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            Abstract
Hybridization of eggs and sperm from closely related species can give rise to genetic diversity, or can lead to embryo inviability owing to incompatibility. Although central to evolution, the cellular and molecular mechanisms underlying post-zygotic barriers that drive reproductive isolation and speciation remain largely unknown1,2. Species of the African clawed frog Xenopus provide an ideal system to study hybridization and genome evolution. Xenopus laevis is an allotetraploid with 36 chromosomes that arose through interspecific hybridization of diploid progenitors, whereas Xenopus tropicalis is a diploid with 20 chromosomes that diverged from a common ancestor approximately 48 million years ago3. Differences in genome size between the two species are accompanied by organism size differences, and size scaling of the egg and subcellular structures such as nuclei and spindles formed in egg extracts4. Nevertheless, early development transcriptional programs, gene expression patterns, and protein sequences are generally conserved5,6. Whereas the hybrid produced when X. laevis eggs are fertilized by X. tropicalis sperm is viable, the reverse hybrid dies before gastrulation7,8. Here we apply cell biological tools and high-throughput methods to study the mechanisms underlying hybrid inviability. We reveal that two specific X. laevis chromosomes are incompatible with the X. tropicalis cytoplasm and are mis-segregated during mitosis, leading to unbalanced gene expression at the maternal to zygotic transition, followed by cell-autonomous catastrophic embryo death. These results reveal a cellular mechanism underlying hybrid incompatibility that is driven by genome evolution and contributes to the process by which biological populations become distinct species.
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                    Figure 1: Role of the X. laevis genome in teâ€‰Ã—â€‰ls hybrid embryo death.


Figure 2: Compatibility of X. laevis chromosomes with X. tropicalis cytoplasm.


Figure 3: Gene expression and metabolic changes preceding teâ€‰Ã—â€‰ls hybrid embryo death.


Figure 4: Chromosomal loss in exogastrulating teâ€‰Ã—â€‰bs hybrid embryos.
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Extended data figures and tables

Extended Data Figure 1 Occurrence of micronuclei, role of ploidy and spindle architecture.
a, Micronuclei in teâ€‰Ã—â€‰ls hybrid embryos at various developmental stages. Whole-mount embryo immunofluorescence was performed in teâ€‰Ã—â€‰ls hybrid embryos using anti-histone H3 antibody at stages 4, 6, 7, 8, and 9 and quantified in b. Scale bar, 10â€‰Î¼m. b, Quantification of micronuclei in teâ€‰Ã—â€‰ls hybrid embryos. The percentage of micronuclei was calculated as the number of micronuclei in the imaged portion of the embryo divided by the total number of nuclei in the same imaged portion. The average percentage for multiple embryos at stage 4 (nâ€‰=â€‰18 teâ€‰Ã—â€‰ls hybrid embryos (individual dots) with a total of 63 nuclei), stage 6 (nâ€‰=â€‰17/115), stage 7 (nâ€‰=â€‰9/322), stage 8 (nâ€‰=â€‰8/1119), and stage 9 (nâ€‰=â€‰3/2004) from three independent experiments is shown as thick line. Grey boxes indicate 1 s.e.m. Control X. tropicalis embryos from the same mothers were analysed but no micronuclei were observed at any stages. c, Nuclear size in X. tropicalis embryos with varying ploidy. Nuclear size relative to cell size (diameters in micrometres) is plotted for triploid (tteâ€‰Ã—â€‰ts; dark grey, nâ€‰=â€‰175 nuclei from six embryos), diploid (X. tropicalis, teâ€‰Ã—â€‰ts; blue, nâ€‰=â€‰453/9), and haploid (teâ€‰Ã—â€‰[ts]; light grey, nâ€‰=â€‰346/16) embryos. Each dot indicates an individual data point and the solid lines indicate a linear fit. d, X. tropicalis embryos with varying ploidy at tailbud stage. Images of triploid (tteâ€‰Ã—â€‰ts; left) and haploid (teâ€‰Ã—â€‰[ts]; right) tailbuds were taken under identical conditions. Similar observations were over three independent experiments. e, Size and microtubule distribution in X. tropicalis spindles assembled from different embryo nuclei DNA (nâ€‰=â€‰147, 103, and 156 spindles quantified for X. tropicalis, leâ€‰Ã—â€‰ts hybrids, and X. laevis embryo nuclei, respectively, from three different egg extracts). Spindle length (left) and width (middle) were normalized to the X. tropicalis control, averages are shown as thick black lines, and the grey boxes indicate 1 s.d. Ninety-five per cent confidence intervals for lengths are 1â€‰Â±â€‰0.02 for teâ€‰Ã—â€‰ts, 1.05â€‰Â±â€‰0.03 for leâ€‰Ã—â€‰ts, and 1.03â€‰Â±â€‰0.02 for leâ€‰Ã—â€‰ls, and for widths are 1â€‰Â±â€‰0.04, 1.3â€‰Â±â€‰0.07, and 1.4â€‰Â±â€‰0.04. Line scans of rhodamine-tubulin signal along spindle length were taken (right). Spindle lengths were normalized to 100% and tubulin intensities were normalized within datasets. The average intensities are plotted for the three spindle types, error bars indicate s.d., and colours are as in Fig. 2a.

                          Source data
                        


Extended Data Figure 2 Characterization of micronuclei in teâ€‰Ã—â€‰ls hybrid embryos and link to embryo death.
a, Disrupted micronuclei envelopes in teâ€‰Ã—â€‰ls hybrid embryos. Whole-mount embryo immunofluorescence was performed in teâ€‰Ã—â€‰ls hybrid embryos using the YO-PRO DNA dye (top) and anti-Lamin B1 antibody (middle); corresponding channels are shown in green and magenta, respectively. The merged images are shown below. Twenty-five micronuclei within five different embryos were analysed. Intact (left) and disrupted (right) envelopes were observed in all analysed embryos. Scale bar, 10â€‰Î¼m. b, DNA damage in teâ€‰Ã—â€‰ls hybrid embryo micronuclei. Whole-mount embryo immunofluorescence was performed in teâ€‰Ã—â€‰ls hybrid embryos using anti-histone H3 (top) and anti-Î³H2A.X (middle) antibodies; corresponding channels are shown in green and magenta, respectively. The merge images are shown below. Twenty-one micronuclei within different six embryos were analysed. Micronuclei with undamaged (left; negative Î³H2A.X signal) and damaged (right; positive Î³H2A.X signal) DNA were observed in all analysed embryos. Zoomed images of micronuclei are shown on the right of each image. Scale bar, 10â€‰Î¼m. c, TUNEL assay in apoptotic X. tropicalis and teâ€‰Ã—â€‰ls hybrid embryos. X. tropicalis (left), X. tropicalis treated with cycloheximide (middle left) or hydroxyurea (middle right) as indicated, and teâ€‰Ã—â€‰ls hybrid (right) embryos were prepared for TUNEL assay 5â€‰h.p.f. (equivalent stage 9; top), 7â€‰h.p.f. (equivalent stage 10; middle), and 9.5â€‰h.p.f. (equivalent stage 10.5; bottom). Identical results were obtained over three different experiments. Representative images are shown and were taken under identical conditions.


Extended Data Figure 3 Whole-genome sequencing of tteâ€‰Ã—â€‰ls rescued embryos and metabolomic profiling of teâ€‰Ã—â€‰ls and teâ€‰Ã—â€‰bs hybrid embryos.
a, The genomes of 4 tteâ€‰Ã—â€‰ls rescued embryos were sequenced, aligned, and normalized to the genomes of X. tropicalis (blue) and X. laevis (green) for which sub-genomes S and L were distinguished (S in light green and L in dark green). Underrepresented regions of the genomes are colour-coded in black. The tteâ€‰Ã—â€‰ls embryo genomes 1 and 2 were prepared from tailbuds, and 3 and 4 from tadpoles. b, Metabolites differentially represented between teâ€‰Ã—â€‰ls hybrid and X. tropicalis embryos 7h.p.f. Among the 179 metabolites detected, 17 were significantly altered in teâ€‰Ã—â€‰ls hybrid embryos (Pâ€‰<â€‰0.05; two-tailed homoscedastic t-test; individual P values are provided in Fig. 3c source data) and are shown as a ratio to the X. tropicalis control (blue dashed line). Levels were obtained from five samples from three independent fertilizations each. Values for the teâ€‰Ã—â€‰ls hybrid are plotted in orange. The averages are shown as thick lines and the grey boxes correspond to 1 s.d. Ninety-five per cent confidence intervals are, from left to right, 0.69â€‰Â±â€‰0.24, 0.46â€‰Â±â€‰0.26, 0.16â€‰Â±â€‰0.16, 0.68â€‰Â±â€‰0.18, 0.70â€‰Â±â€‰0.21, 0.58â€‰Â±â€‰0.25, 0.10â€‰Â±â€‰0.09, 0.42â€‰Â±â€‰0.19, 0.38â€‰Â±â€‰0.27, 0.79â€‰Â±â€‰0.15, 1.61â€‰Â±â€‰0.61, 1.47â€‰Â±â€‰0.33, 1.58â€‰Â±â€‰0.33, 0.83â€‰Â±â€‰0.11, 0.71â€‰Â±â€‰0.18, 0.70â€‰Â±â€‰0.19, and 0.53â€‰Â±â€‰0.08. Metabolites with P values below the penalized Bonferroni corrected threshold (nâ€‰=â€‰12) are labelled in orange. c, Metabolites differentially represented between teâ€‰Ã—â€‰bs hybrid and X. tropicalis embryos 7â€‰h.p.f. Among the 241 metabolites detected, 17 were significantly altered in teâ€‰Ã—â€‰bs hybrid embryos (Pâ€‰<â€‰0.05; two-tailed homoscedastic t-test; individual P values are provided in Fig. 4g source data) and are shown as a ratio to the X. tropicalis control (blue dashed line). Levels were obtained from five samples from three independent fertilizations, each. Values for the teâ€‰Ã—â€‰bs hybrid are plotted in purple. The averages are shown as thick lines and the grey boxes correspond to 1 s.d. Ninety-five per cent confidence intervals are, from left to right, 0.73â€‰Â±â€‰0.12, 0.44â€‰Â±â€‰0.26, 0.80â€‰Â±â€‰0.10, 0.61â€‰Â±â€‰0.21, 0.78â€‰Â±â€‰0.14, 1.86â€‰Â±â€‰0.9, 2.33â€‰Â±â€‰1.33, 2.07â€‰Â±â€‰1.07, 2.07â€‰Â±â€‰1.17, 0.63â€‰Â±â€‰0.19, 0.59â€‰Â±â€‰0.16 0.61â€‰Â±â€‰0.22, 1.39â€‰Â±â€‰0.37, 1.51â€‰Â±â€‰0.38, 1.24â€‰Â±â€‰0.14, 1.21â€‰Â±â€‰0.18, and 1.14â€‰Â±â€‰0.10. Metabolites with P values below the penalized Bonferroni corrected threshold (nâ€‰=â€‰3) are labelled in purple.

                          Source data
                        


Extended Data Figure 4 Characterization of micronuclei in teâ€‰Ã—â€‰bs hybrid embryos.
a, DNA damage in teâ€‰Ã—â€‰bs hybrid embryo micronuclei. Whole-mount embryo immunofluorescence was performed in teâ€‰Ã—â€‰bs hybrid embryos using anti-histone H3 (left) and anti-Î³H2A.X (middle) antibodies; corresponding channels are shown in green and magenta, respectively. The merged image is shown on the right. Thirty-four micronuclei within eight different embryos were analysed. Micronuclei with damaged DNA were observed in all analysed embryos. Zoomed images of micronuclei are shown on the right in the same left-to-right order. Scale bar, 20â€‰Î¼m. b, Micronuclei in teâ€‰Ã—â€‰bs hybrid embryos at various developmental stages (top). Whole-mount embryo immunofluorescence was performed in teâ€‰Ã—â€‰bs hybrid embryos using anti-histone H3 antibody at stages 6, 7, 8, and 9. Scale bar, 20â€‰Î¼m. Quantification of micronuclei in teâ€‰Ã—â€‰bs hybrid embryos (bottom). The percentage of micronuclei was calculated as the number of micronuclei in the imaged portion of the embryo divided by the total number of nuclei in the same imaged portion. The average percentage for multiple embryos at stage 6 (nâ€‰=â€‰5 teâ€‰Ã—â€‰bs hybrid embryos (individual dots) with a total of 125 nuclei), stage 7 (nâ€‰=â€‰7/153), stage 8 (nâ€‰=â€‰9/731), and stage 9 (nâ€‰=â€‰10/2,691) is shown as a thick line. Grey boxes correspond to 1 s.e.m. Control X. tropicalis embryos from the same mothers were analysed but no micronuclei were observed at any stages. c, Micronuclei size in teâ€‰Ã—â€‰bs and teâ€‰Ã—â€‰ls hybrids. Size is plotted as the ratio between the volumes of the micronucleus and its corresponding nucleus. Each dot represents an individual data point (nâ€‰=â€‰329 micronuclei from 36 teâ€‰Ã—â€‰bs embryos shown in purple and nâ€‰=â€‰100 from 17 teâ€‰Ã—â€‰ls embryos shown in orange, from 4 independent experiments). The thick black line indicates the average and the grey box corresponds to 1 s.d. Ninety-five per cent confidence intervals are 2.9â€‰Â±â€‰0.36% for teâ€‰Ã—â€‰bs and 1.6â€‰Â±â€‰0.28% for teâ€‰Ã—â€‰ls embryos. Statistical significance was shown using a two-tailed heteroscedastic t-test.
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Extended Data Table 1 Embryonic development in Xenopus haploids and cybrids generated from X. tropicalis irradiated eggsFull size table


Extended Data Table 2 Effects of drug treatments on teâ€‰Ã—â€‰ts embryosFull size table


Extended Data Table 3 Sub-genome distribution of lost compared with retained DNA in teâ€‰Ã—â€‰ls, tteâ€‰Ã—â€‰ls, and teâ€‰Ã—â€‰bs hybridsFull size table


Extended Data Table 4 Overrepresentation test of all or metabolism-only 3L and 4L lost genesFull size table
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Characterization of teÃ—ls hybrid embryo death; X. tropicalis vs. teÃ—ls
X. tropicalis eggs were fertilized with X. tropicalis (left) or X. laevis sperm (right) and simultaneously imaged in separate dishes. The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m. (MP4 955 kb)


Cell death in teÃ—ls hybrid animal cap; X. tropicalis vs. teÃ—ls
X. tropicalis eggs were fertilized with X. tropicalis X. tropicalis sperm (left) or X. laevis sperm (right). At stage 8, animal caps were isolated and simultaneously imaged in separate dishes. The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m. (MP4 451 kb)


Role of X. laevis DNA in teÃ—ls hybrid embryo death teÃ—ls vs. teÃ—[ls]
X. tropicalis eggs were fertilized with X. laevis sperm (left) or UV-irradiated X. laevis sperm (right) and simultaneously imaged in separate dishes. The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m. (MP4 1158 kb)


Development of X. tropicalis haploid embryos; teÃ—[ts] vs. teÃ—[ls]
X. tropicalis eggs were fertilized with UV-irradiated X. tropicalis sperm (left) or UV-irradiated X. laevis sperm (right) and simultaneously imaged in separate dishes. The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m. (MP4 704 kb)


Mitosis in teÃ—ls hybrid animal cap 
X. tropicalis eggs were fertilized with X. laevis sperm. In vitro transcribed mRNA coding for the microtubule end binding protein EB3 labeled with GFP and histone H2B labeled with RFP was injected into stage 2 embryos. At stage 8, animal caps were isolated, mounted and imaged using live confocal microscopy. Histone H2B-RFP (shown in magenta) and EB3-GFP (shown in green) signals were imaged in a single plane with a frame size of 1024x1024 pixels, every 5s. The movie plays 20 min in 8s (rate of 30 fps). The time is in mm:ss and the scale bar is 20 Âµm. (MP4 704 kb)


Phenotype of embryo death induced by inhibition of protein synthesis
X. tropicalis eggs were fertilized with X. tropicalis sperm and imaged while incubated from stage 6.5 in 1/10X MMR containing 0.1 mg/ml cycloheximide. The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m.


Phenotype of embryo death induced by inhibition of DNA replication
X. tropicalis eggs were fertilized with X. tropicalis sperm and imaged while incubated from stage 3 in 1/10X MMR containing 30 mM hydroxyurea. The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m.


Phenotype of embryo death induced by inhibiting transcription using triptolide
X. tropicalis eggs were fertilized with X. tropicalis sperm and imaged in separate dishes while incubated from stage 2 in 1/10X MMR containing 25 Î¼M triptolide (left) or a corresponding amount of DMSO (right). The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m.


Effect of triptolide treatment on teÃ—ls hybrid embryos
X. tropicalis eggs were fertilized with X. laevis sperm and imaged in separate dishes while incubated from stage 2 in 1/10X MMR containing 25 Î¼M triptolide (left) or a corresponding amount of DMSO (right). The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m.


Effect of inhibiting ATP synthase on X. tropicalis embryos
X. tropicalis eggs were fertilized with X. tropicalis sperm and imaged in separate dishes while incubated from stage 2 in 1/10X MMR containing 40 Î¼M oligomycin (left) or a corresponding amount of DMSO (right). The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m.


Effect of inhibiting glyceraldehyde-3-P dehydrogenase on X. tropicalis embryos
X. tropicalis eggs were fertilized with X. tropicalis sperm and imaged in separate dishes while incubated from stage 2 in 1/10X MMR containing 50 mM iodoacetic acid (left) or a corresponding amount of ddH2O (right). The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m.


Effect of inhibiting glycogen phosphorylase on X. tropicalis embryos. 
X. tropicalis eggs were fertilized with X. tropicalis sperm and imaged in separate dishes while incubated from stage 2 in 1/10X MMR containing 270 Î¼M CP-91,149 (left) or a corresponding amount of DMSO (right). The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m.


Characterization of teÃ—bs hybrid embryo inviability; X. tropicalis vs. teÃ—bs. 
X. tropicalis eggs were fertilized with X. borealis sperm (left) or X. tropicalis sperm (right) and simultaneously imaged in separate dishes. The video plays 20h in 15s (rate of 120 fps) and the scale bar corresponds to 200 Î¼m.
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