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1 

Abstract 

DNA replication in differentiated cells follows a defined program, but when and how it is established 1 

during mammalian development is not known. Here we show using single-cell sequencing, that both 2 

bovine and mouse cleavage stage embryos progress through S-phase in a defined pattern. Late 3 

replicating regions are associated with the nuclear lamina from the first cell cycle after fertilization, 4 

and contain few active origins, and few but long genes. Chromosome breaks, which form 5 

spontaneously in bovine embryos at sites concordant with human embryos, preferentially locate to 6 

late replicating regions. In mice, late replicating regions show enhanced fragility due to a sparsity of 7 

dormant origins that can be activated under conditions of replication stress. This pattern predisposes 8 

regions with long neuronal genes to fragility and genetic change prior to segregation of soma and 9 

germ line. Our studies show that the formation of early and late replicating regions is among the first 10 

layers of epigenetic regulation established on the mammalian genome after fertilization.  11 
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2 

Introduction 12 

DNA replication is an essential process for cell division and development, but basic principles are 13 

largely uncharacterized in the early mammalian embryo. It was recently shown that DNA replication 14 

stress defined by low replication fork speed, replication fork stalling, and a requirement for G2 DNA 15 

synthesis, is prevalent in both mouse and human embryos. Particularly in human embryos, 16 

replication stress is associated with fork collapse and chromosome breakage. As a result, human 17 

embryos frequently incur replication-dependent DNA damage and aneuploidies (1). Abnormal 18 

chromosome content and DNA damage acquired post fertilization impair the developmental potential 19 

of the embryo and are thus relevant for our understanding of developmental failure. Aneuploidies 20 

acquired after fertilization are also commonly seen in porcine, rhesus macaques and bovine 21 

embryos (2-5), while in mice spontaneous aneuploidies are uncommon (6). Thus, genome instability 22 

appears to be the norm in mammals, with humans and mice at opposite ends of the spectrum for 23 

both developmental potential of a fertilized egg and for the incidence of chromosomal abnormalities. 24 

Furthermore, viable genetic change during early cell divisions may result in developmental defects in 25 

the fetus and disease in the newborn, such as through error-prone fork recovery pathways and 26 

chromosomal rearrangements. This has added relevance, as DNA replication stress in human 27 

embryos was shown to primarily affect regions containing long genes implicated in 28 

neurodevelopmental disorders. The molecular determinants underlying this pattern of chromosome 29 

breakage and aneuploidy are unknown.   30 

Replication timing, a temporal order of DNA replication, is thought to play an important role in 31 

shaping the genomes of multicellular organisms, with late replicating regions experiencing higher 32 

mutation rates and fragility (7). In somatic cells, common fragile sites (CFS) are late replicating 33 

regions, which are prone to break upon induction of replication stress (8). In the early mammalian 34 

embryo, replication fork speed is physiologically slow even without added aphidicolin (1, 9). 35 

Spontaneous DNA breakage occurs in the embryo at sites concordant with those in somatic cells (1), 36 

raising the question whether DNA replication is also patterned in the mammalian embryo. In frog, fly 37 
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and fish embryos prior to the midblastula transition, DNA replication is very rapid and near random, 38 

with an organized replication program emerging gradually (10-12). Such randomness might also be 39 

expected in mammalian embryos, as key epigenetic properties of chromatin affecting DNA 40 

replication patterns are only being established: chromatin architecture, which is linked to DNA 41 

replication patterns (13), solidifies during embryonic genome activation (14), alongside major 42 

epigenetic changes in DNA methylation and histone modifications. However, S-phase in mammalian 43 

embryos proceed much slower, taking hours instead of minutes as in lower vertebrates, and the cell 44 

cycle in mammalian embryos requires between 15-24 hours to complete instead of less than an hour 45 

for zebrafish and frogs. Therefore, whether DNA replication patterns in mammalian embryos have a 46 

defined program like in more differentiated mammalian cells cannot be inferred and has not been 47 

determined.  48 

While in somatic cells transcription-replication conflicts contribute to replication stress, genome 49 

instability in early preimplantation-stage embryos occurs independent of transcription (1). Possible 50 

determinants of the patterns of fragility may be limiting origin density and late DNA replication, where 51 

the consequences of low fork speed and of DNA replication fork stalling and fork collapse may be 52 

greatest. 53 

Here we used mouse and bovine embryos to determine the  DNA replication timing during cleavage 54 

development. We chose zygote and cleavage stage embryos for analysis as it is the developmental 55 

point associated with chromosome breakage and might thus provide insight into why the genome of 56 

some mammalian embryos shows a specific pattern of fragility. We find that late replicating regions 57 

emerge already in the first cell cycle, and a replication timing program is evident at the 2-cell stage 58 

and 4-cell stage in mice, as well as in early bovine cleavage stage embryos prior to embryonic 59 

genome activation (EGA). Long genes expressed primarily in terminally differentiated cells such as 60 

neurons, neuronal gene clusters, as well as long intergenic regions replicate late in the cell cycle. 61 

Late replicating regions show nuclear lamina association, low origin density and increased fragility. 62 
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Thus, the early establishment of DNA replication timing in the mammalian embryo predisposes 63 

specific regions to genetic change in the soma and the germ line.  64 

  65 

Results 66 

Mouse preimplantation embryos show patterned progression of DNA replication  67 

To determine the replication timing profile of mammalian embryos, we analyzed mouse zygotes, 2-68 

cell stage and 4-cell stage cleavage stage embryos, as well as parthenogenetically activated 69 

embryos containing only a maternal genome. Cleavage stage embryos were dissociated, and the 70 

genome of individual cells was amplified and sequenced (Fig 1A). The dataset included in the 71 

analysis encompassed individual nuclei from 80 zygotes, and 219 mouse blastomeres harvested at 72 

the 2-4 cell stage. Recently developed methods to measure DNA replication timing of single cells 73 

were used, based on read frequency mapped to the respective reference genome (15). MetaphaseII 74 

oocytes were used as reference to even copy numbers across the genome. Individual cells/nuclei 75 

are displayed in the order according to the percent genome replicated (Fig. 1B). To define early and 76 

late replicating regions, replication timing profiles were summarized by counting the number of cells 77 

with replicated versus un-replicated DNA at each genomic bin. Here we define late replication as 78 

regions where less than 50% of the samples are replicated at each genomic bin. DNA replication 79 

timing patterns were beginning to emerge from the zygote stage: maternal and paternal nuclei 80 

isolated from fertilized zygotes or single nuclei from parthenogenically activated zygotes showed 81 

concordant regions of late DNA replication with blastomeres (e.g. at the Vmn2r region). 82 

Theamplitude of the differences between early and late replicating regions at the cleavage stage was 83 

greater than at the zygote stage (Fig.1B). This suggests that DNA replication at the 1-cell stage has 84 

greater stochasticity than later stages. From the 2-cell stage, individual cells/nuclei followed a highly 85 

similar pattern of DNA replication, apparent as congruent areas of replicated or unreplicated DNA 86 

(Fig. 1B). Blastomeres showed an ordered progression from unreplicated to replicated across the 87 
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genome (Fig. 1B, Fig. S1A, S1B.) Aggregate replication profiles, indicated as ‘summary’, 88 

demonstrate distinct early and late replicating regions throughout the genome (Fig 1B, Fig. S1).  89 

Clustering analysis showed that 2-cell and 4-cell embryos showed similar replication patterns for 90 

autosomes (R=0.82), and even zygotes showed relatively high correlation with 4-cell embryos 91 

(R=0.8, Fig. S2A). Fertilized 4-cell cleavage stage embryos and parthenogenetic 4-cell embryos, 92 

which contain only a maternal genome, showed highly similar replication patterns, suggesting that 93 

DNA replication patterns are established on the genomes of either parental origin (R=0.94, Fig.1B, 94 

Fig. S2B). We also made comparisons with single cell replication timing analysis from a previous 95 

study on embryonic stem (ES) cells (16), and found strong correlation of mouse embryo replication 96 

timing patterns with those of single mouse ES cells (R=0.83, Fig. 1B, Fig. S2C), with some potential 97 

local differences (arrow in Fig. 1B). Furthermore, we compared aggregate single cell replication 98 

timing patterns with replication timing patterns of mouse primordial germ cells (PGC), ESCs, iPSCs 99 

and mouse embryonic fibroblasts, which had been generated from a population of cells (17, 18). 100 

Mouse embryos showed high correlation to primordial germ cells (r=0.91, Fig. S2D) and iPSCs 101 

(R=0.87, Fig. S2E), but lower correlation was found to more differentiated cells, including mouse 102 

embryonic myoblast (R=0.79, Fig. S2F) and mouse embryonic fibroblasts (R=0.79, Fig. S2G). Thus, 103 

mammalian embryos show patterned progression of DNA replication, most closely related to 104 

primordial germ cells and embryonic stem cells. 105 

 106 

Late DNA replication correlates with LADs, B compartment, early replication with high gene 107 

and origin density  108 

Lamina Associated Domains (LADs) is the first chromatin architecture pattern established after 109 

fertilization, prior to the establishment of epigenetic patterns on histones and prior to DNA 110 

methylation(19). In somatic cells, LADs are known to be correlated with gene-poor late replicating 111 

regions (20). To determine whether embryo replication timing patterns correlated with LADs, we 112 

compared zygote LADs with zygote replication timing, as well as blastomere LADs with blastomere 113 
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replication timing. Both mouse zygotes and blastomeres show visible correlation between replication 114 

timing and LADs patterns (Fig. 1B). Late replicating regions show greater than average (OE ratio) 115 

lamina association for both zygotes and blastomeres (Fig.1C,D,E). We also examined correlation 116 

between replication timing and nuclear compartmentalization. In somatic cells, late replicating 117 

regions localize to the B compartment, characterized as surrounding the nucleolus and near the 118 

nuclear lamina (20). In both fertilized and parthenogenetic embryos, late replicating regions 119 

associate with the B-compartment (Fig. 1B). This association is highly significant from the first cell 120 

cycle (Fig. 1F), continuing through the 2-cell and 4-cell stages (Fig. 1G, H). Thus, the link between 121 

late replication and lamina association, as well as the segregation of replication timing according to 122 

compartmentalization into A and B compartments, begins prior to embryonic genome activation, wich 123 

occurs at the 2-cell stage in mice.  124 

 125 

To further understand the properties of replication timing in the mammalian embryo, we compared 126 

replication timing to gene density and to origin density in ESCs. Late-replicating regions in mouse 127 

embryos, such as the gene Fstl5, a gene spanning over 600kb and expressed in the nervous 128 

system, showed low gene density (Fig. 1B). We quantified gene density in 100kb bins throughout 129 

the genome and found that early-replicating regions identified in zygotes and cleavage stage 130 

embryos contained significantly more protein-coding genes than late-replicating regions (Fig. 1I,J,K). 131 

Long genes with transcripts over 500kb and in particular intergenic regions over 1Mb were late-132 

replicating (Fig. 1L, Fig. 1B). Regions containing long genes are intrinsically gene-poor, contributing 133 

to the low gene density of late replicating regions. However, some gene-rich regions were late 134 

replicating, in particular, gene clusters expressed in neuronal cell types:  Regions encoding olfactory 135 

receptor (OR) genes and vomeronasal 2 receptor (Vmn2r) are gene-rich, but late replicating from the 136 

first cell cycle (Fig. 1B, Fig. S3A-C, Table S1). We also compared DNA replication timing in 137 

embryos to origin density, using replication origin data from mouse embryonic stem cells. We used 138 

data from mouse ES cells as these are the most closely related cell types with available origin 139 
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mapping data (21), and as their DNA replication timing patterns correlate closely with mouse 140 

preimplantation embryos. Late-replicating regions showed significantly lower origin density than 141 

early-replicating regions in mouse embryos (Fig. 1B, Fig. 1M,N,O). This pattern also applied to gene 142 

rich regions that were late replicating: OR and Vmn2r gene clusters are origin poor in mouse 143 

embryonic stem cells (Fig, S3D). In contrast, the Hox gene cluster was early replicating and origin-144 

rich (Fig. S3C,D). Thus, late replication correlates primarily with low origin density.   145 

 146 

Spontaneous chromosome break sites map to late-replicating regions in bovine embryos 147 

To determine whether patterned DNA replication timing is also observed in other mammalian 148 

species, we chose the bovine model. We analyzed 114 bovine blastomeres harvested at the 2-7 cell 149 

stage in vitro fertilized embryos from a published dataset (22), corresponding to a stage immediately 150 

before embryonic genome activation in bovine (23) (Fig. 2A). As in mice, bovine preimplantation 151 

embryos showed early and late replicating regions, correlating largely with gene density (Fig. 2B). 152 

Yet again, the cadherin CHD6-CHD18 gene cluster region, which is expressed in differentiated 153 

neurons, was late replicating in bovine embryos (Fig. 2A). 154 

In somatic cells, late-replicating, gene-poor and origin-poor regions are prone to chromosome 155 

fragility (8, 24, 25). Though spontaneous chromosome breakage is rather uncommon in somatic 156 

cells, replication fork slowing using low concentrations of aphidicolin is sufficient to induce frequent 157 

breakage in these regions (26). DNA replication fork progression in mammalian preimplantation 158 

embryos is slow even without added aphidicolin (1, 9), and breakage occurs spontaneously. Bovine 159 

embryos reproduce the frequent spontaneous mitotic aneuploidies and chromosome breakage seen 160 

in human (5, 22), but chromosomal coordinates had not previously been reported. To determine 161 

whether late-replicating regions are prone to fragility, we identified break sites in blastomeres of 162 

bovine cleavage stage embryos (Fig. 2C, Table S2). We used sites of copy number transition 163 

resulting from mosaic segmental chromosome aneuploidies as a readout of the sites of chromosome 164 

breakage occurring after fertilization. We identified 141 break sites, which were located 165 
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preferentially, though not exclusively to gene-poor regions (Fig. 2D,E, Table S2), as previously 166 

reported for human embryos (1). A break site in the gene DPP10 shown in Fig. 2C, is in direct 167 

concordance with a break site found in human embryos (27). Importantly, and novel in this context, 168 

bovine fragile sites show delayed replication relative to random sites (Fig.2F). This suggests that late 169 

replicating regions are prone to fragility in the bovine embryo. 170 

  171 

Paucity of dormant origins limit adaptation to replication stress at the 1-cell stage 172 

Unlike the frequent aneuploidies and chromosome breakage in bovine embryos, no segmental 173 

chromosomal changes were found in any of the 84 mouse blastomeres, and only three (3.5%) 174 

blastomeres were aneuploid. The low frequency of spontaneous breakage makes mouse embryos 175 

amenable to studies on experimentally induced stress. We used parthenogenetic embryos with only 176 

maternal genomes, as these allow synchronous timing of cell cycle progression, and precise 177 

knowledge of the timing of activation.  178 

In somatic cells, treatment with low concentrations of aphidicolin results in chromosome fragility due 179 

to limiting origin density in gene-poor regions of the genome (24). We examined origin density and 180 

replication fork speed using DNA fiber analysis in mouse embryos from the 1-cell stage to the 181 

blastocyst stage (Fig. 3A). DNA fibers were stained for IdU and for ssDNA to evaluate the continuity 182 

of the DNA fiber and origins were identified through evaluation of divergent sister forks (Fig. 3B). 183 

Median inter-origin distance was 34kb in 1-cell embryos and increased to 81kb at the blastocyst 184 

stage (Fig. 3C). DNA replication fork speed was evaluated by staining for both IdU and CldU (Fig. 185 

S4A). Origin density correlates inversely with replication fork speed through preimplantation 186 

development as described previously (9). Interestingly, replication fork speed was slowest at the 1-187 

cell stage (Fig. 3D), suggesting that the mechanisms causing fork slowing, which are currently not 188 

known, are most active during the first cell cycle. 189 

To evaluate the ability of preimplantation embryos to activate dormant origins, we incubated 1-cell 190 

embryos in low concentrations of aphidicolin during the first S-phase and determined DNA 191 
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replication fork speed, origin and fork density, mitotic entry timing, and developmental potential (Fig. 192 

3E). Aphidicolin at the 1-cell stage reduced replication fork speed in a concentration-dependent 193 

manner from 0.25kb/min in controls to 0.21kb/min in 0.2μM and to 0.13kb/min in 0.3μM aphidicolin 194 

(Fig. 3F). Inter-origin density decreased only marginally from 34.13 kb to 30.27kb at the zygote 195 

stage at 0.2μM aphidicolin (Fig. 3G). 0.1μM aphidicolin caused only minor, though not statistically 196 

significant changes in fork speed, origin density and fork density. Thus, the ability to activate 197 

dormant origins at the zygote stage is low, possibly because most available origins are already 198 

active.  199 

In contrast to the 1-cell stage, aphidicolin incubation at the blastocyst stage reduced replication fork 200 

speed from ~1kb/min to ~0.5kb/min, causing significant changes even at low concentrations of 201 

aphidicolin (Fig. 3H). Origin density increased from ~80kb to 32kb origin to origin distance, to a 202 

density observed at the 1-cell stage (Fig. 3I). This dramatic increase in replication origin density at 203 

low concentrations of aphidicolin shows a greater ability in blastocyst embryos to compensate for a 204 

reduction in fork speed and activate dormant origins than in 1-cell embryos, possibly because these 205 

origins are already physiologically active at the 1-cell stage. 206 

Low replication fork speed at the 1-cell stage and a low ability to activate dormant origins may be 207 

limiting to DNA replication completion. To test this, we incubated mouse 1-cell embryos in low 208 

concentrations of aphidicolin (Fig. 3J), and monitored cell cycle progression. 0.1µM aphidicolin 209 

delayed entry into the first mitosis by 5 hours (Fig. 3K). Thus, even minor reductions in replication 210 

fork speed have a significant effect on the kinetics of cell cycle progression. At 0.2 and 0.3µM, 211 

mitotic entry was further delayed and most zygotes failed to progress to mitosis (Fig. 3K). Though 212 

replication fork speed was reduced by only ~0.04kb/min at 0.2µM aphidicolin, most 1-cell embryos 213 

were arrested. Thus, mouse 1-cell embryos are highly sensitive to slowing of DNA replication fork 214 

speed below the already physiologically slow fork progression. Replication fork slowing due to 215 

aphidicolin exposure was damaging to developmental potential: when embryos were released from 216 
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aphidicolin after 24 hours of exposure, most 1-cell embryos released from 0.2µM or 0.3µM 217 

aphidicolin failed to develop to the blastocyst stage (Fig. 3L). 218 

 219 

LADs and genomic regions in B-compartment are sensitive to replication fork slowing from 220 

the first cell cycle 221 

To identify the genomic regions with limiting origin density in the early embryo, we used low 222 

concentrations of aphidicolin throughout the first S-phase and added G2 checkpoint inhibitors to 223 

facilitate mitotic entry. Upon entry into mitosis, unreplicated sites result in chromosome breakage 224 

and aneuploidy in cleavage products, which can be determined through copy number analysis (Fig. 225 

3M). We used parthenogenetic embryos as well as androgenetic embryos for these studies to 226 

determine whether potential patterns are observed on both maternal and paternal genomes. Low 227 

concentrations of aphidicolin resulted in abnormal chromosome content with varying copy number of 228 

each chromosome (Fig. 3N). G2 checkpoint inhibition alone results in aneuploidy in only a third of all 229 

cells (1), and thus most chromosomal abnormalities in this assay are caused by the slowing of 230 

replication fork progression by aphidicolin during S-phase. Segmental errors manifest as copy 231 

number transitions within a chromosome, thereby providing the coordinates for breakage (Fig. 3N, 232 

Table S3). For instance, Fig. 3O shows the coordinates for a copy number transition at the gene 233 

Tusc3 together with the corresponding DNA replication timing profile in embryos and origin density. 234 

Coordinates for a total of 125 copy number changes were identified and gene density and origin 235 

density quantified (Table S3). Sites of chromosome breakage were generally gene-poor (Fig. 3P) or 236 

within an OR gene cluster (Fig. S3B), origin-poor (Fig. 3Q), and preferentially located to late-237 

replicating regions (Fig. 3R). Furthermore, chromosome breakages were associated with LADs (Fig. 238 

3S) and were enriched in the B compartment (Fig. 3T).  239 

Taken together, these results show that there is a limited ability to respond to replication stress at the 240 

1-cell stage, which is most consequential in late replicating regions that are origin-poor, gene-poor, 241 

and associated with the nuclear lamina, predisposing these regions to breakage. This pattern is 242 
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established already in the first cell cycle, on the maternal as well as the paternal genome. 243 

Importantly, this pattern is congruent with patterns of spontaneous chromosome breakage in cow 244 

and human embryos, and thus physiologically relevant. 245 

  246 

Replication gaps locate to late replicating, gene poor, origin poor regions, associated with 247 

the nuclear lamina and the B compartment from the first cell cycle 248 

DNA replication stress results in a requirement for G2 and mitotic DNA synthesis in somatic cells 249 

(28). Spontaneous replication stress in the embryo is associated with DNA synthesis in G2 phase, 250 

involving gaps of ~1kb or less (1). These are likely sites of postreplicative repair.  251 

To evaluate the cytological location of postreplicative DNA synthesis and repair, we stained fertilized 252 

mouse zygotes in late G2 phase, immediately prior to entry into mitosis for �H2AX, and measured 253 

proximity to the nuclear envelope and the nucleolus. Foci localized to the nuclear lamina and the 254 

nucleolus (Fig. 4A). Only 10% of all foci (n=331) localized within the A compartment, away from 255 

either the nuclear envelope or the nucleolus. Of note, a greater portion of foci is associated with the 256 

nucleolus (53%) than with the nuclear lamina (37%) (Fig. 4B), adding up to 90% B-compartment 257 

(Fig. 4C). This pattern was apparent on both maternal and paternal genomes, as identified by ~1μm 258 

greater diameter. Thus, cytological patterns of delayed replication predisposing to fragility are 259 

established during the first cell cycle, in accordance with regions of late DNA synthesis, which occurs 260 

near the nuclear lamina and around the nucleolus (29). 261 

To determine the location of the sites requiring G2 DNA synthesis after an unperturbed first S-phase 262 

in mouse embryos, we interfered with DNA replication completion in G2 phase using high 263 

concentrations of aphidicolin combined with G2 checkpoint inhibition (Fig. 4D). Sites that remain 264 

unreplicated incur chromosome breakage in mitosis, resulting in micronucleation and aneuploidy. 265 

Genomic coordinates of segmental copy number changes caused by chromosome breakage at 266 

unreplicated sites, provide a readout for the location of unreplicated DNA in G2 phase. We used 267 

parthenogenetic mouse 1-cell embryos containing only maternal genomes for these studies, as both 268 
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paternal and maternal genomes cytologically show the same patterns of postreplicative repair, and 269 

as partenotes allow precise knowledge of the timing after activation.  270 

Blastomeres of the resulting 2-cell embryos showed frequent chromosomal aneuploidies with 271 

segmental errors (Fig. 4E, Table S4). Fig. 4F shows a break site in a region that is both origin-poor 272 

and gene-poor, as well as late replicating. In aggregate, sites of chromosome breakage were found 273 

to be gene-poor (Fig. 4G), origin-poor (Fig. 4H), and also replicated later than randomly selected 274 

sites at the cleavage stage (Fig.4I). In addition, breakage occurred at neuronal gene clusters, 275 

including olfactory receptor gene clusters (OR) and vomeronasal receptor gene cluster (Vmn2r) 276 

(Table S4). We also analyzed the correlation of break sites with LADs, showing higher association 277 

with zygote LADs in chromosome breakages compared with random sites (Fig.4J). Furthermore, 278 

break sites preferentially associated with the B compartment (Fig. 4K). 279 

Chromosomal breakages resulting from replication fork slowing (Fig. 3) or resulting from incomplete 280 

replication in G2 phase (Fig. 4) showed concordance, affecting areas with late replication timing, low 281 

origin density, low gene density, nuclear lamina and B compartment association. Sites of direct 282 

concordance were found at Prkg1, Lrp1b, A1cf and at two noncoding regions (Table S5). There is 283 

also direct concordance with spontaneous fragility in other species: for example, chromosome 284 

breakage at Lrp1b was found in untreated fertilized human embryos (Table S5) (1). Thus, late 285 

replicating, origin-poor, lamina-associated regions of the genome are prone to incomplete replication 286 

and to chromosome breakage. This pattern is apparent already in the first cell cycle.  287 

 288 

Discussion 289 

Here we show that DNA replication in early mammalian embryos progresses in a defined pattern 290 

with early replicating gene-rich regions and late-replicating, origin-poor regions containing long 291 

neuronal genes. In addition to long intergenic regions, gene clusters expressed in highly specialized 292 

neuronal cell types, including olfactory receptor genes, and vomeronasal receptor genes and 293 

cadherin genes were also late replicating. Replication timing patterns in mice showed high 294 
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correlation with mouse embryonic stem cells, and lower correlation with differentiated somatic cells. 295 

Furthermore, we show that late replicating regions have association with the nuclear lamina and 296 

preferentially associate with the B compartment. Therefore, DNA replication timing in early 297 

mammalian embryos follows basic principles applicable to more differentiated cell types.  298 

The early embryo provides a unique model system to study the establishment of epigenetic 299 

regulation of the genome. Previous studies have shown that lamina associated domains are 300 

becoming apparent from the 1-cell stage (19), while DNA methylation and histone patterns are 301 

established only later in development. Similarly, compartments of accessible and inaccessible 302 

chromatin are beginning to be established as early as the 1-cell stage (30), as are patterns of 303 

chromatin architecture (31). However, these studies also found that the patterns at the 1-cell stage 304 

show lower segregation than at the cleavage stage. We find that this is also reflected in the DNA 305 

replication patterns: single nuclei isolated from fertilized zygotes show late and early replicating 306 

regions concordant with those of cleavage stage embryos, even as the amplitudes of these 307 

differences are lower.  308 

The maternal genome has been reported to show delayed lamina association compared to the 309 

paternal genome at the 1-cell stage, gradually assimilating to the paternal genome after the 8-cell 310 

stage (19). While differences between paternal and maternal genomes are possible, basic principles 311 

determining DNA replication patterns are conserved between the two genomes: cleavage stage 312 

embryos, fertilized or parthenogenetic, show similar patterns of DNA replication timing, both 313 

correlating with LADs. Cytological analysis is in concordance with these findings: from the 1-cell 314 

stage, both paternal and maternal genomes show organized spatial and temporal progression of 315 

DNA replication, with late replicating regions associated with the nucleolus and the nuclear lamina 316 

(29). Adding to that, we show that both DNA damage foci in late G2 phase, as well as very late 317 

replicating regions prone to breakage in mitosis, show a distinct pattern of nuclear lamina and 318 

nucleolar association, including in embryos with only the maternal genome.  319 
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Studies on nuclear lamina association using Lamin-DamID may underestimate the 320 

compartmentalization of the genome in the early embryo, because of a very prominent nucleolus. 321 

Recent studies in cultured cells show that domains with nucleolar association also show late DNA 322 

replication timing (32). Furthermore, the quality of the data may be more variable, than in cells that 323 

can be obtained in greater abundance. 324 

The question of developmental timing when DNA replicaiton patterns are established is relevant to 325 

the question of cause and consequence. Taken together, the data presented here show that the 326 

segregation of early and late replicating DNA are among the earliest epigenetic features installed on 327 

the mammalian genome during development, and that both the nuclear lamina and the nucleolus are 328 

involved in establishing these patterns.  329 

 330 

In addition to mice, we chose bovine embryos for analysis because the genome of bovine embryos 331 

is very unstable during cleavage development. Remarkably, bovine embryos reproduce the 332 

spontaneous pattern of breakage seen in human embryos, occurring preferentially in gene-poor 333 

regions. Breakages at concordant sites between bovine and human embryos were found on 334 

KCNMA1 and FHOD3 locus, which are both involved in nervous system development (33, 34), in 335 

FHIT, a fragile site found in somatic cells exposed to aphidicolin and in tumor cells (26, 35) and at 336 

DPP10, a long neuronal gene, and a hotspot of copy number variants (36). Fragile sites in bovine 337 

embryos preferentially, though not exclusively, locate to late-replicating regions.  338 

In early mammalian embryos, the replication program is strained from intrinsic replication stress and 339 

has a limited ability to activate additional origins in response to exogenous stress. Regions in the 340 

genome most prone to breakage show a relative paucity of origins and continue to undergo DNA 341 

synthesis in G2 phase. These patterns of G2 replication and fragility are established from the first 342 

cell cycle, in association with the nuclear lamina and the nucleolus. Lamina associated regions are 343 

known to be fragile in the germ line and in cancer cells. For instance, the genes DMD and PARK2 344 

are lamina associated regions with structural changes observed in the germ line in patients, and in 345 
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tumor cells (37). Breakage at both of these loci has been observed in mammalian embryos (this 346 

study & (1)). Our observations raise the question whether clonal genetic change in the soma and the 347 

germ line arises after fertilization as a result of replication stress as early as the 1-cell stage. 348 

Patterns of DNA replication and the resulting patterns of fragility in totipotent cells may shape 349 

mammalian genome evolution in a manner less available to lower vertebrates, as these establish 350 

replication patterns only after hundreds of nuclei have been formed (12). Of note, mutation rates are 351 

higher in late replicating regions than in early replicating regions (18), and thus these higher mutation 352 

rates would occur from the first cell cycle. Our finding that numerous genes expressed in the nervous 353 

system replicate late may be particularly relevant for generating genetic and phenotypic diversity in 354 

the brain. Future studies should examine the causal relationships of fragility patterns, DNA 355 

replication timing, germline mutations, and other layers of epigenome regulation in the early 356 

mammalian embryo.   357 
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Materials and Methods 358 

Mouse embryos 359 

Mouse oocytes were obtained from B6D2F1 females 5-8 weeks of age from Jackson laboratories 360 

(stock # 100006), after hormonal stimulation of 5 IU PMSG per mouse, followed 48h later by 5 IU 361 

hCG per mouse. Oocytes were dissected from oviducts 14-16h post hCG application and 362 

dissociated in hyaluronidase. In vitro fertilization (IVF) was performed using sperm from 21-20 week 363 

old male mice extracted from the epididymis, in Global total for fertilization (LGTF-050). Artificial 364 

activation of mouse oocytes was performed using 1µM ionomycin in Global Total for 5 min. at 37 365 

deg., followed by 3.5h 10µg/ml puromycin and 5µg/ml cytochalasinB, followed by 1.5h in 366 

cytochalasinB only. Mouse parthenotes were then cultured in Global Total (LGGT-030) at 37 deg. In 367 

5% CO2 atmosphere and harvested 8 hours post activation/fertilization for zygote stage, 20-23 hours 368 

post activation for 2 cell stage, and 28 hours for 4 cell stage.  Zygotes and blastomeres were isolated 369 

using laser-assisted dissection in PGD medium (LPGG-020). For zygotes, 274 single maternal and 370 

paternal nuclei isolated from 2PN embryos at 7-9h were analyzed and 80 passed quality controls 371 

(described below). We estimate a time window of several hours for fertilization after insemination, 372 

which could underly the difference in signal amplitude between parthenotes and fertilized embryos. 373 

88 blastomeres from 4-cell stage fertilized embryos were sequenced, and 84 passed quality controls. 374 

In addition, 60 and 83 parthenogenetic blastomeres from 2-cell and 4-cell embryos were analyzed 375 

using sequencing and 59 and 76 passed quality controls.  376 

Aphidicolin incubations were done from 3h after artificial activation for low concentrations of 377 

aphidicolin throughout the first cell cycle, and at 2µM and beginning at 11-12h post activation for G2 378 

incubations.   379 

Immunostaining was performed for �H2AX using mouse monoclonal antibody Millipore Cat# 05-636 380 

and for Lamin B1 using mouse monoclonal antibody Proteintech Cat# 66095-1-Ig. Distance of foci to 381 

the nuclear envelope or the nucleolus was measured using Zeiss Zen program.  382 

All animal research has been reviewed and was approved by the Columbia IACUC. 383 
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 384 

Bovine embryos 385 

Bovine blastomere data were downloaded from Sequence read archive (PRJNA577965 (22)). Of 386 

114 bovine blastomeres, 69 passed quality controls, all of which were cells harvested at the 2-7 cell 387 

stage. These data were used for DNA replication timing analysis and for the identification of 110 388 

breakpoints (Table S2). In addition, for break point identification, bovine oocytes were obtained from 389 

DeSoto Biosciences as maturing oocytes retrieved from ovaries, and shipped in maturation medium 390 

consisting of TCM199, FSH and 10% FBS. At 37h post maturation, bovine oocytes were activated 391 

using 5μM ionomycin for 5 minutes, followed by 5µg/ml CytochalasinB plus 6-DMAP for 4.5h. 392 

Culture was performed at 38.5deg. at 5% CO2 in KSOMaa (MR-106-D, EMD Millipore) with 5% 393 

FCS. Parthenogenetic blastomeres were harvested at the 8-16 cell stage for the mapping of 31 394 

breakpoints (Table S2). 395 

  396 

Single cell sequencing and library construction 397 

Individual cells or nuclei were collected on the heated stage @ 37deg.C (Tokai Hit) of an Olympus 398 

IX71 inverted microscope equipped with Narishige micromanipulators and a zona pellucida laser 399 

(Hamilton-Thorne). Single nuclei were isolated by lysis and dissection of different nuclei using two 400 

20μm diameter micropipettes (Origio). Single embryo cells or nuclei were placed manually in single 401 

wells of a 96-well plate containing 9 μl of lysis buffer, prepared as a master mix of 798μl H2O, 6 μl of 402 

10 mg/mL Proteinase K solution (P4850, Sigma-Aldrich), and 96μl 10X Single Cell Lysis and 403 

Fragmentation buffer (L1043, Sigma-Aldrich). Single cells / single nuclei were lysed by heating 96-404 

well plates containing single cells/single nuclei at 50°C for 1 hour, followed by incubation at 99°C for 405 

four minutes using a PCR thermocycler. A degenerate oligo-nucleotide primed PCR (DOP-PCR) 406 

amplification protocol that allows inline indexing of WGA DNA was applied (15, 31).  WGA DNA was 407 

subsequently processed for Illumina library sequencing preparation using TruSeq indexing of the 408 

NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs). NEBNext Multiplex Oligos 409 
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for Illumina (96 index primers) were used for four amplification cycles. Quality control for the library 410 

was done using Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA) and library size 411 

distribution was confirmed using a 2100 Bioanalyzer DNA 1000 Kit (Agilent, Santa Clara, CA, USA).  412 

A unimodal curve centered around 300 – 500 bp was scored as a successful library preparation. 413 

Subsequently, 30 μL of each pooled library was sent for sequencing at a concentration of 20ng/μl. 414 

DNA sequencing was performed by Genewiz using Illumina HiSeq 4000, 2x150bp, targeting a 415 

coverage of ~1 million reads per cell/nuclei. 416 

  417 

Single cell copy-number inference and break sites annotation 418 

Sequencing data were demultiplexed according to unique barcodes and subsequently aligned to the 419 

mouse/bovine genome build (mm10/bosTau8). Analysis of DNA sequencing data was performed as 420 

previously described (1). Briefly, the genome was partitioned into 500kb bins and the mapped reads 421 

were sorted, indexed and counted within the genomic bins. Additionally, copy number analysis was 422 

performed using R package QDNAseq v1.26.0 (38) to partition the genome into 50kb and 100kb 423 

bins. Break points were annotated at the transition points in segmented read count data. Only 424 

reciprocal break sites that were found in concordance between the two segment calling methods 425 

were included in downstream analysis. 426 

  427 

Replication timing analysis, gene density, origin density and LADs  428 

The replication timing method was adopted from the scRepli-seq (39). Briefly, the sequencing reads 429 

were aligned to the reference genome (mm10/bosTau8). MII phase oocytes were used as reference 430 

to even copy numbers across the genome. In bovine blastomeres, G1 cells were called according to 431 

(39) from the dataset PRJNA577965 (22). The mapped reads were sorted, indexed and RT scores 432 

were calculated by the control G1 cells (GSE108556). Briefly, median of the ‘absolute deviations 433 

from the median’ (MAD) scores were used as quality control to ensure read number variability was 434 

low (<0.3) for G1 phase cells and moderate (~0.4-0.8) for S phase cells. The replication timing data 435 
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were binarized as replicated versus un-replicated regions based on the replication percentage. The 436 

replication percentage was defined as the percentage of samples replicated at each 100kb bin. Early 437 

replicating regions were defined as >50% replicated and late replicating regions were <50% 438 

replicated. 439 

Gene density comparison was performed by randomly selecting locations within mm10/bosTau8 440 

genome assembly using bedtools v2.30.0 (40). Complete transcripts and adjacent intergenic areas 441 

were included to calculate the density of protein-coding genes. 442 

Mouse ESC origin data were obtained from (GSE68347 (21)). Replication timing of mouse ESCs 443 

and differentiated cells from whole genome sequencing data was inferred using TIGER (17). Single 444 

cell replication timing data were obtained from (16). 445 

Mouse zygote and 2-cell stage embryo non-allelic LADs data were obtained from (GSE112551).   446 

For statistical analysis we used Mann-Whitney test and one-way Anova as indicated in Legends. 447 

 448 

DNA fiber analysis 449 

We used activated mouse oocytes, cleavage stage as well as blastocyst stage embryos for analysis. 450 

Previous studies have found no difference in DNA replication fork speed whether fertilized or 451 

activated embryos were used (1). Cleavage and blastocyst stage embryos were asynchronous in 452 

their cell cycle at incubation. 453 

For fork speed assay, the mouse embryos were incubated with 25mM IdU 30min and washed twice, 454 

and then treated with 25mM CldU for 30min. For fork density and origin to origin distance assays, 455 

cells were only exposed to 25uM ldU for 30min. Using Acidic Tyrode's solution (MR-004-D) to digest 456 

zona pellucida in a 4-well dish at room temperature for 5-10 minutes, and then neutralized in culture 457 

medium. The cells were collected in 1-2ml medium and then placed in PCR tubes. Adding 20 ml of 458 

fresh pre-warmed (30 �) spreading buffer (0.5% SDS, 50 mM EDTA, 200mM Tris pH 7.4) to lysed 459 

cells, incubated for 6-8 min at RT and then stretched them on pre-cleaned microscope slides. Slides 460 

were fixed in pre-cooled methanol: acetic acid=3:1 for 2 min at RT and air dried at RT, incubated in 461 
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2.5M HCl for 50 min, and rinsed 5 times with PBS, and then blocked sides with 3% BSA in PBS for 462 

1h. The slides were treated with anti-BrdU, anti-IdU and anti-ssDNA antibodies for 1h, and rinsed 3 463 

times in PBS. Incubated with secondary antibodies for 1h, mounted with ProLong Gold Antifade and 464 

let dry overnight at RT. The fiber tracks were imaged on a Zeiss fluorescence microscope at 63X 465 

magnification and measured using ImageJ software v1.53. The length of each track was measured 466 

manually by ImageJ software. The pixel values were converted into μm using the scale bar 467 

generated by the microscope software. The DNA fiber length was calculated as follows: 2.59 ± 0.24 468 

kbp/μm according to Jackson et al (41). 469 

  470 

Data availability 471 

Mouse and bovine blastomere sequencing data are available at SRA accession number 472 

PRJNA874697. 473 
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Figure Legends 595 

 596 

Figure 1. | DNA replication timing in mouse embryos is patterned, correlating with gene and 597 

origin density. 598 

A) Schematic of the experiment, including collection of individual blastomeres from 1-cell and 599 

cleavage stage embryos, whole genome amplification, DNA sequencing, alignment of DNA 600 

reads to the genome, and replication timing for single cells. From zygotes, individual haploid 601 

nuclei were isolated. Early replicating areas are expected to be overrepresented relative to late 602 

replicating areas. Blue and red colors are collapsed to a one dimension in single cell replication 603 

timing profiles below. B) DNA replication timing in mouse embryos on chromosome 3 for 604 

maternal (M) and paternal (P) haploid nuclei from parthenogenetic zygote (N=44), fertilized 605 

zygote (N=36), maternal parthenogenetic 2-cell (N=59), 4-cell embryos (N=76), fertilized 4-cell 606 

embryos (maternal plus paternal genomes) (N=84), and mouse ESCs on chromosome 2 from 607 

(16), respectively. Gene density, Lamina-associated domains from zygotes and 2-cell stage 608 

embryos (19), origin density from mouse embryonic stem cells (21), are shown. vomeronasal 2 609 

receptor (Vmn2r) gene clusters and a long neuronal gene, Fstl5, as well as an intergenic region 610 

are indicated as yellow shaded areas. C-E) Quantification of zygote (C), 2 cell (D) and 4 cell 611 

stage (E) LADs in correlation with late replication timing. Lamina association observed/expected 612 

(OE) >1 indicates higher lamin association than random. F-H) Quantification of A/B compartment 613 

in early and late replicating regions in mouse zygotes (F), 2 cell (G) and 4 cell stage (H) 614 

embryos. Positive value indicates A compartment and negative values indicates B compartment. 615 

I-K) Quantification of gene density in early and late replicating regions in mouse zygotes (I), 2 616 

cell (J) and 4 cell embryos (K). L) Quantification of replication percentage at long genes (over 617 

500 kb), at intergenic regions >1Mb, and at randomly selected regions. M-O) Quantification of 618 
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origin counts in early and late replicating regions in mouse zygotes (M), 2 cell (N) and 4 cell 619 

embryos (O). Statistical test according to Mann-Whitney test. (****p<0.0001). 620 

 621 

Figure 2. | Sites of spontaneous chromosomal breakage in bovine embryos preferentially 622 

locate to late replicating regions. 623 

(A) Replication timing of bovine embryos on chromosome 20. Late replicating cadherin (CHD) gene 624 

cluster is indicated. B) Gene density of early versus late replicating regions. C) Karyotype of one 625 

blastomere of a day 2 bovine embryo. D) DNA replication timing profile in bovine embryos on 626 

chromosome 2. Top plot shows the sum of the replication status of all cells, together with gene 627 

density. The yellow bar highlights a spontaneous chromosomal break site as reported in the long 628 

fragile site gene DPP10. E) Quantification of gene density at spontaneous break sites and randomly 629 

selected regions. F) Quantification of the percentage of DNA replicated in all cells at 141 630 

spontaneous break sites identified in bovine cleavage stage embryos and at randomly selected 631 

regions. Statistical test according to Mann-Whitney test. (****p<0.0001, **p< 0.01, *p<0.05). 632 

  633 

Figure 3. | Early embryos activate few dormant origins under replication stress, affecting 634 

integrity of late replicating LADs  635 

A) Schematic of the experiment. IdU is applied for 30 minutes to evaluate DNA replication fork 636 

progression and origin density at different stages. B) Representative DNA fibers stained for IdU and 637 

ssDNA. Arrows indicate neighboring origins. Size bar = 20kb, calculated as 2.59 ± 0.24 kbp/μm 638 

according to (41). C) Quantification of inter-origin distance depending on developmental stage. D) 639 

Quantification of DNA replication fork speed depending on developmental stage.  640 

E) Schematic of the experiment. Aphidicolin is added and embryos are labeled with sequential 641 

pulses of IdU and CldU to measure replication fork speed.  F) Quantification of DNA replication fork 642 

speed in controls and at 0.1µM, 0.2µM and 0.3µM aphidicolin at the 1-cell stage. G) Quantification of 643 
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inter-origin distance at indicated conditions at 1-cell stage. H) Quantification of DNA replication fork 644 

speed in controls and at 0.1µM, 0.2µM and 0.3µM aphidicolin at the blastocyst stage. I) 645 

Quantification of inter-origin distance at indicated conditions at the blastocyst stage.  646 

J) Schematic of the experiment. Parthenogenetic mouse embryos are exposed to low concentrations 647 

of aphidicolin and cell cycle progression is measured (K), as well as development after release from 648 

the drug (L). K) Timing of mitotic entry in the presence of indicated concentrations of aphidicolin. L) 649 

Development of mouse parthenotes after replication with indicated concentrations of aphidicolin 650 

during the first cell cycle.  651 

M) Schematic of the assay. Mouse embryos are incubated in low concentrations of aphidicolin 652 

throughout S-phase, resulting in unreplicated sites. For androgenetic embryos, maternal nucleus 653 

were removed 7-9 hours post fertilization. G2 checkpoint inhibition is applied at 12-14h post 654 

exposure to allow mitotic entry, resulting in an abnormal mitosis and daughter cells with an abnormal 655 

karyotype. Segmental breakpoints are a readout for unreplicated DNA at entry into mitosis. N) 656 

Karyotype of mouse blastomeres exposed to low concentrations of aphidicolin at the 1-cell stage on 657 

day 2 of development. O) Replication timing, origin density and gene density at a break site (yellow 658 

vertical bar) induced by low concentrations of aphidicolin. P-T) replication stress-induced break sites 659 

show lower gene density (P), lower origin density (Q), late replication timing (R), higher lamina 660 

association (S) and B compartment association (T) than randomly selected sites. Statistical test 661 

according to Mann-Whitney test. (****p<0.0001, ***p<0.001, **p< 0.01, *p<0.05).  662 

  663 

Figure 4. | Origin poor, lamina associated regions show incomplete replication in late G2 664 

phase and are prone to fragility 665 

A) Immunostaining of a fertilized nucleus at late G2 phase for �H2AX and lamin b. Arrow points to 666 

foci localized on nucleolus and arrow head points to foci localized on nuclear envelope. Size bar = 667 

5µm. B) Schematic of foci location. C) Quantification of foci (n=331) in different compartments in 35 668 
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nuclei; on and in proximity to nucleolus and nuclear envelope (B compartment), and A compartment. 669 

D) Schematic of the experiment. Aphidicolin is added at high concentration at the end of the first cell 670 

cycle to inhibit DNA synthesis in late G2 phase to probe for regions with incomplete replication at 671 

that time point. CHK1 inhibition or WEE1 inhibition facilitates mitotic entry despite unreplicated DNA, 672 

resulting in chromosome breakage, and mitotic products with micronucleation and aneuploidy. 673 

Coordinates of chromosome breakage are determined using low pass single cell genome 674 

sequencing, providing a readout for the sites of incomplete replication. E) Chromosomal content 675 

analysis of a micronucleus isolated from a mouse blastomere after transition through the first mitosis. 676 

F) DNA replication timing profile in mouse embryos on chromosome 6. Top shows the sum of 677 

replication status of all cells, together with gene and origin density, LADs and A/B compartment. The 678 

yellow bar highlights the location of a chromosomal break site caused by inhibition with aphidicolin in 679 

G2 phase. (G-K) Sites of G2 replication identified through mapping of break points in mice show 680 

lower gene density (G), lower origin density (H), later replication timing (I), higher lamina association 681 

(J) and B compartment association (K) than randomly selected sites.  682 

 683 

 684 

  685 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 26, 2023. ; https://doi.org/10.1101/2023.12.25.573304doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.25.573304
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

Supplemental Figure Legends 686 

 687 

Fig. S1. Replication timing profile of mammalian cleavage stage embryos show a temporal 688 

progression through S-phase 689 

A, B) Cumulative DNA replication timing profiles of all 2-cell and 4-cell mouse embryos, maternal 690 

and paternal genomes (n=142). (B) Single chromosome view of the same samples shown in A.  691 

(C) DNA replication timing profile of all chromosomes of bovine blastomeres from day 2-3 bovine 692 

embryos (n=69).  693 

Copy number of the X chromosome is variable in mouse or bovine. Individual cells (blastomeres) are 694 

shown ordered according to the percent replicated genome. Top plot shows summary/integration of 695 

all cells as a copy number plot. 696 

 697 

Fig. S2. Mouse embryo replication profile has higher correlation with ES cells and primordial 698 

germ cells than with differentiated cells 699 

A) Summary of genome replication timing profile correlation between developmental stages and cell 700 

types. Values indicate Spearman’s R. B-G) Replication profile correlation comparing mouse day 701 

2 parthenogenetic embryos with B) fertilized mouse embryos, C) single cell mouse embryonic 702 

stem cells (mESCs), D) primordial germ cell (PGC), E) Mouse induced pluripotent stem cells 703 

(iPSCs), F) Myoblasts, and G) Mouse embryonic fibroblasts (MEFs). Statistical test according to 704 

Spearman correlation test. 705 

 706 

Fig S3. Gene clusters at vomeronasal 2 receptor (Vmn2r) and olfactory receptor (OR) genes 707 

show late replication, despite high gene density 708 

DNA replication timing profiles, gene density and replication origin density at Vmn2r (A) and OR (B) 709 

gene clusters. The yellow bar highlights chromosomal break sites identified in mouse embryos. C) 710 
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Quantification of the percentage of replicated DNA in all cells at gene clusters and at randomly 711 

selected regions. Lower values equate later replication timing. D) Quantification of replication origin 712 

density at gene clusters and randomly selected regions. (**p<0.01, ****p<0.0001). Statistical test 713 

according to Mann-Whitney test. 714 

 715 

Fig S4. Representative images of DNA fibers from controls and at 0.1µM, 0.2µM and 0.3µM 716 

aphidicolin at the preimplantation-stage embryos. 717 

(A-C) DNA fibers were stained for IdU and CidU antibodies. (D) and (E) were stained for IdU and 718 

ssDNA antibodies. Developmental stages and conditions are indicated. Size bar is indicated, 719 

calculated as 2.59 ± 0.24 kbp/μm according to (41). 720 

 721 

 722 

Supplemental Tables 723 

 724 

Table S1. Replication timing and origin density at gene clusters, long genes over 500kb and 725 

intergenic regions over 1Mb. (Related to Figure 1) 726 

 727 

Table S2. Chromosomal coordinates of spontaneous bovine break sites. (Related to Figure 2) 728 

Blastomeres were analyzed between the 2-cell and the 12-cell stage. Gene density calculation is 729 

based on the number of protein-coding genes. 730 

  731 

Table S3. Chromosomal coordinates of mouse break sites induced by low 732 

concentrations of Aphidicolin. (Related to Figure 3) 733 

Zygotes and Blastomeres at the 2-cell stage were treated throughout S phase with 0.2-0.4 µM of 734 

aphidicolin as indicated. Gene density calculation is based on the number of protein-coding genes. 735 

  736 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 26, 2023. ; https://doi.org/10.1101/2023.12.25.573304doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.25.573304
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 

Table S4. Chromosomal coordinates of break sites induced through interference with G2 DNA 737 

replication in mouse embryos. (Related to Figure 4). Blastomeres were treated with 2 µM of 738 

aphidicolin at G2 phase. Gene density calculation is based on the number of protein-coding genes. 739 

  740 

Table S5. Multispecies spontaneous and aphidicolin-induced break sites concordant regions. 741 

(Related to Figures 2-4). Identified break sites were converted between species using the UCSC 742 

genome browser function to identify syntenic regions in the counterpart genome. 743 

 744 

 745 
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