—

\9)

AN n B~ W

10

11

12
13

14

15

16

17

18

19

20

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.06.483208; this version posted March 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Molecular conflicts disrupting centromere assembly

contribute to Xenopus hybrid inviability

Maiko Kitaoka', Owen K. Smith?, Aaron F. Straight?, and Rebecca Heald

'Department of Molecular and Cell Biology, University of California, Berkeley, CA
94720-3200, USA

2Department of Biochemistry, Stanford University School of Medicine, Stanford, CA
94305-5307, USA

*Lead Contact: bheald@berkeley.edu



mailto:bheald@berkeley.edu
https://doi.org/10.1101/2022.03.06.483208
http://creativecommons.org/licenses/by-nc-nd/4.0/

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.06.483208; this version posted March 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

Although central to evolution, the causes of hybrid inviability that drive reproductive
isolation are poorly understood. Embryonic lethality occurs when eggs of the frog X.
tropicalis are fertilized with either X. laevis or X. borealis sperm. We observed that distinct
subsets of paternal chromosomes failed to assemble functional centromeres, causing
their mis-segregation during embryonic cell divisions. Core centromere DNA sequence
analysis revealed little conservation among the three species, indicating that epigenetic
mechanisms that normally operate to maintain centromere integrity are disrupted on
specific paternal chromosomes in hybrids. In vitro reactions combining X. tropicalis egg
extract with either X. laevis or X. borealis sperm chromosomes revealed that paternally
matched or over-expressed centromeric histone CENP-A and its chaperone HJURP
could rescue centromere assembly on affected chromosomes in interphase nuclei.
However, whereas the X. laevis chromosomes maintained centromeric CENP-A in
metaphase, X. borealis chromosomes did not, and also displayed ultra-thin regions
containing ribosomal DNA. Both centromere assembly and morphology of X. borealis
mitotic chromosomes could be rescued by inhibiting RNA Polymerase | or by preventing
collapse of stalled DNA replication forks. These results indicate that specific paternal
centromeres are inactivated in hybrids due to disruption of associated chromatin regions
that interfere with CENP-A incorporation, at least in some cases due to conflicts between
replication and transcription machineries. Thus, our findings highlight the dynamic nature
of centromere maintenance and its susceptibility to disruption in vertebrate interspecies

hybrids.
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ONE SENTENCE SUMMARY
Centromere incompatibilities in inviable Xenopus hybrids are sequence-independent and

result from disruption of epigenetic pathways required for centromere maintenance.

Key Words:
Centromere, hybrid incompatibility, speciation, Xenopus, chromosome segregation,

CENP-A


https://doi.org/10.1101/2022.03.06.483208
http://creativecommons.org/licenses/by-nc-nd/4.0/

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.06.483208; this version posted March 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

INTRODUCTION
Hybridization between closely related species often leads to embryonic lethality
accompanied by defects in genome stability and maintenance, but the cellular and
molecular mechanisms underlying post-zygotic barriers that drive reproductive isolation
and speciation are largely unknown (Sanei et al., 2011; Maheshwari and Barbash, 2011;
Fujiwara et al., 1997; Gernand et al., 2005). Among animals, a number of studies of
inviable hybrids resulting from crosses of related Drosophila species have revealed an
important role for the centromere, the chromosomal site where the kinetochore
assembles to mediate chromosome attachment to the mitotic spindle and segregation to
daughter cells. Both centromere DNA sequence and protein components including the
centromeric histone H3 variant, Centromere Protein A (CENP-A) are rapidly evolving
(Malik and Henikoff, 2001; Maheshwari et al., 2015). Localization of exogenously
expressed CENP-A to centromeres across Drosophila species was shown to require co-
expression of its species-matched chaperone CAL1/HJURP, indicating that the CENP-A
deposition machinery also co-evolves (Rosin and Mellone, 2016). In turn, kinetochore
formation at centromeres depends on specific, epigenetic recognition and stabilization of
CENP-A nucleosomes by other factors, including CENP-C, CENP-N, and M18BP1
(Moree et al., 2011; Carroll et al., 2009; Pentakota et al., 2017; Chittori et al., 2018; Tian
et al., 2018; Falk et al., 2015; French et al., 2017; Shono et al., 2015; Hori et al., 2017).
Thus, co-evolution of centromere DNA and many associated proteins generate barriers
to hybrid viability by interfering with assembly of the chromosome segregation machinery.
Increasing evidence suggests that the chromatin environment also plays an

important role in centromere assembly and that changes in the nuclear organization are
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related to hybridization outcomes. For example, disruption of the chromocenter, a domain
containing the pericentromeric satellite DNA, is common among Drosophila hybrids and
may underlie inviability (Jagannathan and Yamashita, 2021). Furthermore, known
inviability factors such as hybrid male rescue (Hmr) and lethal hybrid rescue (Lhr) strongly
impact chromosome segregation in Drosophila hybrids and have been reported to
regulate transposable elements and heterochromatic repeats (Thomae et al., 2013;
Satyaki et al.,, 2014), associate with chromatin chaperones adjacent to centromeres
(Anselm et al., 2018), and to link pericentromeric and centromeric chromatin to maintain
centromere integrity (Lukacs et al., 2021). However, whether these factors play a direct
role in centromere function is unclear (Blum et al., 2017). Despite these advances, the
relative contribution to hybrid inviability of diverging centromere sequences versus the
activity and spatial organization of associated chromatin machineries that promote
centromere assembly is poorly understood.

Among vertebrates, hybridization resulting in post-zygotic death has been more
difficult to study. Xenopus frog species possess interesting evolutionary relationships that
include past interspecies hybridization events (Session et al., 2016) and provide an ideal
system to study the molecular basis of hybridization outcomes, since cross fertilization
experiments are easily performed (Narbonne et al., 2011; Gibeaux et al., 2018), and
mechanisms underlying hybrid incompatibility can be uniquely and powerfully
investigated in vitro by combining the sperm chromosomes and egg extracts from
different species. We showed previously that interspecies hybrids produced when X.
laevis or X. borealis eggs are fertilized by X. tropicalis sperm are viable, while the reverse

crosses die before gastrulation and zygotic gene activation by explosive cell lysis or
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98 exogastrulation, respectively (Gibeaux et al., 2018). The inviable hybrids displayed
99 chromosome segregation defects during embryonic cleavages, characterized by lagging
100 chromosomes, chromosome bridges, and formation of micronuclei. By whole genome
101  sequencing, specific and distinct paternal chromosome regions were lost from both
102  hybrids prior to embryo death. A fraction of X. laevis chromosomes failed to assemble
103  centromeres/kinetochores, likely leading to spindle attachment defects and ultimately
104  chromosome mis-segregation and embryo death (Gibeaux et al., 2018).

105 To better understand centromere-based Xenopus hybrid incompatibilities, here we
106 combine genomic, in vitro, and in vivo analyses. We find that although core centromeric
107  sequences are not conserved, X. tropicalis egg cytoplasm supports centromere assembly
108 on X. laevis and X. borealis chromosomes. However, upon entry into metaphase, conflicts
109  emerge that evict CENP-A from a subset of chromosomes. In the case of X. laevis, excess
110 CENP-A and its chaperone HJURP can rescue this defect. In contrast, eviction of CENP-
111 Afrom X. borealis chromosomes could be rescued by dissociating the rRNA polymerase
112 Pol | or by preventing collapse of DNA replication forks. These results indicate that
113 centromere incompatibility is driven primarily by centromere sequence-independent
114  replication-transcription conflicts that disrupt the epigenetic maintenance of CENP-A
115  nucleosomes.
116
117

118
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119 RESULTS

120  Core centromere sequence variation does not underlie Xenopus hybrid aneuploidy
121 We previously observed chromosome mis-segregation and loss of centromere and
122 kinetochore proteins from a subset of chromosomes in hybrids generated by fertilizing X.
123 tropicalis eggs with X. laevis sperm. Whole genome sequencing just prior to embryo death
124  revealed consistent deletion of large genomic regions from two paternal chromosomes,
125 3L and 4L (Gibeaux et al., 2018). We hypothesized that chromosome-specific aneuploidy
126  resulted from divergent centromeric sequences on the affected chromosomes, rendering
127  them incompatible with the maternal X. tfropicalis centromeric histone CENP-A and its
128 loading machinery. Recent characterization of X. laevis centromere sequences by
129  chromatin immunoprecipitation with CENP-A antibodies and sequencing analysis (ChIP-
130 seq) revealed a family of related sequences found in distinct combinations and
131 abundances on different X. laevis chromosomes (Smith et al., 2021). However, X. laevis
132 centromeres 3L and 4L did not possess any distinguishing features in terms of size or
133  composition. Thus, differences in core centromere DNA sequences do not appear to drive
134  the specific chromosome mis-segregation events and genome loss observed in the
135 inviable X. tropicalis/X. laevis hybrid.

136 To expand our analysis, we characterized a second inviable hybrid resulting from
137  fertilization of X. tropicalis eggs with sperm from X. borealis, a frog species possessing
138 an allotetraploid genome closely related to X. laevis (Session et al., 2016). These hybrids
139 display specific and consistent genome loss from a different subset of paternal
140  chromosomes including 1S, 5S, 4L, and 8L (Gibeaux et al., 2018). To determine the

141  extentto which centromere sequences differed across the three Xenopus species, CENP-
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142 A ChlIP-seq was similarly applied to X. tropicalis and X. borealis. We used an alignment-
143  independent k-mer based analysis to identify sequence features of the highly repetitive
144  centromeric arrays in each species without the need for a complete genome sequence
145 (Fig. S1A). Comparing the enrichment value (normalized CENP-A k-mer
146  counts/normalized input k-mer counts) revealed that the majority of individual k-mers are
147  enriched in one species, but not the others (Fig. 1A). Furthermore, analysis of full-length
148 sequencing reads that contained CENP-A enriched k-mers showed that CENP-A
149  nucleosome-associated DNA sequences of the three species bear little relationship to
150 one another (Fig. 1B). These findings reinforce the idea that incompatibilities leading to
151 mis-segregation of specific chromosomes are not due to centromere sequence
152  differences. Interestingly, although protein sequence alignments of X. laevis, X. tropicalis,
153 and X. borealis CENP-A showed that they are nearly 90% identical, divergence occurred
154  in both the N-terminus and the CENP-A Targeting Domain (CATD) L1 loop region that
155 provides specificity for recognition of the CENP-A/H4 complex by its dedicated
156  chaperone HJURP (Fig. S1B) (Rosin and Mellone, 2016; Foltz et al., 2009; Dunleavy et
157 al., 2009; Hu et al., 2011). Together, these results suggest that as in Drosophila,
158 centromere sequences, CENP-A, and its chaperone have co-evolved in Xenopus to
159  strengthen specificity of their interactions (Rosin and Mellone, 2017). However, although
160  disruption of these interactions can lead to inviability in flies (Henikoff et al., 2011; Malik
161 and Henikoff, 2009), differences among core centromere sequences and CENP-A
162  proteins does not explain loss of centromere function on a subset of chromosomes in
163  inviable Xenopus hybrids.

164
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165 CENP-A eviction from a subset of chromosomes requires cell cycle progression

166 To better understand the process by which specific chromosomes lose centromere
167  function in hybrids, we took advantage of the Xenopus egg extract system capable of
168  recapitulating events of the cell division cycle in vitro, including sperm chromosome
169  replication, mitotic chromosome condensation, and centromere/kinetochore formation
170  (Maresca and Heald, 2006; French and Straight, 2017). To monitor centromere assembly,
171 X tropicalis, X. laevis, or X. borealis sperm nuclei were added to X. tropicalis egg extracts
172 and probed for CENP-A at different stages of the cell cycle. Sperm chromosomes of all
173  three species condensed and possessed single centromeric CENP-A foci when added
174  directly to metaphase-arrested X. tropicalis extract (Fig. 2A, B), consistent with
175  observations that sperm chromosomes contain CENP-A (Bernad et al., 2011; Milks et al.,
176~ 2009). However, cycling the extract through interphase to allow sperm decondensation,
177  nuclear envelope formation, and DNA replication in X. tropicalis egg cytoplasm resulted
178  in no visible CENP-A on a subset of X. laevis and X. borealis mitotic chromosomes in the
179  subsequent metaphase, whereas X. tropicalis centromeres were not affected (Fig. 2A, B).
180 To determine when in the cell cycle CENP-A was evicted from paternal
181 chromosomes, we examined interphase nuclei in control and hybrid in vitro reactions. The
182  expected number of centromere foci, 18 for X. laevis and X. borealis, decreased in X.
183  ftropicalis extract (Fig. 2C, Fig S2A, B). The loss of CENP-A localization from 2 or 4
184  paternal X. laevis and X. borealis chromosomes, respectively, corresponded very well to
185 whole genome sequencing data of hybrid embryos in terms of the number of
186  chromosomes affected (Gibeaux et al., 2018), and indicates that CENP-A is lost from this

187  subset of paternal chromosomes during interphase.
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188 The recent detailed characterization of X. laevis centromere sequences allowed
189  us to test whether the centromere assembly defects observed in egg extract occurred on
190 the same chromosomes disrupted in hybrid embryos (Smith et al., 2021; Gibeaux et al.,
191  2018). Fluorescence in situ hybridization (FISH) probes in combination with CENP-A
192 immunofluorescence identified X. laevis chromosomes 3L and 4L, the two chromosomes
193 that lose large genomic regions in hybrid embryos, as those that also lose centromeric
194  CENP-A staining when replicated in X. tropicalis egg extract (Fig. S2C-E). Thus, the in
195  vitro system reproduces incompatibilities likely to underlie chromosome mis-segregation
196 and ultimately genome loss observed in vivo. These results show that while all paternal
197 sperm chromosomes initially possess CENP-A at their centromeres, a subset evict
198 CENP-A during interphase, indicating that epigenetic mechanisms enable hybrid
199 centromere assembly despite evolutionary differences, but are disrupted on individual
200 chromosomes.

201

202 CENP-A and its chaperone HJURP can rescue X. laevis centromere assembly

203 We next sought to determine whether enhancing centromere assembly by adding
204  species-matched paternal factors could prevent CENP-A eviction and centromere loss
205  from specific X. laevis and X. borealis chromosomes formed in X. tropicalis extracts. In
206  vitro reactions were supplemented with paternally-matched proteins expressed in
207  reticulocyte lysate, including CENP-A and its dedicated chaperone HJURP, at the onset
208 ofinterphase (Fig. S3A-C). Whereas adding X. laevis CENP-A resulted in a partial rescue,
209 CENP-A plus HJURP increased the percentage of replicated X. laevis mitotic

210  chromosomes with CENP-A foci to control levels (Fig. 3A). In contrast, no combination of

10
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211 X borealis centromere factors tested, including CENP-A, HJURP, and CENP-C (Erhardt
212 et al., 2008; Roure et al., 2019), restored CENP-A foci to replicated X. borealis mitotic
213 chromosomes (Fig. 3B). Notably, however, examination of interphase nuclei in X. borealis
214 sperm/X. tropicalis egg extract reactions prior to metaphase entry revealed that CENP-A
215 localization was initially fully rescued, with the expected number of CENP-A-positive foci
216  corresponding to the number of chromosomes (Fig. 3C). These results indicate that
217  exogenous species-matched CENP-A can restore proper centromere formation on all
218 chromosomes during interphase of for both X. laevis and X. borealis, but that CENP-A is
219  not maintained on a subset of X. borealis chromosomes upon entry into mitosis.

220 The ability to mix and match egg extract, sperm chromosomes, and exogenous
221  centromere assembly factors enabled evaluation of CENP-A/centromere compatibilities
222  across species. For example, despite striking differences in core centromere sequences
223  between X. laevis and X. borealis (Fig. 1), the CATDs of the two species’ CENP-A
224  sequences are identical (Fig. S1B), and exogenous CENP-A from either species
225  equivalently restored centromere assembly on X. laevis mitotic chromosomes replicated
226 in X. tropicalis egg extract (Fig. 3A). Further, we observed that addition of excess
227  exogenous X. tropicalis CENP-A could also increase the percentage of X. laevis mitotic
228 chromosomes with centromere foci to control levels, although X. borealis chromosomes
229  could not be rescued under any condition tested (Fig. 3B, D). Together, our results
230 indicate that enhancing the pathway that drives CENP-A incorporation into centromeric
231 chromatin can overcome whatever is destabilizing centromeres on specific X. laevis
232 centromeres and raised the question of why the X. borealis chromosomes are refractory

233  to this rescue.

11
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234

235  X. borealis chromosome defects result from mitotic replication stress

236 A clue as to why X. borealis mitotic chromosomes behave differently than X. laevis
237  chromosomes in the in vitro hybrid extract system emerged with observation of their
238 morphology. Although a subset of replicated X. laevis mitotic chromosomes formed in X.
239  tropicalis extract lacked centromeres, they otherwise appeared normal. In contrast, 7-
240  10% of X. borealis mitotic chromosomes displayed ultra-thin regions of 2-3 ym in length
241  following replication, although centromeres on these chromosomes appeared largely
242 intact (Fig. 4A, B; Fig. S4A, B). We reasoned that incomplete DNA replication leading to
243  fork stalling and subsequent collapse in mitosis, termed replication stress, caused the
244  formation of fragile sites (Gomez-Gonzalez and Aguilera, 2019; Deng et al., 2019).
245  Consistent with this idea, adding low doses of the DNA polymerase inhibitor aphidicolin
246 thatleads to replication stress (Deng et al., 2019; Kabeche et al., 2018; Durkin and Glover,
247  2007) triggered formation of ultra-thin regions on X. tropicalis and X. laevis mitotic sperm
248 chromosomes that had progressed through the cell cycle in X. tropicalis extract, and
249  slightly exacerbated morphological defects of X. borealis chromosomes (Fig. S4C-E).
250  Notably, however, the aphidicolin-induced replication stress did not significantly affect
251  CENP-A localization efficiency (Fig. S4F), indicating that replication stress per se does
252 not interfere with CENP-A loading and maintenance.

253 To determine whether the X. borealis chromosome morphology and mitotic
254  centromere defects were due to replication stress, we blocked collapse of stalled mitotic
255  replication forks by adding an inhibitor of the ATPase p97 (Fig. S4C), which is required

256  for replication helicase removal (Maric et al., 2014; Deng et al., 2019). We observed a

12
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257 complete rescue of CENP-A localization and chromosome morphology on X. borealis
258 chromosomes (Fig. 4C, D). Consistent with the factors known for this pathway of mitotic
259  replication fork collapse and breakage (Deng et al., 2019), Aurora A and Plk1 kinase
260 inhibitors added to X. tropicalis extracts at low doses that avoided mitotic defects also
261  rescued X. borealis chromosome morphology and CENP-A localization, but did not affect
262  X. laevis or X. tropicalis chromosomes (Fig. 4E, F). Finally, X. laevis or X. tropicalis
263 chromosomes treated with aphidicolin followed by p97 inhibition displayed very few
264 chromosome defects (Fig. S4C, D). Combined, these data reveal that a subset of X.
265  borealis chromosomes experience mitotic replication stress in X. tropicalis cytoplasm, and
266 that this is coupled to CENP-A eviction. Remarkably, however, centromere loss appears
267  to occur on a different subset of mitotic chromosomes than those with ultra-thin regions.
268

269 Replication-transcription conflicts lead to centromere defects

270 The fragile sites observed on X. borealis chromosomes were reminiscent of
271  secondary constrictions that occur at repetitive, late-replicating regions such as ribosomal
272 DNA (rDNA; Durica and Krider, 1977; Durkin and Glover, 2007). In Xenopus, the rDNA
273  transcription machinery associates with mitotic chromosomes early in development and
274  in egg extract (Roussel et al., 1996; Gébrane-Younés et al., 1997; Bell and Scheer, 1997;
275  Bell et al., 1997), even though rDNA transcription and nucleolus formation occur after
276  zygotic genome activation (Shiokawa et al., 1994; Newport and Kirschner, 1982). We
277  therefore tested whether ultra-thin regions of X. borealis chromosomes replicated in X.
278  tropicalis extract contained rDNA by performing immunofluorescence using antibodies

279  against RNA polymerase | (Pol I) and the rDNA transcription regulator upstream binding

13
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280  factor (UBF). Both proteins were consistently enriched on the ultra-thin regions of X.
281  borealis mitotic chromosomes assembled in X. tropicalis egg extract (Fig. 5A, B).

282 To test whether RNA Pol | occupancy at rDNA of X. borealis chromosomes
283  contributed to the observed defects, X. tropicalis extract reactions were treated with the
284  inhibitor BMH-21, which has been shown to dissociate the polymerase from chromatin
285  (Peltonen et al., 2014; Colis et al., 2014). Strikingly, X. borealis chromosome morphology
286  defects as well as CENP-A localization were rescued (Fig. 5C, D). Together, these data
287 suggest that the replication stress experienced by X. borealis mitotic chromosomes
288  occurs at rDNA loci, and that defects in rDNA chromatin dynamics act to destabilize a
289 subset of X. borealis centromeres. In contrast, centromere formation on X. laevis
290 chromosomes was not rescued by RNA Pol | inhibition (Fig. S5A, B), further indicating
291 differences in the mechanisms underlying their incompatibility with X. tropicalis. However,
292  we observed that inhibition of RNA polymerase Il (Pol Il) with triptolide partially rescued
293  CENP-A localization to X. laevis chromosomes in X. tropicalis extract, whereas X.
294  borealis chromosomes were not affected (Fig. 5E), and no species’ chromosomes were
295  rescued by inhibition of RNA Pol Il (Fig. S5C, D). Therefore, a common theme in hybrid
296 incompatibility among Xenopus species may be replication-transcription conflicts that
297  contribute to eviction of CENP-A from a subset of mitotic chromosomes. However,
298  whereas this occurs at rDNA on X. borealis chromosomes and depends on RNA Pol |, X.
299 laevis defects are driven, at least in part, by RNA Pol ll-induced defects. These
300 observations lead to the model that epigenetic mechanisms promoting CENP-A
301 incorporation at centromeres are disrupted by the presence or activity of RNA

302 polymerases that cause under-replication at specific chromosome loci. Whereas X. laevis
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303 defects can be overcome by driving CENP-A incorporation at centromeres, X. borealis
304 defects can only be rescued by blocking replication stress at rDNA, either by preventing
305 fork collapse or by removing RNA Pol I.

306

307 Chromosome mis-segregation can be reduced in hybrid embryos, but inviability
308 persists

309 To determine whether the incompatibility mechanisms identified through this work
310 are responsible for hybrid inviability in vivo, we performed rescue experiments on cross-
311 fertilized embryos. In vitro translated, paternally-matched CENP-A and HJURP proteins
312 were microinjected into both blastomeres of the 2-cell hybrid embryo produced by
313  fertilizing X. tropicalis eggs with X. laevis sperm, while X. tropicalis/X. borealis hybrid
314  embryos were treated with RNA Pol | inhibitor BMH-21. Fewer micronuclei were observed
315 in both cases, indicating a decrease in mitotic errors in hybrid embryos, although not to
316 the low levels seen in wild-type X. tropicalis embryos (Fig. 6A, Fig. S6). Thus, the basis
317 of chromosome defects identified using our in vitro egg extract assays also contribute to
318 chromosome segregation defects in vivo. However, despite this partial rescue, treated
319  hybrids died at the same time and in the same manner as untreated sibling controls (Fig.
320 6B, C, Movie S1, S2). While it is possible that a complete rescue of chromosome
321 segregation defects in the hybrid embryos is required for viability, we predict that other
322  mechanisms that we have not yet identified also contribute, which can be uniquely
323 addressed using a combination of in vitro and in vivo approaches in Xenopus.

324
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325 DISCUSSION

326 Centromeric DNA sequences and centromere and kinetochore proteins have been
327 shown to rapidly co-evolve, which is thought to counteract female meiotic drive and
328 maintain faithful chromosome segregation (Malik and Henikoff, 2001; Malik et al., 2002;
329  Kumon et al., 2021; Pontremoli et al., 2021; Hooff et al., 2017). Our study reveals very
330 low conservation of core centromere DNA sequences across three Xenopus species, and
331 differences in protein sequences of Xenopus CENP-A and its chaperone HJURP are also
332  observed, indicating co-evolution. However, robust epigenetic mechanisms must operate
333 to maintain centromere compatibility in Xenopus hybrids, since many crosses are viable
334 (De Robertis and Black, 1979; Woodland and Ballantine, 1980; Burki, 1985; Narbonne et
335 al., 2011), and only a subset of chromosomes display centromere/kinetochore defects in
336  inviable hybrids (Gibeaux et al., 2018). Thus, neither differences in centromere
337 sequences nor co-evolved centromere/kinetochore proteins contribute directly to
338  Xenopus hybrid inviability.

339 The Xenopus egg extract and sperm chromosome reconstitution system uniquely
340 allowed us to identify mechanisms by which centromere formation is disrupted on specific
341 chromosomes in inviable interspecies hybrids. For X. tropicalis eggs fertilized with X.
342  borealis sperm, in vitro experiments indicate that defects are due to replication stress at
343  rDNA, since both CENP-A localization and chromosome morphology can be rescued by
344  either preventing replication fork collapse or evicting RNA Pol | (Roussel et al., 1996; Bell
345 etal, 1997; Deng et al., 2019). However, it is unclear why distinct subsets of paternal
346 chromosomes appear to possess ultra-thin regions versus centromere defects. We

347 propose that clustering of repetitive elements including rDNA, pericentromeric, and
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348 centromeric repeats during interphase brings together different chromosomal loci and
349 their associated machineries. Normally, such clustering is observed at chromocenters,
350  which may function to stabilize centromeres and promote CENP-A deposition in early G1
351 of the cell cycle (Brandle et al., 2022; Stellfox et al., 2013). Although discrete
352 chromocenters or other nuclear bodies such as nucleoli have not been observed to form
353 in egg extracts, loci interactions may nevertheless occur during interphase that are
354  disrupted in hybrid reactions and affect four specific X. borealis chromosomes due to
355 defects in rDNA replication. While addition of excess CENP-A and its chaperone HJURP
356 can rescue centromere assembly on these chromosomes during interphase, the burst of
357 DNA replication that occurs when metaphase-arrested extract is added (Deng et al.,
358 2019) may simultaneously lead to fork breakage and CENP-A loss. Understanding how
359 formation of fragile sites and centromere loss are related will require a complete X.
360 borealis genome assembly that includes rDNA and other repetitive sequences.

361 Our findings highlight the dynamic interplay between machineries that promote and
362 disrupt centromere assembly. For in vitro reactions reconstituting X. tropicalis eggs
363 fertilized with X. laevis sperm, the disruption does not involve Pol | or replication stress.
364  Centromere defects appear less severe in this hybrid reaction and can be fully rescued
365 by addition of either species-matched or overexpressed CENP-A/HJURP and partially
366 rescued by Pol Il eviction, treatments that may reinforce epigenetic machineries that
367 maintain centromeres. Thus, distinct mechanisms underlie centromere disruption in the
368 two inviable hybrids, but defects in both cases are consistent with observations that
369 aberrant polymerase occupancy or transcription adjacent to the centromere can

370  compromise its assembly (RoSi¢ et al., 2014; Grenfell et al., 2016; Bobkov et al., 2018).
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371 An open question is how the incompatibilities we have characterized in vitro
372  manifest in hybrid embryos in vivo. Whole genome sequencing of the X. tropicalis egg/X.
373  laevis sperm hybrid just prior to embryo death combined with preliminary Hi-C analysis
374 indicates that the long arms of chromosomes 3L and 4L have been largely eliminated, but
375 the centromere persists on the short arm allowing it to be retained (Gibeaux et al., 2018
376  and unpublished data). One possible explanation is that under-replication of repetitive
377 sequences adjacent to the centromere in this hybrid initially disrupts centromere
378 assembly, but after chromosome breakage, the adjacent, troublesome sequences are
379 removed and the centromere stabilizes on the short arm while the long arm lacking the
380 centromere frequently ends up in micronuclei and is eventually degraded. Because
381 micronuclei are observed throughout embryogenesis in both inviable hybrids (Gibeaux et
382 al., 2018), multiple rounds of chromosome mis-segregation and instability likely occur that
383 give rise to the terminal karyotype. In the X. tropicalis egg/X. borealis sperm inviable
384  hybrid that experiences replication stress, a pathway involving p97-mediated extraction
385 and degradation of the replicative helicase that leads to fork breakage and
386  microhomology-mediated end joining events likely operates, which has been well
387 characterized in Xenopus egg extracts (Deng et al., 2019). Detailed genomic analysis of
388 chromosome deletions and rearrangements in hybrid embryos will shed light on how
389 replication-transcription conflicts give rise to specific chromosome defects, while
390  additional in vitro experiments will reveal underlying molecular mechanisms.

391 Death of inviable Xenopus hybrids occurs at gastrulation when the zygotic genome
392 undergoes widespread transcriptional activation, and the distinct death phenotypes

393  observed upon fertilization of X. tropicalis eggs with either X. laevis or X. borealis sperm
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394 may be due to the different sets of genes affected by the loss of specific chromosomal
395 loci. However, despite a reduction in micronuclei upon hybrid embryo treatments that
396 rescued centromere formation in vitro, death was not delayed or the phenotypes altered
397 inany way. Therefore, we hypothesize that otherincompatibilities also contribute to hybrid
398 inviability. In particular, mismatches between mitochondrial and nuclear-encoded genes
399  have been shown to underlie inviability in some hybrids (Lee et al., 2008; Ma et al., 2016).
400 In conclusion, our findings identify defects in epigenetic centromere maintenance
401 that contribute to hybrid inviability. The combination of in vivo, in vitro, and genomic
402  approaches possible in Xenopus promise to provide further mechanistic insights into the
403  molecular basis of hybrid fates and speciation.

404
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434 MATERIALS AND METHODS

435

436 Lead Contact and Materials Availability

437  All data and materials are available upon request. Further information and requests for

438 resources and reagents should be directed to Rebecca Heald (bheald@berkeley.edu).

439

440 Experimental Model and Subject Details

441  All frogs were used and maintained in accordance with standards established by the UC
442  Berkeley Animal Care and Use Committee and approved in our Animal Use Protocol.
443  Mature Xenopus laevis, X. tropicalis, and X. borealis frogs were obtained from Nasco
444  (Fort Atkinson, WI) or the National Xenopus Resource (Woods Hole, MA). Xenopus frogs
445  were housed in a recirculating tank system with regularly monitored temperature and
446  water quality (pH, conductivity, and nitrate/nitrite levels). X. laevis and X. borealis were
447  housed at 20-23°C, and X. tropicalis were housed at 23-26°C. All animals were fed Nasco
448  frog brittle.

449

450 Chemicals

451  Unless otherwise states, all chemicals were purchased from Sigma-Aldrich, St. Louis, MO.
452

453  Frog care

454 X laevis, X. tropicalis, and X. borealis females were ovulated with no harm to the animals
455  with a 6-, 3-, and 4-month rest interval, respectively, as previously described (Kitaoka et

456 al.,, 2018). To obtain testes, males were euthanized by over-anesthesia through
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457  immersion in ddH20 containing 0.15% MS222 (Tricaine) neutralized with 5 mM sodium
458  bicarbonate prior to dissection, and then frozen at -20°C.

459

460 CENP-A ChIP-seq and data analysis

461 CENP-A MNase ChlP-seq was performed as previously described (Smith et al., 2021).
462  Briefly, livers were extracted from adult X. borealis animals and flash frozen. Upon
463  thawing, livers were diced oniice, rinsed in PBS, and buffer 1 (2.5 mM EDTA, 0.5 M EGTA,
464 15 mM Tris-HCI pH 7.4, 15 mM NaCl, 60 mM KCI, 15 mM sodium citrate 0.5 mM
465  spermidine, 0.15 mM spermine, 340 mM sucrose, supplemented with 0.1 mM PMSF) was
466 added and the tissue dounced using pestle A 12 times. A syringe with 18-gauge needle
467  was backfilled with nuclei mixture and expelled into 2 mL tubes with additional buffer 1.
468  Nuclei were spun at 6,000g for 5 min at 4°C, and washed 3 times with buffer 3 (2.5 mM
469 EDTA, 0.5 M EGTA, 15 mM Tris-HCI pH 7.4, 15 mM NaCl, 60mM KCI, 15 mM sodium
470  citrate 0.5 mM spermidine, 0.15 mM spermine, 340 mM sucrose, supplemented with 0.1
471  mM PMSF). Nuclei quality was checked and nuclei were counted by hemocytometer. ~5-
472 10 million nuclei were used per IP reaction.

473 For MNase digestion, CaCl2 was added to each reaction tube to 5 mM together
474  wtih 300 U of MNase. Digestion was performed at RT for 30 min and reaction was
475  quenched with 10 mM EDTA and 5 mM EGTA. Nucei were lysed with 0.05% IGEPAL CA-
476 630 in ice for 10 min. Following an initial spin 1,500g 5 min 4°C, the pellet was
477  resuspended in 500 pL buffer 3 + 200 mM NaCl and rotated overnight at 4°C to extract
478  mononucleosomes. Samples were precleared, input fractions were taken and CENP-A

479  mononucleosomes were isolated with 10 pg rabbit anti X. laevis CENP-A antibody
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480  prebound to protein A dynabeads in 200 yL TBST with rotation overnight at 4°C. Beads
481  were washed and eluted, mononucleosomal DNA was isolated with Ampure beads, and
482  sequencing libraries were prepared using NEBNext fit for lllumina sequencing which was
483  performed on a NovaSeq instrument with paired end 150bp sequencing.

484 X. laevis and X. tropicalis CENP-A CHIP-seq datasets were used from previously
485  described studies (Smith et al., 2021; Bredeson et al., 2021). CENP-A ChIP and Input
486 libraries from each species were processed to identify CENP-A enriched k-mers using
487  the k-mer counting pipeline that normalizes k-mer counts by sequencing depth of each

488 library (https://github.com/straightlab/xenla-cen-dna-paper). For this study 25bp k-mers

489  were used and kmc was run with ci=10, indicating that k-mers must be found 10 times in
490 the dataset to be considered. This was chosen so that more k-mers were identified from
491 each species to make comparisons more likely.

492 A phylogram was generated using a method similar to that previously described
493  (Smith et al., 2021). From each species full length ChlP-seq reads were selected based
494  on the presence of at least 80 CENP-A enriched k-mers. The reads from each species
495  that met this criterion were then clustered by sequence similarity using cd-hit-est (Fu et
496 al., 2012) using sequential rounds of clustering by 98%, 95%, and 90% identical by
497 sequence. The 20 top clusters from each species were then selected for phylogram
498 generation using Geneious (7.1.4) Tree Builder with the following settings: Genetic
499 Distance Model=Tamura-Nei, Tree building method=Neighbor-joining, Outgroup=No
500  outgroup, Alignment Type=Global alignment, Cost Matrix=93% similarity. Colors for each
501  species were added manually.

502
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503  Protein sequence alignments

504  Multiple sequence alignments were performed using Clustal Omega (default parameters).
505 Sequence similarities were determined by pair-wise alignments using EMBOSS Needle
506  (default parameters).

507

508 Xenopus egg extracts

509 X tropicalis metaphase-arrested egg extracts and spindle reactions were prepared as
510  previously described (Hannak and Heald, 2006; Brown et al., 2007; Maresca and Heald,
511  2006). Briefly, freshly laid, metaphase ll-arrested eggs were collected, dejellied, packed
512 and crushed by centrifugation. The cytoplasmic layer was collected with a syringe and
513  18G needle, then supplemented with 10 ug/mL of leupeptin, pepstatin, and chymostatin
514 (LPC), 20 uM of cytochalasin B, and energy mix (3.75 uM creatine phosphate, 0.5 uM
515 ATP, 0.5 uM MgCl2, 0.05 uM EGTA). Typical reactions contained 20 yL CSF extract,
516 sperm nuclei at a final concentration of 500 nuclei/yL, and rhodamine-labeled porcine
517  brain tubulin at a final concentration of 50 ug/mL.

518

519 Chromosome immunofluorescence

520  Spindle reactions were prepared, spun-down, and processed for immunofluorescence as
521  previously described (Hannak and Heald, 2006; Maresca and Heald, 2006). Briefly, the
522  extract reactions were fixed for 5-10 min with 2% formaldehyde and spun down at 5,500
523  rpm (5821.9 x g) for 20 min at 16°C. The coverslips were incubated for 30 s in cold
524  methanol, washed in PBS + 0.1% NP40, and blocked overnight in PBS + 3% BSA at 4°C.

525  We used rabbit anti-xCENPA, 1:500 (Milks et al., 2009; Moree et al., 2011), mouse anti-
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526  myc (9E10 clone, 1:500), rabbit anti-POLR1A (Novus Biologicals, 1:500), and mouse anti-
527  UBTF (Abnova, 1:500) antibodies. Primary antibodies were added for 1 h in PBS + 3%
528 BSA. After washing with PBS + 0.1% NP40, the coverslips were incubated with 1:1000
529  anti-rabbit or mouse secondary antibodies coupled to Alexa Fluor 488 or 568 (Invitrogen),
530 respectively, for 30 min and then with 1:1000 Hoechst (Invitrogen) for 5 min. The
531 coverslips were then washed and mounted for imaging with Vectashield (Vector Labs).
532  Each presented dataset was obtained from three independent egg extracts.

533

534  Nuclear DNA FISH for FCR centromeric sequences

535 Nuclear DNA FISH using probes against various FCR monomers was performed as
536  previously described (Smith et al., 2021). Briefly, pJET1.2 plasmids containing 150 bp
537 FCR monomer sequences were PCR-amplified and fluorescently labeled using random
538 hexamer priming and Klenow (exo-) polymerase (New England Biolabs). Both Alexa Fluor
539 488 and 568 dUTP-conjugated fluorophores were used. Probes were desalted to remove
540 unincorporated nucleotides, then precipitated and cleaned before resuspension in
541  hybridization buffer (65% formamide, 5X SSC, 5X Denhardts with 1% blocking reagent
542  (Roche), 0.5 mg/mL salmon sperm DNA added fresh). Each experiment used 4 uL of
543  probe mixed with 4 uL of hybridization buffer.

544 Nuclei were assembled in egg extract, spun down onto coverslips, and probed with
545  CENP-A antibody as previously described in (Levy and Heald, 2010) and detailed above.
546  Samples proceeded to FISH by fixation in 2.5% formaldehyde in PBS for 10 min, washed
547 in PBS, and dehydrated with increasing concentrations of 70-100% ice-cold ethanol.

548  Coverslips were blocked for 30 m in hybridization buffer. Probes were warmed and mixed
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549  with hybridization buffer before being added to samples, flipping coverslips onto glass
550 slides for hybridization. These “sandwiches” were incubated at 80°C for 10 min, then
551 incubated overnight at 37°C. Coverslips were removed from glass slides carefully with 4X
552  SSC, washed thoroughly in SSC, stained with Hoechst and mounted with Vectashield
553  (Vector Labs).

554

555  Protein expression in reticulocyte lysate

556 To generate plasmids for expression of species-specific X. laevis, X. tropicalis, and X.
557  borealis CENP-A, total RNA was isolated from stage 9 embryos. Embryos were
558 homogenized mechanically in TRIzol (Thermo Fisher Scientific) using up to a 30-gauge
559 needle and processed according to manufacturer’s instructions. After resuspension in
560 nuclease-free H20, RNAs were cleaned using a RNeasy kit (Qiagen) according to
561  manufacturer’s instructions, and cDNA was synthesized using the SuperScript Il First
562  Strand Synthesis system (Thermo Fisher Scientific) according to the manufacturer's
563 instructions. The X. laevis, X. tropicalis, and X. borealis CENP-A sequences were then
564 PCR-amplified from the cDNA. The amplified sequence was then subcloned into a pCS2+
565  vector using Gibson assembly. The constructs were then amplified using XL1-Blue
566  competent E. coli (Agilent).

567 The TnT Sp6-coupled rabbit reticulocyte system (Promega) was used for in vitro
568 transcription/translation (IVT) of plasmid DNA according to the manufacturer's protocol.
569  2-10% of the final egg extract reaction volume was added prior to addition of sperm nuclei;
570  for CENP-A, this corresponds to 8-80 times endogenous protein levels.

571
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572 Western blots

573 Increasing volumes of egg extracts and reticulocyte lysate were subject to SDS-PAGE
574 and wet transferred to PVDF membranes. Blots were blocked with PBS + 0.1% Tween +
575 5% milk for 1 h, probed with primary antibodies diluted in PBS + 0.1% Tween + 5% milk
576  for 1 h, rinsed 3x over a 10 m period with PBS + 0.1% Tween, then probed with secondary
577 antibodies (Rockland Immunochemicals; goat anti-rabbit DyLight 800 and donkey anti-
578  mouse DyLight 680, 1:10,000) diluted in PBS + 0.1% Tween for 30 m. Blots were scanned
579 on an Odyssey Infrared Imaging System (Li-Cor Biosciences). Band intensities were
580 quantified using FIJI.

581

582  Drug treatments

583  X. tropicalis extract was supplemented with the following drugs and concentrations:
584  Aphidicolin (DNA replication inhibitor, 10 pg/mL), BMH-21 (RNA Polymerase | inhibitor, 1
585  pM), NMS-873 (p97 inhibitor, 10 pM), MLN-8237 (Aurora A inhibitor, 1 yM, Selleck
586  Chemicals), BI-2536 (Polo kinase 1 inhibitor, 1 uM, Selleck Chemicals), Triptolide (RNA
587  Polymerase Il inhibitor, 25 uM)

588

589 Chromosome and nuclei imaging

590 Chromosomes were imaged using Micromanager 1.4 software (Edelstein et al., 2014)
591 and nuclei were imaged using Olympus cellSens Dimension 2 software on an upright
592  Olympus BX51 microscope equipped with an ORCA-ER or ORCA-Spark camera
593  (Hamamatsu Photonics) and Olympus UPlan 60X/NA 1.42 oil objective. All images across

594  all datasets were taken using the same exposure settings.
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595

596 In vitro fertilization and cross-fertilizations

597 In vitro fertilization and cross-fertilizations were performed as previously described
598 (Gibeaux et al., 2018; Gibeaux and Heald, 2019; Kitaoka et al., 2018). X. laevis, X.
599  borealis, and X. tropicalis males were injected with 500, 300, and 250 U, respectively, of
600 human chorionic gonadotropin hormone (hCG) 12-24 h before dissection. Testes were
601 collected in Leibovitz L-15 Medium (Gibco, Thermo Fisher Scientific) supplemented with
602 10% fetal bovine serum (FBS; Gibco) for immediate use. X. fropicalis females were
603  primed with 10 U of hCG 12-18 h before use and boosted with 250 U of hCG on the day
604  of the experiment. As soon as the first eggs were laid (~3 h after boosting), the male was
605 euthanized and dissected. Two X. tropicalis testes or one X. laevis or X. borealis testis
606 were added to 1 mL of L-15 + 10% FBS. X. tropicalis females were squeezed gently to
607 deposit eggs onto glass Petri dishes (Corning) coated with 1.5% agarose in 1/10X MMR
608 (1X MMR: 100 mM NaCl, 2 mM KCI, 2 mM CaCl2, 1 mM MgS0O4, 0.1 mM EDTA, 5 mM
609 HEPES-NaOH pH 7.6) Testes were homogenized using a pestle in L-15 + 10% FBS to
610 create sperm solution. Any liquid in the Petri dishes was removed, and the eggs were
611 fertilized with 500 uL of sperm solution per dish. Eggs were swirled in the solution to
612 separate them and incubated for 5 min with the dish slanted. Dishes were flooded with
613  ddH20 and incubated for 10 min. ddH20 was exchanged for 1/10X MMR and incubated
614  for 10 min. The jelly coats were removed with a 3% cysteine solution (in ddH20-NaOH,
615 pH 7.8). After extensive washing with 1/10X MMR (at least four times), embryos were

616 incubated at 23°C until the first cleavage at 1 hour post fertilization (hpf). Fertilized

28


https://doi.org/10.1101/2022.03.06.483208
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.06.483208; this version posted March 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

617 embryos were then sorted and placed in a mesh-bottomed dish for microinjection as
618  described below.

619

620 Embryo microinjection

621 At stage 2 (2-cell embryo), embryos were transferred to a 1/9X MMR + 3% Ficoll. IVT
622 reticulocyte lysate was backloaded into a needle pulled from a 1 mm glass capillary tube
623 (TW 100F-4, World Precision Instruments) using a P-87 Micropipette Puller (Sutter
624  Instrument). Embryos were placed in a mesh-bottomed dish and microinjected in both
625 blastomeres with 2 nL of the IVT reticulocyte lysate using a Picospritzer Il microinjection
626  system (Parker) equipped with a MM-3 micromanipulator (Narishige). Injected embryos
627 were transferred to a new dish and incubated at 23°C in 1/9X + 3% Ficoll for several
628  hours, then buffer exchanged for 1/10X MMR overnight.

629

630 Embryo video imaging

631 Imaging dishes were prepared using an in-house PDMS mold designed to print a pattern
632 of 0.9 mm large wells in agarose that allowed us to image six X. tropicalis embryos
633  simultaneously within the 3 mm x 4 mm camera field of view for each condition. Embryos
634  were imaged from stage 3 after microinjection. Treatment and control videos were taken
635  simultaneously using two AmScope MD200 USB cameras (AmScope), each mounted on
636 an AmScope stereoscope. Time-lapse movies were acquired at a frequency of one frame
637 every 10 s for 20 h and saved as Motion JPEG using a Matlab (The MathWorks) script.
638  Movie post-processing (cropping, concatenation, resizing, and addition of scale bar) was

639 done using Matlab and FIJI (Schindelin et al., 2012). All Matlab scripts written for this

29


https://doi.org/10.1101/2022.03.06.483208
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.06.483208; this version posted March 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

640  study are available upon request. Two of the scripts used here were obtained through the
641 MATLAB Central File Exchange: ‘videoMultiCrop’ and ‘concatVideo2D’ by ‘Nikolay S’.
642

643  Embryo whole-mount immunofluorescence

644  Embryos were fixed at the desired stages for 1-3 h using MAD fixative (2:2:1 methanol:
645 acetone: DMSO). After fixation, embryos were dehydrated in methanol and stored at -
646 20°C. Embryos were then processed for immunofluorescence as previously described
647 (Gibeaux et al., 2018). Briefly, embryos were gradually rehydrated in 0.5X SSC (1X SSC:
648 150 mM NaCl, 15 mM Na citrate, pH 7.0), then bleached with 2% H202 in 0.5X SSC with
649 5% formamide for 2 h under light. Embryos were washed with PBT (1X PBS, 0.1% Triton
650 X-100, 2 mg/mL bovine serum albumin). Embryos were blocked in PBT supplemented
651  with 10% goat serum and 5% DMSO for 1-3 h and incubated overnight at 4°C in PBT
652  supplemented with 10% goat serum and primary antibodies. We used mouse anti-beta-
653  tubulin (E7, Developmental Studies Hybridoma Bank, 1:300 dilution) and rabbit anti-
654  histone H3 (Abcam, 1:500 dilution). Embryos were then washed 4 x 2 h in PBT and
655 incubated overnight at 4°C in PBT supplemented with goat anti-mouse and goat anti-
656  rabbit secondary antibodies coupled to Alexa Fluor 488 and 568 (Invitrogen). Embryos
657  were then washed 4 x 2 h in PBT and gradually dehydrated in methanol. Finally, embryos
658 were cleared in Murray’s clearing medium (2:1 benzyl benzoate: benzyl alcohol).
659 Embryos were placed in a reusable chamber (Thermo Fisher) for confocal microscopy.
660

661 Confocal microscopy
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662  Confocal microscopy was performed on an inverted Zeiss LSM 800 using the Zeiss Zen
663  software, a Plan-Achromat 20X/0.8 air objective and laser power 0.5-2%, on multiple
664  1024x1024 pixel plans spaced of 0.68 um in Z. Images are mean averages of two scans
665  with a depth of 16 bits. Pinhole size always corresponded to 1 Airy unit.

666

667 Quantification and Statistical Analysis

668  Quantification of CENP-A localization on mitotic chromosomes was determined manually
669 in a dataset of 100 images from one extract. Quantification of ultra-thin chromosomal
670 regions was also determined manually in parallel from the same datasets. Only single
671 chromosomes were counted. Each dataset had ~150-400 chromosomes. The average of
672 each extract was calculated as a percentage of total chromosome number. Averages
673  were plotted in Matlab, and statistical significance and p-values were determined with
674  two-tailed, two-sample unequal variance t-tests or one-way ANOVA with Tukey post-hoc
675 analysis in Microsoft Excel. The number of egg extracts used, individual chromosomes
676  counted, and p-values are listed in the figure legends. For all box plots, the thick line
677 inside the box indicates the average across biological replicates, and the upper and lower
678  box boundaries indicate the standard deviation.

679 PolR1A and UBF fluorescent intensity on X. borealis ultra-thin chromosomes were
680 quantified in FIJI by measuring the intensity of the stretched region specifically and
681 comparing it to a random non-stretched region on the same chromosome. All intensity

682 measurements were normalized to the samples’ Hoechst intensity.
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683 Micronuclei in embryos were quantified at the relevant stages as the number of
684  observed micronuclei divided by the number of nuclei, counted manually in FIJI. Statistical
685  significance was determined by two-tailed, two-sample unequal variance t-tests.

686
687
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FIGURE 1: Comparison of X. laevis, X. tropicalis, and X. borealis core centromere
sequences

(A) Scatter plots of k-mer enrichment values (normalized CENP-A counts / normalized
input counts) compared between species. Only k-mers found in both species are plotted.
Dotted lines indicate enrichment value for each species that is five median absolute
deviations above the median enrichment value to denote highly enriched k-mers, which
are not well conserved across species.

(B) Phylogram of full-length sequencing reads from each Xenopus species. Branches are
colored according to species of origin. Sequencing reads were selected first by the
presence of at least 80 CENP-A enriched 25bp k-mers and then by hierarchical clustering.

The phylogram illustrates a striking divergence of core centromere sequences.
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Figure S1: Comparison of centromere DNA and CENP-A protein sequences

(A) Scatter plots of normalized k-mer counts from Input and CENP-A ChIP-seq
sequencing libraries from X. laevis, X. tropicalis, and X. borealis. The dotted line (x=y)
indicates k-mers that are equally abundant in both libraries. k-mer counts reveal distinct
patterns in the three species.

(B) Protein sequence alignment comparing CENP-A across the three Xenopus species.
Differences are observed in the N-terminal region and the CENP-A targeting domain

(CATD).
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FIGURE 2: Loss of centromeric CENP-A is cell cycle-dependent

(A) Percentage of mitotic chromosomes with centromeric CENP-A staining in X. tropicalis
egg extract. Over 95% of X. tropicalis, X. laevis, and X. borealis unreplicated sperm
chromosomes added directly to metaphase-arrested X. tropicalis egg extracts possess
centromeres, as indicated by immunofluorescence of the centromeric histone CENP-A.
Following progression through the cell cycle, a fraction of replicated X. laevis and X.
borealis mitotic chromosomes completely lose centromeric CENP-A foci. Unrep.,
unreplicated chromosomes; rep, replicated chromosomes. N = 3 extracts, N > 275
chromosomes per extract. p-values (left to right) by two-tailed two-sample unequal
variance t-tests: 0.3356, 0.0008, 0.0004; ns, not significant.

(B) Representative images of mitotic unreplicated and replicated X. fropicalis, X. laevis,
and X. borealis chromosomes formed in X. tropicalis egg extracts. DNA in cyan, CENP-
A'in red. Scale baris 10 uym.

(C) Percentage of total expected CENP-A foci observed in nuclei formed in interphase X.
tropicalis egg extract. X. laevis and X. borealis interphase nuclei both lose centromere
foci during interphase, prior to entry into metaphase, whereas X. tropicalis nuclei do not.
From N = 3 extracts, N > 64 nuclei per extract. p-values (top to bottom) by one-way
ANOVA with Tukey post-hoc analysis: 0.0025, 0.0133.

Species nomenclature throughout figures denotes egg extract as subscript e and
chromosomes as subscript s, for example te x /s indicates X. tropicalis egg extract
combined with X. laevis sperm chromosomes. X. fropicalis is color-coded blue, while X.

laevis and X. borealis hybrid combinations are orange and purple, respectively.
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FIGURE S2: CENP-A is lost from X. laevis chromosomes 3L and 4L

(A) Quantification of the number of CENP-A foci in interphase nuclei assembled in X.
tropicalis egg extract. Whereas X. tropicalis nuclei on average possess 10 foci
corresponding to the 10 sperm chromosomes, X. laevis and X. borealis interphase nuclei
possess an average of 16 and 14 CENP-A foci, respectively, which does not match the
18 sperm chromosomes of these species. Quantification with N = 3 extracts, N > 64 nuclei
per extract.

(B) Representative images of X. tropicalis, X. laevis and X. borealis nuclei formed in X.
tropicalis extract. DNA in cyan, CENP-A in red. Scale bar is 5 ym.

(C) Experimental schematic for specific centromere quantification. X. laevis sperm nuclei
were cycled into interphase in either X. laevis or X. tropicalis egg extract. All centromeres
were detected by CENP-A immunofluorescence and a subset of centromeres were
identified by FCR (frog centromeric repeat) FISH (Smith et al., 2021). Probes prepared
from two sequences not present in centromeres of chromosomes 3L or 4L (3L/4L- = m4,
m10), were compared with probes made using two sequences present in centromeres of
chromosomes 3L and 4L (3L/4L+ = m16, m19). In X. laevis extract, all FCR+ foci should
co-localize with CENP-A, as 18/18 centromeres are maintained. If centromeric CENP-A
staining is lost specifically from chromosomes 3L and 4L in X. tropicalis extract, 2 3L/4L+
FCR+ foci should not colocalize with CENP-A (panel A).

(D) Images of X. laevis sperm nuclei formed in X. laevis or X. tropicalis extract probed by
FISH for FCR monomer m10 or m19 (green) and by immunofluorescence of CENP-A

(magenta). Insets show the 2 m19 FCR+ foci not co-localized with CENP-A, while all other
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FCR+ foci co-localize with CENP-A. DNA periphery is marked by the dashed white lines.
Scale baris 5 ym.

(E) Quantification of CENP-A foci that co-localize with FCR+ foci in X. laevis vs. X.
tropicalis extract. In X. laevis extract, all FCR+ foci co-localize with CENP-A. However, in
X. tropicalis extract, ~2 m16 or m19 FCR+ foci do not co-localize with CENP-A,
corresponding to the loss of CENP-A localization on chromosomes 3L and 4L.
Quantification with N = 2 extracts, N > 50 nuclei and > 800 centromeres per probe per
extract. p-values by two-tailed two-sample unequal variance t-tests (left to right): 0. 3562,
0.0916, 0.3708, 0.0499, 0.2426, 2.797e-19, 0.5485, 7.972e-13; ns, not significant. Open

circles are FCR+ foci, filled circles represent foci that are both FCR+ and CENP-A+.
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FIGURE 3: Driving CENP-A assembly rescues centromere localization in
interphase, which persists on mitotic X. laevis, but not on X. borealis chromosomes
(A) Percentage of replicated X. laevis chromosomes with centromeric CENP-A staining
in X. tropicalis extract supplemented with in vitro translated CENP-A and HJURP proteins
from different Xenopus species. X. laevis chromosomes are fully rescued with species-
matched centromere proteins. Quantification with N = 3 extracts, N > 315 chromosomes
per extract. p-values (top to bottom) by one-way ANOVA with Tukey post-hoc analysis:
0.1734, 0.9999, 0.5522, 0.0057, 0.0086, 0.6281.

(B) Percentage of replicated X. borealis chromosomes with centromeric CENP-A staining
in X. tropicalis extract supplemented with in vitro translated centromere proteins from
different Xenopus species. No combination or increased amounts of centromeric proteins
CENP-A (CA), HJURP (HJ), and CENP-C (CC) restored CENP-A localization on X.
borealis mitotic chromosomes. Quantification with N = 3 extracts, N > 216 chromosomes
per extract. p-value by one-way ANOVA = 0.0786.

(C) Percentage of CENP-A-labeled centromeric foci in X. borealis nuclei assembled in X.
tropicalis extract supplemented with in vitro translated centromere proteins from different
Xenopus species. Driving centromere assembly with species-matched proteins fully
restores formation of centromere foci in interphase, but CENP-A staining is subsequently
lost in metaphase (panel B). Quantification with N = 3 extracts, N > 67 nuclei per extract.
p-values (top to bottom) by one-way ANOVA: 0.9996, 0.0562, 0.0433, 0.9690, 0.9109.
(D) Percentage of replicated X. laevis or X. borealis chromosomes with centromeric
CENP-A staining in X. tropicalis extract supplemented with excess (>50X endogenous

levels) of in vitro translated X. laevis or X. tropicalis CENP-A. Whereas centromere
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staining is fully rescued on X. laevis mitotic chromosomes by CENP-A from either
species, X. borealis centromere staining is not affected. Quantification with N = 3 extracts,
N > 204 chromosomes per extract. p-values (top to bottom, then left to right) by one-way
ANOVA with Tukey post-hoc analysis: 0.0042, 0.0001, 0.0249, 0.8845, 0.88946.

A-D: ns, not significant.
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Figure S3: Driving CENP-A assembly with proteins expressed in reticulocyte lysate
(A) Experimental schematic of extract reactions in which reticulocyte lysate is added at
the onset of interphase to mimic the timing of CENP-A deposition in G1.

(B) Representative Western blot of X. laevis CENP-A protein expressed in reticulocyte
lysate and quantification of three blots showing band intensity normalized to CENP-A
levels in 1 uL of X. laevis egg extract (dotted line). CENP-A is approximately twenty times
more concentrated in reticulocyte lysate compared to X. laevis extract, with amounts
added to chromosome/nuclear assembly reactions corresponding to between 8 and 80
times endogenous CENP-A levels.

(C) Percentage of replicated X. laevis or X. tropicalis chromosomes with CENP-A staining
in X. tropicalis extract supplemented with unprogrammed reticulocyte lysate. Lysates
containing empty expression vectors have no effect on centromere staining.
Quantification from N = 3 extracts, N > 298 chromosomes per extract. p-values (left to
right) by two-tailed two-sample unequal variance t-tests: 0.7433, 0.7755; ns, not

significant.
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FIGURE 4: Mitotic replication stress leads to X. borealis centromere and
chromosome morphology defects

(A) Representative image showing an ultra-thin region of a mitotic X. borealis
chromosome formed in X. tropicalis egg extract. Note that the chromosome has an intact
centromere. DNA in cyan, CENP-A in red. Scale bar is 5 um.

(B) Percentage of unreplicated and replicated mitotic chromosomes with ultrathin
morphology defects in X. tropicalis extract. A low percentage of X. tropicalis, X. laevis or
X. borealis unreplicated chromosomes display ultra-thin regions. After cycling through
interphase, only X. borealis chromosomes exhibit a significant increase in this defect.
Quantification with N = 3 extracts, N > 310 chromosomes per extract. p-values (top to
bottom, then left to right) by one-way ANOVA with Tukey post-hoc analysis: 2.9352e-7,
0.9999, 1.6475e-6.

(C) Percentage of replicated chromosomes with centromeric CENP-A staining in X.
tropicalis extracts treated with solvent control or 10 uM p97 ATPase inhibitor NMS-873
(p97i). Inhibition of p97 restores CENP-A staining on X. borealis mitotic chromosomes,
but does not affect X. tropicalis or X. laevis chromosomes. p-values (top to bottom, then
left to right) by one-way ANOVA with Tukey post-hoc analysis: 0.9997, 0.9978, 0.0204.
(D) Percentage of chromosomes with ultrathin regions in X. tropicalis extracts treated with
solvent control or 10 uM p97 ATPase inhibitor NMS-873 (p97i). Inhibition of p97 rescues
X. borealis chromosome morphology defects, but does not affect X. tropicalis or X. laevis
chromosomes. p-values (top to bottom, then left to right) by one-way ANOVA with Tukey

post-hoc analysis: 0.1114, 0.6903, 6.2572e-5.
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(E) Percentage of replicated chromosomes with centromeric CENP-A staining in X.
tropicalis extracts treated with solvent control, 1 yM Polo-like kinase 1 inhibitor BI-2536
(Plk1i), or 1 uM Aurora A kinase inhibitor MLN-8237 (AurAi). CENP-A localization is fully
or partially rescued on X. borealis mitotic chromosomes, whereas X. tropicalis or X. laevis
chromosomes are not affected. p-values (top to bottom) by one-way ANOVA with Tukey
post-hoc analysis: 0.0276, 0.7003, 0.9999.

(F) Percentage of chromosomes with ultrathin regions in X. tropicalis extracts treated with
solvent control, 1 uM Polo-like kinase 1 inhibitor BI-2536 (Plk1i), or 1 uM Aurora A kinase
inhibitor MLN-8237 (AurAi). Inhibition of Plk1 and AurA rescued X. borealis mitotic
chromosome morphology defects, but did not affect X. ftropicalis or X. laevis
chromosomes. p-values (top to bottom) by one-way ANOVA with Tukey post-hoc
analysis: 0.2882, 0.1525, 0.5887.

C, D: N = 3 extracts, N > 179 chromosomes per extract.

E, F: N = 3 extracts, N > 155 chromosomes per extract.

B-F: ns, not significant.
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FIGURE S4: Characterization of chromosome morphology defects that can be
induced by aphidicolin and rescued by p97 inhibition

(A) Quantification of ultra-thin region lengths, which average ~2-3 ym on mitotic
chromosomes of all three Xenopus species. p-value by one-way ANOVA = 0.8712.

(B) Percentage of X. tropicalis, X. laevis, and X. borealis chromosomes with ultra-thin
regions that have also lost CENP-A staining. Only a small fraction of chromosomes with
ultra-thin regions also show centromere loss. Across all species, only ~0.2-0.6% of all
chromosomes exhibit both morphological and centromere defects, corresponding to 1-4
chromosomes out of ~350 total chromosomes per extract.

(C) Experimental schematic illustrating when inhibitors are added to X. tropicalis extract
reactions.

(D) Percentage of mitotic chromosomes with ultrathin regions in X. tropicalis extracts
treated with solvent control or 10 ug/mL aphidicolin (APH) to inhibit DNA replication, and
with or without 10 uM p97 ATPase inhibitor NMS-873 (p97i) to prevent removal of stalled
replication forks. Aphidicolin increased the prevalence of ultra-thin chromosome regions
on X. tropicalis and X. laevis chromosomes, but did not significantly exacerbate these
regions on X. borealis chromosomes. Inhibition of p97 rescued the chromosome
morphology defects. Quantification from N = 3 extracts, N > 138 chromosomes per
extract. p-values (top to bottom, then left to right) by two-tailed two-sample unequal
variance t-tests: 0.6106, 0.0217, 0.9986, 0.8708, 0.9999, 0.9159, 0.0151, 0.0023.

(E) Representative images of X. tropicalis and X. laevis mitotic chromosomes following

aphidicolin treatment. DNA in cyan, CENP-A in red. Scale bar is 5 um.
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(F) Percentage of replicated chromosomes with centromeric CENP-A staining in X.
tropicalis extracts treated with solvent control or 10 ug/mL aphidicolin. Inhibition of DNA
replication does not affect centromere formation on any species’ chromosomes. p-values
(left to right) by two-tailed two-sample unequal variance t-tests: 0.0523, 0.1554, 0.2679.
A, B: N = 3 extracts, N > 20 chromosomes per condition.

D, F: N = 3 extracts, N > 150 chromosomes per extract.

A, D, F: ns, not significant.
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Figure 5: Replication-transcription conflicts at rDNA on X. borealis chromosomes
can be rescued by inhibiting RNA Pol |

(A) Representative images and fluorescence intensity quantification of RNA Pol | staining
relative to DNA on ultrathin and normal regions of X. borealis mitotic chromosomes,
revealing enrichment of Pol | on ultra-thin regions. Quantification with N = 3 extracts, N =
140 chromosomes. p-value = 9.4793e-20 by two-tailed two-sample unequal variance t-
tests.

(B) Representative images and fluorescence intensity quantification of UBF staining
relative to DNA on ultrathin and normal regions of X. borealis mitotic chromosomes,
revealing enrichment of UBF on ultra-thin regions. Quantification with N = 3 extracts, N =
62 chromosomes. p-value = 4.5004e-13 by two-tailed two-sample unequal variance t-
tests.

(C) Percentage of mitotic chromosomes with centromeric CENP-A staining in X. tropicalis
extracts treated with solvent control or 1 yM BMH-21 to inhibit RNA Pol | (Pol li), which
fully rescues CENP-A localization on replicated X. borealis chromosomes. p-values (top
to bottom) by one-way ANOVA with Tukey post-hoc analysis: 0.9794, 0.7979, 0.0005.
(D) Percentage of mitotic chromosomes with ultrathin regions in X. tropicalis extracts
treated with solvent control or 1 yM BMH-21 (Pol li). Pol | inhibition also rescues X.
borealis chromosome morphology defects. p-values (top to bottom) by one-way ANOVA
with Tukey post-hoc analysis: 0.5078, 0.9999, 0.04609.

(E) Percentage of chromosomes with centromeric CENP-A staining in X. tropicalis
extracts treated with solvent control or 25 uM triptolide to inhibit RNA Pol II (Pol lli). X.

laevis chromosomes are partially rescued, while X. tropicalis and X. borealis
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chromosomes are not affected. Quantification with N = 3 extracts, N > 322 chromosomes
per extract. p-values (top to bottom, then left to right) by one-way ANOVA with Tukey
post-hoc analysis: 0.4785, 0.8797, 0.0052, 0.0125, 0.0003, 0.9999.

A, B: DNA in cyan, Pol | in red. Scale bar is 5 ym.

C, D: N = 3 extracts, N > 172 chromosomes per extract.

C-E: ns, not significant.
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Figure S5: Pol | transcription inhibition does not affect X. tropicalis or X. laevis
chromosomes, while Pol lll inhibition had no effect on any species

(A, B) The percentage of X. tropicalis or X. laevis mitotic chromosomes formed in X.
tropicalis egg extract with centromeric CENP-A staining (A) or ultrathin regions (B) is
unchanged upon treatment with 1 yM BMH-21 to inhibit RNA Pol | (Pol li). Quantification
with N = 3 extracts, N > 113 chromosomes per extract. p-values by one-way ANOVA with
Tukey post-hoc analysis: (A, left to right) 0.9702, 0.9413, (B, left to right, then top to
bottom) 0.9995, 0.9711, 1, 0.9882.

(C, D) The percentage of X. tropicalis, X. laevis, or X. borealis mitotic chromosomes
formed in X. tropicalis egg extract with centromeric CENP-A staining (C) or ultrathin
regions (D) is unchanged upon treatment with 20 yM ML-69218 to inhibit RNA Pol Il (Pol
[lli) Quantification with N = 3 extracts, N > 179 chromosomes per extract. p-values by
one-way ANOVA with Tukey post-hoc analysis: (C, left to right) 0.9389, 0.7506, 0.9416,
(D, left to right) 0.8431, 0.3540, 0.9999.

A-D: ns, not significant.
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FIGURE 6: Treatments that rescue CENP-A localization in egg extracts reduce
micronuclei formation in hybrid embryos, but inviability persists

(A) Quantification of chromosome mis-segregation events as measured by the number
of micronuclei compared to total nuclei in treated hybrid embryos. X. tropicalis eggs
fertilized with X. laevis sperm were microinjected with X. laevis CENP-A/HJURP, while X.
tropicalis eggs fertilized with X. borealis sperm were treated with Pol 1 inhibitor BMH-21.
Embryos were fixed at stage 9 (7 hpf) just before gastrulation and hybrid death. The
number of micronuclei was significantly reduced in both cases, but not to control levels
measured in X. tropicalis eggs fertilized with X. tropicalis sperm. N = 3 clutches for each
hybrid, N > 15 embryos and > 200 cells per embryo. p-values (left to right) by two-tailed
two-sample unequal variance t-tests: 2.111e-7, 2.651e-9; ns, not significant.

(B) Schematic of experiment and movie frames of X. tropicalis eggs fertilized with X.
laevis sperm microinjected at the two-cell stage with X. laevis CENP-A/HJURP.
Microinjected hybrid embryos die at the same time and in the same manner as uninjected
hybrid controls. N = 10 embryos across 4 clutches. Scale bar is 200 um.

(C) Movie frames of X. tropicalis eggs fertilized with X. borealis sperm that were incubated
from the two-cell stage with 1 uM RNA Pol | inhibitor, BMH-21. Treated hybrid embryos
die at the same time and in the same manner as untreated hybrid controls. N = 12

embryos across 2 clutches. Scale bar is 200 pym.
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FIGURE S6: Microinjection with reticulocyte lysate does not affect embryo
development or chromosome segregation.

(A) Movie frames of untreated X. tfropicalis embryos and embryos microinjected at the
two-cell stage with empty reticulocyte lysate into both blastomeres show that embryonic
development is not affected by the procedure. N = 15 embryos across 3 clutches. Scale
is 200 pm.

(B) Movie frames of untreated X. tropicalis/X. laevis hybrid embryos and hybrid embryos
microinjected at the two-cell stage with empty reticulocyte lysate into both blastomeres
show that the embryonic death phenotype is not affected by the procedure. N = 12
embryos across 2 clutches. Scale is 200 pm.

(C) Quantification of the number of micronuclei compared to total nuclei in stage 9 X.
tropicalis embryos or X. tropicalis/X. laevis hybrid embryos microinjected with empty
reticulocyte lysate. The prevalence of micronuclei is unaffected by the procedure. p-
values (left to right) by two-tailed two-sample unequal variance t-tests: 0.749, 0.288; ns,

not significant.
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MOVIE S1: Microinjection of X. laevis CENP-A and HJURP in vitro translated
proteins into tex/s hybrids does not rescue viability.

X. tropicalis eggs were fertilized with X. laevis sperm and microinjected with in vitro
translated paternally-matched CENP-A and HJURP (right) at stage 2. Embryos were
imaged in separate dishes from stage 3 in 1/10X MMR. The movie plays 20 h in 15s (rate

of 120 frames per second). Scale bar corresponds to 200 um.

MOVIE S2: Treatment with RNA Polymerase | inhibitor BMH-21 does not rescue
texbs hybrid viability.

X. tropicalis eggs were fertilized with X. borealis sperm and incubated with 1 yM BMH-21
in 1/10X MMR (right) from stage 2. The movie plays 20 h in 15s (rate of 120 frames per

second). Scale bar corresponds to 200 ym.
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