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            Abstract
A core promoter is a stretch of DNA surrounding the transcription start site (TSS) that integrates regulatory inputs1 and recruits general transcription factors to initiate transcription2. The nature and causative relationship of the DNA sequence and chromatin signals that govern the selection of most TSSs by RNA polymerase II remain unresolved. Maternal to zygotic transition represents the most marked change of the transcriptome repertoire in the vertebrate life cycle3,4,5,6. Early embryonic development in zebrafish is characterized by a series of transcriptionally silent cell cycles regulated by inherited maternal gene products: zygotic genome activation commences at the tenth cell cycle, marking the mid-blastula transition7. This transition provides a unique opportunity to study the rules of TSS selection and the hierarchy of events linking transcription initiation with key chromatin modifications. We analysed TSS usage during zebrafish early embryonic development at high resolution using cap analysis of gene expression8, and determined the positions of H3K4me3-marked promoter-associated nucleosomes9. Here we show that the transition from the maternal to zygotic transcriptome is characterized by a switch between two fundamentally different modes of defining transcription initiation, which drive the dynamic change of TSS usage and promoter shape. A maternal-specific TSS selection, which requires an A/T-rich (W-box) motif, is replaced with a zygotic TSS selection grammar characterized by broader patterns of dinucleotide enrichments, precisely aligned with the first downstream (+1) nucleosome. The developmental dynamics of the H3K4me3-marked nucleosomes reveal their DNA-sequence-associated positioning at promoters before zygotic transcription and subsequent transcription-independent adjustment to the final position downstream of the zygotic TSS. The two TSS-defining grammars coexist, often physically overlapping, in core promoters of constitutively expressed genes to enable their expression in the two regulatory environments. The dissection of overlapping core promoter determinants represents a framework for future studies of promoter structure and function across different regulatory contexts.
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                    Figure 1: Dynamics of transcription initiation at 1 bp resolution throughout zebrafish early embryonic development.[image: ]


Figure 2: Sequence signature of a large set of shifting promoters changes markedly during maternal to zygotic transition.[image: ]


Figure 3: Transition from maternal W-box-motif-dependent to zygotic nucleosome-positioning-signal-related transcription initiation is pervasive.[image: ]


Figure 4: H3K4me3-marked nucleosome positioning reveals dynamic changes in underlying sequence signature and relation to TSS during maternal to zygotic transition.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Dual-initiation promoters with intertwined canonical and TCT/TOP transcription start sites diversify transcript processing
                                        
                                    

                                    
                                        Article
                                         Open access
                                         10 January 2020
                                    

                                

                                Chirag Nepal, Yavor Hadzhiev, … Ferenc Müller

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        NF-Y controls fidelity of transcription initiation at gene promoters through maintenance of the nucleosome-depleted region
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 July 2019
                                    

                                

                                Andrew J. Oldfield, Telmo Henriques, … Raja Jothi

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Satb2 acts as a gatekeeper for major developmental transitions during early vertebrate embryogenesis
                                        
                                    

                                    
                                        Article
                                         Open access
                                         19 October 2021
                                    

                                

                                Saurabh J. Pradhan, Puli Chandramouli Reddy, … Sanjeev Galande

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Accessions

                
Sequence Read Archive
	
                    
SRA097279


                  
	
                    
SRA104816


                  



              
              
                Data deposits

                High-throughput sequencing data have been deposited at the NCBI Sequence Read Archive under accession numbers SRA097279 and SRA104816.

              
            

Change history
	19 March 2014
A change was made to the Acknowledgements section.





References
	D’Alessio, J. A., Wright, K. J. & Tjian, R. Shifting players and paradigms in cell-specific transcription. Mol. Cell 36, 924–931 (2009)
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Kadonaga, J. T. Perspectives on the RNA polymerase II core promoter. Wiley Interdiscip. Rev. Dev. Biol. 1, 40–51 (2012)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Mathavan, S. et al. Transcriptome analysis of zebrafish embryogenesis using microarrays. PLoS Genet. 1, e29 (2005)
Article 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Tadros, W. & Lipshitz, H. D. The maternal-to-zygotic transition: a play in two acts. Development 136, 3033–3042 (2009)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Vastenhouw, N. L. et al. Chromatin signature of embryonic pluripotency is established during genome activation. Nature 464, 922–926 (2010)
Article 
    CAS 
    PubMed 
    PubMed Central 
    ADS 
    
                    Google Scholar 
                

	Lindeman, L. C. et al. Prepatterning of developmental gene expression by modified histones before zygotic genome activation. Dev. Cell 21, 993–1004 (2011)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kane, D. A. & Kimmel, C. B. The zebrafish midblastula transition. Development 119, 447–456 (1993)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Shiraki, T. et al. Cap analysis gene expression for high-throughput analysis of transcriptional starting point and identification of promoter usage. Proc. Natl Acad. Sci. USA 100, 15776–15781 (2003)
Article 
    CAS 
    PubMed 
    ADS 
    PubMed Central 
    
                    Google Scholar 
                

	Barski, A. et al. High-resolution profiling of histone methylations in the human genome. Cell 129, 823–837 (2007)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Carninci, P. et al. Genome-wide analysis of mammalian promoter architecture and evolution. Nature Genet. 38, 626–635 (2006)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Lenhard, B., Sandelin, A. & Carninci, P. Metazoan promoters: emerging characteristics and insights into transcriptional regulation. Nature Rev. Genet. 13, 233–245 (2012)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Venters, B. J. & Pugh, B. F. Genomic organization of human transcription initiation complexes. Nature 502, 53–58 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    ADS 
    
                    Google Scholar 
                

	Nepal, C. et al. Dynamic regulation of the transcription initiation landscape at single nucleotide resolution during vertebrate embryogenesis. Genome Res. 23, 1938–1950 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Giraldez, A. J. et al. Zebrafish miR-430 promotes deadenylation and clearance of maternal mRNAs. Science 312, 75–79 (2006)
Article 
    CAS 
    PubMed 
    ADS 
    
                    Google Scholar 
                

	Ponjavic, J. et al. Transcriptional and structural impact of TATA-initiation site spacing in mammalian core promoters. Genome Biol. 7, R78 (2006)
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Segal, E. et al. A genomic code for nucleosome positioning. Nature 442, 772–778 (2006)
Article 
    CAS 
    PubMed 
    PubMed Central 
    ADS 
    
                    Google Scholar 
                

	Ioshikhes, I., Hosid, S. & Pugh, B. F. Variety of genomic DNA patterns for nucleosome positioning. Genome Res. 21, 1863–1871 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Segal, E. & Widom, J. What controls nucleosome positions? Trends Genet. 25, 335–343 (2009)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Rhee, H. S. & Pugh, B. F. Genome-wide structure and organization of eukaryotic pre-initiation complexes. Nature 483, 295–301 (2012)
Article 
    CAS 
    PubMed 
    PubMed Central 
    ADS 
    
                    Google Scholar 
                

	Rach, E. A. et al. Transcription initiation patterns indicate divergent strategies for gene regulation at the chromatin level. PLoS Genet. 7, e1001274 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Cairns, B. R. The logic of chromatin architecture and remodelling at promoters. Nature 461, 193–198 (2009)
Article 
    CAS 
    PubMed 
    ADS 
    
                    Google Scholar 
                

	Deaton, A. M. & Bird, A. CpG islands and the regulation of transcription. Genes Dev. 25, 1010–1022 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Thomson, J. P. et al. CpG islands influence chromatin structure via the CpG-binding protein Cfp1. Nature 464, 1082–1086 (2010)
Article 
    CAS 
    PubMed 
    PubMed Central 
    ADS 
    
                    Google Scholar 
                

	Fenouil, R. et al. CpG islands and GC content dictate nucleosome depletion in a transcription-independent manner at mammalian promoters. Genome Res. 22, 2399–2408 (2012)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Nozaki, T. et al. Tight associations between transcription promoter type and epigenetic variation in histone positioning and modification. BMC Genomics 12, 416 (2011)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Bártfai, R. et al. TBP2, a vertebrate-specific member of the TBP family, is required in embryonic development of zebrafish. Curr. Biol. 14, 593–598 (2004)
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Akhtar, W. & Veenstra, G. TBP2 is a substitute for TBP in Xenopus oocyte transcription. BMC Biol. 7, 45 (2009)
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Lauberth, S. M. et al. H3K4me3 interactions with TAF3 regulate preinitiation complex assembly and selective gene activation. Cell 152, 1021–1036 (2013)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Zaugg, J. B. & Luscombe, N. M. A genomic model of condition-specific nucleosome behavior explains transcriptional activity in yeast. Genome Res. 22, 84–94 (2012)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Davis, W., Jr & Schultz, R. M. Developmental change in TATA-box utilization during preimplantation mouse development. Dev. Biol. 218, 275–283 (2000)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Langmead, B., Trapnell, C., Pop, M. & Salzberg, S. L. Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol. 10, R25 (2009)
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Kodzius, R. et al. CAGE: cap analysis of gene expression. Nature Methods 3, 211–222 (2006)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Balwierz, P. J. et al. Methods for analyzing deep sequencing expression data: constructing the human and mouse promoterome with deepCAGE data. Genome Biol. 10, R79 (2009)
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	The R Development Core Team. R: A Language and Environment for Statistical Computing 1–3079 (R Foundation for Statistical Computing, 2013)

	Gentleman, R. C. et al. Bioconductor: open software development for computational biology and bioinformatics. Genome Biol. 5, R80 (2004)
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Törönen, P., Kolehmainen, M., Wong, G. & Castren, E. Analysis of gene expression data using self-organizing maps. FEBS Lett. 451, 142–146 (1999)
Article 
    PubMed 
    
                    Google Scholar 
                

	Portales-Casamar, E. et al. JASPAR 2010: the greatly expanded open-access database of transcription factor binding profiles. Nucleic Acids Res. 38, D105–D110 (2010)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bailey, T. L. & Elkan, C. Fitting a mixture model by expectation maximization to discover motifs in biopolymers. Proc. Sec. Int. Conf. Intell. Syst. Mol. Biol. 2, 28–36 (1994)
CAS 
    
                    Google Scholar 
                

	Abe, G., Suster, M. L. & Kawakami, K. in The Zebrafish: Genetics, Genomics and Informatics (eds Detrich, H. W., Westerfield, M. & Zon, L. I. ) Vol. 104, 23–49 (Academic, 2011)
Book 
    
                    Google Scholar 
                

	Gehrig, J. et al. Automated high-throughput mapping of promoter-enhancer interactions in zebrafish embryos. Nature Methods 6, 911–916 (2009)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Higashijima, S., Okamoto, H., Ueno, N., Hotta, Y. & Eguchi, G. High-frequency generation of transgenic zebrafish which reliably express GFP in whole muscles or the whole body by using promoters of zebrafish origin. Dev. Biol. 192, 289–299 (1997)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Ferg, M. Large Scale- and Functional Analysis for the Requirement of TBP-Function in Early Zebrafish Development. PhD thesis, Heidelberg Univ. (2008)

	Ferg, M. et al. The TATA-binding protein regulates maternal mRNA degradation and differential zygotic transcription in zebrafish. EMBO J. 26, 3945–3956 (2007)
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Soler, E. et al. A systems approach to analyze transcription factors in mammalian cells. Methods 53, 151–162 (2011)
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zhang, Y. et al. Model-based Analysis of ChIP-Seq (MACS). Genome Biol. 9, R137 (2008)
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
The authors are grateful to L. Tora, E. Kenyon, G. Chalancon and J. C.-y. Chen for comments on the manuscript, to M. Reischl for Zebrafish Miner software, and to L. O’Neill for technical advice. V.H., C.N., C.Pr., A.A. and X.D. were supported by grants from the Norwegian Research Council (YFF) and the Bergen Research Foundation, awarded to B.L. F.M., U.S. and B.L. acknowledge support from European Union (EU) FP6 integrated project EuTRACC and FP7 integrated project ZF Health. B.L. was additionally supported by the Medical Research Council UK, F.M. and P.C. by the EU FP7 project Dopaminet and U.S. by the EU FP6 project NeuroXSys. C.Pl., A.M.S. and P.C. were supported by a Research Grant from MEXT to RIKEN CLST. (RIKEN Omics Science Center ceased to exist on 1 April 2013 owing to reorganization of RIKEN.)


Author information
Author notes	Christopher Previti, Chirag Nepal, Jochen Gehrig, Xianjun Dong & Altuna Akalin
Present address: Present addresses: German Cancer Research Center (DKFZ), Genomics & Proteomics Core Facility (GPCF), Im Neuenheimer Feld 580/TP3, Heidelberg 69120, Germany (C.Pr.); Broegelmann Research Laboratory, The Gade Institute, University of Bergen, The Laboratory Building, Haukeland University Hospital, N-5021 Bergen, Norway (C.N.); Acquifer AG, Sophienstraße 136, 76135 Karlsruhe, Germany (J.G.); Department of Neurology, Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts 02115, USA (X.D.); Friedrich Miescher Institute for Biomedical Research, Maulbeerstrasse 66, 4058 Basel, Switzerland (A.A.)., 

	Vanja Haberle and Nan Li: These authors contributed equally to this work.


Authors and Affiliations
	Department of Biology, University of Bergen, Thormøhlensgate 53A, N-5008 Bergen, Norway, 
Vanja Haberle

	Institute of Clinical Sciences and MRC Clinical Sciences Center, Faculty of Medicine, Imperial College London, Hammersmith Hospital, Du Cane Road, London W12 0NN, UK, 
Vanja Haberle & Boris Lenhard

	School of Clinical and Experimental Medicine, College of Medical and Dental Sciences, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK, 
Nan Li, Yavor Hadzhiev, Jochen Gehrig & Ferenc Müller

	RIKEN Omics Science Center, Yokohama, Kanagawa 230-0045, Japan, 
Charles Plessy, Ana Maria Suzuki & Piero Carninci

	Division of Genomic Technologies, RIKEN Center for Life Science Technologies, RIKEN Yokohama Campus, 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama, Kanagawa 230-0045, Japan, 
Charles Plessy, Ana Maria Suzuki & Piero Carninci

	Computational Biology Unit, Uni Computing, Uni Research AS, University of Bergen, Thormøhlensgate 55, N-5008 Bergen, Norway, 
Christopher Previti, Chirag Nepal, Xianjun Dong & Altuna Akalin

	Erasmus Medical Center, Center for Biomics, Room Ee679b, Dr Molewaterplein 50, 3015 GE Rotterdam, The Netherlands, 
Wilfred F. J. van IJcken

	Institute of Toxicology and Genetics, Karlsruhe Institute of Technology, Postfach 3640, 76021 Karlsruhe, Germany, 
Olivier Armant, Marco Ferg & Uwe Strähle

	Department of Informatics, University of Bergen, Thormøhlensgate 55, N-5008 Bergen, Norway, 
Boris Lenhard


Authors	Vanja HaberleView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nan LiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yavor HadzhievView author publications
You can also search for this author in
                        PubMed Google Scholar



	Charles PlessyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christopher PrevitiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chirag NepalView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jochen GehrigView author publications
You can also search for this author in
                        PubMed Google Scholar



	Xianjun DongView author publications
You can also search for this author in
                        PubMed Google Scholar



	Altuna AkalinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ana Maria SuzukiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wilfred F. J. van IJckenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Olivier ArmantView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marco FergView author publications
You can also search for this author in
                        PubMed Google Scholar



	Uwe SträhleView author publications
You can also search for this author in
                        PubMed Google Scholar



	Piero CarninciView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ferenc MüllerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Boris LenhardView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
B.L., F.M., P.C. and V.H. conceived the study. N.L., Y.H., J.G. and M.F. performed experiments. O.A. and W.F.J.v.I. performed sequencing. V.H., C.Pr., C.N., X.D. and A.A. performed computational analyses. C.Pl. and A.M.S. developed and performed SL-CAGE with input from P.C. V.H., B.L. and F.M. analysed the data and wrote the manuscript with input from P.C., W.F.J.v.I. and U.S.
Corresponding authors
Correspondence to
                Piero Carninci, Ferenc Müller or Boris Lenhard.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 Promoters contain TSSs with very heterogeneous developmental expression profiles.
a, Developmental expression profiles of CAGE-defined promoters obtained by self-organizing map (SOM) clustering. Each box represents one SOM cluster, with a series of beanplots showing distribution of scaled expression (logarithm of normalized number of CAGE tags per million) at different time points for all promoters belonging to that cluster (number of promoters denoted above the box). Different classes of promoters marked in different colours were used in all downstream analyses. b, Projection of maternal- and zygotic-specific CTSSs (from Fig. 1b) onto the SOM classes of promoters shown in a. c, Fraction of promoters containing either maternal-specific (cluster 4,4 in Fig. 1b) or zygotic-specific (cluster 0,0 in Fig. 1b) CTSS, or both, for different classes of promoters established in a. d, Example of a throughout-active promoter that contains a very heterogeneous population of CTSSs (colour coding of CTSSs as in Fig. 1b: maternal-specific shown in blue, throughout-expressed shown in green, and zygotic-specific shown in red).


Extended Data Figure 2 Definition and properties of shifting promoters.
a, Schematic representation of shifting promoter score calculation between two stages. Forward and reverse scores are calculated using forward (F1, F2) and reverse (F1′, F2′) cumulative sums of CAGE tags along the promoter region, and the final shifting score is the maximum of the two. b, Heatmap showing the number of shifting promoters detected by applying the method shown in a (using a 0.6 score threshold) to all possible pairs of developmental stages. The majority of shifting was detected between the first six stages (predominantly maternal) and last three stages (predominantly zygotic). Promoters that qualified as shifting in at least four of these early versus late pairs were selected for a final set of 911 shifting promoters. c, Distribution of distance between maternal and zygotic dominant TSS (shift) for 911 shifting promoters. d, Developmental expression dynamics of maternal (blue) and zygotic (red) dominant TSS in shifting promoters. Average expression for the entire promoter is shown in black. e, Density of AA, AT, TT and CG dinucleotides for shifting promoters sorted by magnitude of shift. Promoters were centred at either the maternal (left) or the zygotic (right) dominant TSS. Blue arrowhead marks the AA/AT/TT enrichment ∼30 bp upstream of the maternal TSS and red arrowhead marks the boundary between CG and AA/AT/TT enrichment ∼50 bp downstream of the zygotic TSS. f, Relative frequency of top ten most frequent TATA-like pentamers in the region −35 to −22 bp upstream of maternal (blue) and zygotic (red) dominant TSS. Percentage of match to TATA-box PWM is denoted in the brackets.


Extended Data Figure 3 Genome-wide sequence and chromatin signature of maternal versus zygotic TSSs.
a, Dinucleotide density for all throughout-active promoters sorted by orientation-sensitive distance between the maternal and zygotic dominant TSS. Promoters were centred at either the maternal (left) or the zygotic (right) dominant TSS. b, Distribution of match (%) to TATA-box PWM in the region −35 to −22 bp upstream of the maternal (blue) and zygotic (red) dominant TSS in constitutively active promoters. P value of the two-tailed Wilcoxon rank-sum test is shown. c, Relative frequency of top ten most frequent TATA-like pentamers upstream of the maternal (blue) and zygotic (red) dominant TSS. Percentage of match to TATA-box PWM is denoted in the brackets. d, H2A.Z signal in the prim 6 stage at the same set of promoters as in a. Subtracted coverage of reads mapping to the plus and minus strand is shown. e, Density of TT dinucleotide in a ±100 bp region for the same set of promoters as in a. f, WW dinucleotide density for maternal- (left) and zygotic-specific (right) promoters centred at their dominant TSS and sorted by decreasing match to the TATA-box (white dashed lines). Average density of individual dinucleotides is shown below. g, Distribution of match (%) to TATA-box PWM in the region –35 to –22 bp upstream of dominant TSS for maternal- (blue) and zygotic-specific (red) promoters. P value of the two-tailed Wilcoxon rank-sum test is shown. h, Relative frequency of the top ten most abundant TATA-like pentamers in maternal (blue) and zygotic (red) promoters. Percentage of match to TATA-box PWM is denoted in the brackets.


Extended Data Figure 4 Composite multiple sharp architecture of maternal-specific promoters.
a, Distribution of promoter interquantile width (q0.1 − q0.9; central promoter region that contains ≥80% of CAGE tags) for 1,944 maternal-specific promoters. b, Number of TCs within the promoter region for maternal broad promoters (interquantile width >20 bp) across early developmental stages. Bubble size reflects relative number of promoters that contain given number of TCs. c, Comparison of dinucleotide frequencies around single dominant TSS in promoter (left) and dominant TSSs from all TCs within the same promoter (right). d, Composite architecture of a maternal broad promoter showing multiple sharp TCs with their associated W-box at the expected ∼30 bp upstream position.


Extended Data Figure 5 Change of promoter architecture during maternal to zygotic transition.
a, Examples of maternal-specific, zygotic-specific and throughout-active promoters showing difference in architecture between maternal and zygotic stage. b, Number of TCs within promoter region for maternal-specific, zygotic-specific and constitutively active promoters. Bubble size reflects relative number of promoters that contain given number of TCs and different colours correspond to different developmental stages. c, Distribution of distance between neighbouring TCs within the same promoter region. d, Heatmap showing k-means clustering (k = 15) of throughout-active promoters, based on the number of TCs that they contain throughout 12 developmental stages. e, Representative examples for three selected clusters: highly expressed sharp promoter whose architecture does not change and retains only one TC (left); promoter in which number of TCs decreases from five clearly separated sharp TCs in maternal stages to one fairly broad TC in zygotic stages (middle); promoter that changes its architecture from two clearly separated sharp TCs to one broader TC after maternal to zygotic transition (right).


Extended Data Figure 6 Validation of sf3a2 promoter code in transgene injected embryos.
a, Schematic of reporter construct; the dashed lines indicate the spliced out intronic sequence. SA, splice acceptor; SD, splice donor. b, Primers used for sf3a2 construct. c, Reporter gene expression in the wild-type and mutant sf3a2 construct-injected embryos (36 hpf). Bright field (BF) and red channel fluorescent images (mCherry) are shown. Scale bar, 250 μm. The panels on the right show red channel projection overlay of 24 (wild type (WT), top) and 31 (mutant (mut), bottom) embryos. d, Percentage of mCherry-expressing embryos from total ECFP-positive embryos (left) and overall reporter activity measured as average pixel intensity values from 24 wild-type and 31 mutant sf3a2 promoter-injected embryos (right). e, 5′ RACE of sf3a2 promoter construct. Fragments amplified by PCR using a forward primer specific for the 5′ RACE adaptor and two different inner reverse primers specific for the mCherry reporter. The arrowheads indicate the PCR products of expected size. A, 5′ RACE adaptor; IF, inner forward primer; IR1, inner reverse primer 1; IR2, inner reverse primer 2; M, DNA marker; mut, embryos injected with construct containing sf3a2 promoter with mutations disrupting W-boxes (as shown in f); TAP, tobacco acid pyrophosphatase; WT, embryos injected with construct containing wild-type sf3a2 promoter. f, Primers used in 5′ RACE. g, Genomic sequence of the sf3a2 promoter with point mutations introduced to disrupt W-boxes (orange) marked in red. The track at the bottom shows TSSs detected by CAGE in wild-type zebrafish embryos in prim 6 zygotic stage. Black arrow marks TSS confirmed by 5′ RACE in the zygotic stage in both the wild-type and the mutated sf3a2 promoter.


Extended Data Figure 7 Validation of sf3a2 promoter code in stable transgenic lines.
a, sf3a2:mCherry transgene expression in wild-type (WT; top four panels) and mutant (MUT; bottom four panels) sf3a2 promoter transgenic embryos (high stage). Scale bar, 1 mm. b, Quantitative polymerase chain reaction (qPCR) results of transgene expression: ratio between abundance of sf3a2:mCherry trasgene mRNA and endogenous sf3a2 mRNA. Bar height shows mean value across six qPCR experiments (three replicas for each of the two different primer pairs) and error bars denote 95% confidence interval of the mean. c, Sequence of primers used in qPCR. d, TSSs and their relative usage detected by SL-CAGE in three wild-type and four mutant sf3a2 promoter transgenic lines. Promoter sequence is shown at the top, with point mutations introduced to disrupt W-boxes highlighted in red. For each transgenic line two tracks are shown: TSSs used by the endogenous sf3a2 promoter (upper track, more intensive colour) and TSSs used by the transgene (lower track, lighter colour). P value (one-tailed Welch’s two sample t-test) of the difference between mutated and wild-type promoter variants is shown for four maternal TSSs associated with disrupted W-boxes (dashed boxes).


Extended Data Figure 8 H3K4me3-marked nucleosome positioning signal in maternal and zygotic stage.
a, Venn diagrams showing number of promoters containing H3K4me3 peak within ±1 kb of TSS in early (512 cells) and late (prim 6) stage for distinct classes of promoters (as defined in Extended Data Fig. 1a). b, Frequency of selected dinucleotides centred at the position of the first downstream (+1) nucleosome for distinct classes of promoters. Only promoters containing an H3K4me3 peak in both 512 cells and prim 6 stages were used. Centres of nucleosomes were estimated from subtracted H3K4me3 coverage (shown in grey). Density of TSSs in maternal (512 cells) and zygotic (prim 6) stages is shown in light blue and light red, respectively. Note that maternal-specific promoters have only maternal TSSs and the distribution of these TSSs in the zygotic stage is shown only for orientation. The opposite is true for zygotic-specific promoters.


Extended Data Figure 9 Validation of Tbp morphant phenotypes before ChIP-seq analysis.
Tbp morphants show epiboly defects and differential loss of reporter activity as previously described42,43. Embryos in the 30% epiboly stage showing epiboly delay and corresponding Tbp-independent (ntl:yfp) and Tbp-dependent (β-actin:yfp) reporter gene activities were used for H3K4me3 ChIP-seq analysis. Zebrafish fertilized eggs were injected with the reporter constructs as indicated on the right followed by injection of morpholino (Tbp 5 mismatch or Tbp mo1 morpholino42, respectively). Fluorescence images on top, bright field images below. ntl, notail; yfp, yellow fluorescent protein. Scale bar, 400 μm.


Extended Data Figure 10 Dinucleotide maps: calculation and visualization of dinucleotide patterns.
Genomic sequences (of the same length) are sorted and aligned into a matrix-like representation (P1–P10, positions; S1–S10, sequences). Marking the presence of selected dinucleotide (for example, AA) by 1 and the absence by 0 creates an occurrence matrix. Next, a weighted average is calculated at each position by placing a two-dimensional Gaussian kernel at that position and assigning weights to surrounding positions. An example of calculating the value at position S4,P7 is shown. Surrounding positions are coloured on the basis of the weights assigned to them by the Gaussian kernel (bandwidth = 1 in both dimensions, and covariance = 0 between the two dimensions). Averaged values are mapped to different shades of blue to visualize the dinucleotide density across the set of input sequences.
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The maternal-to-zygotic transition (MZT) during vertebrate embryogenesis represents a dramatic change of the transcriptome, when the zygotic genome is activated and maternal transcripts are degraded. This study maps the transcription start sites used during MZT in zebrafish at nucleotide resolution, and shows that the transition from maternal to zygotic transcriptome is characterized by a switch between two different promoter sequence signals. The position at which RNA transcription starts is determined by an A/T-rich motif at the maternal stage and by fundamentally different codes in the zygote. The two transcription start sites often coexist — and may even overlap — in core promoters and are differentially utilized at promoters active in both oocyte and embryo.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
