broadened our analysis
to include H3K4me3 sites genome-wide, as well as marks of en-
hancers (H3K4me1 and H3K27ac). We found that sites marked
by H3K4me3, H3K4me1, or H3K27ac were significantly early rep-
licating (Fig. 3E). H3K4me1 and H3K27ac sites were especially no-
table, as they are distal from genes and replicated significantly
earlier than H3K4me3 sites, which are predominantly located at
TSSs (Fig. 3E). Regions marked by both H3K4me1 and H3K27ac,
termed putative distal regulatory elements (PDREs) in zebrafish, re-
liably mark active transcriptional enhancers (Bogdanović et al.
2012; Shlyueva et al. 2014). These enhancers replicated signifi-
cantly earlier than all regions marked with either H3K4me1 or
H3K27ac alone, indicating that replication timing specifically
correlates with active transcriptional enhancers rather than these
histone modifications generally (Fig. 3E). It was shown that devel-
opmentally regulated enhancers undergo DNA demethylation
during zebrafish development (Lee et al. 2015), so we investigated
whether differentially methylated regions (DMRs) that were

Figure 2. Characteristics of the zebrafish replication timing program. (A,
B) Timing distribution histograms for 28 hpf zebrafish and ZTF cells. (C–H)
Replication timing does not correlate with the percentage of GC content in
28 hpf embryos (C) or ZTF cells (D), or with repeat density in 28 hpf em-
bryos (E) or ZTF cells (F ), but it does correlate with gene density in 28 hpf
embryos (G) and ZTF cells (H). Color bars represent the fraction (percent-
age) of maximum density plotted.
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demethylated by 24 hpf were early replicating. Indeed, similar to
PDREs, these DMRs were significantly early replicating (Fig. 3E).
In fact, both DMRs and PDREs replicated significantly earlier
than highly expressed genes (Supplemental Fig. S4B), suggesting
the relationship between replication timing and transcription
may be through enhancer regulation. Collectively, these results
suggest that early replication may influence enhancer activity, or
that active enhancers may promote early
replication.

A pre-MBT replication timing program

anticipates initial zygotic transcription

Although work with Drosophila mela-
nogaster embryos and Xenopus laevis egg
extracts has suggested that the replica-
tion timing program is not established
until the MBT (Hyrien et al. 1995;
Sasaki et al. 1999), a genome-wide quan-
titative analysis of replication timing in
pre-MBT embryos has not been done.
We collected cells from pre-MBT zebra-
fish embryos (2.75 hpf), which are al-
most entirely in S-phase (Siefert et al.
2015), and compared them to the 28
hpf G1 reference as described above to as-
sess replication timing. Considering that
the genome (1.4 Gb) is replicated in <15
min during the pre-MBT cell cycles and
pre-MBT embryos lack a G1-phase, we
anticipated that the timing program
would be random and unstructured
(Siefert et al. 2015). To demonstrate the
difference in temporal resolution, we
scaled the replication timing data to the
length of S-phase and plotted the tempo-
ral order based on actual time in S-phase.
When the pre-MBT embryos (15 min S-

phase) were compared to ZTF cells (8 h
S-phase), the pre-MBT timing profile ap-
peared compressed and resembled ran-
dom data (Fig. 4A; Kane and Kimmel
1993; Kuriya et al. 2015). However, con-
sistent timing profiles between biological
replicates were evident when the data
were scaled to normalized units (Fig.
4A). Furthermore, a high correlation
among timing values genome-wide for
biological replicates (r = 0.85) indicate a
defined temporal order is present in pre-
MBT embryos (Fig. 4B). Additionally, as-
sessing the pattern of the timing program
by autocorrelation revealed that the pre-
MBT timing program has structure and
is not random (Fig. 4C). Collectively,
these results demonstrate the presence
of a defined and nonrandom replication
timing program in pre-MBT embryos,
which is compressed due to the short
length of S-phase.

Comparison of pre-MBT and 28 hpf
embryo timing profiles revealed an over-

all similar structure despite many differences in replication timing
(Supplemental Fig. S5A). We hypothesized that the replication
timing program in pre-MBT embryos would be shaped primarily
by sequence features, since they display little transcription, and
many chromatin marks are not added until after the MBT
(Vastenhouw et al. 2010). Interestingly, pre-MBT replication tim-
ing showed a negative correlation with repeat density (r =−0.44);

Figure 3. Early replication is associated with actively transcribed genes and active enhancers. (A)
Replication timing of transcription start sites (TSSs) versus all genomic regions (Genome). (B)
Replication timing of genes in three expression level bins: not detectable (0 FPKM), low (1–10 FPKM),
and moderate-to-high (>10 FPKM): (FPKM) fragments per kilobase of transcript per million mapped
reads (Pauli et al. 2012). (C) Replication timing of H3K4me3+ and H3K4me3− TSSs (Aday et al.
2011). (D) Actively transcribed genes (H3K36me3 marked) replicate significantly earlier with increasing
H3K36me3 (Vastenhouw et al. 2010). (E) All genomic regions marked by H3K4me3, H3K4me1, and
H3K27ac peaks replicate early, and enhancers defined by either PDREs or DMRs replicate even earlier
(Bogdanovic ́ et al. 2012; Lee et al. 2015). t-test with Bonferroni corrected P-values: (∗) P < 10−8; (#) P
< 10−8 compared to H3K4me3, H3K4me1, and H3K27ac peaks. Box plots show the median (line),
95% confidence interval (notch), 25th–75th percentile (box), and 10th–90th percentile (whiskers).

Figure 4. A pre-MBT replication timing program anticipates initial zygotic transcription. (A) Replication
timing values scaled to S-phase length (left) for pre-MBT (blue line) and ZTF cells (gray line) and scaled to
normalized units (right) for pre-MBT biological replicates. (B) Pearson’s correlation for genome-wide rep-
lication timing values from biological replicates of pre-MBT embryos. (C) Autocorrelation for biological
replicates of pre-MBT replication timing data (blue lines) and randomly permutated data (black lines).
(D) Replication timing of the genome overall (white), all genes (gray), the genes transcribed pre-MBT
(blue), or the first genes transcribed after zygotic genome activation (first wave, red). ANOVA with
Bonferroni post-hoc correction: (∗∗) P < 0.0001; (∗) P = 0.0067. Box plots show the median (line), 95%
confidence interval (notch), 25th–75th percentile (box), and 10th–90th percentile (whiskers).
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however, this correlation was almost en-
tirely due to late replication of the highly
repetitive chromosome ends (Supple-
mental Fig. S5C–E). Pre-MBT replication
timing also had a negative correlation
with GC content (r =−0.228), but this
correlation was also largely due to elevat-
ed GC content at chromosome ends
(Supplemental Fig. S5F–H). Thus, our
data indicate that pre-MBT replication
timing is related to repeat density or
GC-content only near the chromosome
ends.

The replication timing of genes pre-
MBTwas of interest because there is little
transcription throughout most of the ge-
nome until after the MBT (Lee et al.
2014). Despite the lack of bulk transcrip-
tion in pre-MBT embryos, genes were sig-
nificantly enriched in early replicating
areas of the genome (Fig. 4D). Recently,
it was demonstrated that a small number
of genes are transcribed prior to the
zebrafishMBT, sowe assessed the replica-
tion timing of those genes (Heyn et al.
2014). The pre-MBT-expressed gene set
was significantly earlier replicating than
genes overall, consistent with a relation-
ship between their transcription and
early replication (Fig. 4D). Finally, we ex-
amined replication timing of the first
genes to be transcribed after the MBT
(Lee et al. 2013). Unexpectedly, these un-
expressed “first-wave” geneswere already
early replicating in pre-MBT embryos
and were even significantly earlier repli-
cating in these embryos than the pre-
MBT transcribed genes (Fig. 4D). After re-
moving chromosome ends, genes were
still significantly early replicating, and
first-wave genes were significantly earlier
replicating than genes (Supplemental Fig. S5B). These results dem-
onstrate that early replication of zygotic genes precedes their tran-
scription and suggest either that DNA replication is controlled by
the same regulators that poise “first-wave” genes for transcription,
or that the pre-MBT replication timing program itself plays a role in
priming the zygotic genome for transcriptional activation.

Replication timing is dynamically regulated

throughout development

Having demonstrated the presence of a replication timing program
in pre-MBT embryos, we next identified changes in replication
timing that occur throughout early development and their rela-
tionship with genetic and epigenetic features of the genome. We
profiled replication timing at three additional stages of develop-
ment—Dome (4.3 hpf), Shield (6 hpf), and Bud (10 hpf)—to
uncover changes across several important developmental mile-
stones, including the MBT and gastrulation (Fig. 5A). In the early
stages of development, cells are highly proliferative and primarily
in S-phase (Supplemental Fig. S6; Siefert et al. 2015); therefore, the
early embryos were processed as S-phase samples and compared to

the G1 reference as described above. Genome-wide changes in rep-
lication timing throughout developmentwere assessed by compar-
ing replication timing values at each developmental stage in a
Pearson’s correlation matrix (Fig. 5B). The correlation coefficients
between replicates were very high for each developmental stage,
ranging from r = 0.85 at pre-MBT to r = 0.96 at 28 hpf. The correla-
tion between biological replicates increased at each stage of devel-
opment. This suggests that the timing program progressively
gained definition throughout development, but could also be
due in part to a greater degree of difference between biological rep-
licates in the rapid stages of early development. Initially, we antic-
ipated major timing program restructuring at the MBT. Instead,
this analysis revealed that replication timing changes occurred
continuously throughout early development, with gradual chang-
es occurring at each developmental stage and widespread changes
occurring across the developmental time course. However, the
strongest differences observed were between Shield and Bud stage,
when gastrulation occurs and germ layer fates are determined.
Despite embryos at 28 hpf being composed of amuchmore diverse
array of differentiated cell types than embryos at the Bud stage, the
replication timing values genome-wide were highly correlated

Figure 5. Replication timing is dynamically regulated throughout development. (A) Developmental
time points used in this study. (B) Pearson’s correlation matrix comparing genome-wide replication tim-
ing values from biological replicates of each developmental time point to all other samples. (C ) Using a
two-state hidden Markov model (HMM) the whole genome was segmented into 1620 contiguous
regions that either change timing from early-to-late or late-to-early throughout development.
Representative genomic regions that switch from early-to-late and late-to-early are shown. (D) Using
k-means clustering, the HMM-defined changing regions were grouped based on the patterns of their
timing changes. (E) Replication timing plotted as a function of distance from the telomere for each devel-
opmental time point. (F) Distances between the location of peaks in the 28 hpf sample and peaks in all
other developmental samples (P-values from Kolmogorov-Smirnov test). (G) Autocorrelation of replica-
tion timing for each developmental sample (colored lines) and randomly permutated data (black lines).
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between these two stages (r = 0.8) (Fig. 5B). It will be of great future
interest to isolate individual cell types from zebrafish embryos and
determine to what extent replication timing differs between cell
types in vivo during development.

To describe in more detail how replication timing changes
during zebrafish development, we analyzed changes at defined ge-
nomic regions. Because replication timing fluctuates across regions
that are hundreds of kilobases long, we used a two-state hidden
Markov model (HMM) to consolidate the genome into regions
with similar levels of replication timing change throughout devel-
opment. The HMM segmented the entire genome into 1620 re-
gions with a median size of 520 kb (Fig. 5C). This is within the
range reported for the size of mammalian timing domains that
switch timing during development (Pope et al. 2014). For each of
these regions, we calculated a mean replication timing value for
each developmental time point and determined whether the
mean values changed significantly during development. Almost
half the regions (761/1620) underwent significant developmental
changes in replication timing (P < 0.05), consistent with the per-
centage of mammalian genomes that changes during develop-
ment (Hiratani et al. 2010). Nearly equal numbers of the regions
underwent early-to-late (382/761) or late-to-early (379/761) repli-
cation timing shifts. When k-means clustering was used to group
the early-to-late or late-to-early regions based on replication tim-
ing across all developmental time points, patterns with unique
trends of replication timing changes became apparent: some
with gradual shifts across all stages of early development and oth-
ers with sharp changes between specific developmental stages (Fig.
5D; Supplemental Fig. S7). This suggests that the replication tim-
ing of different regions of the genome may be influenced by dis-
tinct developmental cues.

We also investigated timing chang-
es specifically at chromosome ends,
which appeared to be late replicating at
the pre-MBT stage (Fig. 4C; Supplemen-
tal Fig. S5) but were not obviously late
replicating in 28 hpf embryos (Fig. 1B).
The chromosome ends gradually shifted
toward earlier replication at each devel-
opmental stage, until ultimately there
was no bias for early or late replication
(Fig. 5E). Because the correlations be-
tween late replication timing and GC
content or repeat density in pre-MBT em-
bryos was due to the chromosome ends
(Supplemental Fig. S5), this result is con-
sistent with the lack of correlation be-
tween replication timing and GC
content or repeat density in 28 hpf em-
bryos (Fig. 2).

Despite widespread changes in rep-
lication timing, we observed that the po-
sitions of many peaks in the profiles
appeared to be constant. This was consis-
tent with our previous observation that
the locations of peaks were conserved be-
tween 28 hpf embryos and ZTF cells
(Supplemental Fig. S3C,D). To quantita-
tively evaluate peak positions during de-
velopment, we measured the distances
between peaks in the 28 hpf sample
and peaks in all other developmental

samples. Surprisingly, despite widespread changes in replication
timing throughout development, peak locationswere significantly
conserved at all stages (Fig. 5F). This provides further evidence that
many highly efficient origins or origin clusters are consistently uti-
lized throughout development in multiple cell types.

Finally, to assess the structure of the timing program through-
out development, we determined the autocorrelation of timing
values along the lengths of the chromosomes at each time point.
This revealed that the autocorrelation gradually increased at each
stage, indicating that the timing program progressively gained
structure throughout development (Fig. 5G). Collectively, these re-
sults support a model in which the replication timing program is
shaped during development both by progressive maturation and
by sharp changes at specific genomic regions.

Enhancer activation parallels late-to-early replication timing

changes during development

Based on the finding that enhancers were especially early replicat-
ing in 28 hpf embryos (Fig. 3E), we investigated whether enhancer
activation paralleled any of the sharp changes in replication tim-
ing that we observed at specific genomic regions. Enhancers that
are acetylated at different times during early zebrafish develop-
ment, termed differentially acetylated regions (DARs), have been
identified (Bogdanovic ́ et al. 2012). Plotting the replication timing
profiles with H3K27ac ChIP-seq data revealed that increases in
DAR acetylation, indicative of enhancer activation, frequently co-
incidedwith developmental shifts in replication timing at these re-
gions (Fig. 6A). To determine if enhancer activation paralleled
replication timing changes across the entire genome, we calculated

Figure 6. Enhancer activation parallels late-to-early replication timing changes during development.
(A) Replication timing plots at Dome (4.3 hpf; orange), Bud (10 hpf; purple), and 28 hpf (green), with
dashed lines indicating genomic region subject to developmental change. Circles mark the genomic po-
sitions of differentially acetylated regions (DARs) and have diameters proportionate to the acetylation lev-
els at similar developmental stages (4.3 hpf, 8 hpf, and 24 hpf, respectively) (Bogdanovic ́ et al. 2012). (B)
Replication timing at each developmental stage for the transcription start sites (TSSs), DARs that become
acetylated between 4.3 and 8 hpf or 8 and 24 hpf, and differentially methylated regions (DMRs) that be-
come demethylated between 6 and 24 hpf: (∗) paired t-test with Bonferroni corrected P < 0.0001
(Bogdanovic ́ et al. 2012; Lee et al. 2015). Box plots show the median (line), 95% confidence interval
(notch), 25th–75th percentile (box), and 10th–90th percentile (whiskers). (C) Observed/expected
counts of TSSs, DARs, or DMRs in all genomic regions classified by hidden Markov model (HMM) seg-
mentation as either undergoing developmental replication timing changes from late-to-early, early-to-
late, or no change: (∗) binomial test with Bonferroni corrected P-value <5 × 10−12.
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replication timing at all stages for every DAR. Indeed, the stages at
which DARs are acetylated mirrored changes in their replication
timing; DARs acetylated between 4.3–8 hpf became significantly
earlier replicating between the Dome (4.3 hpf) and Bud (10 hpf)
stages, whereas DARs acetylated between 8–24 hpf became signifi-
cantly earlier replicating between Bud (10 hpf) and 28 hpf stages
(Fig. 6B). This effect was not simply due to a general shifting of
gene-containing regions to earlier replication, as the median repli-
cation timing of all TSSs did not undergo the same developmental
changes (Fig. 6B). To assess whether this phenomenon occurred
genome-wide or was restricted to specific genomic regions, we
looked at the distribution of DARs across all of the nonchanging
(No Change) or changing timing regions (Late-to-Early or Early-
to-Late) that were defined by the HMM segmentation (Fig. 5C).
DARs were significantly enriched in late-to-early replication tim-
ing regions and depleted from early-to-late regions (Fig. 6C). In
contrast, TSSs were slightly depleted from late-to-early regions,
so the enrichment of DARs in those regionswas not related to their
proximity to genes in general (Fig. 6C).

As transcriptional enhancers are often DNA demethylated
during development, we also analyzed the replication timing
and enrichment of differentially methylated regions (DMRs) that
were demethylated between 6 and 24 hpf (Lee et al. 2015). Like
the DARs, replication timing of DMRs shifted from late-to-early
during the same time frame in which they were demethylated
(Fig. 6B). Furthermore, DMRs were significantly enriched in late-
to-early regions and depleted from early-to-late regions (Fig. 6C).
The majority (311/442, 70%) of late-to-early regions contained at
least one demethylated DMR or acetylated DAR. Collectively these
data show that epigenetic activation of enhancers frequently par-
allels replication timing changes during development.

The long arm of Chromosome 4 undergoes a developmentally

regulated switch to late replication during gastrulation

Themost remarkable replication timing change that occurred dur-
ing early zebrafish development was on Chromosome 4. Nearly
the entire long arm of Chromosome 4 (>42 Mb) changed replica-
tion timing coordinately between the Shield and Bud stages, a pe-
riodwhen gastrulation occurs and germ layers are determined (Fig.
7A). From pre-MBT to Shield stage, the long arm of Chr 4 (Chr 4q)
was composed of continuous fluctuations between early and late
replication (Supplemental Fig. S8A). However, at Bud stage, almost
the entire long armunderwent an abrupt switch to late replication,
and it remained late replicating in 28 hpf embryos and the differ-
entiated ZTF cells. The developmental timing and scale of the Chr
4q change are similar tomammalian XChromosome inactivation,
which is marked by a nearly chromosome-wide switch to late rep-
lication timing that similarly occurs when cell lineages are speci-
fied (Aanes et al. 2011).

In human cells, the late-replicating inactive X Chromosome
(Xi) lacks a defined spatial pattern of replication (Koren and
McCarroll 2014). To determine whether this was also true for
Chr 4q, the autocorrelation of replication timing along Chr 4q
was compared to the autocorrelation of the short arm of
Chromosome 4 (Chr 4p) in 28 hpf embryos. Although the short
arm was highly structured, the autocorrelation of the long arm
was similar to randomized data, indicating that it lacks a structured
timing program (Fig. 7B). An unstructured replication timing pro-
file should also display low consistency between biological repli-
cates; indeed, Chr 4q was unique in having a weak correlation
between replication timing profiles from 28 hpf biological repli-

cates (mean r = 0.16) (Fig. 7C,D). Interestingly, the distal tip of
Chr 4q is the only region of the long arm that has a high correla-
tion between biological replicates and is not entirely late replicat-
ing, drawing similarity to the pseudoautosomal region (PAR) at the
distal tip of the Xi (Fig. 7D; Koren and McCarroll 2014).

Mammalian X inactivation is associated with chromosome-
wide epigenetic changes and transcriptional silencing, so we ex-
amined whether similar changes occur on Chr 4q. First we deter-
mined the expression levels of genes on Chr 4q before the
timing change occurred. Between the pre-MBT and Shield stages,
the median levels of mRNAs expressed from Chr 4q increased
26-fold, whereas there was no change in the expression of the ge-
nome as a whole, indicating that Chr 4q was unusually transcrip-
tionally active upon zygotic genome activation (Fig. 7E). The
switch to late replication during gastrulation coincided with a re-
duction in transcript levels fromChr 4q (Fig. 7E). Themedian level
ofmRNAs expressed fromChr 4q decreased 21-fold between Shield
stage and 5 d post-fertilization (dpf), whereas there was a slight in-
crease (1.4-fold) in the levels of all other expressed genes over the
same period. Given our observation that changes in replication
timing often occurred with changes in H3K27 acetylation at en-
hancers (Fig. 6), we analyzed H3K27ac levels before and after
the switch to late replication. Consistent with the overall tran-
scriptional silencing of Chr 4q, H3K27ac levels across Chr 4q de-
creased coincident with the switch to late replication (Fig. 7F).
Overall, the long arm of Chromosome 4 is a remarkable example
of developmentally regulated changes in replication timing that
occur in vivo during vertebrate development and exemplifies the
relationship between replication timing, chromatin structure,
and transcription.

Discussion

This study provides the first genome-wide, high-resolution analy-
sis of replication timing throughout zebrafish development. A
compressed but defined replication timing program was evident
before the MBT that appears to poise the genome for the initial
wave of zygotic transcription. The chromosome ends are late rep-
licating in the pre-MBT embryos and gradually shift earlier
throughout development. After the MBT, replication timing is dy-
namic across most of the genome, as it changed progressively and
gained structure throughout development. The gradual increase in
structure coincided with a stretching of the timing program, as re-
gions became later replicating throughout development with pro-
gressive S-phase lengthening. Peaks in the replication timing
profiles were significantly conserved at different stages, suggesting
that the positions of many highly efficient origins or origin clus-
ters are maintained throughout development, including before
the MBT. In addition to the progressive changes in the replication
timing profiles, specific genomic regions displayed sharp timing
changes at distinct stages that often coincided with regional his-
tone acetylation andDNAdemethylation involved in enhancer ac-
tivation. The long arm of Chromosome 4 underwent an abrupt
switch to late replication during gastrulation, when germ layer
fates are determined, and it remained late replicating throughout
subsequent stages of development.

Previous studies examining DNA replication prior to theMBT
have produced conflicting results regarding its structure. Work
fromXenopus egg extracts suggested that DNA replication in early
embryos initiates from random sequences and does not follow
spatial patterns characteristic of the timing program of somatic
cells, whereas other work demonstrated that large chromosomal
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domains are replicated in a reproducible manner but origins and
origin clusters fire stochastically (Mills et al. 1989; Hyrien and
Méchali 1993; Dimitrova and Gilbert 1999; Labit et al. 2008).
This study established that at low temporal resolution the program
appears random; however, at high temporal and spatial resolution
allowed by the sequencing-based, genome-wide approach, a fine
yet significantly structured program emerges and is visually evi-
dent with normalized replication timing profiles. The temporal or-
der to DNA replication timing in pre-MBT embryos may be
required to poise the embryos for transcription after the MBT, sug-
gesting evolutionary selection for a temporal order of DNA replica-
tion that favors transcriptional competence of genes immediately
expressed upon zygotic genome activation.

A significant finding of this study is the high correlation be-
tween early replication and enhancer activation. Acetylation of
multiple sites on H3 and H4 histones was previously shown to
influence origin activity, and hypoacetylation of these histones

is thought to be necessary to maintain late replication timing
(Unnikrishnan et al. 2010; Casas-Delucchi et al. 2012). Further-
more, there is evidence that replication timing itself can influence
histone acetylation levels, and thereby transcription and nucleo-
some structure (Zhang et al. 2002; Lande-Diner et al. 2009). The re-
sults presented in this study are in agreementwith the relationship
between replication timing and histone acetylation, and further
suggest a role for replication timing in influencing H3K27ac levels
at transcriptional enhancers during development. Another possi-
bility is that acetylationmay regulate DNA replication by influenc-
ing the recruitment or activity of DNA replication initiation factors
on chromatin.

Finally, the dramatic replication timing switch that occurs
along Chr 4q draws many interesting parallels to mammalian X
Chromosome inactivation. These include the switch to late repli-
cation coincident with cell fate specification, replication without
a clear spatial pattern, and deacetylation and transcriptional

Figure 7. The long arm of Chromosome 4 undergoes a developmentally regulated switch to late replication. (A) Replication timing of Chromosome 4
plotted at Shield (gold) and Bud (purple) stages. (B) Autocorrelation of replication timing for a 25-Mb segment of the late replicating long arm of
Chromosome 4 (Chr 4q, red), a 25-Mb segment of the short arm of Chromosome 4 (Chr 4p, gray), and randomly permutated data (black lines). (C )
Correlation between biological replicates of 28 hpf embryos. Blue and yellow denote alternating chromosomes, red highlights Chromosome 4. (D)
Replication timing profiles for 28 hpf embryos show a low consistency in replication timing between experimental replicates along the long arm of
Chromosome 4. The gray box indicates a region of low correlation between experimental replicates (average r = 0.16). (E) mRNA levels (log2 ratio of
fold change from transcript counts at the two-cell stage) for RefSeq genes on all chromosomes except Chromosome 4 (All), genes on the short arm of
Chromosome 4 (Chr 4p), or genes on the late replicating long arm of Chromosome 4 (Chr 4q): (∗) comparison to All genes at the matching developmental
stage, two-way ANOVA with Bonferroni corrected P-value <0.005. Box plots show the median (line), 95% confidence interval (notch), 25th–75th percen-
tile (box), and 10th–90th percentile (whiskers). (F ) Average H3K27ac signal ±1 kb from all Dome peak apexes on the short (4p) and long (4q) arms of
Chromosome 4 at Dome (orange), Bud (purple), and 28 hpf (green) (Pauli et al. 2012).
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silencing occurring contemporaneously with the switch. Sex chro-
mosomes have not been identified in zebrafish, and the genetic
basis for their gender determination is unclear. The existence of
a sex-associated region (sar4) on Chr 4q has led to the suggestion
that it may be an evolving sex chromosome (Anderson et al.
2012;Howe et al. 2013). Overall, Chr 4q provides a stunning exam-
ple of developmentally regulated changes in replication timing
that occur during vertebrate development. Further studies on the
replication timing switch of Chr 4q are likely to yield new insight
into themechanisms of large-scale replication timing and chroma-
tin conformation changes that occur during embryogenesis. The
data presented here establish the zebrafish as a promising in vivo
model for studying the mechanisms of replication timing change
and the effects of deregulating replication timing on development
and disease.

Methods

Sample preparation and replication timing analysis

Hundreds of zebrafish embryos were collected at indicated time
points, and disaggregated cells were fixed in 70%ethanol. ZTF cells
were derived from a caudal fin clip of adult zebrafish, cultured, ex-
panded and fixed as before. Fixed 28 hpf embryos and ZTF cells
were treat with RNase A and stained with propidium iodide,
then sorted based on DNA content to isolate G1 and S-phase frac-
tions. DNAwas purified from these populations and from the eth-
anol-fixed cells of embryos from earlier time points. All DNA
samples were treated with RNase A and then deep sequenced on
the Illumina platform. Replication timing data were generated
based on copy-number variations between filtered G1 and S-phase
read counts (Koren et al. 2014). Briefly, 200 read count windows
were defined in the G1 sample, and S-phase read depth was deter-
mined in the samewindows. Rawdatawere smoothedwith a cubic
smoothing spline using a parameter of 10–16, and data were trans-
formed to Z-score by normalizing to a genomemean of 0 and stan-
dard deviation of 1. To scale data to the length of S-phase, timing
data were normalized to a maximum value of 0 and a minimum
value to 1, then multiplied by S-phase length.

All animals were handled in strict accordance with protocols
approved by the OMRF Institutional Animal Care and Use
Committee.

Analysis of CHIP-seq and RNA-seq data

For the analyses of H3K27me3, H3K27me1, and H3K27ac marks,
raw ChIP-seq sequencing files were obtained from recent studies:
GSE32483 (Bogdanovic ́ et al. 2012), GSE20600 (Aday et al.
2011), and GSE20023 (Vastenhouw et al. 2010). The ChIP-seq
reads weremapped to the GRCz10/danRer10 zebrafish genome as-
sembly using BWA-MEM, and duplicate reads as well as readsmap-
ping to multiple positions in the genome were removed. For the
H3K27me3, H3K27me1, and H3K27ac ChIP-seq data, peaks were
called using MACS2 with a Q-value cutoff of 0.01 (Zhang et al.
2008; Li and Durbin 2010). H3K4me3-positive RefSeq genes were
defined as having at least one H3K4me3 peak within the 5 kb sur-
rounding the gene start. To identify PDREs in 24 hpf embryos, the
published criteria were used (Bogdanovic ́ et al. 2012). Briefly,
PDREs were defined as H3K27ac peaks that overlapped with
H3K4me1 peaks farther than 1 kb away from either RefSeq or
Ensembl gene transcription start sites or H3K4me3 peaks.
Overlapping features were identified using BEDOPS (Neph et al.
2012). For calculating the mean H3K36me3 read counts across
RefSeq gene exons, reads previously aligned to the Zv9 zebrafish
genome were used (Ulitsky et al. 2011).

For the analysis of developmentally regulated enhancers,
published lists of differentially acetylated PDREs and differentially
methylated DMRs were used (Bogdanovic ́ et al. 2012; Lee et al.
2015). The PDREs and DMRs were originally mapped to the Zv9
zebrafish genome, so the UCSC liftOver tool was used to remap
the coordinates onto GRCz10/danRer10.

For the analysis of mRNA expression, we used RNA-seq data
from a recent study (Pauli et al. 2012). Raw RNA-seq reads for
two biological replicates for each time point were mapped to
GRCz10/danRer10 using TopHat, then raw counts of mapped
RNA-seq reads and mean FPKM values were calculated for every
RefSeq gene using Cufflinks (Trapnell et al. 2012). For the analysis
of gene expression changes, two biological replicates for each time
point were used in the analysis. The number of RNA-seq reads
mapped to each RefSeq transcript were counted using HTSeq,
and differential expression between time points was called using
DESeq2 (Love et al. 2014; Anders et al. 2015).

Statistical processing

All correlations between samples were performed using Pearson’s
correlation in Matlab (Figs. 2C–H, 5B; Supplemental Figs. S1B,
S3B, S5B,C,E,F). Autocorrelation was performed in 300-bp incre-
ments along the length of indicated chromosomes using the auto-
corr function in Matlab and plotted at 3-kb resolution (Figs. 1D,
4B, 5G, 7B). Randomized autocorrelation was performed on 10 it-
erations of randomly permutated data using the autocorr function
in Matlab (Figs. 1D, 4B, 5G, 7B). Correlation between biological
replicates along the length of the chromosome was performed
with Pearson’s correlation in a 3-Mb sliding window using
Matlab (Fig. 7C). Average Pearson’s correlation along Chr 4q was
computed based on the average of 3-Mb sliding window correla-
tions inMatlab (Fig. 7D). Significance P-values for difference in dis-
tribution for the distances between sample peaks and the 28 hpf
peaks were computed with a Kolmogorov-Smirnov test in Matlab
(Fig. 5F; Supplemental Fig. S3D). All box plots show the median
(line), 95% confidence interval (notch), 25th–75th percentile
(box), and 10th–90th percentile (whiskers) (Figs. 3A–E, 4D, 6B,
7E; Supplemental Figs. S4A,B, S7). All additional statistical analyses
were performed using R (R Core Team 2015): Student’s t-test with
Bonferroni corrected P-values (Figs. 3A–E; Supplemental Fig. S4A,
B); one-way ANOVA with Bonferroni post hoc correction (Fig.
4D; Supplemental Figs. S4A, S7); paired t-test with Bonferroni cor-
rected P-values (Fig. 6B); binomial testwith Bonferroni corrected P-
value (Fig. 6C); and two-way ANOVAwith Bonferroni corrected P-
value (Fig. 7E).

Data access

The raw and processed sequencing data produced in this study
have been submitted to the NCBI Gene Expression Omnibus
(GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession num-
ber GSE85713.
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