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DNA replication timing is a highly regulated, cell type-specific process that is
associated with mutation accumulation. The developmental plasticity of replication timing
complicates this relationship, however. In this work, I analyzed the locations of germline
mutations in relation to replication timing profiles at five developmental stages in zebrafish to
investigate how replication timing plasticity relates to germline mutation accumulation. Single
nucleotide polymorphisms (SNPs) were enriched within regions of developmentally-stable
replication timing, while copy number variants (CNVs) were enriched within regions with
progressively later replication timing throughout development. CNVs with developmentallyplastic replication timing were also enriched within the protocadherin gene clusters,
suggesting that replication timing plasticity, not just the replication timing at one
developmental stage, may play a role in mutation accumulation bias and permit mutation
accumulation within evolutionarily-advantageous regions.
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CHAPTER 1: INTRODUCTION
Regardless of the organism, DNA replication is a core cellular process essential for
continuation of life through the dividing of cells. The genome must be copied efficiently and
accurately so that DNA is accurately segregated to daughter cells. Situations that disrupt DNA
replication can have severe consequences for the organism. Replication fork stalling and fork
collapse can result from immovable protein barriers bound to the DNA, nucleotide depletion,
replication-transcription collisions, or mutations in replication repair machinery. Often, fork
collapse can lead to underreplication, causing chromosome nondisjunction and genome
instability (Gaillard, Garcia-Muse, and Aguilera 2015; Cortez 2015). Furthermore, several
genetic diseases have been linked to DNA replication defects, such as Bloom Syndrome,
Rothmund-Thomson Syndrome, and Meier-Gorlin Syndrome (Jackson, Laskey, and Coleman
2014). Defects in the RecQ family helicases, as in the case for Bloom and RothmundThomson Syndromes, prevent efficient DNA unwinding, and inhibit DNA replication.
Defects in pre-replication complex proteins (see below), as is the case for Meier-Gorlin
Syndrome, inhibit efficient origin licensing (see below) and reduces the total number of
replication origins. Phenotypes of these diseases often include short stature, indicative of
DNA replication inhibition, and a predisposition for cancers. A thorough understanding of
eukaryotic DNA replication is essential in order to pinpoint the source of problems when the
integrity of the genome in compromised. In spite of the importance of DNA replication, we do
not fully understand how the DNA replication program is established and regulated within
eukaryotes, as well as its relationship to mutation accumulation. In this chapter, I will provide
an outline of our understanding of DNA replication in eukaryotes to date. In Chapter 2, I will
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discuss my work untangling the relationship between replication timing, germline mutation
accumulation, and organism development within the zebrafish model system. Finally, I will
discuss how this new knowledge contributes to our understanding of DNA replication and the
future directions needed to expand the field.
Proteins of replication origins and the replication complex
Eukaryotic DNA replication begins in the G1 phase of the cell cycle with licensing of
replication origins. First, the origin recognition complex (comprised of ORC1-6) binds to
DNA (Bleichert et al. 2018; Li et al. 2018). This triggers the binding of the DNA helicase
Mini Chromosome Maintenance complex (MCM2-7) and Chromatin Licensing and DNA
Replication Factor 1 (CDT1) (Fragkos et al. 2015; Coster and Diffley 2017). Together, ORC,
MCM2-7, and CDT1 comprise the pre-replication complex (pre-RC). Two pre-RCs must
form at a site in order for bidirectional replication at origins (Coster and Diffley 2017). As
cells enter S phase, even more proteins are loaded onto the DNA, including the DNA
polymerase, to form the pre-initiation complex (pre-IC) (Fragkos et al. 2015). The CMG
helicase (comprised of CDC45-MCM2-7-GINS) is also formed at this step to allow for DNA
melting and unwinding (Bleichert 2019). At this stage, origins are poised to fire and begin
replication. Under ideal conditions, the replication complex would fire and progress in a
bidirectional manner until it collides with another replication fork, resulting in termination of
both forks and completion of DNA replication within that localized area. Often, however,
replication stress such as proteins bound to the DNA, head-on collisions with transcription,
and DNA damage lead to premature fork stalling and collapse, and result in large unreplicated
regions (Gaillard, Garcia-Muse, and Aguilera 2015; Cortez 2015). Fortunately, approximately
3-20 times more origins are licensed throughout the genome than are fired during any given
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cell cycle (Shima and Pederson 2017). In situations of replication stress, these extra origins,
termed dormant origins, are fired to ensure complete replication of the genome (Shima and
Pederson 2017).
The separation of origin licensing and firing by different stages of the cell cycle is a
vital step aimed at preventing rereplication of the DNA. If replication complexes were able to
assemble in S phase, regions could license and fire a second origin after the initial origin had
fired and replicated the region. Rereplication can lead to variable DNA copy number and
genome instability (Munoz et al. 2017; Bui and Li 2019; Rapsomaniki 2020). Instead, rapid
degradation of CDT1, ORC1, and CDC6 in S phase reduces the availability of essential
proteins for origin formation (Fragkos et al. 2015). Furthermore, phosphorylation of MCM27, CDC6, ORC1, and CDT1 by DDK and CDK prevent the proteins from binding to DNA. As
a final protection, geminin, a CDT1 inhibitor, increases drastically as cells enter S phase,
reducing the levels of active CDT1.
Replication timing – the where and when of replication
The massive number of proteins needed for DNA replication can make tracking
replication progression a complicated endeavor. Ultimately, replication can be modeled by the
locations of replication origins, replication origin firing time during S phase of the cell cycle,
and fork speed. Replication timing represents these features as a comprehensive profile that is
comparable between cell types, individuals, and even organisms. Replication timing has long
been alluded to in studies analyzing the replication of regions, though the field picked up
speed with the development of genome-wide assays. The earliest genome-wide assays were
carried out on S. cerevisiae cultured first in isotopically dense media, and then synchronously
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released into S phase on isotopically light media. Cells were collected at various time points,
allowing DNA to be separated into replicated (heavy-light) and unreplicated (heavy-heavy),
and mapped with genomic tiling microarrays (Raghuraman et al. 2001). By comparing the
mapped heavy-light DNA at each time point, replication progression could be tracked
throughout S phase. Repli-chip, and its sequencing-based successor Repli-seq, was later
developed for non-yeast eukaryotic cell culture using a similar concept (Hansen et al. 2010;
Hiratani et al. 2008). Actively replicating cells are briefly pulse labeled with BrdU, a
nucleotide analog, and sorted into 4 S phase fractions, G1 phase, and G2 phase. The BrdUlabeled DNA is purified from each fraction, and the enriched regions are compared between
the fractions. Repli-seq allows for the same visualization of replication progression as the
heavy-heavy/heavy-light DNA labeling, but avoids having to separate DNA with a density
gradient. Studies of replication with Repli-seq sorting cells into 2-16 S phase fractions
observed similar replication timing profiles, though resolution does improve with the addition
of more S phase fractions (Zhao, Sasaki, and Gilbert 2020). These profiles demonstrate
distinct plateaus in early replicating regions, termed replication domains (Ryba et al. 2010;
Hansen et al. 2010; Hiratani et al. 2008). Replication domains are thought to be comprised of
dense clusters of replication origins all firing near simultaneously, and align with
topologically associating domains (discussed below) (Dileep et al. 2015; Pope et al. 2014).
Replication timing has also been inferred by measuring the relative DNA copy number
in a cell population (Koren et al. 2012). This method takes advantage of the property that
within a population of cells, a region that has been replicated will have a higher DNA copy
number than a region that has not yet been replicated. Without the need for DNA labeling, an
asynchronous population of cells is directly sorted into G1 and S phase fractions, and the
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DNA copy number is calculated within windows across the genome. The G1 fraction acts as a
control for sequencing and library preparation biases, such as overabundance of high GCcontent reads, and is used to correct the number of reads in the S phase fraction. An
advancement in measured relative DNA copy number eliminates the need to sort cells entirely
by instead extracting whole genome DNA from an asynchronous population of cells and
utilizing bioinformatics to simulate a G1 sample (Koren et al. 2014; Handsaker et al. 2015).
This final method has the benefit of eliminating cell sorting all together and allows replication
timing to be measured without cell manipulation. Regardless of the differences between
methods, replication timing profiles are consistent across all methods, though some
differences in peaks and plateaus can be observed.
Consistent with the highly regulated nature of replication, replication timing is highly
reproducible between individuals, and is even consistent between cell types and closely
related species. Replication timing is often observed to correlate with r > 0.9 (Pearson’s
correlation rho) between individuals within the same cell type (Koren et al. 2012; Koren et al.
2014), and only shows significant changes in up to 30% of the genome between cell types
(discussed at greater length below) (Rivera-Mulia et al. 2015; Miura et al. 2019; Takahashi et
al. 2019). Replication timing is also highly conserved between species. Correlation values
near 0.8 (Spearman correlation rho) between replication timing profiles were observed for
closely related Lanchancea yeast species, and dropping down to ~0.2 between more distantly
related species, all of which were still well above randomized replication timing profiles
(Agier et al. 2018). Furthermore, replication timing is highly conserved (Pearson’s correlation
rho = 0.68-0.88) between related sensu stricto Saccharomyces species (Muller and
Nieduszynski 2012). Between human and mouse, replication timing profiles are highly
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correlated (Pearson’s correlation R2=0.25-0.39, p<10-4) when comparing similar cell types,
and 70% of syntenic regions show similar replication timing (Ryba et al. 2010; Yaffe et al.
2010). Replication timing is correlated with GC content, epigenetic modifications, gene
density and gene expression, and mutation accumulation (discussed in greater detail below).
This suggests that replication timing plays an integral role in how cells regulate replication to
maintain the integrity of the genome. In spite of these correlations, we still have a limited
understanding of how cells establish the replication timing program and modify cell-type
specific replication timing patterns.
The establishment of replication timing, i.e. how origin firing time is determined and
maintained, has remained somewhat elusive. RAP1-Interacting Factor (Rif1) has long been
associated with replication timing in yeast species. Rif1 localizes to the telomeres and other
later replicating regions, and is thought to help prevent origins within these regions from
firing by recruiting PP1 phosphatase Glc7 and inhibiting pre-replication complex activation
(Sreesankar et al. 2012; Mattarocci et al. 2014; Hayano et al. 2012; Kanoh et al. 2015). Rif1
binds late replicating regions in humans and other eukaryotes, and is thought to provide a
similar function in maintaining replication timing – Rif1 inhibits origin activation and helps
regulate the global chromatin organization (Hiraga et al. 2017; Yamazaki et al. 2012;
Cornacchia et al. 2012). Aside from Rif1, however, no other proteins (outside of proteins
within the replication complex) have been associated with replication timing. Another theory
of how cells maintain replication timing suggests that replication origins aren’t designated for
a specific firing time, but are instead fired stochastically based on a firing probability (Patel et
al. 2006; Rhind and Gilbert 2013). Origins that fire in early S phase (according to replication
timing profiles) have a higher firing probability within a population of cells than late firing
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origins. Because origin firing is based on a probability instead of a distinct feature, not all
origins will fire at the same time. Thus, replication timing is seen as an average with more
fluidity in origin firing time than is considered in other models. Studies of origin usage in
single cells and single DNA molecules would seem to largely agree with this notion. DNA
combing experiments, which analyze origin usage on individual DNA fragments, show that
origin usage is stochastic and independent from one cell cycle to the next (Czajkowsky et al.
2008; Cayrou et al. 2011; Guilbaud et al. 2011; Frum, Khondker, and Kaufman 2009; Norio et
al. 2005; Patel et al. 2006). When origin usage is averaged across many DNA molecules,
however, the average replication program, or replication timing, is recapitulated (Czajkowsky
et al. 2008; Cayrou et al. 2011). Single cell studies of replication timing, a more highthroughput method to measure replication throughout the genome, also observed
heterogeneity between single cells, though many regions appeared to be consistent between
cells (Dileep and Gilbert 2018; Takahashi et al. 2019; Miura et al. 2019). Thus, though
individual origin usage appears to be stochastic and origin firing time can vary between cells,
cells appear to fall into an approximate replication program.
The relationship between replication timing and genomic features
Replication timing profiles have provided valuable information about how cells tackle
the challenge of replicating the genome. Early studies of replication timing in human
compared G and R banding, the distinct staining patterns used to identify euchromatin and
heterochromatin, to DNA fiber autoradiography profiles (Craig and Bickmore 1993). R bands,
which stain the less dense euchromatin, had a higher density of genes and replicated earlier; G
bands, which stain the denser heterochromatin, replicated later. The early replication of genic
regions was also observed with confocal immunofluorescence microscopy by fluorescent
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labeling nascent RNA and DNA (Wansink et al. 1994). Fluorescent labeling also noted that
transcription and replication appeared to occur in spatially distinct regions of the genome. The
low resolution of DNA fiber autoradiography and other methods made replication timing
appear to be a bimodal process – early replicating regions were near GC isochores, while late
replicating regions were gene poor and depleted of GC isochores (Costantini and Bernardi
2008).
Improved resolution genome-wide studies of replication timing (Repli-seq and DNA
copy number) confirmed many of these relationships – early replicating regions correlate with
open chromatin and higher gene density, while later replicating regions correlate with
heterochromatin (Desprat et al. 2009; Gilbert 2002; Rhind and Gilbert 2013; SequeiraMendes and Gutierrez 2015; Fu, Baris, and Aladjem 2018). The heterochromatin has been
thought to contribute to the late replication timing of these regions by preventing DNA access
to replication proteins and reducing origin firing efficiency. Euchromatin, on the other hand,
would allow DNA access. The higher gene density observed in earlier replicating regions may
also contribute to open, accessible DNA by generating nucleosome-free regions.
Consistent with previous studies noting the separation of replication and transcription,
higher resolution studies observed that genes tend to be positioned so as to reduce head-on
collisions between the replication and transcription machinery. Replication-transcription
head-on collisions are marked by frequent fork collapse and genomic fragile sites, and are
considered more deleterious than co-oriented collisions (Garcia-Muse and Aguilera 2016).
Studies in E. coli and S. pombe for example noted a higher density of genes downstream from
replication origins on the leading strand, favoring co-orientation collisions as opposed to

8

head-on collisions (Rocha 2008; Gomez and Antequera 1999). Even in humans, where
replication origin detection is difficult (discussed in greater detail below), genes tend to be
preferentially located downstream of predicted origin locations (Huvet et al. 2007; Chen et al.
2019; Sugimoto et al. 2018; Mesner et al. 2013). Transcription machinery has also been
observed to push the MCM complex out of a transcribed region (Gros et al. 2015). These
relocated MCM complexes are still able to function as active replication origins. Relocated
origins likely act as another mechanism to reduce replication-transcription conflicts.
There is also evidence that replication timing plays a role in regulating gene
expression. Though gene expression in S. cerevisiae is largely independent of replication
timing (Raghuraman et al. 2001), comparisons in Drosophila melanogaster, mouse, and
human suggest that early replicating regions tend to correlate with higher gene expression,
while later replicating regions correlate with lower gene expression (Schubeler et al. 2002;
Hatton et al. 1988; Hansen et al. 1996). Later studies have suggested that this relationship is
primarily observed for genes with weaker promoters – strong promoters were less likely to be
affected by changes in replication timing compared to weak promoters (Hiratani et al. 2008).
Another study, however, found that the positive correlation between replication timing and
gene expression was primarily observed in genes that maintained consistent replication timing
throughout cell differentiation, while genes with more plastic replication timing did not
demonstrate this association (Rivera-Mulia et al. 2015). Regardless, an experiment in S.
cerevisiae demonstrated that changes to replication timing can directly affect transcription
levels. Experiments were performed in which replication of the highly expressed histone
genes HTA1-HTB1, some of the few genes that demonstrate a positive correlation between
replication timing and gene expression in yeast, was delayed. This delay caused gene
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expression to drop by nearly half (Muller and Nieduszynski 2017). Though it appears that
replication and transcription are not entirely co-dependent, the correlation of some genes with
replication timing and the positioning of genes and origins suggests that replication and
transcription are capable of affecting each other.
Replication is not only spatially separate from transcription, but also separates
according to timing within the nucleus. Studies of replication position within the nucleus
using fluorescent in situ hybridization (FISH) noted that late replicating regions tend to be
located near the periphery of the nucleus, while earlier replicating regions tend to be located
near the center (Nogami et al. 2000). Furthermore, the genome divides itself into
topologically associating domains (TADs) representing pockets of strand interactions that are
insulated from other areas of the genome. TADs can be roughly divided into A and B
compartments that align with early and late replicating regions respectively (LiebermanAiden et al. 2009; Pope et al. 2014). High-resolution Hi-C analyzed in 1kb windows was able
to distinguish TADs into 6 sub-compartments that align along a replication timing continuum
with distinct histone marks (Rao et al. 2014). TADs show a surprising similarity to replication
domains. It has been suggested that TADs play a role in replication origin usage, and help
designate replication domain boundaries (Pope et al. 2014; Miura et al. 2019; Dileep et al.
2015).
The relationship between replication timing and gene density has also been tied with
mutation density. Somatic mutations tend to accumulate in later replicating regions. In a 2012
study looking at single nucleotide polymorphisms (SNPs) and copy number variants (CNVs)
in lymphoblast cell lines (LCLs), SNPs and CNVs were disproportionately located in late
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replicating regions, especially when controlling for GC content (Koren et al. 2012;
Stamatoyannopoulos et al. 2009). Studies of mutation accumulation in human cancer cell
lines noted a similar relationship – later replicating regions accumulated more mutations than
earlier replicating regions (Polak et al. 2015). The mutation bias for late replicating regions
has been linked to an increased mutation rate within these regions, as opposed to deficiencies
in repair machinery as was originally hypothesized (Stamatoyannopoulos et al. 2009; Koren et
al. 2012; Lawrence et al. 2013). These studies have suggested that replication timing helps to
maintain the integrity of the genome. “Important regions”, such as highly expressed genes and
gene dense regions, are replicated earlier, thus discouraging mutation accumulation.
Surprisingly, this relationship is not always a pillar of the genome. In a study of paternal age
and mutation accumulation, the correlation between late replication timing and higher
mutation density decreased with paternal age, suggesting that the association between
replication timing and mutation accumulation begins to degrade with age (Francioli et al.
2015). This remains the only study to date that has observed a disjunction between replication
timing and replication-related mutation accumulation. Most hypothesize that replication
timing largely maintains its relationship with mutation accumulation throughout the life of an
organism. The relationship between replication timing and mutation accumulation could
become dangerous in cases where replication timing is altered, such as cancers or genetic
diseases. An abnormal replication timing program could allow mutations to accumulate in
vital regions of the genome, exacerbating the disease phenotype or leading to additional
complications. Further studies are needed to analyze the relationship between replication
timing and mutation accumulation in cancer and genetic disease conditions, however.
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Replication timing in the context of an organism
Given the relationship between replication timing and genes and gene expression, it
should come as no surprise that replication timing exhibits cell type-specific patterns. In a
large scale in vitro study, human embryonic stem cells were differentiated into endoderm,
mesoderm, or ectoderm cell lines and replication timing was measured at each stage (RiveraMulia et al. 2015). Approximately 30% of the genome exhibited replication timing plasticity
between human embryonic stem cells (ESC) and each differentiated cell line. Changes in
replication timing from early-to-late or late-to-early were correlated with transcriptional
changes of many genes, suggesting that one change drives the other (see previous section for
discussion of replication and transcription). Replication timing plasticity has also been
observed in mouse development where replication timing was measured in cell lines
representing 10 stages of mouse development (Hiratani et al. 2010). Approximately 45% of
the genome demonstrated some replication plasticity that correlated with transcription
changes. Developmental changes in replication timing have been proposed to act as a
regulatory mechanism for silencing genes, changes in replication timing often foreshadow
changes in transcription. (Siefert et al. 2017; Rivera-Mulia et al. 2015; Hiratani et al. 2010).
While an in vitro system allowed for human cell lines to be studied instead of model
organisms, the Rivera-Mulia et al study was somewhat limited by its cell culture context. As a
follow-up to the findings of Rivera-Mulia et al, replication timing was measured at five stages
throughout the early development of zebrafish (danio rerio), as well as tailfin fibroblast (ZTF)
as an adult fish reference (Siefert et al. 2017). Distinct from the in vitro human and mouse
studies, a majority of the zebrafish genome exhibited replication timing plasticity between
developmental stages. The difference in replication timing plasticity could be due to the in
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vitro versus in vivo approach, or in the comparison of early development (in the case of
Siefert et al) verses cell differentiation from late development ESC (in the case of RiveraMulia et al). Regardless, these studies bring into question how mutation accumulation is
affected by replication timing plasticity. In Chapter 2, I compare replication timing and
germline mutation accumulation throughout zebrafish early development in a follow-up study
to Siefert et al. to determine whether the previously published negative correlation between
replication timing and somatic mutation accumulation is conserved throughout zebrafish
development, and how replication timing plasticity plays into the picture.
Establishment of replication origins – modeling origins in yeast
When considering replication progression, one of the most important features of
interest is the location of replication origins. These locations, established in G1 phase of the
cell cycle, can cause drastic changes to the replication timing profile and have lasting
consequences for mutation accumulation within the cell. Replication origins have been well
characterized in S. cerevisiae and other yeast species. The ORC complex first recognizes an
AT-rich sequence, called the autonomous replicating sequence (ARS) (Newlon and Theis
1993). ORC binding begins a cascade of protein interactions (outlined above) that ultimately
leads to the formation of licensed replication origins. Similar to other eukaryotes, yeast form
dormant origins that can be fired in situations of replication stress and fork collapse. Studies
of the locations of ARSs and origin firing have noted that firing origins tend to be located
toward the center of the chromosomes, while origins located in the telomeres tend to be
dormant (Raghuraman et al. 2001).
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S. cerevisiae replication origins were first identified with the autonomous replication
assay, which inserts genome fragments into a plasmid without a native origin to search for
conferral of replication (Fangman and Brewer 1991). Motif analysis revealed the AT-rich
motif 5’ (A/T)TTTAT(A/G)TTT(A/T) 3’ in S. cerevisiae, with similar motifs present in other
yeast species (Newlon and Theis 1993). Origin functionality was later determined by 2D gel
assays in which locus-specific replication bubble structures were identified in their native
chromosomal locations (Fangman and Brewer 1991). After the discovery of ORC, minichromosome maintenance (MCM) complex, and other replication origin proteins, chromatin
immunoprecipitation (ChIP) was used to further explore replication origins on a genome scale
(Eaton et al. 2010; Wyrick et al. 2001; Kamimura et al. 2001). The combination of focused
and genome-wide studies of replication origins in yeast have led to a detailed understanding
of the locations, nature, and mechanisms of replication origins. Many assumed that replication
origins would function similarly across all eukaryotes, and that the detailed dissection of yeast
origins would allow for an easy transition into understanding origins in human and other
eukaryotes. Unfortunately, this was not the case, as described below.
Establishment of replication origins – mapping origins in humans and other eukaryotes1
Contribution: Writing by Michelle L. Hulke with feedback from Dashiell J. Massey and
Amnon Koren.

While the biochemistry of replication initiation is highly conserved throughout
eukaryotic evolution, the specification and regulation of replication origin sites are not. Initial
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studies searching for the ARS in non-yeast organisms found that most genomic fragments
produced a positive signal in the autonomous replication assay, suggesting that most regions
of the genome could act as replication origins (Krysan, Smith, and Calos 1993; Smith and
Calos 1995; Gilbert and Cohen 1989). Follow-up studies examining ORC binding revealed
that metazoan ORC binds DNA promiscuously throughout the genome (MacAlpine et al.
2010; Vashee et al. 2003), suggesting that a conserved sequence is not a primary determinant
of replication origins in higher eukaryotes. Currently, searches for mammalian replication
origins rely mostly on the molecular and biochemical, rather than genetic properties of origins
(Figure 1.1). Many of these methods are extensions of earlier yeast techniques for origin
mapping. For instance, ChIP-seq has been applied to map human replication origins via
ORC1, ORC2, and MCM7 binding (Dellino et al. 2013; Miotto, Ji, and Struhl 2016;
Sugimoto et al. 2018). ChEC-seq, an alternative that fuses a replication protein of interest to
micrococcal nuclease, examines DNA cleavage patterns to determine the native protein
binding (Zentner et al. 2015; Foss et al. 2019). Bubble-seq separates and extracts DNA bubble
structures by 2D gel electrophoresis (Mesner et al. 2013). Short nascent strand sequencing
(SNS-seq), size-selects and sequences short single-stranded DNA fragments that represent the
early products of DNA replication (Besnard et al. 2012; Cadoret et al. 2008; Cayrou et al.
2011). The RNA priming of newly replicating DNA allows for nascent DNA to be
distinguished from random chromosomal breaks by digestion with lambda exonuclease – a 5’
exonuclease that digests single stranded DNA, but is inhibited by RNA. RNA primers have
also been used to positively select for nascent DNA strands by binding short DNA molecules
to a column and using RNase I to specifically release RNA-primed DNA fragments in a
method termed nascent strand capture and release (NSCR) (Kunnev et al. 2015).
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Replication origins have also been inferred from nucleotide analog incorporation.
Replicating cells are pulse-labeled with BrdU or Edu, and nascent DNA containing the
nucleotide analogs are isolated and sequenced (Li et al. 2014; Mukhopadhyay et al. 2014;
Smith et al. 2016). In a technique called EdUseq-HU, cells are synchronized and allowed to
progress through S phase in the presence of hydroxyurea (HU) to slow fork progression, while
EdU is incorporated into the nascent DNA (Macheret and Halazonetis 2018; Tubbs et al.
2018). Alternatively, initiation site sequencing (ini-seq) uses isolated G1 nuclei that initiate
replication in a cell-free system with soluble human cell extracts in the presence
of digoxigenin-dUTP (Langley et al. 2016). The cell-free system used in ini-seq supports
much slower replication than normal, facilitating DNA labeling. Okazaki fragment
sequencing (OK-seq) (Smith and Whitehouse 2012) has also been applied to mammalian
genomes. In OK-seq, cells are briefly pulse-labeled with EdU, after which short DNA
fragments are isolated and EdU-containing DNA is enriched and sequenced in a strandspecific manner. Shifts in the ratios of DNA content between the two strands mark the
locations of replication origins (Chen et al. 2019; Petryk et al. 2018; Petryk et al. 2016; Tubbs
et al. 2018; Wu et al. 2018).
Studies based on classic bacterial work have also utilized sequence analysis to identify
nucleotide and mutational asymmetry around replication origins. Different DNA polymerase
usage and DNA synthesis kinetics between the leading and lagging strands leads to a
mutational signature, or nucleotide composition skew, that reverses sign exactly at replication
initiation sites (Huvet et al. 2007; Touchon et al. 2005). This technique has been successful
when applied to stable centromeric origins in certain yeast species (Koren et al. 2010), and
has linked somatic cancer mutations to replication direction shifts and predicted initiation
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sites (Haradhvala et al. 2016; Tomkova et al. 2018; Shinbrot et al. 2014). Asymmetrical DNA
polymerase usage during replication has also enabled the use of modified DNA polymerases
to incorporate excess ribonucleotides, allowing replication origins to be mapped based on the
switch from excess ribonucleotides to normal levels (Clausen et al. 2015; Daigaku et al. 2015;
Reijns et al. 2015).
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Figure 1.1. Origin-mapping techniques
Many methods have been developed to map replication origins in the eukaryotic genome. These
methods target replication proteins, short nascent DNA, or newly replicated DNA labeled with
nucleotide analogs. Some of the more common methods are represented in the figure, though the
diagram is not exhaustive. Some of the more popular methods are shown in greater detail.
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Strengths and limitations of origin mapping techniques2
Contribution: Writing by Michelle L. Hulke with feedback from Dashiell J. Massey and
Amnon Koren.

Each of the techniques outlined above have a variety of strengths and weaknesses.
Bubble-seq is generalizable and doesn’t require manipulation of the replication process. In
addition, the low background signal in bubble-seq could enable the identification of rare
origins that might be lost in methods that rely on signal averages (Prioleau and MacAlpine
2016). Unfortunately, bubble-seq relies on restriction enzymes to fragment the DNA, limiting
the resolution of replication origins (libraries were depleted of small DNA fragments < 3kb)
and somewhat restricting which origins can be identified if origins reside too close to
restriction cute sites. The use of two restriction enzymes in parallel has been proposed to at
least partially overcome these limitations (Mesner et al. 2013). Bubble-seq also has low
reproducibility, suggesting that more input may be required to reach full saturation of origin
calling. SNS-seq, on the other hand, has proven reproducible among different cell types and
labs, and has been applied in various species and systems, under replication stress, and for
allele-specific origin mapping (Cayrou et al. 2011; Jodkowska et al. 2019; Bartholdy et al.
2015; Cayrou et al. 2015; Mukhopadhyay et al. 2014; Besnard et al. 2012; Massip et al. 2019;
Martin et al. 2011; Sequeira-Mendes et al. 2019; Almeida et al. 2018; Lombrana et al. 2016;
Smith et al. 2016; Picard et al. 2014; Comoglio et al. 2015; Yudkin et al. 2014). SNS-seq has
a finer resolution compared to bubble-seq as the reads are not limited by restriction cut sites.
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Unfortunately, because replication origins are identified by calling peaks of sequence read
coverage, SNS-seq will primarily detect frequently-used origins within a population of cells.
Another concern that has been raised about SNS-seq is that lambda exonuclease may have
lower efficiency for digesting not only RNA-primed DNA, but also other species such as GCrich DNA and G-quadruplexes (G4s) (Foulk et al. 2015; Perkins et al. 2003). It has been
suggested that this bias could be behind the enrichment of G4 at predicted origin locations
(discussed at greater length below), though further controls may argue against this (Prioleau
2017). Similarly, ribonucleotides, which are abundantly embedded in genomic DNA
(Williams, Lujan, and Kunkel 2016; Jinks-Robertson and Klein 2015) may also create falsepositive origin calls by directly blocking DNA degradation or by distorting the DNA helix
(Klein 2017). When compared with nucleotide skew patterns, some origin sites predicted by
SNS-seq and bubble-seq may correspond to sites of replication termination, not just initiation
(Langley et al. 2016).
Methods such as ini-seq and EdUseq-HU also boast high-resolution origin calling.
Because these methods utilize synchronized cells, however, only the earliest replication
origins will be identified. In fact, part of the signal in nucleotide-analogue-based short nascent
strand sequencing may come from enriching early replicating DNA per se, independently of
replication origins. For example, normalizing by a control of newly replicated (input) DNA
without immunoprecipitation of labeled DNA actually decreased the reproducibility of ini-seq
(Langley et al. 2016). Similarly, BrdU-seq sites correspond significantly to sites enriched in
input DNA (Li et al. 2014). ChIP-seq techniques have the additional challenge of identifying
active and dormant origins. Although identifying locations of dormant origins is informative
in its own right, comparison with a second method is needed to distinguish active from
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dormant origins. One widespread challenge of origin-mapping methods is the need to amplify
small amounts of DNA. Library prep and sequencing methods are ever improving, though a
lower limit bound by molecular technique limitations will eventually be reached. Some have
suggested that single cell and single molecule approaches may be needed to circumvent this
issue. ChIP-seq and replication timing have been measured in single cells, though a large
scale endeavor to identify replication origins is still to come. Single cell techniques are
outside the scope of this introduction and will not be discussed in detail, though the topic has
been thoroughly reviewed to date (Hulke, Massey, and Koren 2019).

Figure 1.2. DNA replication origin mapping.
Various techniques have been used to map the locations of DNA replication origins in the human
genome. Shown are the mapped origin locations in several of these techniques, together with
replication timing profiles in human lymphoblastoid cell lines (LCL) and embryonic stem cells (ESCs;
two cell lines each) measured by DNA copy number sequencing. Replication origin or initiation zone
locations are based on the mapping used by each respective study, and are represented as plus signs
with widths that correspond to the size of the initiation sites or zones. At some locations, replication
origins are consistent between techniques and also correspond to peaks in the replication timing
profiles. However, there are also fundamental differences among origin mapping methods in the
number of initiation sites along chromosomes, their widths (precise sites vs broader initiation zones),
and the actual locations of predicted origins. 1 (Mesner et al. 2013); 2 (Smith et al. 2016); 3 (Picard et
al. 2014); 4 (Sugimoto et al. 2018); 5 (Dellino et al. 2013); 6 (Petryk et al. 2016); 7 (Langley et al.
2016); 8 (Macheret and Halazonetis 2018). GM06990 is an LCL.
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One of the most prominent concerns in the struggle to map replication origins in
higher eukaryotes is the lack of consistency between different origin-mapping techniques.
Different replication origin maps in humans show only partial overlap between predicted
origins locations, sometimes only slightly outperforming randomized loci (Figure 1.2)
(Langley et al. 2016; Picard et al. 2014; Dellino et al. 2013; Petryk et al. 2016; Hyrien 2015;
Miotto, Ji, and Struhl 2016; Urban et al. 2015). Techniques also show a large disparity in the
number of predicted origin loci. Some techniques, such as EdUseq-HU (Macheret and
Halazonetis 2018; Tubbs et al. 2018) or OK-seq (Petryk et al. 2016), map several thousand
loci, while SNS-seq and BrdU-seq often map hundreds of thousands of sites (Bartholdy et al.
2015; Besnard et al. 2012; Massip et al. 2019; Mukhopadhyay et al. 2014). Different
techniques reach different and sometimes opposing conclusions with regards to whether
origins are discrete sites (e.g. SNS-seq, ini-seq), broad initiation zones (bubble-seq, OK-seq),
or peaks that may themselves organize into larger zones (EdUseq-HU). It is almost inevitable
to conclude that at least some of the current origin maps contain a substantial fraction of false
negatives and/or false positives. One approach to circumvent this has been to look at the
intersection of sites mapped by more than one technique (Mukhopadhyay et al. 2014; Karnani
et al. 2010). While intersecting origin maps would reduce false positives, it also runs the risk
of increasing the burden of false negatives (i.e. true origins not called by one method) and
cannot substitute for a more complete understanding of the potential biases of the various
techniques.
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Possible genomic and epigenetic features of replication origins3
Contribution: Writing by Michelle L. Hulke with feedback from Dashiell J. Massey and
Amnon Koren.

Regardless of the inconsistencies between techniques, several genetic and epigenetic
features have emerged in association with predicted origin sites. Various techniques have
provided evidence for the association of origins with transcribed genes or transcription start
sites (Picard et al. 2014; Sugimoto et al. 2018; Cayrou et al. 2015; Chen et al. 2019; Cadoret
et al. 2008; Dellino et al. 2013; Langley et al. 2016; Besnard et al. 2012; Sequeira-Mendes et
al. 2009); but see (Macheret and Halazonetis 2018; Martin et al. 2011). Though this could be
a direct result of coordinating replication and transcription to minimize head-on collisions
(see above), some have suggested the open chromatin created by the nucleosome-free region
and binding of transcription machinery allows for the binding of replication machinery
(Sugimoto et al. 2018; Cayrou et al. 2015; Mesner et al. 2013). One of the most intriguing
findings that has emerged from origin-mapping techniques is an association with G4s.
Although it remains possible that this is a false association, for example of lambda
exonuclease being blocked by G4s and not just RNA primers (see above); (Foulk et al. 2015),
evidence is accumulating for G4s being directly associated with replication origins. This
association is observed in SNS-seq even when including control G1 cells ((Smith et al. 2016);
but see (Foulk et al. 2015)) or an RNAse-treated control that accounts for background signals
of lambda exonuclease and replication-independent short nascent strands (Cayrou et al. 2015).
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In addition, BrdU nascent strands and ini-seq have also linked G4 sequences to replication
initiation independently of lambda exonuclease (Langley et al. 2016; Mukhopadhyay et al.
2014). G4 sequences have also been shown to be required in chicken DT40 cells, for origin
activity, though they are not independently sufficient (Valton et al. 2014). A recent
comprehensive study of the effect of G4s on DNA replication provided compelling evidence
for the importance of G4s in origin activity, their ability to drive origin activity de novo, and
their ability to drive the autonomous replication of episomal vectors in frog egg extracts
(Prorok et al. 2019). The involvement of G4s in DNA replication is also suggested by their
binding to ORC (Hoshina et al. 2013) and the replication factors RecQL4 (Keller et al. 2014),
MTBP (Kumagai and Dunphy 2017), and Rif1 (Masai et al. 2018).
Still, different studies report varying levels of association of G4 sequences with
replication origins and have suggested that G4s are not necessary for origin activity (Mesner
et al. 2013; Sugimoto et al. 2018; Dellino et al. 2013; Foulk et al. 2015; Comoglio et al. 2015;
Miotto, Ji, and Struhl 2016). G4s are highly abundant across the genome and tend to occur in
promoters and untranslated regions (Prioleau 2017). Origins that are enriched for G4s are
often found at TSSs, thus it remains possible that G4s are not an independent signal of
replication origins, but are simply a correlated association (Langley et al. 2016). In addition,
origins mapped by EdUseq-HU have not been reported to associate with G4s, and instead
appear to be linked to long asymmetrical poly(dA:dT) tracts (Tubbs et al. 2018). Similarly,
OK-seq initiation zones were enriched for active genes and CpG islands at their borders, but
were not enriched for G4s or CpG islands within the initiation zones. There is also evidence
that G4s cause replication fork stalling, as opposed to directly driving initiation (Tubbs et al.
2018; Comoglio et al. 2015; Prioleau 2017). Replication restart at G4 sites or other sites of
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replication stalling could in principle produce strong SNS signals that do not represent
canonical replication origin sites. Allele-specific SNS-seq (Bartholdy et al. 2015) has
suggested that G4 sequences do not contribute to origin firing efficiency. Specifically, SNP
alleles that disrupt G4 sequences increased origin activity more often than they decreased
origin activity. In addition, the enrichment of G4 sequences at origin sites was suggested to be
secondary to the high GC content of these sites rather than being specific to G4s. Instead,
origins correlated with asymmetric G/C and A/T sequences which were suggested to be the
actual drivers of origin activity by means of facilitating origin unwinding (Bartholdy et al.
2015). Taken together, it remains to be settled whether G4s or other sequence elements and
DNA structures contribute to replication origin activity, are side-effects of technical
manipulations, or simply correlative findings driven by other genomic features.
Studies of replication origins have also noticed a strong correlation with active histone
marks and open chromatin states. These studies have seen enrichments for DNaseI
hypersensitive sites, H3K4me3, H3K9ac, H4K20me1, H3K27ac, and several other marks.
Similar to the theory around TSSs (discussed above), open chromatin is thought to enable
replication protein binding. Unfortunately, this does not take into account late firing origins,
which have been identified in many origin-mapping techniques. It has also been suggested
that histone modifications act as flags to encourage origin formation. Replication timing
quantitative trail loci (rtQTLs) are regions of replication timing plasticity observed within a
cohort of individuals that is associated with nearby SNPs (Koren et al. 2014). At these loci,
individuals exhibit differential replication origin usage dependent on the allele variant.
rtQTLs have also been linked to transcriptional changes. Utilizing rtQTLs, an unpublished
study recently identified a specific 5-mark histone code enriched at rtQTLs, suggesting that a
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specific histone code enables replication protein binding (Ding et al. 2020). SNPs associated
with rtQTLs may effect protein binding and alter the histone code in these regions,
contributing to variable origins usage.
Conclusions
DNA replication is a complicated endeavor involving dozens of proteins responsible
for the accurate and efficient duplication of the genome. As discussed above, DNA replication
is associated with many genomic and epigenetic features, suggesting that the 3D nuclear
conformation, nucleotide composition, gene localization, and presence of transcription
machinery, to name a few, all play a role in this process. These associations make untangling
the replication process complicated by confounding results, and there are still many aspects of
DNA replication we don’t understand. In the following chapters, I discuss the relationship
between DNA replication timing and germline mutation accumulation within the context of a
developing embryo. I present the hypothesis that germline mutation accumulation is not based
on just the germline replication timing profile, but that aspects of replication timing plasticity
make certain genomic regions more susceptible to mutation accumulation. Finally, I discuss
how this new information fits into our current understanding of DNA replication and the next
frontier to be explored.
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Abstract
The DNA replication timing program is modulated throughout development and is also one of
the main factors influencing the distribution of mutation rates across the genome. However,
the relationship between the mutagenic influence of replication timing and its developmental
plasticity remains unexplored. Here, we studied the distribution of copy number variations
(CNVs) and single nucleotide polymorphisms (SNPs) across the zebrafish genome in relation
to changes in DNA replication timing during embryonic development in this model vertebrate
species. We show that CNV sites exhibit strong replication timing plasticity during
development, replicating significantly early during early development but significantly late
during more advanced developmental stages. Reciprocally, genomic regions that changed
their replication timing during development contained a higher proportion of CNVs than
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developmentally-constant regions. Developmentally-plastic CNV sites, in particular those that
become delayed in their replication timing, were enriched for the clustered protocadherins, a
set of genes important for neuronal development that have undergone extensive genetic and
epigenetic diversification during zebrafish evolution. In contrast, SNP sites replicated
consistently early throughout embryonic development, highlighting a unique aspect of the
zebrafish genome. Our results uncover a hitherto unrecognized interface between
development and evolution.

Introduction
Mutation rates are not constant across the genome. One of the main factors influencing
mutation rate variation is DNA replication timing: genomic regions that replicate later in S
phase have higher rates of mutations and harbor more single nucleotide polymorphisms
(SNPs) compared to earlier-replicating regions. This has been observed in humans
(Stamatoyannopoulos et al. 2009; Chen et al. 2010; Koren et al. 2012), mice (Pink and Hurst
2009; Chen et al. 2010), flies (Weber, Pink, and Hurst 2011), yeast (Ito-Harashima et al.
2002; Lang and Murray 2011; Agier and Fischer 2011), archaea (Flynn et al. 2010), and
bacteria (Deschavanne and Filipski 1995). DNA replication timing is also a major factor
shaping the mutational landscape of cancer genomes, in a cancer-type-specific manner (Woo
and Li 2012; Lawrence et al. 2013; Liu, De, and Michor 2013; Polak et al. 2015). The
correlation of mutation rate across the genome with DNA replication timing appears to be at
least in part due to diminished DNA repair capacity at late stages of DNA replication (Supek
and Lehner 2015; Zheng et al. 2014). DNA copy number variations (CNVs) are also
associated with replication timing and are generally enriched in later-replicating genomic

28

regions (De and Michor 2011; Koren et al. 2012; Cardoso-Moreira and Long 2010; Donley
and Thayer 2013). However, at least in the human genome, a GC-rich sequence motif
(CCNCCNTNNCCNC) promotes the binding of the recombination protein PRDM9 (Myers et
al. 2008) and influences the distribution of a subset of CNVs independently of DNA
replication timing (Koren et al. 2012). Taken together, DNA replication timing could have
important implications for germline and somatic mutations, and therefore development,
genetic disease, cancer, and evolution.
DNA replication timing is also known to change significantly during development.
Comparison of replication timing across mammalian cell types has shown that ~20-30% of
the genome, spanning hundreds of distinct genomic regions, varies in replication timing
between any two cell types, with a total of up to ~50% of the genome showing replication
timing plasticity across all cell types (Desprat et al. 2009; Hansen et al. 2010). In addition,
during differentiation from pluripotent to specialized human cell types, replication timing
changes from early to late or vice versa across replication domains covering 30.5% of the
genome (Rivera-Mulia et al. 2015). While these developmental changes in replication timing
in mammalian cells do not confound the genome-wide correlations of mutation rates with late
replication, specific developmental changes in DNA replication timing could nonetheless alter
the mutational landscape and/or its association with genes and gene regulation, potentially
having important implications for somatic mutations and for development and cancer. In
contrast to somatic mutations, germline mutations should only be influenced by cellular
processes in the germline itself. Accordingly, no previous studies have addressed a potential
cross-talk between the germline mutational landscape and development with regards to DNA
replication timing. Bridging this gap would ideally require measurements of replication
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timing in the germline, or its nearest proxy – early embryonic development (Yehuda et al.
2018)– alongside more mature developmental stages.
Zebrafish (Danio rerio) serves as a powerful model organism for developmental
research (Lele and Krone 1996). We recently reported the replication timing of the zebrafish
genome in five stages of embryonic development: pre-MBT (mid-blastula transition), Dome,
Shield, Bud, and 28 hpf (hours post-fertilization) stages (Siefert et al. 2017) measured by
sorting and sequencing G1 and S-phase DNA. These stages encompass key events in
embryonic development: rapid cell cycles consisting of alternating S phases and mitoses with
repressed transcription in pre-MBT; germ layer determination at gastrulation, between the
Shield and Bud stages; and the formation of a basic vertebrate body plan by 28hpf.
Replication timing was also profiled in an adult cell line derived from a zebrafish tailfin
fibroblast (ZTF). We identified numerous regions in the genome that change their replication
timing during development, with some showing an advancement of replication timing along
development while others showing a delay of replication timing during development. These
localized changes occurred on a background of progressive whole chromosome structuring of
the replication program, from partially structured during pre-MBT to highly structured in
28hpf and ZTF stages, with prominent, consistently active replication origins (Siefert et al.
2017).
Using replication timing maps along zebrafish embryonic development, we asked
whether there is an overlap between sites of germline mutations and sites of developmental
plasticity in DNA replication timing. We analyzed both CNVs and SNPs, and found that
CNVs are enriched in genomic regions that replicate earlier than expected during the first
stages of development. Moreover, CNV sites were particularly prone to changes in replication
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timing, showing progressively later replication timing along development. In contrast, SNPs
in zebrafish tended to replicate early in S phase. Our results provide a new dimension to the
association between DNA replication timing and mutation rates, and suggest a novel interface
between the genome, the epigenome, and development.

Results
Sites of germline CNVs undergo developmental changes in DNA replication timing
Mutation rates are non-uniform across the genome and correlate with the time of DNA
replication in a variety of species. To further understand these associations, we sought to
characterize the loci that harbor genetic variants. We focus on a previously unexplored aspect
of mutation sites: whether their replication timing remains constant or is plastic during
organismal development. We previously showed that CNVs exhibit particularly strong
associations with DNA replication timing (in contrast to SNPs, which have more subtle
correlations; (Koren et al. 2012)). To begin to explore this question, we therefore analyzed the
locations of CNVs in comparison to DNA replication timing at six stages of zebrafish
embryonic development. Importantly, replication timing is not strongly correlated with GC
content in zebrafish (Siefert et al. 2017), thus minimizing confounding effects on the genomic
distribution of CNVs (Koren et al. 2012). We used a zebrafish CNV dataset inferred from
DNA copy number microarray (aCGH) analysis of 40 fish from four diverged strains (ten fish
per strain) in comparison to a randomly selected reference fish from each strain, for a total of
5855 non-overlapping CNVs with an average size of 43kb (Brown et al. 2012) (Holden et al.
2018). Notably, because the dataset is based on comparative microarray hybridization with an
arbitrarily chosen reference from each fish population, the inference of CNVs in this dataset
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does not enable one to distinguish between deletions in one strain versus duplications in the
other. Similarly, since microarrays use pre-selected sequence probes, they do not map CNVs
to bp-resolution. As a result, the exact breakpoints of the CNVs are not known, precluding the
search for microhomology at breakpoints and distinguishing between CNVs caused by
homologous recombination or by non-homologous end joining and related mechanisms.
We first noted a tendency of CNVs to cluster along chromosomes, such that more
CNVs were located within less than ~500Kb from each other than expected if CNVs were
randomly distributed along chromosomes (Figure 2.1 A,B). Clustering of CNVs, previously
observed in the human genome (Koren et al. 2012), suggests that regional factors may affect
their formation at particular chromosomal regions. DNA replication timing could be one of
these factors.
Visualizing the locations of CNVs on the replication timing profiles of pre-MBT and
of 28hpf embryos revealed an intriguingly high density of variant sites overlapping genomic
regions that change in replication timing along development, particularly within regions that
changed from early replicating (positive values) at pre-MBT to late replicating (negative
values) at 28hpf (Figure 2.1 B,C).
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Figure 2.1. Zebrafish CNVs cluster in genomic regions that shift from early to late replication
A) CNVs tend to cluster within less than 500Kb from each other. Distances between adjacent CNVs
were compared to the expected inter-CNV distances determined from 100 iterations of randomized
locations equal to the number of CNVs assuming an even distribution of CNVs throughout the
genome (Kolmogorov-Smirnov p = 10-145).
B) CNVs are concentrated at sites that change from early to late replication. An example of a
chromosome replication profile showing early (pre-MBT) and late (28hpf) embryonic developmental
time points together with the locations of CNVs along the chromosome (shown on both profiles). A
large region at ~5-10Mb switches replication timing from early to late and has the highest density of
CNVs on the chromosome (grey shading). Conversely, at ~36Mb to the end of the chromosome, the
replication timing switches from late to early and has a low density of CNVs (red shading).
Replication timing is presented in z-score units, i.e. as standard deviations from the mean; positive
values represent early replication and negative values represent late replication. Heatmap indicates the
density of CNVs in 500Kb windows.
C) Genomic regions with high densities of CNVs tend to be regions that change replication timing
from early to late. Representative examples are shown. Grey shading marks regions with high CNV
densities.

33

To more formally evaluate the association between structural variation loci and DNA
replication timing, we aggregated CNV loci (excluding chromosome 4; see below), and
measured the average replication timing at these sites and their flanking regions. Compared to
the genomic average (empirically obtained by generating 20 sets of randomly chosen sites,
each set matched to the number of actual genetic variants tested; see methods), CNV sites
replicated earlier than expected in pre-MBT embryos, but replicated later than expected in
28hpf embryos (Figure 2.2A). The regions of replication timing bias relative to the genomic
expectation extended approximately one megabase to each side of the CNV sites. Of note, the
random expectation – or average replication timing at randomly selected genomic sites – was
itself different between early and late embryos, resembling an inverse-parabolic-like shift to
early replication in early embryogenesis but a mostly uniform replication timing in late
embryos (Figure 2.2A). These inverse-parabolic patterns were confirmed to represent the
global replication timing pattern along each of the chromosomes in pre-MBT embryos and to
be gradually reduced during development (Supplemental Figure 2.1). Importantly, the
replication timing of CNV sites and their developmental shift remained significantly biased
even after considering these global background patterns (Figure 2.2A).
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Figure 2.2. CNV sites undergo replication timing shifts along development
A) CNVs shift from early to late replication genome-wide. The replication timing profiles in 10Mb
regions surrounding all CNV sites were aggregated and averaged to produce a “meta-CNV”
replication profile. In parallel, 20 sets of randomly permuted, chromosome-matched CNV locations
were analyzed in a similar manner.
B) The CNV replication timing shift coincides with gastrulation, between the Shield and Bud
embryonic stages. Same as A, for all developmental time points, with the average permutation profile
for each time point subtracted from the meta-CNV profile.
C) Genomic regions that shift from early to late replication are enriched for CNVs. The replication
timing difference between pre-MBT and 28hpf was calculated for each CNV (excluding chromosome
4), and, separately, for replication timing values in 1Kb windows across the genome (excluding CNV
locations and chromosome 4). CNVs are enriched in regions that change from early to late replication,
and are depleted from regions that change from late to early replication (Kolmogorov-Smirnov test p =
10-84).
D) Genomic regions that continuously change in their replication timing along the entire embryonic
development time course were previously identified using a hidden Markov model (HMM;(Siefert et
al. 2017)). Regions that become later-replicating show a nearly 2-fold enrichment of CNVs compared
to expectation, while regions that become earlier-replicating or maintained constant replication timing
are depleted of CNVs. Chi-squared p<<10-300 for all categories.
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To more systematically analyze the changes in replication timing along development
at sites of genetic variation, we repeated the above analysis for all six developmental time
points (five embryonic time points and somatic tailfin fibroblast cells). We subtracted the
genomic average replication timing from the germline variant aggregate profiles to better
evaluate the changes during development without the confounding influence of the
background replication timing patterns described above (Figure 2.2 B; see methods). CNV
sites showed a sharp shift from early to late replication between the Shield and Bud stages, the
time at which gastrulation occurs (Figure 2.2 B).
The developmental changes in replication timing at CNV sites were also evident as
shifts in their replication timing distributions compared to the rest of the genome
(Supplemental Figure 2.2A). This confirms that the shifts in the aggregated sites do not result
from a minority of outliers but rather represent a general trend for CNVs. The replication
timing differences between CNV sites and the rest of the genome were relatively modest, but
highly significant (Kolmogorov-Smirnov p = 10-16 – 10-53 for the different developmental
stages), and again, CNV sites showed the major shift from early to late replicating at the time
of gastrulation (Supplemental Figure 2A).

CNVs are enriched in regions of replication timing plasticity across development
The above results suggest that CNV sites change in their replication timing during
development. As a complementary analysis, we asked what fraction of developmentallyplastic genomic region correspond to CNV sites. In other words, to what extent are CNVs
enriched within genomic regions that change in their replication timing along development?
To answer this, we performed two analyses. First, we calculated the change in replication
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timing from pre-MBT to 28hpf for each CNV site compared to all DNA replication timing
values across the genome in 1Kb windows excluding CNV sites. Genomic regions in general
showed a near normal distribution of replication timing changes, with a similar number of
regions changing from early to late or from late to early replication. In contrast, CNVs
showed a marked skew in favor of being delayed from early to late replication. Specifically,
the replication of 976 CNVs (20.0% of the total) was delayed by more than 1.5 standard
deviations along development, while only 320 CNVs (6.6%), or >3-fold less, showed the
opposite change from late to early replication (Figure 2.2 C). Overall, the distribution of
replication timing changes for CNV sites was significantly different than other genomic sites
(Kolmogorov-Smirnov test, p = 10-84). We also compared the distribution of changes in
replication timing at CNV sites to the distribution of replication timing changes at random
subsets of genomic region equal to the number of CNV sites (Supplemental Figure 2.2B).
Random locations had a similarly shaped distribution of replication timing changes as the
genome as a whole, confirming that the biased timing changes at CNV sites were not due to
their smaller numbers compared to the remainder of genomic sites analyzed (p = 10 -42). These
results reinforce the conclusion that CNVs are enriched at sites with delayed replication along
development.
A second analysis of the overlap between variant sites and developmental plasticity
started with a list of genomic regions that we previously identified as developmentally plastic,
based on a Hidden Markov model (HMM) of replication timing changes along development
(Siefert et al. 2017). Genomic regions that changed from early to late replication were much
more likely to contain CNVs than regions that changed from late to early replication (early-tolate CNVs: 1.96-fold enrichment of CNVs compared to expectation; Chi-squared p<<10-300.
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Late-to-early CNVs: 1.72-fold depletion; p<<10-300; Figure 2.2 D). Taken together, these
results indicate that CNVs sites are enriched within genomic regions that change in their
replication timing from early to late during development.
Since CNVs tend to cluster along chromosomes (Figure 2.1), we repeated the above
analyses (Figure 2.2) on CNV clusters instead of individual CNVs. By hierarchicaly
clustering the locations of CNVs along each chromosome with a distance threshold of 500Kb,
we identified 704 clusters containing at least three CNVs each (on average seven CNVs per
cluster, mean cluster size = 402Kb). Despite the lower number (and hence reduced statistical
power) of clusters compared to individual CNVs, all of the above results were reproduced
with CNV clusters: cluster centers gradually changed from early to late replication along
development (randomization-corrected average replication timing: pre-MBT: 0.15; Dome:
0.13; Shield: 0.14; Bud: -0.03; 28hpf: -0.11; ZTF: -0.15); the replication timing distribution of
CNV clusters was significantly earlier than the remainder of the genome in early development
but significantly later than the remainder of the genome in late development (CNVs compared
to the rest of the genome, pre-MBT: p = 10-4; Dome: p = 10-3; Shield: p = 10-3; Bud: p = 0.49;
28hpf: p = 0.038; ZTF: p = 10-4); CNV clusters showed a marked skew toward replicating
later in 28hpf than in pre-MBT compared to the rest of the genome (25.88% of CNV clusters,
or 161 clusters, changed to later replicating compared to 10.03% of the genome; KolmogorovSmirnov p = 10-17); and CNV clusters were enriched 1.6-fold in regions of the genome
classified as switching from early to late replication (Chi-squared p = 10-7 compared to an
even distribution throughout the genome) and depleted 1.43-fold in regions of the genome
classified as switching from late to early replication (Chi-squared p = 10-2). Thus, CNVs,
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individually or when found in clusters with other CNVs, show a robust change from early to
late replication along embryonic development in zebrafish.

CNV sites correlate with DNA replication timing plasticity independently of any known
confounding factors
The above results suggest a link between DNA replication timing changes during
development and the locations of CNVs along the zebrafish genome. This link could indicate
a common mechanism that influences both the generation of germline structural mutations
and developmental changes in DNA replication. However, it remains possible that other
factors influence both mutation generation and DNA replication timing and thus indirectly
explain this association. To test this, we considered several genetic and epigenetic properties
as potential confounders, including GC content, distance from the telomere, the locations of
genes and repeat sequences, gene expression levels, and chromatin structure (Supplemental
Figure 2.2C). We calculated the density of these properties as well as CNVs in 100Kb
windows along the genome, and inferred the average replication timing in the same windows
at different developmental stages. The density of CNVs showed a weak (as expected given
their sparsity) but significantly positive correlation with replication timing at early embryonic
development (pre-MBT: Spearman ρ = 0.08; p = 10-19), which switched to a negative
correlation at late stages of embryonic development (28hpf: Spearman ρ = -0.09; p = 10-22).
This supports our conclusions above pointing to developmental changes in replication timing
at CNV sites. Importantly, none of the tested potential confounding factors could explain
these associations or the developmental trend, as the correlations remained almost identical
when controlling for these factors using partial correlation analysis (Supplemental Figure
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2.2C; methods). Using linear regression, replication timing was significantly associated with
CNV density (pre-MBT: regression coefficient = 0.068 ± 0.0156, p = 10-16; Dome: regression
coefficient = 0.039 ± 0.0156, p = 10-7; Shield: regression coefficient = 0.044 ± 0.0156, p = 108

; Bud: regression coefficient = -0.060 ± 0.0154, p = 10-15; 28hpf: regression coefficient = -

0.100 ± 0.0154, p = 10-16; ZTF: regression coefficient = -0.103 ± 0.0152, p = 10-16). Multiple
linear regression with sequential ANOVA (methods) indicated that replication timing
associated with CNV density beyond the contribution of all 12 other tested variables, marked
by a decrease in the residual sum of squares (RSS) with the addition of replication timing to
the linear model (pre-MBT ΔRSS = -173.3, p = 10-16; Dome ΔRSS = -113.6, p = 10-16; Shield
ΔRSS = -93.8, p = 10-16; Bud ΔRSS = -4.3, p = 0.014; 28hpf ΔRSS = -47.6, p = 10-15; ZTF
ΔRSS = -49.4, p = 10-16), and as above, CNVs were positively associated with replication
timing at pre-MBT, Dome, and Shield stages, but negatively associated with replication
timing at Bud and 28hpf stages, as well as in ZTF. We note, however, that all examined
features cumulatively explained only 7.8% of the variance in CNV density, suggesting that
other contributing factors remain to be identified.

Chromosome 4q demonstrates the tight link between CNV density and developmental
delay in DNA replication timing
The most dramatic developmental change in DNA replication timing in the zebrafish
genome involves the right arm of chromosome 4. The entire arm undergoes a shift from midto-late replication during gastrulation and becomes one of the latest replicating genomic
regions ((Siefert et al. 2017); Figure 2.3A). Strikingly, chromosome 4q was also highly
enriched in CNVs (Figure 2.3A). When comparing the observed versus expected number of
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CNVs across all chromosomes, chromosome 4q showed the highest enrichment of CNVs in
the genome, at 17.82 CNVs/Mb, compared to an average of 3.84 CNVs/Mb for the remainder
of the genome (4.1-fold enrichment compared to the expected CNV density; Chi-squared
p<<10-300; Figure 2.3B). CNVs on chromosome 4q showed the strongest shift from early to
late replication between the Shield and Bud stages (Figure 2.3C), mirroring the change in
CNV replication timing in the remainder of the genome. Thus, the right arm of chromosome 4
provides a powerful demonstration of the association between CNV density and
developmental changes in DNA replication timing.

Figure 2.3. The right arm of chromosome 4 shows a dramatic replication delay and the highest
density of CNVs in the genome
A) Replication timing profiles of chromosome 4 at pre-MBT (green) and at 28hpf (orange), with the
locations of CNVs marked (black dots). Chromosome 4q shows the strongest replication timing delay
in the genome (see (Siefert et al. 2017)) and also has an unusually high density of CNVs. The heat
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map shows the density of CNVs in 500Kb windows and highlights the sharp increase in CNV density
coinciding with the developmental shift in replication timing.
B) Chromosome 4q has the highest density of CNVs throughout the genome. The ratios of observed
vs. expected numbers of CNVs were calculated per chromosome, with chromosome 4 divided into p
and q arms (given their different properties).
C. The replication timing of CNVs on chromosome 4q shifts from early to late between shield and bud
stages.

CNVs that change from early to late replication overlap the clustered protocadherin
genes
While the association between DNA replication timing plasticity and CNV formation
could point to a mechanism that jointly affects genetic and epigenetic processes, we also
considered whether it could have any functional and/or evolutionary consequences. We first
compared the locations of CNVs in the zebrafish genome to the locations of genes
(Chromosome 4 excluded). CNVs tended to be depleted of genes (CNVs overlapped with
1590 genes compared to 2166 expected overlaps from a random distribution throughout the
genome, Chi-squared p<<10-300), consistent with previous findings that attributed this
depletion to negative selection (Brown et al. 2012; Nguyen, Webber, and Ponting 2006).
Nonetheless, CNV density along chromosomes showed a weak yet positive correlation with
gene density (Supplemental Figure 2.2C, p = 10-3). This correlation was independent of any
tested potential confounders (Supplemental Figure 2.2C), indicating that the co-variance of
CNVs and genes does not result from their correlations with other genomic or epigenomic
variables. To test whether a particular subset of CNVs explains the correlation with genes, we
parsed the CNVs to CNVs within genomic regions that change during development from
early to late, or from late to early replication, and CNVs in regions that do not significantly
change their replication timing (as in Figure 2.2D). Intriguingly, the most significant
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correlation with gene density (p = 10-4) was found among CNVs that shift from early to late
replication during development, despite this category not being the most abundant CNV
category (representing 28.9% of CNVs), while constant and late-to-early CNVs (60.9% and
10.2% of CNVs respectively) were not significantly correlated with gene density (Figure
2.4A).
To further ask if the co-variance of genes and CNVs could have a functional
significance, we tested CNVs for enrichment of specific gene annotations using GO Gene
Ontology (Ashburner et al. 2000; Consortium 2016). CNVs, as a whole, significantly
overlapped genes with annotations related to homophilic cell adhesion (Figure 2.4B). When
parsing CNVs by replication timing categories and comparing genes within CNVs to all other
genes within that category, early-to-late CNVs emerged as the sole drivers of these gene
enrichments. CNVs with late-to-early or constant replication timing showed no significant
enrichment for any gene annotations. As a further control, we found no significant
enrichments for randomly selected genes equal to the number of genes overlapping CNVs in
each replication timing category.
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Figure 2.4. Early-to-late CNVs drive co-variation of CNVs and genes and are enriched for cell
adhesion genes.
A) Early-to-late CNV density co-varies with gene density. Spearman rank correlation p values for
gene density and CNVs parsed by change in replication timing throughout development (chromosome
4 excluded). While all spearman correlation ρ values are modest (<0.1), early-to-late CNVs are the
drivers of the correlation with gene density. Dashed grey line: p=0.05.
B) CNVs that change from early- to late-replicating are enriched for genes related to homophilic cell
adhesion and are the only CNV category with a significant gene annotation enrichment. Enrichments
are in comparison to other genes within each replication timing change category. Late-to-early CNVs
and constant CNVs had no significantly enriched genes (“NA”; category colorcode as in A).

The enrichment for homophilic cell adhesion genes was entirely due to protocadherin
genes. Early-to-late CNVs overlapped protocadherin 15a and the clustered protocadherin 1α
(Pcdh1α), 1γ (Pcdh1γ), and 2α (Pcdh2α) genes (Figure 2.5, Supplemental Figure 2.3A,
Supplemental Table 2.1). Importantly, most of the clustered Pcdh2γ genes were excluded
from the GO analyses since they spanned more than one replication timing category, yet they
also overlapped CNVs that specifically changed from early- to late-replicating (Figure 2.5; the
variable gene regions [see below] in particular overlapped early-to-late CNVs). Thus, all
clustered protocadherin genes in zebrafish (four clusters in total) contain CNVs that change
from early to late replication during embryonic development. The clustered protocadherins
genes encode cell surface receptors that are expressed primarily in the nervous system in early
embryos beginning at gastrulation (Emond and Jontes 2008). They have an unusual genomic
organization in which multiple, variable first exons, each transcribed from its own promoter,
are arranged in tandem upstream from three short, constant exons. Different isoforms of
clustered Pcdh are expressed stochastically and combinatorically in single neurons, giving rise
to an immense molecular diversity that is thought to serve as “molecular barcodes” for
selecting appropriate synaptic partners and facilitating the establishment of complex neural
circuits in the brain (Lefebvre et al. 2012; Chen and Maniatis 2013; Hirayama and Yagi
2013). Clustered Pcdh genes have undergone extensive evolutionary diversification,
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particularly in teleost fishes (including zebrafish), through tandem gene duplications, gene
conversions, and lineage-specific degeneration (Noonan et al. 2004; Wu 2005; Yu et al.
2007). Taken together, clustered Pcdh genes are important for development and have
undergone rapid structural evolution. At the same time, they conform to the pattern we
observe of CNVs being progressively delayed in their replication timing during development.
Thus, replication delays at CNVs sites may have broader functional implications for zebrafish
biology, at Pcdh and potentially other genes.
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Figure 2.5. Early-to-late CNVs overlap the clustered protocadherin genes.
Early-to-late CNV gene enrichment is driven by clustered protocadherin genes on chromosomes 10
and 14. Most Pcdh2γ genes were not included in the GO enrichment analysis since they span both an
early-to-late and a constant replication timing region; however, their variable exons also overlap
CNVs that shift from early to late replication. All clustered Pcdh genes are shown (not all overlapped
CNVs, and several were not annotated by GO; Table S1).

SNPs shift to earlier replication during development
We next asked whether SNPs show replication timing changes during development
similar to CNVs. SNPs are much more abundant in the genome than CNVs, and their rates
across the genome vary in more subtle ways that represent the influences of mutational biases
but also, to a large extent, of natural selection and random drift. Thus, the ability to relate their
genomic distribution to DNA replication timing is more limited than for CNVs. Indeed,
previous studies in humans have shown modest (but nonetheless significant) enrichments of
SNPs in later-replicating genomic regions (Stamatoyannopoulos et al. 2009; Koren et al.
2012); this correlation is much stronger for de novo germline mutations (Francioli et al. 2015)
and for somatic mutations in cell lines (Koren et al. 2012) and in cancer (Lawrence et al.
2013). In zebrafish, SNP data is currently the only available genomic data relating to point
mutations (to our knowledge). Accordingly, we analyzed replication timing changes at SNP
sites using three datasets obtained from whole genome sequencing: 1) sites of heterozygosity,
representing segregating SNPs, in the NHGRI-1 zebrafish strain that was derived from a cross
between two divergent fish strains (“NHGRI-1”) (LaFave et al. 2014); 2) SNPs among three
laboratory zebrafish strains (TL, WIK, and Tg; “SNPFisher”) (Butler et al. 2015); 3) SNPs
identified by sequencing four wild-type fish strains (Tü, WIK, AB, and TLF; “Zebrafish
Strain DB”) (Bowen et al. 2012). To minimize the effects of selection and other population
genetic processes, we removed SNPs located within exonic regions and in non-methylated
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islands – markers of gene promoters in cold-blooded vertebrates (Long et al. 2013). We also
excluded SNPs on chromosome 4, leaving a total of 14,945,106, 6,141,728, and 6,324,096
SNPs for the respective datasets.
We first compared the average replication timing of SNP sites and their flanking
regions to randomized control sites. In this case, the random control, which also excluded
exonic and regulatory regions to match the SNPs, showed a distinctive replication timing dip
around tested sites that results from the relatively late replication of intergenic regions
(consistently, exonic regions replicate early in S phase; (Siefert et al. 2017); Figure 2.6A).
Compared to this background, SNP sites replicated around the genomic mean at pre-MBT (or
earlier than the mean in the case of the Zebrafish Strain DB dataset) but replicated
consistently earlier than expected at 28hpf (Figure 2.6A) and at other developmental time
points (Figure 2.6B). There was even some evidence suggesting a gradual change to earlier
replication along development (Figure 2.6A) – the opposite of the trend observed for CNVs.
The early replication of SNP loci in zebrafish is surprising given that in previously studied
species, SNP sites are typically enriched at late-replicating regions (Stamatoyannopoulos et al.
2009; Koren et al. 2012; Pink and Hurst 2009; Weber, Pink, and Hurst 2011).
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Figure 2.6. SNP loci replicate early in zebrafish
A) SNPs show a shift toward earlier replication at 28hpf when compared to genomic regions in
general (excluding exonic and regulatory regions). This trend is consistent in all three independent
datasets: NHGRI-1 (LaFave et al. 2014), SNPFisher (Butler et al. 2015), and Zebrafish Strain DB
(Bowen et al. 2012). The replication timing profiles in 10Mb regions surrounding all SNP sites were
aggregated and averaged as described in Figure 2.2A. In parallel, 20 sets of randomly permuted,
chromosome-matched SNP locations were analyzed in a similar manner, also excluding exonic and
regulatory regions.
B) SNPs replicate early in zebrafish, and may possibly even shift to earlier replication along
development. Same as A for all developmental time points, with the average permutation profile for
each time point subtracted from the average SNP profile.
C) SNPs are enriched in late-to-early and constant replicating regions across all datasets, while being
consistently depleted in early-to-late replicating regions. Replicating regions were classified according
to HMM classification (Siefert et al. 2017). Chi-squared p << 10-300 for all categories.

50

When analyzing the distribution of SNPs within genomic regions that changed from
early to late replication during development, from late to early replication, or neither, we
found that SNPs were weakly but significantly enriched in regions that shifted to earlier
replication throughout development or that had a constant replication timing, while regions
that changed from early to late replication were depleted of SNPs (Figure 2.6C). This was the
opposite pattern from what was observed for CNVs, suggesting that SNPs and CNVs localize
to distinct regions of the genome with different replication timing properties. Consistently,
SNP and CNV densities were negatively correlated. This correlation, and the correlation of
SNP densities with DNA replication timing, were not confounded by any known genomic or
epigenetic features (Supplemental Figure 2.4). Taken together, these results suggest that
replication timing affects the localization of both CNVs and SNPs, albeit in apparently
opposite ways along zebrafish development. The early replication of SNP loci is unique to
zebrafish among species studies thus far.

Human genetic variant loci demonstrate replication timing plasticity
Because of the strong replication timing plasticity observed at genetic variant locations
in zebrafish, we were interested to see whether replication timing plasticity at germline
genetic variant locations was present in other species. To the best of our knowledge, zebrafish
is the only species with both replication timing data during embryonic development as well as
comprehensive catalogs of genetic variation. Therefore, as a proxy for embryonic
development, we used replication timing measured during in vitro differentiation of human
embryonic stem cells (ESCs) to the three germ cell layers: endoderm, mesoderm, or ectoderm,
for a total of 14 cell lineages (Rivera-Mulia et al. 2015; Yehuda et al. 2018). We analyzed
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CNVs that were identified by whole-genome sequencing and have been parsed into those
likely formed by homologous recombination (HR, n = 2,865) or non-homologous end joining
(NHEJ, n = 21,221) based on the presence or absence of microhomology at the break points
(Sudmant et al. 2015). We also analyzed sites of de novo mutations (DNMs, n = 11,020),
which represent single nucleotide mutation sites with minimal influences of natural selection
(Francioli et al. 2015). Changes in replication timing were calculated between ESCs and each
differentiated cell type at all genetic variant locations compared to all genomic DNA
replication timing values in 1Kb windows. Modest, yet significant, delays in replication
timing were observed in several differentiated cell types, most notably at locations with HR
CNVs, for example during differentation to pancreatic cells (CNV replication timing was
delayed on average by 0.15 standard deviations (sd) more than non-CNVs when comparing
differentiated cells to embryonic stem cells; p = 10 -29), mesothelial cells (average relative
CNV delay = 0.3sd; p = 10-63), smooth muscle (SM) (average relative CNV delay = 0.29sd; p
= 10-62), neural crest (NC) (average relative CNV delay = 0.15sd; p = 10-16), and neural
progentior cells (NPC) (average relative CNV delay = 0.24sd; p = 10-43). More modest
changes were observed for NHEJ CNVs and for DNMs (Supplemental Figure 2.5). Of note,
the human clustered protocadherins genes, like their zebrafish counterparts, were located in a
region with clear development shift from early to late replication. The same region also
contains several CNVs, although these CNVs were not as locally clustered at the Pcdh genes
as they were in zebrafish (Supplemental Figure 2.3B). We conclude that, while not as
pervasive as in zebrafish (to the extent we could evaluate with existing data), some human
genetic variation loci also show replication timing changes during development. Thus, the
link between developmental replication timing plasticity and germline mutations may be
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present across a wide array of organisms, but may play a larger role in the development of
some species.

Discussion
The association of DNA replication timing with mutation rates, and the developmental
plasticity of DNA replication timing, are both established phenomena. Here, we link the two
together. The availability of high-resolution replication timing profiles along several time
points of embryonic development makes zebrafish a particularly powerful model for
comparing the replication timing influences on mutations with its developmental plasticity.
We find that CNV locations correspond to regions that change from early- to late-replicating
along development. Conversely, regions that are progressively delayed in their replication
timing are enriched with CNVs. These observations hold for individual CNVs and for CNV
clusters, and could not be explained by other known confounding genetic or epigenetic
factors. The right arm of chromosome 4 provides a dramatic example of this relationship
between CNVs and developmental changes in replication timing – it is the most extreme
instance of developmental delay in replication timing in zebrafish, and also harbors the
highest density of CNVs in the genome. Taken together, the genomic regions that experience
developmental changes in replication timing are also more prone to the accumulation of
structural changes that manifest as CNVs.
We hypothesize that an underlying property of the genome and/or epigenome
influences both the plasticity of DNA replication timing and the formation of structural
mutations. For instance, particular chromatin structures, DNA sequences, and/or DNA
secondary structures may make certain genomic regions more amenable to replication timing
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plasticity but also more fragile. Further research would be required in order to understand the
significance of replication timing changes at many of the same locations that tend to be
structurally variant. It is possible that DNA replication timing serves different functions in the
early embryo and in different somatic cell lineages, including the germline. For instance,
particular replication times in the germline could facilitate specific rates and spectra of
evolutionary mutations, while later in development (or in different cell lineages), somatic
structural mutation patterns could be better tuned to preventing cancer and modulating the
activity of certain sets of genes.
While our study is based on early embryonic development, mutations with heritable
and evolutionary significance occur specifically in the germline. Although replication timing
is mostly conserved between cell types, and embryonic cells appear to be the closest to germ
cells in terms of replication timing (Yehuda et al. 2018), it remains to be determined whether
germline replication timing is more similar to pre- or post-gastrulation replication timing, and
whether CNV-containing genomic loci replicate early or late in the zebrafish germline.
Regardless, the pervasive correlation of DNA replication timing with CNV locations suggests
that replication timing may be a central factor influencing the formation of CNVs during
evolution.
CNV loci that were delayed in their replication timing during embryonic development
coincided with 440 genes. It will be interesting to study the activity of these genes across
different developmental lineages and link them to changes in replication timing on one hand,
and to genome stability on the other hand. Of particular interest are the clustered
protocadherin genes, virtually all of which coincide with CNVs that replicate early pregastrulation but late post-gastrulation. The genomic organization of the Pcdh gene clusters
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resembles that of the immunoglobulin and T-cell receptor gene clusters, both of which
generate enormous diversity in the antibody repertoire through a mechanism that involves
somatic rearrangement and mutations. Clustered Pcdh have been suggested to generate
diversity in the brain by a related, but distinct mechanism mostly based on combinatorial
epigenetic regulation of promoter choice and alternative transcripts (Chen and Maniatis 2013;
Hirayama and Yagi 2013). Our results raise the possibility that genomic rearrangements and
their intersection with replication timing regulation may play an under-appreciated role in
Pcdh biology in either somatic cells or during evolution. Furthermore, zebrafish belong to the
teleost infraclass, the largest and most diverse vertebrate clade that exhibits wide diversity in
habitat, morphology, behavior, physiology and adaptations. The dynamic Pcdh clusters have
been proposed to have facilitated the diversification of neural circuitry among teleosts and
potentially contribute to their behavioral and physiological diversity (Yu et al. 2007). It would
be interesting to consider a role for DNA replication timing regulation in such phenotypic
adaptations. More generally, it is conceivable that unique mechanisms of genome evolution
related to developmental regulation are operating in these species and facilitate their rapid
evolution. In line with this notion, a recent study (Xie et al. 2019) showed that recurrent
evolutionary adaptations in stickleback fish (a teleost) could be facilitated by specific
chromosomal structures and DNA replication timing programs.
Our analysis of CNVs was limited by the lack of sequencing-based CNV calls, which
could inform regarding formation mechanism (i.e. homologous recombination vs nonhomologous end-joining; (Mills et al. 2011)) and allow deeper mechanistic insight. Future
studies, utilizing better refined maps of zebrafish structural variation, will be instrumental in
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providing more detailed understanding of the links between replication timing changes along
development and CNVs.
While CNV loci showed developmental variation in DNA replication timing, zebrafish
SNP loci also showed an unexpected localization with respect to the replication timing
program. Single nucleotide variants are enriched in late-replication regions in all species
studies so far and in both germline and somatic cells. In contrast, we used three independent
datasets to show that SNPs in zebrafish replicate early in all developmental time points
studied. We propose at least three implications for the early-replication of SNPs in zebrafish:
first, since genes tend to replicate early (Siefert et al. 2017), zebrafish may harbor a larger
fraction of genic diversity compared to other species in which germline mutations tend to
localize to gene-poor, late replicating regions. As suggested above, this could conceivably
contribute to the vast genetic diversity of the teleost infraclass. Second, in mammalian
genomes, GC content varies across chromosomes in correlation to DNA replication timing,
and this correlation has been suggested to result from mutagenic pressures exerted by
germline DNA replication timing programs (Kenigsberg et al. 2016). Zebrafish is unique in
this respect as its replication timing program is not correlated with genomic GC content
(Siefert et al. 2017). We speculate that the weak, positive correlation between replication
timing and SNP density (and by inference, mutation rate) in zebrafish may be the cause of the
lack of strong correlation between replication timing and GC content. Finally, the
accumulation of mutations in late replicating regions in humans is likely attributable to DNA
repair pathways (Supek and Lehner 2015) (Zheng et al. 2014), which presumably become less
effective in late-S phase and enable the increased accumulation of mutations. The lack of
increased SNP densities in late-replicating loci in zebrafish may point to differences in DNA
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repair mechanisms in zebrafish compared to other species. A comparative approach to DNA
repair and mutagenesis could thus be enlightening for the understanding of the mechanisms
affecting mutation accumulation across the genome.
Taken together, our results suggest that a complete understanding of the genetic and
epigenetic factors influencing mutation rate distribution across the genome would require
studies across species as well as different developmental stages. Future studies of DNA
replication timing in different systems, together with ever-refined maps of mutation and
genetic variation, will address the mechanisms that cause the developmental shifts in
replication timing at sites of germline variation and illuminate this interface between the
genome, the epigenome, development, and evolution.

Methods
DNA replication timing data
DNA replication timing data was obtained from (Siefert et al. 2017). Briefly, cells from whole
embryos were sorted into G1 and S phase fractions, and genomic DNA was sequenced. S
phase DNA copy number was normalized by G1 phase DNA copy number in windows of 200
G1 reads. DNA copy number values were then smoothed using a cubic smoothing spline and
scaled to a z-score distribution, with a genome-wide mean of 0 and a standard deviation of 1.
Chromosome 4 was divided into left and (“p”) and right (“q”) arms based on the
developmental shift in replication timing at 27.7Mb.
The replication timing data is defined in non-uniformly sized genomic windows. To
determine replication timing at specific locations throughout the genome not directly
represented in the data, replication timing was interpolated using linear interpolation (Matlab
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function interp1). Linear interpolation infers replication timing values for queried locations
using flanking available locations and replication timing values.

Genetic variation data
CNV data was obtained from (Brown et al. 2012; Holden et al. 2018), which used microarrays
to measure copy number across four common zebrafish strains. Randomly selected
individuals were used as a reference. CNV locations were combined across all four zebrafish
strains, and overlapping CNV were merged as before (Brown et al. 2012). Because CNVs
were called based on a randomly selected individual, deletions and amplifications could not
be discriminated from each other. SNP data was based on high throughput sequencing of the
hybrid strain NHGRI1 (LaFave et al. 2014) and the laboratory fish strains Tü, WIK, AB and
TLF (Bowen et al. 2012) or TL, WIK, and Tg (fli1a-eGFPy1) (Butler et al. 2015). SNPs
located within exonic regions (RefSeq, GRCz10) and gene promoters (identified as nonmethylated DNA islands) (Long et al. 2013) were removed from analysis. Genomic
coordinates were based on the GRCz10 zebrafish genome assembly, and were matched across
datasets using LiftOver when required.

Clustering of CNVs
Inter-CNV distances were calculated between the center locations of all CNVs on each
chromosome, all distances across all chromosomes were combined and sorted by increasing
distance. Expected distances were calculated by selecting random locations throughout the
genome equal to the number of CNVs; this site permutation was repeated 100 times. InterCNV distances in the randomized locations were calculated for each of the 100 iterations,
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sorted by increasing distance as above, and then averaged across all iterations. In order to
define CNV clusters, the center locations of CNVs on each chromosome were clustered using
hierarchical clustering with a distance threshold of 500Kb. Only clusters containing three or
more CNVs were considered further.

Aggregated replication timing profiles at genetic variant sites
Replication timing of the 5Mb areas on each side of each SNP or CNV were interpolated to
evenly-spaced coordinates 1Kb apart along each chromosome. Replication timing values were
then averaged across all variant sites (SNPs or CNVs) for each 1Kb coordinate. Randomized
profiles were generated by choosing random locations across each chromosome equal to the
number of variant sites on that chromosome, followed by interpolation to 1Kb-spaced
coordinates as above; this was repeated 20 times. To correct for global background replication
trends (Figures 2.2A,B, 2.6A,B; see Supplemental Figure 2.1), the average replication timing
profile was calculated from all randomized profiles and subtracted from the genetic variation
site profile.

Partial Correlations
In order to evaluate the contribution of different factors to the association between variant
sites and replication timing, we performed a correlation and partial correlation analysis, the
former evaluating the direct correlation between the density of genetic variants along
chromosomes and DNA replication timing, while the latter repeats the correlation calculation
taking into account one additional confounding factor at a time. To do this, the genome was
divided into 100Kb non-overlapping windows. Replication timing was interpolated at the
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window center locations, while GC content was averaged within each window. The
representation of all other genomic features was determined by counts within the 100Kb
windows. Spearman rank correlations were calculated between CNVs or SNPs and one other
variable (Matlab function corr), while Spearman partial correlations included an additional
variable that was being controlled for (Matlab function partialcorr); this was repeated for all
tested variables.

Multiple Linear Regression
The density of all genomic features were binned into 100Kb bins across the genome as
described above. A linear model was fit using all genomic and epigenetic features (excluding
replication timing) as input with CNV density as the observed output. Subsequently, a second
linear model was fit with replication timing from a given developmental time point added as
an additional input. The two linear models were compared using an ANOVA (R function
anova) to determine if the fit of the linear model was improved with the addition of
replication timing. This procedure was performed for replication timing at each
developmental time point. Change in residual sum of squares (RSS) was calculated by
subtracting the RSS from the first linear model (without replication timing) from the RSS
from the second linear model (with replication timing). A negative change in RSS means the
RSS decreased with the addition of replication timing to the model and the model better
explains the variation in CNV density.
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Enrichment of variant sites at particular genomic regions
In order to determine whether CNV or SNP localization was biased to specific regions of the
genome, such as particular chromosomes (Figure 2.3B) or regions with developmental
replication timing plasticity (Figures 2.2D, 2.6C), we calculated the expected number of sites
assuming an equal distribution throughout the genome. In the case of SNPs, the “genome”
was defined as regions not classified as exonic or regulatory. To calculate the expected
number of variants in a specific region of interest, the length of the region was divided by the
total length of the genome and multiplied by the total number of variants (CNVs or SNPs)
across the genome. A two proportions Chi-squared test was used to calculate the significance
between the observed and the expected number of variant sites.

Gene Ontology enrichment analysis
Enrichment for gene annotations was analzed using Gene Ontology (Ashburner et al. 2000;
Consortium 2016). CNVs were parsed using a Hidden Markov model (HMM) into early-tolate, late-to-early, or constant replication timing (Siefert et al. 2017), and genes overlapping
with these CNVs were identified (Refseq gene annotation for GRCz10). Gene with more than
one overlapping CNV in a given category were considered once for the enrichment analysis,
and genes spanning more than one HMM category were excluded. Background gene lists for
comparisons were generated based on all the genes in each HMM category, excluding genes
spanning more than one HMM category. Gene enrichment was calculated using a Fisher’s
Exact test with Bonferoni correction for multiple tests.
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Chromosome-level replication timing trends
To reveal chromosome-scale replication timing patterns (Supplemental Figure 2.1), the
replication timing of each chromosome was smoothed using a cubic smoothing spline (Matlab
function csaps) with a parameter of 10-24. Each chromosome was binned into 1000 evenlyspaced intervals, and the smoothed replication timing for each interval was averaged across
all chromosomes to produce a composite replication timing profile for each developmental
stage.
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Supplemental Figures

Supplemental Figure 2.1. Replication timing profiles are inverse-parabolic along chromosomes
during early development
A) Representative chromosomes showing the inverse parabolic trend in pre-MBT replication timing
across the chromosome axis. These inverse parabolic trends are most obvious after chromosome-scale
smoothing (green line) but are also evident in unsmoothed data (grey points).
B) Inverse parabolic trends are present across all chromosomes in pre-MBT embryos (green) but
largely disappear in 28hpf embryos (orange).
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C) A composite of global replication timing for all developmental time points was calculated by
converting genomic loci on each chromosome to relative chromosome location in 1000 evenly-spaced
bins and averaging the smoothed replication timing across all chromosomes. The inverse parabolic
trend decreases gradually throughout development.

Supplemental Figure 2.2. CNVs shift from early to late replication along development
independently of other genomic and epigenomic factors
A) The distribution of replication timing values for all CNVs (blue) compared to the replication timing
distribution of all genomic sites excluding CNVs (grey; original replication timing values representing
non-overlapping windows) at each developmental time point. The average CNV replication timing
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switches from early to late between the Shield and Bud stages. All CNV replication timing
distributions are significantly different from the overall genomic replication timing distribution
(Kolmogorov-Smirnov p = 10-16 – 10-53).
B) Identical to Figure 2C, with randomization of CNVs locations included (dashed grey lines). CNV
locations were randomized throughout the genome (excluding chromosome 4) 100 times and the
replication timing difference between pre-MBT and 28hpf was calculated. All 100 randomizations
provided similar results; 15 randomized distributions are shown. The average random distribution was
calculated (dashed black line) and compared to the CNV distribution. The randomized distribution is
highly similar to the distribution of the genome (solid dark grey line), supporting the conclusion that
CNVs are enriched in regions that change from early to late replication, and are depleted from regions
that change from late to early replication (Kolmogorov-Smirnov test, CNVs vs average randomization
p = 10-42).
C) CNV density along the genome and DNA replication timing are positively correlated in early
development but negatively correlated later in development. CNV density is also positively correlated
with gene density. These correlations cannot be explained by any of a set of potential confounding
genetic (GC content, distance from telomere, repeat density, and gene expression) and epigenetic
variables (H3K36 trimethylation (Ulitsky et al. 2011), H3K27 acetylation (Bogdanovic et al. 2012),
H3K4 monomethylation (Bogdanovic et al. 2012), H3K4 trimethylation (Bogdanovic et al. 2012),
acetylated putative distal regulatory elements (acPDREs) (Bogdanovic et al. 2012), and developmental
stage-specific differentially methylated regions (dsDMRs) (Lee et al. 2015)). Spearman rank
correlation coefficients were calculated between CNV density and replication timing (pre-MBT and
28hpf) or the density of genes. White-bordered squares along the diagonal represent the full
correlations with CNV density, while all other squares represent Spearman partial correlations
between CNV density and the variables on the Y axis while controlling for the variables on the X axis.
The density of each variable, and the average DNA replication timing, were calculated in 100Kb
windows.
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Supplemental Figure 2.3. Zebrafish and human protocadherin genes shift from early to late
replication during development
A) Early-to-late CNVs overlap zebrafish pcdh15a, an unclustered protocadherin gene. Like the
clustered protocadherin genes, pcdh15a resides in a region that changes replication timing from early
to late throughout development.
B) In humans, the clustered protocadherin genes reside within a region that shows a significant change
in replication timing from early in ESCs (blue lines) to late in all differentiated cell lines (grey lines).
The same result was observed for differentiation from either the CyT49 or H9 cell lines. Human
clustered protocadherin genes are also overlapped by CNVs, though they do not show as strong of
CNV clustering as is observed in zebrafish.

Supplemental Figure 2.4. SNP density is positively correlated with replication timing and
negatively correlated with CNV density
Spearman partial correlation of SNP density with replication timing at 28hpf and CNV density, for
three SNP datasets NHGRI-1 (LaFave et al. 2014) (A), SNPFisher (Butler et al. 2015) (B), and
Zebrafish Strain DB (Bowen et al. 2012) (C). SNPs are consistently positively correlated with 28hpf
replication timing, and negatively correlated with CNV density. The SNP correlations with replication
timing and CNV density are not confounded by other genomic or epigenetic features.
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Supplemental Figure 2.5. Human mutations show replication timing plasticity
Significant delays in replication timing were observed in several differentiated cell types, dependent
on cell lineage and type of genetic variant tested, with the strongest delay observed at locations with
HR CNVs. The violin plots show the distribution of the developmental change in replication timing
for the whole genome (grey) compared to locations of HR CNVs, NHEJ CNVs, or DNMs (blue),
further separated by the ESC line used for the differentiation (left: CyT49 or right: H9). The change in
replication timing was determined by subtracting the replication timing in ESCs from that in the
differentiated cell type. Significance was calculated using a Kolmogorov-Smirnov test comparing the
replication timing distribution of the mutations to the replication timing distribution of the whole
genome. Significant changes (p < 0.001 after Bonferroni correction) are denoted with the p value
listed in red. DE: definitive endoderm; Splanchnic: splanchnic mesoderm; SM: smooth muscle; NC:
neural crest; NPC: neural progenitor cell; MSC: mesenchymal stem cell.
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Gene
Name

Pcdh1a3
Pcdh1a6

Pcdh1g1
Pcdh1g3
Pcdh1gb2
Pcdh1g9
Pcdh1gb9
Pcdh1g18
Pcdh1g22
Pcdh1g33
Pcdh1g26
Pcdh1gc5
Pcdh2ab12
Pcdh2ab11
Pcdh2ab10
Pcdh2ab9
Pcdh2ab8
Pcdh2ab6
Pcdh2ab5
Pcdh2ab3
Pcdh2ab2
Pcdh2ab1
Pcdh2aa15
Pcdh2aa1
Pcdh2g17

Location
Chr 10: 2160222321691386
Chr 10: 2161958421691386
Chr 10: 2169344621862676
Chr 10: 2170306521862676
Chr 10: 2171967621862676
Chr 10: 2174416921862676
Chr 10: 2176108621861202
Chr 10: 2178047421862676
Chr 10: 2181952921862679
Chr 10: 2182583421862621
Chr 10: 2182929221862676
Chr 10: 2183257221862676

All
Early-to-late
CNVs
CNVs
Cluster 1 α genes

Change in
Replication Timing

Y

Y

-2.79

Y
Cluster 1 γ genes

Y

-2.81

Y

Y

-2.35

Y

Y

-2.31

Y

Y

-2.24

Y

Y

-2.12

Y

Y

-2.04

Y

Y

-1.93

Y

Y

-1.72

Y

Y

-1.67

Y

Y

-1.67

Y

-1.65

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

-2.38
-2.39
-2.39
-2.40
-2.41
-2.43
-2.44
-2.45
-2.46
-2.47
-2.59
-2.68

N

0.23

Y
Cluster 2 α genes
Chr 14: 2204772-2268823
Y
Chr 14: 2204772-2271538
Y
Chr 14: 2204772-2274797
Y
Chr 14: 2204772-2277916
Y
Chr 14: 2204772-2281222
Y
Chr 14: 2204772-2288097
Y
Chr 14: 2204772-2291391
Y
Chr 14: 2204772-2295242
Y
Chr 14: 2204772-2298934
Y
Chr 14: 2204772-2303456
Y
Chr 14: 2204772-2349164
Y
Chr 14: 2204772-2409474
Y
Cluster 2 γ genes
Chr 14: 1715093-2083035
Y
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Pcdh2g28

Pcdh15a

Chr 14: 1715093-2040643
Y
Unclustered genes
Chr 13: 4104480141420889
Y

N

0.36

Y

-1.16

Supplemental Table 2.1: Gene ontology enrichment of genes overlapping CNVs
Shown are the genes belonging to GO categories enriched within all CNVs (“All CNVs”) or within
CNVs residing in early-to-late replicating regions (“Early-to-late CNVs”). Change in replication
timing refers to the timing difference between 28hpf and pre-MBT at the center of each gene (negative
values indicate a shift from early to late replication). Two cluster 2 γ genes were only assigned to a
constant replication timing region and their center locations were advanced in replication during
development. Nonetheless, several CNVs specifically overlapped the variable regions of these genes
and changed from early-to-late replication. Other Pcdh 2 γ genes overlapped early-to-late CNVs but
were not included in the GO analysis (see Figure 2.5).
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CHAPTER 3: CONCLUSIONS
DNA replication in eukaryotes is a complex and highly scripted process. Though we
have an understanding of the proteins that help to orchestrate DNA replication, we have not
filled in all of the gaps about how the replication program is established and maintained, and
the implications of maintaining such a program. In this work, I investigated the relationship
between replication timing and development, and the implications this relationship has on
germline mutation accumulation. This study expands our understanding of how replication
affects mutation localization by considering replication within the context of the entire
organism.
Replication within the organism
Previous studies of replication timing in human observed a preferential accumulation
of mutations, both copy number variants (CNVs) and single nucleotide polymorphisms
(SNPs), in late replicating regions (Koren et al. 2012; Stamatoyannopoulos et al. 2009). The
separation of mutations in later replicating regions and genes in earlier replicating regions was
hypothesized to be a protective mechanism to maintain the integrity of the genome. However,
the developmental plasticity of replication timing complicates this picture. What happens to a
late replicating region with accumulated mutations when it starts to replicate earlier in a
different cell type? In Chapter 2, I found that germline SNPs in zebrafish are enriched within
consistently early replicating regions and regions that have progressively earlier replication
timing throughout embryo development. This result contradicts findings in humans and other
eukaryotes. The differential enrichment of SNPs in zebrafish may be due to the disconnected
relationship between replication timing and GC content. In humans and other eukaryotes,
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replication timing and GC content are highly correlated. Studies of mutation accumulation
have struggled to account for this relationship, and have to take care to apply GC-matched
controls in order to isolate just the effect of replication timing (Koren et al. 2012). Zebrafish
do not exhibit this strong relationship between replication timing and GC content (Siefert et
al. 2017). Instead, mutation bias within replication timing can be studied without needing to
control for GC-content. It is possible that GC content and replication timing each apply their
own biases to mutation accumulation. When mutation accumulation is studied with both GC
content bias and replication timing bias, as in human and other eukaryote studies, SNPs would
appear to accumulate in late replicating and low GC-content regions. In studies where
mutation accumulation can be investigated with only replication timing bias, SNPs would
appear to accumulate in earlier replicating regions. Other fish species should be studied to
identify the relationship between replication timing and GC-content, as well as the mutation
accumulation bias. Consistent SNP bias to early replicating regions in fish with a strong
relationship between replication timing and GC-content may suggest that the mutation bias is
specific to a family of organisms (discussed in greater detail below) and not due to the
relationship between replication timing and GC-content. However, a change in the mutation
bias within fish species that have a strong replication timing-GC-content relationship would
suggest that GC-content and replication timing may be applying separate biases to mutation
accumulation.
The differential SNP accumulation could also be due to species-specific differences
independent of the relationship between replication timing and GC-content. Zebrafish are
highly diverged from humans. It is possible that an independent mutation bias is present in
zebrafish that is not observed in humans or other eukaryotes. The teleost infra-class (a
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subclass of ray-finned fishes), of which the zebrafish is a member, is one of the largest classes
of animals. An independent mutation bias may have arisen during the drastic speciation of the
teleost infra-class, either contributing to the speciation events or remaining due to nondeleterious effects. Further studies are essential to piecing together this mystery. Studies of
replication timing mutation biases within other teleost fish, such as the fugu pufferfish
(Torafugu rubripes) or the stickleback (Gasterosteus aculeatus), examining both germline and
somatic mutation accumulation, would help determine whether SNP accumulation in earlier
replicating regions is zebrafish-specific, teleost fish-specific, or related to the relationship
between replication timing and GC-content.
CNVs demonstrated a separate accumulation bias from SNPs within zebrafish,
accumulating preferentially within regions that replicate progressively later throughout
embryo development. These early-to-late regions were linked to the presence of the clustered
protocadherin genes. The clustered protocadherin genes are essential for neuron patterning in
the central nervous system, and help to direct the neuron branching pattern through neuron
labeling (Chen and Maniatis 2013; Garrett et al. 2012; Hirayama and Yagi 2006, 2013;
Lefebvre et al. 2012; Suo et al. 2012). CNVs have been associated with the clustered
protocadherin genes in many species as a mechanism to increase diversity of the genes, thus
improving their function to label neurons (Noonan et al. 2004; Wu 2005; Wu et al. 2001; Yu
et al. 2007). This study is the first to tie CNV association with the clustered protocadherin
genes to replication timing plasticity. Previous studies of replication timing hypothesized that
later replication timing was used as a silencing mechanism – highly expressed genes tend to
be in earlier replicating regions, while lower expressed genes tend to be in later replicating
regions (Hiratani et al. 2009). The switch in replication timing at the clustered protocadherin
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genes from early in the beginning developmental stages to later in more developed embryos
may be a mechanism to activate the genes when expression is needed and then silence the
genes after a certain developmental stage is reached. This same activation and silencing
mechanism could also be used in regions of CNV accumulation. CNVs can be beneficial to
certain regions of the genome, such as the clustered protocadherin genes and immune-related
genes, though CNVs can also be detrimental and contribute to genome instability. The
replication timing plasticity of these CNV-prone regions could be a safety mechanism to
allow CNVs to form in certain regions of the genome, and subsequently silence them to
prevent excessive CNV accumulation near highly expressed genes or regulatory regions.
Another possibility of CNV accumulation in early-to-late replication timing regions may have
to do with the mechanisms that regulate replication timing plasticity. Unfortunately, we still
don’t understand exactly how cells regulate and change replication timing. However, these
mechanisms could make certain regions more susceptible to mutation accumulation. Thus,
replication timing plasticity would act as a marker for regions of mutation accumulation
instead of functioning as a response to mutation accumulation. A better understanding of how
replication timing is regulated could help untangle this mutation accumulation biases.
This study of germline mutation accumulation bias in the developing zebrafish embryo
has highlighted the importance of understanding not just how replication is carried out at one
static stage, but how replication will progress at later developmental stages. Germline
mutations do not appear to accumulate within a static system. Instead, features of replication
timing that play a role in its plasticity also likely affect mutation accumulation. The role of
other genomic features, such as gene localization, gene expression, and GC-content, must also
be studied to understand if and how these features contribute to mutation accumulation.
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Additionally, whether this phenomenon is specific to zebrafish or can be applied to other
eukaryotes remains to be seen. In either case, the outcome will provide valuable information
on the implications of maintaining a replication program for not just the cell, but for the entire
organism.
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