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Introduction

The embryos of the African clawed frog Xenopus laevis have been widely studied to understand the cell cycle, development, and the connections between them. After fertilization of the X. laevis egg, a series of rapid and synchronous cell division cycles is initiated in many if not most animal species [START_REF] O'farrell | Embryonic Cleavage Cycles: How Is a Mouse Like a Fly?[END_REF] . In these cleavage cycles, genome replication (S-phase) and genome segregation (M-phase) alternate without gap phases (G1 and G2-phase) or cell cycle checkpoints. Little or no cell growth occurs during the cleavage cycles due to the absence of transcription. After 12-13 cleavage cycles, a threshold ratio of DNA:cytoplasm is reached, which leads to slowing down of the cell cycle [START_REF] Newport | A major developmental transition in early Xenopus embryos: I. characterization and timing of cellular changes at the midblastula stage[END_REF][START_REF] Satoh | Timing mechanisms in early embryonic development[END_REF] and resumption of zygotic transcription. This event is called the midblastula transition (MBT). After the MBT cell cycle length increases [START_REF] Kane | The zebrafish midblastula transition[END_REF][START_REF] Masui | Cell cycle transition in early embryonic development of Xenopus laevis[END_REF] .

The extremely short S phase lasting only a few minutes during the cleavage cycles requires rapid but faithful duplication of the genome in comparison with S phases that last several hours at later stages of development and differentiation. In most metazoan cells, replication initiates at several thousands of fairly specific sites called replication origins according to a strict spatial and temporal program but no strict consensus sequence has been identified so far [START_REF] Méchali | Genetic and epigenetic determinants of DNA replication origins, position and activation[END_REF][START_REF] Prioleau | DNA replication origins-where do we begin?[END_REF] . Origins are "licensed" for replication by loading of Orc1-6, Cdc6 and Mcm2-7 proteins on chromatin in late mitosis and G1 phase, thus forming pre-replicative complexes (pre-RCs) [START_REF] Parker | Mechanisms and regulation of DNA replication initiation in eukaryotes[END_REF] .

Pre-RCs are subsequently activated during S phase by cyclin-and Dbf4/Drf1-dependent kinases (CDKs and DDKs) which leads to the recruitment of many other factors, DNA unwinding and start of DNA synthesis at origins. More Pre-RCs are assembled in G1 phase than used and origins activated in S phase. The selection of origins to be activated depends on epigenetic modifications [START_REF] Picard | The Spatiotemporal Program of DNA Replication Is Associated with Specific Combinations of Chromatin Marks in Human Cells[END_REF][START_REF] Cayrou | The chromatin environment shapes DNA replication origin organization and defines origin classes[END_REF] , local concentration of replication factors and nuclear localisation [START_REF] Prioleau | DNA replication origins-where do we begin?[END_REF] . How each of these different factors contributes to S phase length has been difficult to resolve in differentiated cells. Early developing embryos therefore provide a unique developmental context to study S phase duration around MBT. In Xenopus embryos, initiations of DNA replication take place randomly at the amplified rDNA locus before the MBT but are restricted to the intergenic region after the MBT when the rDNA genes are transcribed [START_REF] Hyrien | Transition in specification of embryonic metazoan DNA replication origins[END_REF] . In the widely used Xenopus in vitro system, sperm nuclei replicate efficiently in egg extracts, which is supposed to mimic the first S phase after fertilisation. Typically, origins are spaced in the in vitro system every 10-15 kb [START_REF] Blow | Replication origins in Xenopus egg extract Are 5-15 kilobases apart and are activated in clusters that fire at different times[END_REF][START_REF] Herrick | Replication fork density increases during DNA synthesis in X. laevis egg extracts[END_REF][START_REF] Marheineke | Aphidicolin triggers a block to replication origin firing in Xenopus egg extracts[END_REF] genome wide, whereas in somatic cells this distance is greater by about 10-fold [START_REF] Cayrou | Genome-scale analysis of metazoan replication origins reveals their organization in specific but flexible sites defined by conserved features[END_REF] . Varying the DNA:cytoplasm ratio in the Xenopus in vitro system leads to an increase of S phase length and it has been proposed that the replication program changes at the midblastula transition (MBT) [START_REF] Walter | Regulation of replicon size in Xenopus egg extracts[END_REF] . Single DNA fiber analysis showed that locally, inter-origin spacing did not change. Instead the time of activation of different groups of origins (clusters) is spread out over time leading to an increase of S phase length by changing the temporal program [START_REF] Marheineke | Control of replication origin density and firing time in Xenopus egg extracts: role of a caffeine-sensitive, ATR-dependent checkpoint[END_REF] . The temporal replication program in the in vitro system is regulated by the ATR/Chk1 dependent replication checkpoint [START_REF] Marheineke | Control of replication origin density and firing time in Xenopus egg extracts: role of a caffeine-sensitive, ATR-dependent checkpoint[END_REF][START_REF] Guo | Interaction of Chk1 with Treslin Negatively Regulates the Initiation of Chromosomal DNA Replication[END_REF][START_REF] Platel | Tight Chk1 levels control replication cluster activation in Xenopus[END_REF][START_REF] Shechter | ATR and ATM regulate the timing of DNA replication origin firing[END_REF] . Altogether these observations imply that a maternal diffusible replication factor becomes limiting at the MBT, connecting the DNA:cytoplasm ratio to the cell cycle, controlling the embryonic replication program. Slowing down of replication forks would activate the ATR/Chk1 dependent DNA replication checkpoint thereby slowing down origin firing and S phase progression.

In support of this model it has been shown, though at only one stage post-MBT, that overexpression of four replication initiation factors (Treslin, RecQ4, Drf1, TopBP1) delays the onset of the MBT in Xenopus laevis and reduces replication track distances [START_REF] Collart | Titration of four replication factors is essential for the Xenopus laevis midblastula transition[END_REF] . Other factors such as protein phosphatase 2A [START_REF] Murphy | Control of DNA Replication by the Nucleus/Cytoplasm Ratio in Xenopus[END_REF] , non-coding Y RNAs 23 , the chromatin remodeling complex xNuRD [START_REF] Christov | A NuRD Complex from Xenopus laevis Eggs Is Essential for DNA Replication during Early Embryogenesis[END_REF] , histones [START_REF] Amodeo | Histone titration against the genome sets the DNA-to-cytoplasm threshold for the Xenopus midblastula transition[END_REF] , Rap1 interacting factor (Rif1) [START_REF] Seller | Rif1 prolongs the embryonic S phase at the Drosophila mid-blastula transition[END_REF] and dNTP pools have also been linked to the change of DNA replication program or the DNA:cytoplasm ratio at the MBT. Injection of dNTPs into early embryos leads to extra cleavage cycles [START_REF] Landström | Control of cell division and cell differentiation by deoxynucleotides in the early embryo of Xenopus laevis[END_REF] and early embryos treated with the ribonucleotide reductase (RNR) inhibitor hydroxyurea (HU) are arrested at the MBT [START_REF] Newport | On the coupling between DNA replication and mitosis[END_REF] . In support of a role of the dNTP pool at the MBT, it has been reported that the dATP concentration decreases at the MBT [START_REF] Vastag | Remodeling of the metabolome during early frog development[END_REF] . But dNTP injection into embryos slowed cell cycles, probably because of toxicity.

The aim of this study was to investigate how the genome wide replication program changes at the MBT in Xenopus embryos by directly comparing replication in pre-and post-MBT embryos. Using an in vitro replication system based on embryonic extracts and DNA fiber studies we show that, shortly after the MBT, the number of replication eyes (in vitro labelled replication tracks, see Methods for further definition) decreases and the distances between replication eyes increase while fork speed remains unchanged. We also show that increased fork distances at the MBT can be reproduced in the egg extract system by increasing the 

Materials and Methods

Reagents and antibodies

Roscovitine was purchased from Sigma-Aldrich ®, aliquoted at -20°C and used only once, Anti-DNA antibody (Mab3032) from Merck-Millipore, StreptavidinAlexaFluor594 and AlexaFluor antibodies from Invitrogen, anti-human P-Chk1 (Ser345) (#2341), recognizes Xenopus P-Chk1 (S342) and anti-human P-Cdc25 (Ser216) (#4901), recognizes Xenopus P-Cdc25C (S287) from Cell signaling. Anti-Xenopus cyclin E1 developed by J. Maller was obtained from the European Xenopus Resource Centre, UK. Recombinant GST-tagged human p21 was expressed in E.coli and purified as described [START_REF] Frank-Vaillant | Two Distinct Mechanisms Control the Accumulation of Cyclin B1 and Mos in Xenopus Oocytes in Response to Progesterone[END_REF] .

Xenopus in vitro fertilization and extract preparation

In vitro fertilization of Xenopus eggs with sperm was performed according to standard techniques at 22-23 °C [START_REF] Sive | Xenopus laevis In Vitro Fertilization and Natural Mating Methods[END_REF] , and developmental stages of embryos were determined according to [START_REF] Nieuwkoop | Normal table of Xenopus laevis (Daudin): a systematical and chronological survey of the development from the fertilized egg till the end of metamorphosis[END_REF] . Embryonic lysates were prepared as described [START_REF] Collart | The Midblastula Transition Defines the Onset of Y RNA-Dependent DNA Replication in Xenopus laevis[END_REF][START_REF] Lemaitre | Dynamics of the genome during early Xenopus laevis development: karyomeres as independent units of replication[END_REF] with some modifications. 100-200 dejellied early blastula (stage 7) and late blastula (stage 9) embryos (siblings) were washed in embryo extraction buffer (10mM Hepes, pH 7.7 KOH, 100mM KCl, 50 mM Sucrose, 1mM MgCl 2 , 0.1 mM CaCl 2 and spun at 700 g for 1 min, to pack embryos without crushing.

Excess liquid was removed and embryos were centrifuged at 17 000g for 10 min at 4°C. The two middle phases (clear yellow containing cell extracts and a small greyish phase containing the nuclei) were isolated with a needle and combined. Into this crude extract containing endogenous nuclei energy mix (7.5 mM creatine phosphate, Creatine kinase, 1 mM ATP) and 20µM rhodamine-dUTP, 20µM biotin-dUTP (Roche Applied Science), or [α-32 P]dATP was added. Replication was allowed to continue, then aliquots were withdrawn at indicated time points and replication reactions stopped. Interphase egg extracts and replication reactions with varying concentration of nuclei were performed as described [START_REF] Platel | Tight Chk1 levels control replication cluster activation in Xenopus[END_REF] . Embryo lysates for western blot analysis were prepared by adding 100µl of EB buffer plus proteinase inhibitors and phosphatase inhibitors to 10 embryos which were centrifuged for 10 min, 4°C at 18.000 g.

The interphase was collected and prepared for SDS-PAGE and western blot analysis. 

Protocols including

Molecular combing and detection by fluorescent antibodies

DNA was extracted and combed as described [START_REF] Marheineke | Use of DNA combing to study DNA replication in Xenopus and human cell-free systems[END_REF] . Biotin was detected using AlexaFluor594 conjugated to streptavidin followed by incubation with biotinylated anti-avidin antibodies (repeated twice). DNA was labeled by mouse anti-DNA antibody followed by AlexaFluor488 rabbit anti-mouse then goat anti-rabbit antibodies for enhancement [START_REF] Platel | Tight Chk1 levels control replication cluster activation in Xenopus[END_REF] .

Molecular combing measurements and data analysis

Images of the combed DNA molecules were acquired and measured as described [START_REF] Marheineke | Use of DNA combing to study DNA replication in Xenopus and human cell-free systems[END_REF] . For each combing experiment a total of 5-11 of Mb DNA was measured. The fields of view were chosen at random. Measurements on each molecule were made using Image Gauge version 4.2 (Fujifilm) and compiled using macros in Microsoft Excel (2010). Replication eyes were defined as the incorporation tracks of biotin-dUTP. Replication eyes were considered to be the products of one, two or more replication forks, because cells and therefore also initiations are asynchronous in post-MBT. We therefore preferred the more general term replication eye to fork in this study. Incorporation tracks at the extremities of DNA fibers were considered to be the products of one replication fork. Tracks of biotin-labeled DNA needed to be at least 1 kb to be considered significant and scored as eyes. When label was discontinuous, the tract of unlabeled DNA needed to be at least 1 kb to be considered as a real gap. The replication extent was determined as the sum of eye lengths divided by the total DNA length. Replication eye density was calculated as the total DNA divided by the total number of replication eyes.. Eye-to-eye distances (ETED), were measured between the midpoints of adjacent replication eyes. The means of fiber lengths were comparable inside each individual experiment in order to avoid biases in eye-to-eye distances. Incorporation tracks at the extremities of DNA fibers were not regarded as replication eyes, but were included in the determination of the replication extent, calculated as the sum of all eye lengths (EL) divided by total DNA. Box plots of ETED (with n ranging from 80-400) were made using GraphPad version 6.0 (La Jolla, CA, USA). Statistical analysis of repeated experiments has been included as means including ranks where possible. Summary tables of all combing results are in the supplementary data. To further analyse the distribution of eye-to-eye distances (ETED), the data were tabulated into a histogram of 70 bins in a range of 0-90kb. For the Fourier analysis, we used the fast fourier transform (fft) function in Matlab (vR2013a) to evaluate the discrete Fourier transform of the ETED distribution. Then we calculated the power spectral density (PSD) as:

𝑆 𝐸𝐸𝐸𝐸 (𝑓) = 2 𝑁𝑓 𝑠 �� 𝑥 𝑛 𝑒 -𝑖(2𝜋𝑓/𝑓 𝑠 )𝑛 𝑁-1 𝑛=0 � 2 with 0 ≤ 𝑓 ≤ 𝑓 𝑠 2
, N=70 and f s =0.78kb -1 .

Fourier transforms are usually used to find the frequency components of a temporal signal and therefore, the frequency unite is in [Hz] ([1/s]). In our case, the signal is defined in the spatial domain, therefore Fourier transform of the signal and the related power spectral density are defined in the domain of the conjugate variable, that is the spatial frequency domain, also called wavenumber domain. Hence, as the eye-to-eye distances are defined in [kb], the power spectral density of their distribution depends on the conjugate variable of the distance, i.e. on wavenumber whose unit is [1/kb].

Neutral and alkaline agarose gel electrophoresis

Embryonic extracts were complemented with indicated reagents and one-fiftieth volume of [α-32 P]dATP (3000 Ci/mmol). DNA was purified, separated on 0.8 % TBE-agarose or 1.1% alkaline agarose gels, and analyzed as described [START_REF] Marheineke | Aphidicolin triggers a block to replication origin firing in Xenopus egg extracts[END_REF] . The fraction of incorporated radiolabeled signal was calculated relative to the maximal incorporation in each sample in order to calculate means and compare different experiments.

Results

De novo DNA synthesis in pre-and post-MBT embryonic extracts

In order to investigate how the spatio-temporal replication program changes during early X. laevis development, we established protocols to label replicating DNA in developing embryos before and after MBT (Figure 1A). Different attempts to label whole developing embryos in vivo with short pulses of BrdU supplied to external buffer did not result in a robust labelling of replicated DNA in nuclei or on single DNA fibers (data not shown). We therefore used an in vitro system based on embryonic extracts [START_REF] Lemaitre | Dynamics of the genome during early Xenopus laevis development: karyomeres as independent units of replication[END_REF] , thus differing from the well-known egg extract in vitro system [START_REF] Blow | Initiation of DNA replication in nuclei and purified DNA by a cell-free extract of Xenopus eggs[END_REF] . Embryos which have been fertilized in vitro in one batch develop very synchronously. Cell divisions inside each embryo are synchronous during the first stages, then nearly synchronous until cell cycle 12. At a constant temperature cell cycle length before the MBT is very reproducible (30-32 min at 22.5°C) and each end of mitosis can be easily determined by the appearance of the cleavage furrow indicating cytokinesis. DNA replication starts in pre-MBT embryos already in in telophase [START_REF] Lemaitre | Dynamics of the genome during early Xenopus laevis development: karyomeres as independent units of replication[END_REF] . Therefore, for pre-MBT conditions, embryos were harvested at stage 7, containing 128 cells at the end of cell cycle 8 in telophase which was monitored by the first appearance of the cleavage furrow. For post-MBT conditions embryos were harvested at stage 9 in cell cycle 13-14 containing 4096-8192 cells.

At this stage the cell cycle length is around 60-75 min on average and synchrony of cells inside each embryo is now lost 2 . Several hundreds of embryos from the same sibling for both developmental times were collected and broken down by centrifugation to obtain four phases (Figure 1B). The two middle phases containing crude cell extract and endogenous nuclei [START_REF] Lemaitre | Dynamics of the genome during early Xenopus laevis development: karyomeres as independent units of replication[END_REF] were collected together. Western blot analysis of these embryo lysates confirms the Nieuwkoop and Faber staging since a decrease of cyclin E1 between stage 7 and 9 and the transient Chk1 phosphorylation at stage 9 were observed (Figure 1 C) which is consistent with previous studies [START_REF] Hartley | In VivoRegulation of the Early Embryonic Cell Cycle inXenopus[END_REF][START_REF] Gotoh | Phosphorylation of Claspin is triggered by the nucleocytoplasmic ratio at the Xenopus laevis midblastula transition[END_REF][START_REF] Shimuta | Chk1 is activated transiently and targets Cdc25A for degradation at the Xenopus midblastula transition[END_REF] . To these fresh embryonic extracts containing endogenous nuclei we added rhodamine-dUTP for 15 or 20 min as well as an ATP regenerating system in order to visualize replication in vitro by fluorescence microscopy in labelled nuclear structures (Figure 2 A,B). Small nuclear structures in pre-MBT extracts represent karyomeres, which are individual chromosomes surrounded by a nuclear membrane typical for this developmental stage and which disappear after stage 9 [START_REF] Lemaitre | Dynamics of the genome during early Xenopus laevis development: karyomeres as independent units of replication[END_REF] . We found that 80 % of all nuclear structures in pre-MBT lysates were karyomeres (2-6µm in diameter) and only 30 % in post-MBT lysates with predominant interphase nuclei (16-20µm diameter)(Suppl. Figure 1), consistent with earlier observations [START_REF] Collart | The Midblastula Transition Defines the Onset of Y RNA-Dependent DNA Replication in Xenopus laevis[END_REF][START_REF] Lemaitre | Dynamics of the genome during early Xenopus laevis development: karyomeres as independent units of replication[END_REF][START_REF] Montag | Structural analysis of the mitotic cycle in pre-gastrula Xenopus embryos[END_REF] . Rhodamine-labelled DNA could be detected in 73.9% or 89.3 % of nuclear structures after incubation in pre-MBT (Figure 2A,C) and post-MBT (Figure 2B,C) extracts, respectively. In post-MBT embryo interphase nuclei, typical replication foci pattern with early, mid and late foci were observed (data not shown). Western blot analysis of embryo lysates probed against the phosphorylated (S287) and inactive phosphatase Cdc25C further confirmed that the cells at the time of harvest were highly enriched in interphase (Figure 2D) [START_REF] Duckworth | G2 arrest in Xenopus oocytes depends on phosphorylation of cdc25 by protein kinase A[END_REF][START_REF] Zhao | Roles of Greatwall Kinase in the Regulation of Cdc25 Phosphatase[END_REF] . These results show that DNA was synthesized de novo after cellular breakdown and that embryonic extracts in both conditions contain a very high percentage of S phase nuclei.

Next, to better characterize the replication kinetics in early pre-MBT embryonic extracts, we added [α 32 P]-dATP for different periods from the start of incubation. DNA was purified and nascent strands were separated by alkaline electrophoresis (Figure 3A,B). We observed that the nascent strand synthesis increased between 1 and 10 min incubation time, then slowed down by 15 min. Small sized nascent strands were more abundant in earlier (2-5 min) than in later time points in which high molecular weight DNA is predominant. This observation is consistent with initiation of DNA replication in the beginning and continued DNA synthesis later during the incubation period. Some small sized labelled DNA at later time points persists, probably produced by DNA shearing during sample processing. Similar replication kinetics were obtained with nuclei in post-MBT extracts (Suppl. Figure 2). The observed replication label could represent elongation of replication forks from origins activated in vivo, new origins activated in vitro or both. In order to distinguish between these two possibilities we added the Cdk1/2 inhibitor roscovitine to replication reactions in the presence of [α 32 P]-dATP in pre-MBT and post-MBT extracts to inhibit the activation of new origins (Figure 3C).

We found that addition of roscovitine led to a 48% and 53% inhibition of replication in pre-MBT and post-MBT respectively, in comparison to the control (mean of two experiments, ttest, P-value 0.0012 and 0.032 respectively). We repeated these experiments using the Cdk2 inhibitor p21/Cip1with very similar results (Suppl. Figure 3).This shows that de novo initiation takes place in the embryonic system, but also suggests that S phase has already started in some cells in vivo as Cdk2 inhibition did not completely inhibit DNA replication.

We thus also monitor ongoing DNA replication from origins initiated in vivo, in addition to those initiated in vitro. In conclusion, these experiments show that de novo DNA replication and initiation take place in the in vitro embryonic extract system allowing us to study DNA replication before and after MBT. Moreover, for all three labelling times replication extent was lower in the post-MBT than in the pre-MBT embryo extracts, consistent with a slower cell cycle 13 and slower DNA synthesis [START_REF] Newport | A major developmental transition in early Xenopus embryos: I. characterization and timing of cellular changes at the midblastula stage[END_REF] . Because replication eyes in the less synchronous post-MBT embryos could represent one replication fork from elongation patterns or two active replication forks from initiation patterns, we calculated replication eye density rather than fork density as in previous studies. We observed a mean decrease of replication eye densities of 30% in the three post-MBT conditions compared to pre-MBT conditions (Figure 4D, 4.8 versus 6.9 replication eyes per 100 kb, P-value 0.018, t-test) which explains the lower DNA synthesis rate in post-MBT embryos. In order to get an estimate of the total number of active origins before and after MBT, we considered that the replication eye density approximates origin density. This is a good approximation in the very synchronous pre-MBT embryos but probably an overestimation in the less synchronous post-MBT embryos. For the genome size of diploid somatic cells of Xenopus laevis this would result in around 430 000 active origins before MBT and 300 000 after MBT.

Genome wide decrease of replication eye density after the MBT

Next, we compared ETED distributions between pre-and post MBT extracts (Figure 4E). We found a significant increase of ETED distances in post-MBT extracts in comparison to pre-MBT extracts (median: 11.5 versus 9.8 kb; Mann-Whitney Test, P-value 0.0064, mean: 12.7 versus 17.0 kb), consistent with the observed mean decrease in replication eye density in post-MBT extracts. Since the decrease in synthesis rate could be due to slower fork progression, we also compared replication eye lengths (EL), which are good indicators of replication fork speed (Figure 4F). We did not find any significant difference between distributions of eye lengths before and after MBT (Mann-Whitney test, P-value 0.32). We conclude that replication eye density rather than fork speed decreases after MBT, strongly suggesting that origin density decreases likewise.

Increasing the DNA:cytoplasm ratio in egg extracts reproduces the increase of replication eye distances in embryonic extracts after the MBT

The decrease of replication fork density after MBT could be due to depletion of soluble factors or to other changes related to the onset of zygotic transcription and chromatin remodeling at the MBT. Only the hypothesis of depletion of soluble factor(s) can be reproduced in egg extracts, by increasing concentration of nuclei. The concentration of nuclei at the MBT at stage 8/9 embryos corresponds to 10,000 nuclei per µl of egg extract. In order to compare the eye distances from the in vitro embryo system to those from the in vitro egg system, we generated new combing data in egg extracts with different nuclear-cytoplasmic ratios (200-10,000 nuclei/µl). Sperm nuclei replicate in interphase egg extracts in 30-45 min whereas S phase in vivo in pre-MBT embryos lasts less than 30 min 2 . Therefore, we compared experiments in the egg extract system with similar replication extent in mid S phase (25-53%) to the embryonic system, rather than using similar labelling times (Figure 5). We found that ETED distributions in the egg extract system at mid S phase were not statistically different at low (200 nuclei/µl) and high (1000-4000 nuclei/µl) nuclei concentration consistent with earlier observations [START_REF] Marheineke | Control of replication origin density and firing time in Xenopus egg extracts: role of a caffeine-sensitive, ATR-dependent checkpoint[END_REF] . Furthermore, the pre-MBT ETED distributions were not significantly different from the ETED distributions from the egg extract system at nuclei concentration of 200, 1000 and 4000 nuclei/µl (P-values: 0.11, 0.53 and 0.05 respectively). However, all distributions representing pre-MBT stages in the egg extract and embryonic extracts, were different than distributions of the post-MBT embryonic extract and of 10.000 nuclei/µl in the egg extract system (P-value = or < 0.0001). ETED in post-MBT and in very high nuclei (10,000 nuclei/µl) were not statistically different (P-value 0.67). We conclude that local replication eye distances in the pre-MBT embryonic system are identical to those in the established egg extract system at concentrations up to 4000 nuclei/µl, demonstrating that, independent of the experimental system, local replication eye distances distributions are surprisingly stable before MBT. Further on, in vitro egg extract experiments with nuclei concentrations close to those found at the MBT reproduce local eye distances from post-MBT embryos. This result strongly suggests that the initial decrease of the replication eye density after the MBT can be mainly attributed to depletion of limiting soluble factors.

dNTP levels are not limiting for the replication program at the MBT in embryonic extracts

Next, we wanted to test whether the dNTP pool becomes limiting at the MBT [START_REF] Newport | A major developmental transition in early Xenopus embryos: I. characterization and timing of cellular changes at the midblastula stage[END_REF][START_REF] Landström | Control of cell division and cell differentiation by deoxynucleotides in the early embryo of Xenopus laevis[END_REF] . The concentration of dCTP and dATP in interphase egg extracts is 50 µM [START_REF] Blow | Initiation of DNA replication in nuclei and purified DNA by a cell-free extract of Xenopus eggs[END_REF] . We added water or dNTP (50µM for each dNTP) to post-MBT embryonic extracts and nuclei in the presence of biotin-dUTP (5 min) and performed DNA combing experiments. If the dNTP limiting model is right we would expect to see an increase of the replication extent and eye density after dNTP addition in post-MBT embryonic nuclei. In two independent experiments we found that the replication extent (Figure 6A) and eye density (Figure 6B) were not significantly increased. In addition, we did not find any significant difference of ETED distribution (Figure 6C, mean ETED -dNTP 17.0 kb versus +dNTP 15.4 kb, P-value 0.6732). We conclude that dNTP addition does not accelerate DNA replication in the embryonic extract system post-MBT.

Apparent correlation length of replication eye distances in pre-MBT embryos

In pre-MBT Drosophila embryos, Blumenthal et al. found a periodicity in eye-to-eye distances distributions of multiples of 3.4 kb [START_REF] Blumenthal | The units of DNA replication in Drosophila melanogaster chromosomes[END_REF] , suggesting a regular spacing of origins. We investigated this question in pre-MBT Xenopus embryos choosing the 4 min labelling time point because it represents early S phase where the probability of merged neighboring eyes is the lowest. A clear peak of the frequency of ETED around 7-10 kb was detected. However, we found no additional peaks of multiples at 7-10 kb, as expected if there were periodic spacing (Figure 7A). In order to detect less apparent periodicities, we performed a Fourier analysis and plotted the power spectral density (Figure 7B). If the origins are periodically distributed then we expected to detect a single sharp peak. However, we could only observe one broad, sufficiently high peak (indicated with an arrow) which suggests that origins are not very regularly spaced. Nevertheless, this new analysis reveals the existence of a 7.5 kb correlation length among fired origins in pre-MBT embryos. We conclude that origins in Xenopus embryos are not spaced completely at random but can to be found at ̴ 7.5 kb intervals although as strict a regularity as found in Drosophila was not been detected.

Discussion

Rapid cell cycles are typical of cleavage cycles of flies, amphibians and fish but even mammals exhibit rapid cell cycles in close association with gastrulation [START_REF] O'farrell | Embryonic Cleavage Cycles: How Is a Mouse Like a Fly?[END_REF] . How these quick cell cycles including the duplication of complex genomes are controlled and how the transition to a slower adult replication mode at the MBT occurs has been of interest for a long time. Although it was shown at two specific loci that the initiation pattern change after the MBT in Xenopus and Drosophila using 2D gel electrophoresis [START_REF] Hyrien | Transition in specification of embryonic metazoan DNA replication origins[END_REF][START_REF] Sasaki | Specification of Regions of DNA Replication Initiation during Embryogenesis in the 65-KilobaseDNApolα-dE2F Locus of Drosophila melanogaster[END_REF] , it was still unclear how the spatial replication program changes at the MBT genome wide. Since the introduction of DNA combing technique to study replication programs, much progress has been made to visualize origins at the level of single DNA fibers genome wide. This approach provides a direct value of origin or replication eye distances. In contrast, population based techniques, like two-dimensional gel electrophoresis or recent sequencing of nascent strands, tend to overestimate origin densities since not every origin of each cell is fired in each cell cycle. In an early pioneering study in Drosophila using autoradiography on single DNA fibers, Blumenthal et al. showed that origins are closely spaced in cleavage nuclei and more restricted in differentiated cell culture cells, with mean center distances between track length about four times larger in comparison to cleavage nuclei [START_REF] Blumenthal | The units of DNA replication in Drosophila melanogaster chromosomes[END_REF] . Here, we show for the first time on single DNA fibers genome wide in Xenopus that the number of replication eyes decreases by one third shortly after the MBT because distances between neighboring eye lengths increase. This observation most probably also reflects a similar decrease of the density of active replication origins. No difference in fork speed could be detected as eye lengths did not change. Our results extend similar observations of Collart et al. that were limited to one stage post-MBT [START_REF] Collart | Titration of four replication factors is essential for the Xenopus laevis midblastula transition[END_REF] . In contrast to the latter study, we found smaller distances between replication eyes, which is probably due to the shorter labelling times we used in our study (4-6 min versus 10 min in [START_REF] Collart | Titration of four replication factors is essential for the Xenopus laevis midblastula transition[END_REF] ). In dissociated blastomeres, cell cycles last 35 min before MBT but the cell cycle 13 lasts on average 60 min concomitantly with a decrease in 3 H-thymidine incorporation [START_REF] Newport | A major developmental transition in early Xenopus embryos: I. characterization and timing of cellular changes at the midblastula stage[END_REF] . More recently, S, M, G1 and G2 phase length were determined by in vivo time lapse microscopy in early Xenopus blastomeres [START_REF] Iwao | Midblastula transition (MBT) of the cell cycles in the yolk and pigment granule-free translucent blastomeres obtained from centrifuged Xenopus embryos[END_REF] . According to this study S phase length increase 1.5 fold between pre-MBT (22-25 min) and stage 9 post-MBT embryos (33-40min). Fork density and S phase length are not necessarily correlated in a strict linear manner [START_REF] Yang | How Xenopus laevis embryos replicate reliably: investigating the random-completion problem[END_REF] . Therefore, the relatively small decrease of 30% in eye density between pre-MBT (cycle 8) and post-MBT (late blastula cycle 13) extracts in our experiments is consistent with a progressive increase of the cell cycle length after the MBT. This suggests that the replication program changes gradually, but not immediately after the MBT as does cell cycle length. A change in the initiation pattern between Xenopus laevis embryos at pre-and post-MBT stages has been observed at the specific locus of the rDNA repeats using twodimensional gel electrophoresis [START_REF] Hyrien | Transition in specification of embryonic metazoan DNA replication origins[END_REF] . In pre-MBT embryos, initiations were random through-out the locus but in late blastula embryos, initiations were repressed in the highly transcribed rDNA genes and restricted to the intergenic region, suggesting that, on average, origin density decreases on this specific locus linked to the resumption of rDNA transcription after MBT.

We also previously showed, using DNA combing and FISH, that initiations at the rDNA locus are less random and more frequent in the transcription unit in egg extracts [START_REF] Labit | DNA replication timing is deterministic at the level of chromosomal domains but stochastic at the level of replicons in Xenopus egg extracts[END_REF] . Our results on the whole genome using DNA combing are therefore consistent with these early observations at the rDNA locus and show that replication eye density decreases globally although to a lesser extent than deduced from one locus.

In order to ensure that during the rapid embryonic S phase no DNA is left unreplicated before mitosis it was suggested that origins are regularly spaced in Xenopus [START_REF] Laskey | Chromosome replication in early development of Xenopus laevis[END_REF] as it was reported in Drosophila [START_REF] Blumenthal | The units of DNA replication in Drosophila melanogaster chromosomes[END_REF] . In a former study, we and others did not detect a regular spacing of origins in sperm nuclei replicating in Xenopus egg extracts [START_REF] Blow | Replication origins in Xenopus egg extract Are 5-15 kilobases apart and are activated in clusters that fire at different times[END_REF][START_REF] Marheineke | Aphidicolin triggers a block to replication origin firing in Xenopus egg extracts[END_REF] , although the eye distance distribution was not completely random. In this study, we performed a Fourier analysis to better visualize a potential periodicity of eye-to-eye distances in pre-MBT embryos. Again, no strict regular spacing was detected but a more evident correlation length of around 7.5 kb was detected.

Maybe the much shorter S phase length in Drosophila early embryos (3.5 min) in comparison to Xenopus embryos (20 min) reflects different replication strategies and explains the differences in origin spacing. How the spatial replication program is regulated in the absence of any sequence specificity in Xenopus needs further investigation. We recently showed that the ATR/Chk1 dependent replication checkpoint regulates the frequency of initiation events in this system [START_REF] Platel | Tight Chk1 levels control replication cluster activation in Xenopus[END_REF] . Numerical simulations including checkpoint mechanisms and origin organization in clusters can reproduce experimental data, including eye-to-eye distance distributions (manuscript in preparation). In mice, genome wide studies show that the temporal program of replication changes during development at the level of large replication domains [START_REF] Hiratani | Differentiation-induced replication-timing changes are restricted to AT-rich/long interspersed nuclear element (LINE)-rich isochores[END_REF][START_REF] Hiratani | Global Reorganization of Replication Domains During Embryonic Stem Cell Differentiation[END_REF] . In this study we did not investigate the temporal replication program at the lower resolution level of replication domains (100 kb-1Mb) but a previous study showed that the timing program also exists in the Xenopus egg extract system at the level of replication foci reflecting domains [START_REF] Labit | DNA replication timing is deterministic at the level of chromosomal domains but stochastic at the level of replicons in Xenopus egg extracts[END_REF] . Recently, a study in zebrafish reported that replication timing domains are already established before the MBT and the onset of transcription but change progressively after the MBT [START_REF] Siefert | DNA replication timing during development anticipates transcriptional programs and parallels enhancer activation[END_REF] , analogous to our observation of a gradual change in the spatial replication program.

The Xenopus in vitro system based on egg extracts has been extensively used to study DNA replication and it was presumed that it mimics the rapid S phase replication program of the first cleavage cycles after fertilization. Here, we actually show that the eye-to-eye distances in the egg extract system with nuclei concentrations corresponding to pre-MBT stages are identical to those in pre-MBT extracts, although S phase is longer in the in vitro system. This validates on the one hand this embryonic in vitro system and shows on the other hand that replication eye distances before MBT are remarkably constant, independent of S phase length and experimental system. Increasing the nuclei concentration beyond DNA:cytoplasm ratios corresponding to those at the MBT leads to distance distributions identical to those found in post-MBT extracts. In other words, depleting cytosolic factors in vitro is sufficient to recapitulate the increase in eye-to-eye distances seen in embryos shortly after the MBT.

Furthermore, this suggests that other changes which take place at the MBT in vivo, like the resumption of transcription and changes in histone variants and histone modifications [START_REF] Shechter | Analysis of histones in Xenopus laevis. I. A distinct index of enriched variants and modifications exists in each cell type and is remodeled during developmental transitions[END_REF][START_REF] Wang | Phosphorylation and arginine methylation mark histone H2A prior to deposition during Xenopus laevis development[END_REF] , are not the main cause of the observed increase of eye-to-eye distances in Xenopus. This is consistent with the initial observations made by Newport and Kirschner 2 which showed that injection of Xenopus embryos at the one-cell-stage with the transcription inhibitor α-amanitin did not change the length of the cleavage cycles at the MBT. We cannot however rule out that at later stages the resumed transcription and associated changes in chromatin structure influence with the spatial replication program. Further studies are needed to correlate these changes to the replication program in Xenopus. A correlation between transcriptional activity and active origins is well established but the question of whether transcriptional activity specifies replication origins during development or vice versa is still a matter of debate. In pluripotent (pre-gastrula) stages of C. elegans, origins were recently found to be enriched on promotors [START_REF] Rodríguez-Martínez | The gastrula transition reorganizes replication-origin selection in Caenorhabditis elegans[END_REF] or enhancers [START_REF] Pourkarimi | Spatiotemporal coupling and decoupling of gene transcription with DNA replication origins during embryogenesis in C. elegans[END_REF] of highly active genes. In contrast to Xenopus, Zebrafish and Drosophila, transcription in C. elegans has already started at the 4-cell stage. Rodriguez-Martinez et al. reported that new origins are selected after gastrula transition as a function of the transcriptional program because their positions changes from TSS sites to enhancer and non-coding regions. However, Pourkarimi et al. concluded that replication origins are predefined in pre-gastrula embryos prior to the broad onset of transcription after gastrulation because their position is mostly invariant throughout different stages even though the transcriptional programs changes. The latter study is therefore more in line with our and another study [START_REF] Collart | Titration of four replication factors is essential for the Xenopus laevis midblastula transition[END_REF] both showing that the spatial replication program at the MBT in Xenopus changes, at least to some extent, independently of transcriptional activity. In Drosophila, the replication checkpoint activation at the MBT depends on the level of recruitment of RNA Polymerase II [START_REF] Blythe | Zygotic Genome Activation Triggers the DNA Replication Checkpoint at the Midblastula Transition[END_REF] . It is possible that different organisms adapted different strategies for cell cycle control at the MBT.

It has been proposed that replication factors are limited in yeast [START_REF] Mantiero | Limiting replication initiation factors execute the temporal programme of origin firing in budding yeast[END_REF] and become limiting in Xenopus, due to the increase of the DNA:cytoplasm that reaches a threshold at the MBT, which slows down replication forks [START_REF] Newport | A major developmental transition in early Xenopus embryos: I. characterization and timing of cellular changes at the midblastula stage[END_REF] . In Xenopus it was shown that the four essential initiation factors Drf1, TopBP1, Treslin and RecQ4 become limiting at the MBT and that overexpression of all four factors in embryos led to extra cleavage cycles [START_REF] Collart | Titration of four replication factors is essential for the Xenopus laevis midblastula transition[END_REF] . After overexpression of these factors, DNA combing experiments in dissociated cells from dissected animal caps at one stage around the MBT after overexpression of these factors showed a two fold increase of replication extent due to a decrease of gap length between replication tracks in comparison to the control. We wondered whether these four factors are the only limiting replication factors at the MBT. It is known that the dATP concentration in embryos decreases after the MBT [START_REF] Vastag | Remodeling of the metabolome during early frog development[END_REF] , implying that the dNTP concentration could become limiting for the replication program at the MBT. In mammalian cells and yeast respectively, the deoxynucleotide availabilities can modulate origin choice and origin spacing [START_REF] Anglana | Dynamics of DNA replication in mammalian somatic cells: nucleotide pool modulates origin choice and interorigin spacing[END_REF][START_REF] Poli | dNTP pools determine fork progression and origin usage under replication stress[END_REF] . In our study, we did not find an increase of replication eye density suggesting that depletion of dNTP pools alone at the MBT does not change the replication program in Xenopus embryos. This is similar to conclusions from [START_REF] Collart | Titration of four replication factors is essential for the Xenopus laevis midblastula transition[END_REF] where it was shown that dNTP injections alone did not delay or reduce Chk1 activation at the MBT. However, the effect of dNTP injections alone or in combination with replication factors on the DNA replication program in embryos were not studied in this study. Why HU treatment of Xenopus embryos lead to cell death at the MBT [START_REF] Newport | On the coupling between DNA replication and mitosis[END_REF] but dNTP addition or injection alone had no effect on the replication program or the checkpoint activation at the MBT requires further studies. Maybe HU has other secondary, toxic effects 60 on early Xenopus embryos.

In conclusion, we show genome wide that the spatial replication program changes at the MBT in Xenopus laevis. Our finding that a simple increase of the DNA:cytoplasm ratio in vitro 

  DNA:cytoplasm ratio, supporting the role of known rate limiting replication factors or unknown soluble factors at this stage in development. Modulation of the dNTP pool by addition of exogenous dNTP did not change the replication program showing that dNTP are not limiting at this stage in vitro. Our study provides a new and straight forward strategy to study the DNA replication program during early vertebrate development by the use of an embryonic in vitro system.

  Xenopus laevis have been approved by the local ethical review board for animal welfare and animal experimentation (comité d'éthique Paris Centre et Sud N°59, N° 2012-0062) according to French and European regulation on animal research.

  We performed DNA combing experiments to determine replication parameters such as distances between replication eyes, eye density and fork speed. Embryonic extracts from embryos (same siblings) at stage 7 (pre-MBT) or stage 9 (post-MBT) with endogenous nuclei were incubated for 4, 5 or 6 min with biotin-dUTP. DNA was isolated for DNA combing experiments. Sufficient biotin-dUTP incorporation on DNA fibers was detected in both conditions allowing us to visualize replication eyes and to measure eye-to-eye distances (ETED) in pre-and post-MBT extracts (Figure4 A, B, see also Material and Methods). As shown in Figure4C, depending on labelling time, replication extent increases in pre-and post MBT conditions, consistent with the above radioactive dATP incorporation experiments.

  does entirely reproduce local replication eye distances found in vivo after the MBT suggests that titration of limiting replication factors or other unknown cytosolic factors can explain the initial change of the spatial replication program at the MBT. This embryonic replication system will allow us to further dissect the replication program in the Xenopus model system. Indeed, biochemical fractionation methods combined with deep proteomics studies could help identifying novel replication factors (proteins or non-coding RNAs) controlling the change of the replication program at this important developmental transition.

Figure 1 :

 1 Figure 1: Embryonic in vitro replication system. (A) Developmental stages during early development of Xenopus laevis, stage diagrams from 32 , (B) Experimental strategy of in vitro replication system from pre-or post-MBT embryos; MBT, Mid-Blastula-Transition. (C) Western blot analysis of embryo lysates from stage 7 and stage 9 with anti-Xcyclin E1 and anti-human P-Chk1(S345) antibodies (which recognise Xenopus P-Chk1 homologue S342) , anti-tubulin as loading control, * marks non-specific band.

Figure 2 :

 2 Figure 2: DNA replication of karyomeres and interphase nuclei in embryonic extracts. Karyomeres and nuclei in embryonic extracts were incubated for 15 min in the presence of rhodamine-dUTP and processed for fluorescence microscopy. Karyomeres and interphase nuclei were isolated from (A) pre-MBT lysates, (B) post-MBT lysates. (C) Mean percentages (with standard deviation) of all replicating nuclear structures, karyomeres and interphase nuclei, were quantified from two independent experiments. bar=15 µm, (D) Western blot analysis of embryo lysates from stage 7 and stage 9 with anti-human P-Cdc25C (S219) antibodies, which recognize Xenopus P-Cdc25C (S287). LSS (S): low speed supernatant, S phase egg extract; Oocyte (G2): oocyte extract (G2 phase), Egg (M): inactivated, laid egg extract (meiosis); st7: stage 7 embryo lysate; st9: stage 9 embryo lysate.

Figure 3 :

 3 Figure 3: De novo initiation of DNA replication in embryonic extracts. Pre-MBT extracts and nuclei were incubated with [α-32 P]dATP for 1-15 min, genomic DNA was purified and separated by alkaline electrophoresis (A), (B) radiolabeled fraction of maximal incorporation of [α-32 P]dATP of two independent nascent strand experiments (mean and SEM), (C) pre-MBT and post-MBT extracts with nuclei were incubated with [α-32 P]-dATP in the absence or presence of roscovitine (40µM) for 15 min. As in (A), DNA was purified, separated and the fraction of maximal radiolabeled incorporation was determined in two independent experiments (mean and SD).

Figure 4 :

 4 Figure 4: Higher replication eye density in pre-MBT extracts than in post-MBT extracts. Embryonic extracts and nuclei were incubated in the presence of biotin-dUTP for 4, 5, 6 min, genomic DNA was purified, combed and labelled as described, AlexaFluor488: anti-DNA, AlexaFluor594-streptavidin: biotin-dUTP labelled replication eyes. (A) example of combed DNA fibers of pre-MBT, (B) post-MBT, (4 min biotin-dUTP), (C) replication extent calculated from three independent combing experiments with different labelling times, (D) mean replication eye density (N/100kb), (E) eye-to-eye distance distributions (ETED) (scatter dot plots with median) for 5 min labelling time (black pre-MBT, grey post-MBT) and indicated biotin-dUTP labelling times, (F) eye length (EL) distributions for 6 min labelling time (scatter dot plots with median), Mann-Whitney test, ns not significant, significant * , **, ***, P-values see text.

Figure 5 :

 5 Figure 5: Increase of DNA:cytoplasm ratio in vitro recapitulates increase of eye-to-eye distances after the MBT in embryos. Scatter dot plots of eye-to-eye distance (ETED) distributions from the in vitro egg extract system (orange) with different nuclei concentrations (200-10,000 nuclei/µl) at mid S phase (R 25-53%) are compared to ETED distances distribution from pre-and post-MBT extracts (black and grey, respectively). The horizontal black bars are the medians. Mann-Whitney test, ns not significant, significant * , **, ***, Pvalues see text.

Figure 6 :

 6 Figure 6: Increase of dNTP pool did not increase replication rate in post-MBT extracts. Nuclei in post-embryonic extracts were labelled with biotin-dUTP in the absence (black) or presence of 50µM dNTP (grey). DNA combing experiments in post-MBT extracts were performed, two independent experiments (A) mean replication extent (SEM), t-test, (B) mean replication eye density (SEM) t-test, (C) eye-to-eye distance (ETED) distributions (scatter dot plots with median), Mann Whitney test, P-values see text.

Figure 7 :

 7 Figure 7: Length correlation of eye-to-eye distances in pre-MBT extracts. (A) Frequency of ETED after 4 min biotin-dUTP labelling, 1.256 kb/bin, n = 249, (B) power spectral density (PSD) of data from (A); Arrow for considered peak in (B).
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