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            Abstract
Genetic recombination arises during meiosis through the repair of DNA double-strand breaks (DSBs) that are created by Spo11, a topoisomerase-like protein1,2. Spo11 DSBs form preferentially in nucleosome-depleted regions termed hotspots3,4, yet how Spo11 engages with its DNA substrate to catalyse DNA cleavage is poorly understood. Although most recombination events are initiated by a single Spo11 cut, here we show in Saccharomyces cerevisiae that hyperlocalized, concerted Spo11 DSBs separated by 33 to more than 100Â base pairs also form, which we term â€˜double cutsâ€™. Notably, the lengths of double cuts vary with a periodicity of 10.5Â base pairs, which is conserved in yeast and mice. This finding suggests a model in which the orientation of adjacent Spo11 molecules is fixed relative to the DNA helixâ€”a proposal supported by the in vitro DNA-binding properties of the Spo11 core complex. Deep sequencing of meiotic progeny identifies recombination scars that are consistent with repair initiated from gaps generated by adjacent Spo11 DSBs. Collectively, these results revise our present understanding of the mechanics of Spo11-DSB formation and expand on the original concepts of gap repair during meiosis to include DNA gaps that are generated by Spo11 itself.
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                    Fig. 1: Spo11-DC formation during meiosis in S. cerevisiae.[image: ]


Fig. 2: Identification of Spo11-DCs within Spo11-oligo libraries.[image: ]


Fig. 3: Spo11-DC-induced gap repair in S. cerevisiae.[image: ]


Fig. 4: Model for Spo11-DC formation.[image: ]
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              Raw S.Â cerevisiae and mouse Spo11-oligo FASTQ data were obtained from published archives GSE84696 and GSE84689, respectively. Nucleotide-resolution maps generated by paired-end Bowtie2 alignment are provided in the Supplementary Information. For mice, the maps used here were generated from the following biological samples: wild type, GSM2247728; Atmâˆ’/âˆ’, GSM2247731. FASTQ files used for mapping HR patterns in S. cerevisiae SK1 Ã— S288c F1 hybrid octads in msh2âˆ†; tel1âˆ†msh2âˆ†; and mlh1âˆ†msh2âˆ†, mlh3âˆ†msh2âˆ† and exo1âˆ†msh2âˆ† are deposited in the NCBI Sequence Read Archive (SRA) with accession numbers PRJNA479661; PRJNA480956; and PRJNA39308719, respectively. Additional data are included in theÂ Supplementary Data.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Spo11-DC sizing, quantification and genetic analysis.
aâ€“h, Immunoprecipitated S. cerevisiae Spo11-oligos and Spo11-DCs isolated from meiotic extracts of the indicated mutants (at 5Â h, or indicated number of hours, after induction of meiosis) were radiolabelled with chain-terminating 3â€²-dATP using terminal transferase and separated on 19% denaturing PAGE following digestion with proteinase K. Where indicated, samples were also treated with mammalian TDP239, which removes the residual Spo11 peptide that is left after proteinase K treatment36, thereby permitting accurate estimation of the Spo11-DC oligo length. In the absence of TDP2 digestion, the residual 5â€²-linked Spo11 peptide retards the migration of Spo11-oligos and Spo11-DCs by the equivalent of around 6â€“8Â nt (bâ€“d, g). A 10-nt ladder (also radiolabelled with 3â€²-dATP) is included in each gel to permit accurate sizing. Spo11-DCs arose in tel1âˆ† cells in the presence and absence of SAE2 (a, b, h). Spo11-DCs also arose independently of single or dual mutations in the MRX complex (rad50S, mre11H125N, mre11D56N) that abrogate endonuclease activity1,5,6,40,41,42,43 (c), and were abolished by homozygous mutation of the Spo11 active site (spo11Y135F) (d). Loading normalization was not performed on samples in c, therefore differences in Spo11-DC abundance do not convey information. In c, d, Spo11-DCs were not treated with TDP2, leading to slower migration. In e, f, representative 4-h lane traces of sequencing gels shown in Fig. 1c are shown using two modes of background subtraction (top and middle), with the resulting maximum, minimum and mid Spo11-DC quantifications (bottom). Shaded areas in top panels are the area being quantified. Shaded areas in lower quantification data show the range between maximum and minimum, as indicated in the figure. Quantified average mid-values are reported in Fig. 1d (minimumâ€“maximum range of 8â€“25%). Further quantification details are provided in Methods. SPO11/spo11Y135F heterozygous diploids (g) display an altered Spo11-DC oligo size distribution (biological duplicate lanes of each are presented alongside averaged intensity trace). h, Analysis of Spo11-oligo and Spo11-DC intermediates at hourly time points during meiotic prophase in the absence of Tel1.
Source data


Extended Data Fig. 2 Biased sequence composition around Spo11-DC 5â€² ends.
Spo11-oligos11 isolated from the indicated S. cerevisiae strains were remapped using paired-end Bowtie2 alignment. a, Size distribution of total Spo11-oligos in wild-type and tel1âˆ† strains. Periodic peaks in the distribution are indicated, including a subtle shoulder at 33 nt, consistent with the Spo11-DC sizes detected on gels. b, Top, cartoon depicting Spo11 dimer staggered cuts; bottom, mean nucleotide composition surrounding the Spo11 cleavage site (Methods). Population-averaged features of Spo11 cleavage sites include preferred cleavage 3â€² to a CÂ nucleotide and flanking A/T skews3,26. câ€“e, Nucleotide composition of Spo11-oligos of the indicated size was computed for each base position, revealing a Spo11 signature at both ends (d), or a Spo11 signature at the 5â€² end plus a Mre11 signature at the 3â€² end (c, e). fâ€“i, Spo11-DCs were filtered out from total Spo11-oligo libraries based on overlapping molecules sharing 5â€² and 3â€² coordinates with a precise 2-nt offset (f). The theoretical dyad axis of each Spo11 dimer (at each end of the molecule) is indicated. Owing to the rotational symmetry of cleavage, the distance between such dyad axes is identical to the filtered oligo length. g, Ratio of filtered to total Spo11-oligos plotted as a function of molecule length. Because molecules of less than 30-nt length were not detected on Spo11-oligo gels in sae2âˆ†, we infer that the retention of some molecules that are smaller than 30Â nt is due to the fortuitous artefactual overlap of canonical Spo11-oligos (around 27Â nt). Such filtered molecules were therefore excluded from all bioinformatic analyses. h, The mean nucleotide composition of filtered Spo11-oligos of the indicated size (the sizes presented are peaks in the filtered size distribution) was computed for each base position and plotted relative to the inferred dyad axis of cleavage of the leftmost Spo11 DSB, revealing signature nucleotide skews characteristic of Spo11 at both the 5â€² and the 3â€² ends. No base skews were observed in the central regions of each molecule, arguing against a major influencer of Spo11-DC formation being localized DNAÂ bending, which is expected to be favoured by an AT-rich base composition. i, The percentage of the total Spo11-oligo library in the filtered (Spo11-DC) fraction is plotted for the indicated size ranges. As defined, Spo11-DCs make up around 4.6% and 7.9% of the total pool of Spo11-oligos in wild-type and tel1âˆ† strains, respectively, consistent with the tel1âˆ†-dependent increase measured by our physical analysis. In absolute terms, these values are presumably lower than our gel-based estimates owing to size selection during library preparation, the stringency of the filtering, and inaccuracies in quantifying Spo11-DCs on gels, which we estimate make up less than 1% of the total cellular Spo11 protein (Methods). j, In vitro DNA mobility shift assay as described17. Spo11 core complex (Spo11, Rec102, Rec104 and Ski8) was incubated with dsDNA substrate of different lengths with a 2-nt TA overhang on both ends. On the basis of previous experiments17, the robust supershift observed at around 3Â nM is interpreted to indicate double-end binding by the Spo11 core complex. Quantification is provided in Fig. 2d. Although the in vitro assay involves heterotetrameric Spo11 complexes (that is, a Spo11 core-complex monomer), we assume that similar binding characteristics will take place in vivo involving octameric complexes (that is, Spo11 core-complex dimers).
Source data


Extended Data Fig. 3 Spo11-DC composition of S. cerevisiae DSB hotspots in wild-type and tel1âˆ† yeast.
a, Percentage of total Spo11-oligos and filtered Spo11-DCs that arise within annotated DSB hotspots. Overall, nearly all (95%) of the Spo11-DCs map within hotspotsâ€”more so than total Spo11-oligos (86%)â€”suggesting that Spo11-DCs are more prevalent where Spo11 activity is strongest. b, Percentage of total Spo11-oligos that are Spo11-DCs, plotted for every hotspot (nÂ =Â 3,910). Although the proportion of Spo11-DCs within each hotspot varied widely from less than 0.1% to more than 10% of the Spo11-oligo signal, the majority (86%) of hotspots displayed a Spo11-DC proportion of at least 1%, and about one fifth (18%) of hotspots displayed a Spo11-DC proportion of over 5%. In tel1âˆ†, the fraction of hotspots falling into these categories increased to 94% and 47%, respectively, consistent with the median fraction of Spo11-DCs per hotspot being about 1.7-fold greater. PÂ value by two-tailed Kruskalâ€“Wallis H-test. c, d, Quantitative correlation between filtered Spo11-DC frequency (c), or percentage of Spo11-DCs within each hotspot (d), and total Spo11-oligo frequency for all DSB hotspots, in wild-type (left) and tel1âˆ† (right) yeast. Although Spo11-DC frequency correlated positively with total Spo11-oligo counts, the relationship was nonlinear, such that Spo11-DCs were observed disproportionately more frequently within the strongest hotspots. e, Comparison between tel1âˆ† and wild type of the percentage of total Spo11-oligo signal within each hotspot that is classified as a Spo11-DC. These ratios are stratified on the xÂ axis by the Spo11-DC frequency in wild-type cells, and ratios are coloured to indicate those hotspots in which the proportion of Spo11-DCs is at least twofold increased (red) or twofold decreased (blue) in tel1âˆ† relative to wild type. Although Spo11-DCs were globally more frequent in tel1âˆ† compared to wild type, this relationship was not uniform across all hotspots.


Extended Data Fig. 4 Fine-scale patterns of S. cerevisiae Spo11-DCs within DSB hotspots.
a, Spo11-DC arcs link the 5â€² ends of overlapping Franklin- and Rosalind-strand filtered reads. For all bioinformatic analyses, only overlapping read pairs of lengths greater than 30 nt are considered because this is the minimum length of Spo11-DCs detected physically (Fig. 1c). We believe that enrichment of some shorter overlapping pairs arises from the artefactual overlap of canonical oligos (less than 30-nt length) within dense hotspot regions. bâ€“e, Arc diagram depiction of Spo11-DCs mapped across example hotspots encompassing strong (b), narrow (c), and wide (d) classes, presented as in Fig. 2e, f. Top, unfiltered strand-specific Spo11-oligos (Franklin strand, red; Rosalind strand, blue). Arcs (grey-scale-frequency-weighted) link the 5â€² ends of each Spo11-DC. Bottom, smoothed unfiltered strand-specific Spo11-oligos, overlaid with frequency histograms of Spo11-DC midpoints (grey). The left flanks of Spo11-DC peaks are enriched for Franklin-strand hits, whereas the right flanks are enriched for Rosalind-strand hits. This relationship was visualized most easily at narrow, low-frequency hotspots in which the patterns of Spo11-DCs were less complex. In e, wild-type and tel1âˆ† data are compared for the same hotspots. Although TEL1 deletion does have subtle effects on the pattern and abundance of both Spo11-oligos and Spo11-DCs, it did not alter the asymmetric pattern of Spo11-oligo strand disparity that is associated with regions of preferential Spo11-DC formation. In all plotted Spo11-oligo and Spo11-DC maps, Rosalind-strand signals are shifted by 1 bp to the left so that differences between the abundance of F- and R-mapping reads at individual cleavage sites can be more directly compared.


Extended Data Fig. 5 Global analysis of strand disparities at Spo11-DC termini in S. cerevisiae wild-type and tel1âˆ† cells.
a, Explanatory cartoon for the calculation of Spo11-DC strand ratio and strand-ratio differential (left/right). SeeÂ Methods for further details. bâ€“g, Strand ratios of Spo11-oligos at Spo11-DC sites in wild-type (b, c) and tel1âˆ† (dâ€“g) cells. Average strand-specific Spo11-oligo signal (b, f), and strand ratio (c, g), centred on the strongest Spo11-DC midpoint within every DSB hotspot (nÂ =Â 3,910). Strand ratio (Franklin/Rosalind total Spo11-oligo HPM) was computed at the left and right 5â€² end of every unique Spo11-DC molecule (a), stratified by length. Strand-ratio differential (c, g) indicates the fold difference in the ratios when comparing the left and right 5â€² ends of each Spo11-DC molecule. The relationships described above were unchanged after TEL1 deletion, suggesting that the Spo11-oligo patterns are an intrinsic feature of sites at which Spo11-DCs are generated, and are not subject to regulation by Tel1. h, Explanatory cartoon for strand-ratio calculation for all Spo11-oligos. i, j, Strand ratio (Franklin/Rosalind total Spo11-oligo HPM) was computed at the 5â€² end of all observed (unfiltered) Franklin- or Rosalind-strand Spo11-oligos (h). Unlike at Spo11-DC sites (b, f), bulk Spo11-oligos, across all sites, display no net strand disparity in either wild-type (i) or tel1âˆ† (j) strains. In all plotted Spo11-oligo and Spo11-DC maps, Rosalind-strand signals are shifted by 1 bp to the left so that differences between the abundance of Franklin- and Rosalind-mapping reads at individual cleavage sites can be more directly compared. When considering all Spo11-oligo sites (hâ€“j), some degree of strand disparity is a feature of most Spo11-oligo sites (it is a continuum of skew in both directionsâ€”some sites are skewed towards Franklin, some towards Rosalind, and some have little or no skew), but, when considered in aggregate, bulk Spo11-oligo sites have no net skew towards Franklin or Rosalind regardless of which strand the Spo11-oligo is considered. By contrast, sites at which we detect Spo11-DC formation (aâ€“g; which is only a subset of all the sites onto which Spo11-oligos are mapped) display an asymmetric average skew within the total Spo11-oligo Franklin and Rosalind reads, with the left end of Spo11-DCs being sites at which the total Spo11-oligo pool is skewed towards Franklin and the right end sites at which the total Spo11-oligo pool is skewed towards Rosalind. Notably, this analysis uses the total Spo11-oligo pool, not just Spo11-DC molecules. Thus, the pattern of skews is a global feature of the entire Spo11-oligo pool at sites that form Spo11-DCs, and is not a feature that is observed at all Spo11-oligo sites. We interpret these observations to mean that sites at which Spo11-DCs form are different, being disproportionately sites of biased strand disparity. Owing to their low abundance at any particular site, removing Spo11-DCs from the total pool of Franklin and Rosalind reads has no effect on the strand disparity observed. Finally, consistent with these interpretations, we have found that the degree of disparity at any given site is not predictive of Spo11-DC abundance at that site, further indicating that Spo11-DC formation is not the cause of the disparity. Instead, locations of strand disparity and Spo11-DC are correlated in position, probably because they are influenced by similar properties of DSB hotspots (that is, a proposed Spo11 platform) (Fig. 4). Thus, overall, we conclude that asymmetric strand disparity is not unique to specific hotspots, nor to specific mutants, nor caused by Spo11-DCs, but is, instead, an intrinsic feature of the meiotic recombination process that informs the mechanism of Spo11-DSB formation.


Extended Data Fig. 6 Fine-scale analysis of SPO11-DCs within mouse DSB hotspots.
Mouse SPO11-oligo libraries4 were remapped using paired-end Bowtie2 alignment. a, b, SPO11-oligo length distribution of the entire library (a), or after applying the 2-bp overlap filter (b) as in upper cartoon in Fig. 2a. Filtering was less efficient than in yeast (Methods), retaining numerous molecules of less than 30-nt length that, based on our analysis in yeast, are likely to be a filtering artefact. Therefore, as for S. cerevisiae, SPO11-DCs are defined as filtered molecules of greater than 30Â nt in length. Filtering retains weak peaks in Atmâˆ’/âˆ’ that display an approximately 10-bp periodicity. c, Percentage of total SPO11-oligos that are SPO11-DCs on the basis of overlap filtering, plotted for every hotspot in which filtered Spo11-DCs were detected (nÂ =Â 1,831 in wild-type mice; nÂ =Â 8,010 in Atmâˆ’/âˆ’ mice). PÂ value by two-tailed Kruskalâ€“Wallis H-test. d, Total Atmâˆ’/âˆ’ SPO11-oligos were filtered into two size classes then aggregated around approximately 21,000 hotspot centres revealing a strand-specific disparity for SPO11-oligos greater than 30Â nt. eâ€“h, Representative arc diagrams of SPO11-DCs (grey-scale-frequency-weighted arcs) in wild-type and Atmâˆ’/âˆ’ mice at four different hotspots in chromosomes 11 (e), 10 (f), 8 (g) and 5 (h) relative to total strand-specific SPO11-oligos (top, raw; bottom, smoothed; red, Franklin strand; blue, Rosalind strand). The percentage of total SPO11-oligos that are SPO11-DCs is indicated. Unlike in Atmâˆ’/âˆ’ mice, SPO11-DCs in wild-type mice often did not coincide with strong SPO11-oligo signals, suggesting that some may arise from additional artefacts of the filtering.


Extended Data Fig. 7 Categorization of S. cerevisiae meiotic recombination events containing short 6:2 segments.
a, Summary of the frequency of each subclassification event type for the indicated strains. Only events containing 6:2 segments of 30 to 150Â bp in length were considered. Category-A events are compatible with gap repair because flanking heteroduplex DNA patterns are in trans orientation, whereas category B events are incompatible because the flanking heteroduplex DNA patterns are in cis orientation. Category-C events lack the flanking heteroduplex DNA patterns necessary to assign the event. Events were separated into those with a single or multiple such 6:2 segments. Fractions of total events for each subtype were not calculated for multi events because they frequently contain more than one sub-type. bâ€“g, Example event sub-classifications. Genotype calls were made at each marker (vertical line). Adjacent segments of the same genotype are joined with horizontal bars (red or blue) to aid visualization of patterns. Each horizontal bar is a sequenced haplotype from one meiotic octad. 6:2 segments are indicated in pale blue. Event limits are indicated by beige (crossover) or pink (noncrossover) bars. Orientation of 5â€² and 3â€² strands are indicated in instances in which it was possible to obtain phasing information from noncrossover trans events within the event, or from events elsewhere in the octad (seeÂ Methods for further details). In c, a second segment of 6:2 segregation was not considered because the minimum length is more than 1.2Â kb. h, Relationship between Spo11-DC size and the probability of it overlapping at least one SNP. To estimate probable detection rates of theoretical Spo11-DCs of varying size, sliding windows of increasing size were moved across the reference genome, and the number of genetic markers within each window was recorded for each position. As examples, on average, Spo11-DCs of 30Â bp and 150Â bp in size will be detected only 15% and 50% of the time, respectively. Owing to the non-uniform distribution of both Spo11 DSBs and genetic markersâ€”in particular the slightly greater density of polymorphisms within intergenic regions in which Spo11 DSBs most often ariseâ€”the probability of detection may be slightly greater than that estimated from the genome-wide polymorphism density. i, Quantification of recombination event types in tel1âˆ†msh2âˆ† based on categories presented in Fig. 3b, c. Relative proportions of category Aâ€“C were unchanged when compared to wild type, but a greater number of events containing 6:2 segments of greater than 150Â bp were observed. j, k, log2-transformed ratio of observed Spo11-oligo (j) or Spo11-DC (k) density within each 6:2 segment divided by the Spo11-oligo or Spo11-DC density within the entire event, in msh2âˆ†, for each category. Although these analyses broadly agree with each other, the absence of Spo11-DCs in many of the category-B and -C segments prevented their analysis, artefactually inflating both their global ratio and decreasing the difference when compared to category A (which overlaps with both Spo11-oligos and Spo11-DCs). lâ€“n, TEL1 deletion has no effect on the association between recombination patterns containing 6:2 segments and Spo11-DSB activity. l, Fraction of 6:2 segments overlapping hotspots in tel1âˆ†msh2âˆ†, as for Fig. 3f. m, log2 ratio of observed Spo11-oligo density within each 6:2 segment divided by the Spo11-oligo density within the entire event, in tel1âˆ†msh2âˆ†, for each category, as for j. Unlike deletion of MLH1, MLH3 and EXO1 (Fig. 3e), deletion of TEL1 had no effect on the relative frequencies of 6:2 segments within categories Aâ€“C (n). In (j, k, m), PÂ values by two-tailed Kruskalâ€“Wallis H-test. Individual data points are shown overlaid with box indicating median plus first and third quartiles, and whiskers indicating 1.5Ã— the interquartile range. In l, n, whiskers indicate 95% confidence intervals. In l, P value by two-tailed Z-test of proportions. In i, l, m, 2,159 events were analysed across 10 biologically independent meiotic samples. In j, k, 1,643 events were analysed across 9 biologically independent meiotic samples.


Extended Data Fig. 8 Cartoon to explain mapped strand disparity and Tel1-insensitive Spo11-DC formation.
a, Model to account for observed strand bias. Mre11-dependent 3â€²â†’5â€² exonuclease activity is shown relative to the covalent attachment of Spo11 to 5â€² DNA ends. We hypothesize that Spo11-oligos and Spo11-DCs that formed within the axis-associated Spo11 platform (grey area) are protected from Mre11 nuclease activity and are therefore efficiently mapped (long Spo11-oligos), whereas efficient resection in the flanking regions leads to shorter Spo11-oligos that are not mapped. We assume that because the position and frequency of such hotspotâ€“axis interactions will vary from one hotspot to anotherâ€”and from one cell to anotherâ€”this will contribute to the substantial variations in position and abundance of both Spo11-oligos and Spo11-DCs within hotspot regions. Although it is formally possible that the disparity can alternatively arise from less (rather than more) efficient resection flanking the platform areaâ€”leading to unprocessed DSB ends, and thereby a paucity of Spo11-oligo reads in these locationsâ€”we consider this unlikely because it would require there to be a high frequency of persistent unresected DSBs, something which is not observed in wild-type cells. b, In S. cerevisiae, Tel1 has no greater effect on Spo11-DC formation than on global DSB formation (Fig. 1d), yet efficiently inhibits DSB formation between adjacent hotspots10. Therefore, we propose that DSBs arise concertedly within a DSB-active hotspot region (top cartoon)â€”creating Spo11-DCsâ€”before Tel1 can act to inhibit their formation. Such hotspot activation is likely to arise through the proposed tethering of nucleosome-depleted hotspot DNA to the pro-DSB axis components28,44,45,46 (bottom). These interactions will enable the formation of both single Spo11 DSBs and/or Spo11-DCs at the tethered locus, either of which will cause Tel1 activation. Once activated, Tel1 inhibits DSB formation at hotspots within the rest of the tethered loop10, and at any axis-associated DSB hotspots within adjacent loop regions. Such inhibition may arise through direct inhibition and/or destabilization of Spo11 and/or other pro-DSB axis components such as Rec114â€“Mer2â€“Mei4 (RMM), and/or inhibition of hotspotâ€“axis interactions10,11,15.


Extended Data Table 1 Strains used in this studyFull size table
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