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SUMMARY

Although central to evolution, the causes of hybrid inviability that drive reproductive isolation are poorly
understood. Embryonic lethality occurs when the 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 chro-
mosomes in hybrids. In vitro reactions combining X. tropicalis egg extract with either X. laevis or X. borealis
sperm chromosomes revealed that paternally matched or overexpressed centromeric histone CENP-A and
its chaperone HJURP could rescue centromere assembly on affected chromosomes in interphase nuclei.
However, although 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 as-
sembly and morphology of X. borealis mitotic chromosomes could be rescued by inhibiting RNA polymerase
| or preventing the collapse of stalled DNA replication forks. These results indicate that specific paternal
centromeres are inactivated in hybrids due to the disruption of associated chromatin regions that interfere
with CENP-A incorporation, at least in some cases due to conflicts between replication and transcription ma-
chineries. Thus, our findings highlight the dynamic nature of centromere maintenance and its susceptibility to

disruption in vertebrate interspecies hybrids.

INTRODUCTION

Hybridization between closely related species often leads to em-
bryonic lethality accompanied by defects in genome stability and
maintenance, but the cellular and molecular mechanisms under-
lying post-zygotic barriers that drive reproductive isolation and
speciation are largely unknown.”™ 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 centro-
meric histone H3 variant, centromere protein A (CENP-A) are
rapidly evolving.>® 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
co-evolves.” In turn, kinetochore formation at centromeres de-
pends on specific, epigenetic recognition and stabilization of
CENP-A nucleosomes by other factors, including CENP-C,

4')

CENP-N, and M18BP1.57'® Thus, co-evolution of centromere
DNA and many associated proteins may generate barriers to
hybrid viability by interfering with assembly of the chromosome
segregation machinery.

Increasing evidence suggests that the chromatin environ-
ment also plays an important role in centromere assembly
and that changes in nuclear organization are related to hybrid-
ization outcomes. For example, disruption of the chromo-
center, a domain containing the pericentromeric satellite
DNA, is common among Drosophila hybrids and may underlie
inviability.'” 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 het-
erochromatic repeats,'®'® associate with chromatin chaper-
ones adjacent to centromeres,”® and to link pericentromeric
and centromeric chromatin to maintain centromere integrity.*’
However, whether these factors play a direct role in centromere
function is unclear.?” Despite these advances, the relative
contribution to hybrid inviability of diverging centromere
sequences versus the activity and spatial organization of
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associated chromatin machineries that promote centromere
assembly and maintenance 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. For example, hybridization
and whole-genome duplication of two X. tropicalis-like ancestors
produced the allotetraploids X. laevis and X. borealis, which each
contain two distinct subgenomes termed L (long) and S (short) to
indicate overall differences in chromosome length.?® These
closely related Xenopus species provide an ideal system to
study the molecular basis of hybridization outcomes, since cross
fertilization experiments are easily performed,***° and mecha-
nisms underlying hybrid incompatibility can be uniquely and
powerfully investigated in vitro by combining the sperm chromo-
somes and egg extracts from different species. We showed pre-
viously 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 exogastrulation, respec-
tively.?® The inviable hybrids displayed chromosome segrega-
tion defects during embryonic cleavages, characterized by lag-
ging chromosomes, chromosome bridges, and formation of
micronuclei. By whole-genome sequencing, specific and distinct
paternal chromosome regions were lost from both hybrids prior
to embryo death. A fraction of X. laevis chromosomes failed to
assemble centromeres/kinetochores, likely leading to spindle
attachment defects and ultimately chromosome mis-segrega-
tion and embryo inviability.?

To better understand centromere-based Xenopus hybrid in-
compatibilities, here, we combine genomic, in vitro, and in vivo
analyses. We find that although core centromeric sequences
are not conserved, X. tropicalis egg cytoplasm supports centro-
mere assembly on X. laevis and X. borealis chromosomes. How-
ever, upon entry into metaphase, conflicts emerge that evict
CENP-A from a subset of chromosomes. In the case of
X. laevis, excess CENP-A and its chaperone HJURP can rescue
this defect. In contrast, eviction of CENP-A from X. borealis chro-
mosomes could be rescued by dissociating rRNA Pol | or by pre-
venting collapse of DNA replication forks. These results indicate
that centromere incompatibility is driven primarily by centromere
sequence-independent molecular conflicts that disrupt the
epigenetic maintenance of CENP-A nucleosomes.

RESULTS

Core centromere sequence variation does not underlie
Xenopus hybrid aneuploidy

We previously observed chromosome mis-segregation and loss
of centromere and kinetochore proteins from a subset of chro-
mosomes in hybrids generated by fertilizing X. tropicalis eggs
with X. laevis sperm. Whole-genome sequencing just prior to em-
bryo death revealed consistent deletion of large genomic regions
from two paternal chromosomes, 3L and 4L of the L subge-
nome.”®> We hypothesized that chromosome-specific aneu-
ploidy resulted from divergent centromeric sequences on
the affected chromosomes, rendering them incompatible
with the maternal X. tropicalis centromeric histone CENP-A
and its loading machinery. Recent characterization of X. laevis
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centromere sequences by chromatin immunoprecipitation with
CENP-A antibodies and sequencing analysis (ChIP-seq)
revealed a family of related sequences found in distinct combi-
nations and abundances on different X. /aevis chromosomes.*®
However, X. laevis centromeres 3L and 4L did not possess any
distinguishing features in terms of size or composition. Thus, dif-
ferences in core centromere DNA sequences do not appear to
drive the specific chromosome mis-segregation events and
genome loss observed in the inviable X. tropicalis/X. laevis
hybrid.

To expand our analysis, we characterized a second inviable
hybrid resulting from fertilization of X. tropicalis eggs with sperm
from X. borealis, a frog species possessing an allotetraploid
genome closely related to X. laevis.?® These hybrids display spe-
cific and consistent genome loss from a different subset of
paternal chromosomes including 1S, 5S, 4L, and 8L.%° To deter-
mine the extent to which centromere sequences differed across
the three Xenopus species, CENP-A ChIP-seq was similarly
applied to X. tropicalis and X. borealis. We used an alignment-in-
dependent k-mer based analysis to identify sequence features of
the highly repetitive centromeric arrays in each species without
the need for a complete genome sequence (Figure S1A).
Comparing the enrichment value (normalized CENP-A k-mer
counts/normalized input k-mer counts) revealed that the majority
of individual k-mers are enriched in one species, but not the
others (Figure 1A). Furthermore, analysis of full-length
sequencing reads that contained CENP-A enriched k-mers
showed that CENP-A nucleosome-associated DNA sequences
of the three species bear little relationship to one another (Fig-
ure 1B). These findings reinforce the idea that incompatibilities
leading to mis-segregation of specific chromosomes are not
due to centromere sequence differences per se and are consis-
tent with a vast literature showing that centromere function is
defined epigenetically in most eukaryotes, including verte-
brates.?’~2°

Interestingly, although protein sequence alignments of
X. laevis, X. tropicalis, and X. borealis CENP-A showed that
they are nearly 90% identical, divergence occurred in both the
N terminus and the CENP-A-targeting domain (CATD) L1 loop re-
gion that provides specificity for recognition of the CENP-A/H4
complex by its dedicated chaperone HJURP’*~*? (Figure S1B).
Together, these results suggest that as in Drosophila, CENP-A,
and its chaperone may have co-evolved in Xenopus to
strengthen the specificity of their interactions.®® Importantly,
however, although divergence and co-evolution of centromeres
and associated proteins contributes to meiotic drive and can
lead to hybrid inviability in flies,®*>° such differences do not
explain loss of centromere function on specific subsets of chro-
mosomes in inviable Xenopus hybrids.

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

To better understand the process by which specific chro-
mosomes lose centromere function in hybrids, we took
advantage of the Xenopus egg extract system capable of reca-
pitulating events of the embryonic cell division cycle in vitro.
Interphase of these cell cycles lack gap (G) phases and consists
entirely of S-phase when DNA replicates. During M-phase,
chromosomes condense and assemble a kinetochore at
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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 25 bp k-mers and then by hierarchical clustering. The phylogram illustrates a striking divergence of core

centromere sequences.
See also Figure S1.

each centromere.>”*® To monitor centromere assembly,
X. tropicalis, X. laevis, or X. borealis sperm nuclei were added
to X. tropicalis egg extracts and probed for CENP-A at different
stages of the cell cycle. Sperm chromosomes of all three species
condensed and possessed single centromeric CENP-A foci
when added directly to metaphase-arrested X. tropicalis extract
(Figures 2A and 2B), consistent with observations that sperm
chromosomes contain CENP-A.%%“° However, cycling the
extract through interphase to allow sperm decondensation, nu-
clear envelope formation, and DNA replication in X. tropicalis
egg cytoplasm resulted in no visible CENP-A on a subset of
X. laevis and X. borealis mitotic chromosomes in the subsequent
metaphase, whereas X. tropicalis centromeres were not affected
(Figures 2A and 2B).

To determine when in the cell cycle CENP-A was evicted from
paternal chromosomes, we examined interphase nuclei in
control and hybrid in vitro reactions. The expected number of

centromere foci, 18 for X. laevis and X. borealis, decreased
in X. tropicalis extract (Figures 2C, S2A, and S2B). The loss
of CENP-A localization from 2 or 4 paternal X. laevis and
X. borealis chromosomes, respectively, corresponded very
well to whole-genome sequencing data of hybrid embryos in
terms of the number of chromosomes affected® and indicates
that CENP-A is lost from this subset of paternal chromosomes
during interphase.

The recent detailed characterization of X. laevis centromere
sequences allowed us to test whether the centromere assembly
defects observed in egg extract occurred on the same chromo-
somes disrupted in hybrid embryos.?>*® Fluorescence in situ
hybridization (FISH) probes in combination with CENP-A immu-
nofluorescence identified X. laevis chromosomes 3L and 4L, the
two chromosomes that lose large genomic regions in hybrid
embryos, as those that also lose centromeric CENP-A staining
when replicated in X. tropicalis egg extract (Figures S2C-S2E).
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Figure 2. Loss of centromeric CENP-A is
* cell cycle dependent

*ok (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 cy-
cle, 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

1 1 70

~
o

texbs texbs
unrep. rep.

B txt,

Thus, the in vitro system reproduces incompatibilities likely to
underlie chromosome mis-segregation and ultimately genome
loss observed in vivo. These results show that while all paternal
sperm chromosomes initially possess CENP-A at their centro-
meres, a subset evict CENP-A during interphase, indicating
that epigenetic mechanisms, likely involving the chaperone
HJURP, operate to maintain CENP-A nucleosomes during DNA
replication, as observed in cultured cells.*! Such mechanisms
enable hybrid centromere assembly despite evolutionary differ-
ences but are disrupted on specific individual chromosomes.

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

We next sought to determine whether enhancing centromere
assembly by adding species-matched paternal factors could
prevent CENP-A eviction and centromere loss from specific
X. laevis and X. borealis chromosomes formed in X. tropicalis
extracts. In vitro reactions were supplemented with paternally
matched proteins expressed in reticulocyte lysate, including
CENP-A and its dedicated chaperone HJURP, at the onset
of interphase (Figures S3A-S3C). Whereas adding X. laevis
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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. tropicalis, X. laevis, and X. borealis
chromosomes formed in X. tropicalis egg extracts.
The chromosomes shown here are not identified
but selected from a population of paternal chromo-
somes. DNA in cyan, CENP-A in red. Scale bar,
10 pm.

(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 and 0.0133.

Species nomenclature throughout figures denotes
egg extract as subscript e and chromosomes
as subscript s; for example, t, x Is indicates
X. tropicalis egg extract combined with X. laevis
sperm chromosomes. X. tropicalis is color-coded
blue, while X. laevis and X. borealis hybrid combina-
tions are orange and purple, respectively.

See also Figure S2.

CENP-A resulted in a partial rescue, CENP-A plus HJURP
increased the percentage of replicated X. laevis mitotic chro-
mosomes with CENP-A foci to control levels (Figure 3A). In
contrast, no combination of X. borealis centromere factors
tested, including CENP-A, HJURP, and CENP-C,***® restored
CENP-A foci to replicated X. borealis mitotic chromosomes
(Figure 3B). Notably, however, examination of interphase nuclei
in X. borealis sperm/X. tropicalis egg extract reactions prior to
metaphase entry revealed that CENP-A localization was initially
fully rescued, with the expected number of CENP-A-positive
foci corresponding to the number of chromosomes (Figure 3C).
These results indicate that exogenous species-matched
CENP-A and HJURP can restore proper centromere formation
on all chromosomes during interphase of for both X. /aevis and
X. borealis, but that CENP-A is not maintained on a subset of
X. borealis chromosomes upon entry into mitosis.

The ability to mix and match egg extract, sperm chro-
mosomes, and exogenous centromere assembly factors
enabled evaluation of CENP-A/centromere compatibilities
across species. For example, despite striking differences in
core centromere sequences between X. laevis and X. borealis
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Figure 3. Driving CENP-A assembly rescues centromere localization in interphase, which persists on mitotic X. /aevis, 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,
and 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 (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, and 0.9109.

(D) Percentage of replicated X. laevis or X. borealis chromosomes with centromeric CENP-A staining in X. tropicalis extract supplemented with excess (~80x
endogenous levels) of in-vitro-translated X. laevis or X. tropicalis CENP-A. Whereas centromere 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, and 0.88946.

(A-C) Centromere proteins were added at ~8x endogenous levels.

(A-D) ns, not significant.

See also Figure S3.

(Figure 1), the CATDs of the two species’ CENP-A sequences are
identical (Figure S1B), and exogenous CENP-A from either spe-
cies equivalently restored centromere assembly on X. laevis
mitotic chromosomes replicated in X. tropicalis egg extract (Fig-
ure 3A). Further, we observed that addition of excess exogenous
X. tropicalis CENP-A could also increase the percentage of
X. laevis mitotic chromosomes with centromere foci to control
levels, although X. borealis chromosomes could not be rescued
under any condition tested (Figures 3B and 3D). Together, our re-
sults indicate that enhancing the pathway that drives CENP-A
incorporation into centromeric chromatin can fully overcome
whatever is destabilizing centromeres on specific X. laevis

centromeres and raised the question of why the X. borealis chro-
mosomes are refractory to this rescue.

X. borealis chromosome defects result from mitotic
replication stress

A clue as to why X. borealis mitotic chromosomes behave
differently than X. laevis chromosomes in the in vitro hybrid
extract system emerged with observation of their morphology.
Although a subset of replicated X. laevis mitotic chromosomes
formed in X. tropicalis extract lacked centromeres, they other-
wise appeared normal. In contrast, 7%-10% of X. borealis
mitotic chromosomes displayed ultra-thin regions of 2-3 um
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in length following replication, although centromeres on these
chromosomes appeared largely intact (Figures 4A, 4B, S4A,
and S4B). We reasoned that incomplete DNA replication
leading to fork stalling and subsequent collapse in mitosis,
termed replication stress, caused the formation of fragile
sites.***® Consistent with this idea, adding low doses of the
DNA polymerase inhibitor aphidicolin that leads to replication
stress®®*™*’ triggered formation of ultra-thin regions on
X. tropicalis and X. laevis mitotic sperm chromosomes
that had progressed through the cell cycle in X. tropicalis
extract and slightly exacerbated morphological defects of
X. borealis chromosomes (Figures S4C-S4E). Notably, howev-
er, the aphidicolin-induced replication stress did not affect
CENP-A localization efficiency (Figure S4F), indicating that
replication stress per se does not interfere with CENP-A
loading and maintenance. Thus, under all conditions tested,
we found no correlation between replication stress indicated
by ultra-thin regions and defects in centromere assembly on
the same chromosome (Figures S4B, S4E, and S4F).

To determine whether the X. borealis chromosome morphology
and mitotic centromere defects were nevertheless linked, we
treated the in vitro hybrid reactions with an inhibitor of the AAA
ATPase p97 (Figure S4C). p97 is a multifunctional chaperone
that removes the DNA replication helicase and causes collapse
of stalled replication forks in mitosis.”>*® Remarkably, we
observed a complete rescue of both CENP-A localization and
chromosome morphology on X. borealis chromosomes upon
treatment with the p97 inhibitor (Figures 4C and 4D). Consistent
with factors known to regulate the pathway of mitotic
replication fork collapse and breakage,’® Aurora A and Plk1 kinase
inhibitors added to X. tropicalis extracts at low doses that avoided
mitotic defects also rescued X. borealis chromosome morphology
and CENP-A localization, but did not affect X. laevis or X. tropicalis
chromosomes (Figures 4E and 4F). Finally, X. laevis or X. tropicalis
chromosomes treated with aphidicolin followed by p97 inhibition
displayed very few chromosome defects (Figures S4C and
S4D). Combined, these data reveal that a subset of X. borealis
chromosomes experience mitotic replication stress in
X. tropicalis cytoplasm and that this is coupled to CENP-A evic-
tion. However, centromere loss occurs on a different subset of
mitotic chromosomes than those with ultra-thin regions.

Replication-transcription conflicts lead to centromere
defects

The fragile sites observed on X. borealis chromosomes
were reminiscent of secondary constrictions that occur at
repetitive, late-replicating regions such as ribosomal DNA
(rDNA).*"*% In Xenopus, the rDNA transcription machinery as-
sociates with mitotic chromosomes early in development and
in egg extract,”®~>® even though rDNA transcription and nucle-
olus formation occur after zygotic genome activation.**>° We
therefore tested whether ultra-thin regions of X. borealis chro-
mosomes replicated in X. tropicalis extract contained rDNA by
performing immunofluorescence using antibodies against
RNA polymerase | (RNA Pol I) and the rDNA transcription
regulator upstream binding factor (UBF). Both proteins were
consistently enriched on the ultra-thin regions of X. borealis
mitotic chromosomes assembled in X. tropicalis egg extract
(Figures 5A and 5B).
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To test whether RNA Pol | occupancy at rDNA of X. borealis
chromosomes contributed to the observed defects, X. tropicalis
extract reactions were treated with the inhibitor BMH-21, which
has been shown to dissociate the polymerase from chro-
matin.*®>" Strikingly, X. borealis chromosome morphology
defects as well as CENP-A localization were rescued
(Figures 5C and 5D). Interestingly, further analysis of CENP-A
ChIP-seq reads revealed that, in contrast to other repetitive ele-
ments, rRNA and snRNA are specifically associated with
X. borealis centromeres, showing a distinct enrichment not
observed in X. laevis and X. tropicalis (Figure S5A). Together,
these data suggest that the replication stress experienced by
X. borealis mitotic chromosomes occurs at rDNA loci, and that
defects in rDNA chromatin dynamics act to destabilize a subset
of X. borealis centromeres. In contrast, centromere formation on
X. laevis chromosomes was not rescued by RNA Pol | inhibition
(Figures S5B and S5C), further indicating differences in the
mechanisms underlying their incompatibility with X. tropicalis.
However, we observed that inhibition of RNA Pol Il with triptolide
partially rescued CENP-A localization to X. laevis chromosomes
in X. tropicalis extract, whereas X. borealis chromosomes were
not affected (Figure 5E), and no species’ chromosomes were
rescued by inhibition of RNA Pol Il (Figures S5D and S5E).
Therefore, a common theme in hybrid incompatibility among
Xenopus species may be replication-transcription conflicts that
contribute to eviction of CENP-A from a subset of mitotic chro-
mosomes. However, whereas this occurs at rDNA on
X. borealis chromosomes and depends on RNA Pol |, X. laevis
defects may be driven, at least in part, by RNA Pol lI-induced de-
fects. These observations lead to the model that epigenetic
mechanisms promoting CENP-A incorporation at centromeres
are disrupted by the presence or activity of RNA polymerases
that cause under-replication at specific chromosome loci.
Whereas X. laevis defects can be overcome by driving CENP-A
incorporation at centromeres, X. borealis defects can only be
rescued by blocking replication stress at rDNA, either by pre-
venting fork collapse or by removing RNA Pol I.

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

To determine whether the incompatibility mechanisms identified
through this work are responsible for hybrid inviability in vivo, we
performed rescue experiments on cross-fertilized embryos. In vi-
tro-translated, paternally matched CENP-A and HJURP proteins
were microinjected into both blastomeres of the two-cell hybrid
embryo produced by fertilizing X. tropicalis eggs with X. laevis
sperm, while X. tropicalis egg/X. borealis sperm hybrid embryos
were treated with RNA Pol | inhibitor BMH-21. Fewer micronuclei
were observed in both cases, indicating a decrease in mitotic
errors in hybrid embryos, although not to the low levels seen in
wild-type X. tropicalis embryos (Figures 6A and S6). Thus, the
basis of chromosome defects identified using our in vitro egg
extract assays also contribute to chromosome segregation
defects in vivo. However, despite this partial rescue, treated hy-
brids died at the same time and in the same manner as untreated
sibling controls (Figures 6B and 6C; Videos S1 and S2). While itis
possible that a complete rescue of chromosome segregation
defects in the hybrid embryos is required for viability, we predict
that other mechanisms that we have not yet identified also
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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, 5 um.

(B) Percentage of unreplicated and replicated mitotic chromosomes with ultra-thin 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, and 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, and 0.0204.

(D) Percentage of chromosomes with ultra-thin 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, and 6.2572e—5.

(E) Representative images of mitotic replicated X. tropicalis, X. laevis, and X. borealis chromosomes following treatment with 10-uM p97 ATPase inhibitor NMS-
873 (p97i). X. borealis chromosome morphology and centromere localization are rescued (bottom panels, compare with Figures 2B and 4A), similar to
X. tropicalis, while X. laevis chromosomes have lost CENP-A staining (middle panels). DNA in cyan, CENP-A in red. Scale bar, 5 um.

(F) Percentage of replicated chromosomes with centromeric CENP-A staining in X. tropicalis extracts treated with solvent control, 1-uM Polo-like kinase 1 inhib-
itor BI-2536 (PIk1i), 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,
and 0.9999.

(G) Percentage of chromosomes with ultra-thin 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 PIk1 and AurA rescued X. borealis mitotic chromosome morphology defects but did not affect
X. tropicalis or X. laevis chromosomes. p values (top to bottom) by one-way ANOVA with Tukey post hoc analysis: 0.2882, 0.1525, and 0.5887.

(C and D) n = 3 extracts, n > 179 chromosomes per extract.

(E and F) n = 3 extracts, n > 155 chromosomes per extract.

(B-F) ns, not significant.

See also Figure S4.
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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 ultra-thin and normal regions of X. borealis mitotic
chromosomes, revealing enrichment of RNA 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 ultra-thin 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-uM 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 anal-
ysis: 0.9794, 0.7979, and 0.0005.

(D) Percentage of mitotic chromosomes with ultra-thin regions in X. tropicalis extracts treated with solvent control or 1-uM BMH-21 (Pol li). RNA Pol I 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, and
0.0469.

(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 Il
(RNA Pol Ili). X. laevis chromosomes are partially rescued, while X. tropicalis and X. borealis 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, and 0.9999.

(A and B) DNA in cyan, RNA Pol | and UBF in red. Scale bars, 5 um.

(C and D) n = 3 extracts, n > 172 chromosomes per extract.

(C-E) ns, not significant.

See also Figure S5.
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A Figure 6. Treatments that rescue CENP-A localization in egg
30r extracts reduce micronuclei formation in hybrid embryos, but
inviability persists
| " ok I ' ok | (A) Quantificgtion of ch.romosome mils—segregation. gvents as measyred by the
number of micronuclei compared with 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 RNA Pol | inhibitor BMH-21. Embryos were fixed at
. stage 9 (7 hpf) just before gastrulation and hybrid death. The number of micro-
' nuclei 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 and
2.651e—9; ns, not significant.
(B) Schematic of experiment and video frames of X. tropicalis eggs fertilized
with X. laevis sperm microinjected at the two-cell stage with X. laevis CENP-A/
HJURP, increasing centromeric protein concentration by ~44.5%. Microin-
jected hybrid embryos die at the same time and in the same manner as unin-
L jected hybrid controls. n = 10 embryos across 4 clutches. Scale bar, 200 pm.
textS t‘exlS texlS texbs texbs See also Video S1.
+X/ CENP-A + BMH-21 (C) Video frames of X. tropicalis eggs fertilized with X. borealis sperm that were
+X/ HJURP 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,

X. laevis 200 um. See also Video S2.
\sperm RP See also Figure S6.

contribute, which can be uniquely addressed using a combina-
tion of in vitro and in vivo approaches in Xenopus.

101

# micronuclei / total nuclei (%)

X. tropicalis egg texlS 2-cell
embryo DISCUSSION
Stg. 3 Stg. 9 Death

Centromeric DNA sequences and centromere and kinetochore
proteins have been shown to rapidly co-evolve, which is thought
to counteract female meiotic drive and maintain faithful chromo-
some segregation.®*°8-%° Our study reveals very low conserva-
tion of core centromere DNA sequences across three Xenopus
species, and differences in protein sequences of Xenopus
CENP-A and its chaperone HJURP are also observed. However,
robust epigenetic mechanisms must operate to maintain centro-
mere compatibility in Xenopus hybrids, since many crosses are
viable,>*"®% and only a subset of chromosomes display centro-
mere/kinetochore defects in inviable hybrids.25 Thus, neither
differences in centromere sequences nor centromere/kineto-
chore proteins appear to contribute directly to Xenopus hybrid
inviability, although more detailed analysis of X. borealis centro-
(o] Stg. 4 Stg. 9 Death meres will be necessary to fully address this point.

The Xenopus egg extract and sperm chromosome reconstitu-
tion system uniquely allowed us to identify mechanisms by which
centromere formation is disrupted on specific chromosomes in
inviable interspecies hybrids. For X. tropicalis eggs fertilized
with X. borealis sperm, in vitro experiments indicate that defects
result from replication stress at rDNA, since both CENP-A local-
ization and chromosome morphology can be rescued by either
evicting RNA Pol | or preventing replication fork collapse by
inhibiting the chaperone p97.%°°%:>> However, it is unclear why
distinct subsets of paternal chromosomes appear to possess
ultra-thin regions versus centromere defects. Given the
observed enrichment of rRNA and snRNA repeats associated
with X. borealis centromeres, we propose that clustering of
repetitive elements including rDNA, pericentromeric, and
centromeric repeats during interphase brings together different
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chromosomal loci and their associated machineries. Normally,
such clustering is observed at chromocenters, which may func-
tion to stabilize centromeres and promote CENP-A deposition in
early G1 of the cell cycle.®*®° Although discrete chromocenters
or other nuclear bodies such as nucleoli have not been observed
to form in egg extracts, hybrid reactions may be revealing trans
interactions that normally occur during interphase across rDNA
loci, including the centromere-adjacent regions of four specific
X. borealis chromosomes. Intriguingly, the p97 chaperone has
been implicated in both CENP-A extraction from centromeres
and activation of rDNA transcription in Arabidopsis.?® While
addition of excess CENP-A and its chaperone HJURP can
rescue centromere assembly on these chromosomes during
interphase, we propose that incomplete rDNA replication at the
onset of mitosis due to RNA Pol | occupancy and/or transcription
locally recruits p97, which causes both fork collapse and
CENP-A extraction from neighboring centromeres. Understand-
ing how formation of fragile sites and centromere loss are related
will require a complete X. borealis genome assembly that in-
cludes rDNA and other repetitive sequences.

Our findings highlight the dynamic interplay between machin-
eries that promote and disrupt centromere assembly. For in vitro
reactions reconstituting X. tropicalis eggs fertilized with X. laevis
sperm, the disruption does not involve RNA Pol | or replication
stress. Centromere defects appear less severe in this hybrid
reaction and can be fully rescued by addition of either species-
matched or overexpressed CENP-A/HJURP and partially
rescued by RNA Pol Il eviction, treatments that may reinforce
epigenetic machineries that maintain centromeres. Thus,
distinct mechanisms underlie centromere disruption in the
two inviable hybrids, but defects in both cases are consistent
with observations that aberrant polymerase occupancy or
transcription adjacent to a centromere can compromise its
assembly.®”5°

An open question is how the incompatibilities we have charac-
terized in vitro manifest in hybrid embryos in vivo. Whole-
genome sequencing of the X. tropicalis egg/X. laevis sperm
hybrid just prior to embryo death combined with preliminary
Hi-C analysis indicates that the long arms of chromosomes 3L
and 4L have been largely eliminated, but the centromere persists
on the short arm allowing it to be retained?® (unpublished data).
One possible explanation is that under-replication of repetitive
sequences adjacent to the centromere in this hybrid initially dis-
rupts centromere assembly, but after chromosome breakage,
the adjacent, troublesome sequences are removed, and the
centromere stabilizes on the short arm while the long arm lacking
the centromere frequently ends up in micronuclei and is eventu-
ally degraded. Because micronuclei are observed throughout
embryogenesis in both inviable hybrids,>> multiple rounds of
chromosome mis-segregation and instability likely occur that
give rise to the terminal karyotype. In the X. tropicalis egg/
X. borealis sperm inviable hybrid that experiences replication
stress, a pathway involving p97-mediated extraction and degra-
dation of the replicative helicase that leads to fork breakage and
microhomology-mediated end joining events likely operates,
which has been well characterized in Xenopus egg extracts.
Detailed genomic analysis of chromosome deletions and rear-
rangements in hybrid embryos will shed light on how replica-
tion-transcription conflicts give rise to specific chromosome
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defects, while additional in vitro experiments will reveal underly-
ing molecular mechanisms.

Death of inviable Xenopus hybrids occurs at gastrulation when
the zygotic genome undergoes widespread transcriptional
activation, and the distinct death phenotypes observed upon
fertilization of X. tropicalis eggs with either X. laevis or
X. borealis sperm may be due to the different sets of genes
affected by the loss of specific chromosomal loci. However,
despite a reduction in micronuclei upon hybrid embryo treat-
ments that rescued centromere formation in vitro, death was
not delayed, or the phenotypes altered in any way. Therefore,
we hypothesize that other incompatibilities also contribute to
hybrid inviability. In particular, mismatches between mitochon-
drial and nuclear-encoded genes have been shown to underlie
inviability in some hybrids.”%""

In conclusion, our findings identify defects in epigenetic
centromere maintenance that contribute to hybrid inviability.
The combination of in vivo, in vitro, and genomic approaches
possible in Xenopus promise to provide further mechanistic in-
sights into the molecular basis of hybrid fates and speciation.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-xCENP-A Straight Lab'>*° N/A

Rabbit anti-POLR1A
Mouse anti-UBTF, clone 6B6

Rabbit anti-Histone H3
Mouse anti-Beta-tubulin E7

Mouse anti-c-myc, clone 9E10

Mouse anti-Ran

Alexa Fluor 488

Alexa Fluor 568

Goat anti-Rabbit IgG (H&L) Antibody
DyLight 800 Conjugated

Donkey anti-Mouse IgG (H&L) Antibody
DyLight 680 Conjugated

Novus Biologicals
Abnova

Abcam

Developmental Studies
Hybridoma Bank

Sigma-Aldrich

BD Biosciences

Invitrogen

Invitrogen

Rockland Immunochemicals

Rockland Immunochemicals

Cat#: NBP2-56122

Cat#: H00007343-M01;
RRID: AB_607269

Cat#: ab1791; RRID: AB_302613
Cat#: E7; RRID: AB_2315513

Cat#: M4439; RRID: AB_439694
Cat#: 610340; RRID: AB_397730°
Cat#: A-11008; RRID: AB_143165
Cat#: A-11011; RRID: AB_143157
Cat#: 611-145-002-0.5;

RRID: AB_11183542

Cati#: 610-744-002;

RRID: AB_1660920

Bacterial and virus strains

XL1-Blue competent cells Agilent Cat#: 200249
Chemicals, peptides, and recombinant proteins

Pregnant mare serum gonadotrophin Calbiochem Catit: 367222
Human chorionic gonadotrophin Sigma-Aldrich Cat#: CG10
Hoechst 33342 Invitrogen Cat#: H3570
Vectashield Vector Labs Cat#: H-1000

Alexa Fluor 568-dUTP
Random hexamers

Klenow (exo-) polymerase

Invitrogen
Invitrogen

New England Biolabs

Cat#: C11399
Cat#: 100026484
Cat#: M0212S

Blocking reagent Roche Cat#: 11096176001
Salmon sperm DNA Invitrogen Cat#: AM9680
Aphidicolin Sigma-Aldrich Cat#: A0781
BI-2536 Selleck Chemicals Cat#: S1109
BMH-21 Sigma-Aldrich Cat#: SML1183
ML-60218 Sigma-Aldrich Cati: 557403
MLN-8237 Selleck Chemicals Cat#: S1133
NMS-873 Sigma-Aldrich Cat#: SML-1128
Triptolide Sigma-Aldridch Cat#: T3652
Critical commercial assays

TnT Sp6-coupled rabbit reticulocyte system Promega Cat#: L2080
Protein A Dynabeads Fisher Cat#: 10-002-D

NEBNext Ultra Il DNA library Prep Kit for lllumina
SuperScript Il First Strand Synthesis system
RNeasy Mini kit

New England Biolabs
Thermo Fisher Scientific
Qiagen

Cat#: E76452
Cati#: 18080051
Cat#: 74104

Deposited data

Xenopus laevis ChIP-seq
Xenopus tropicalis ChlP-seq
Xenopus borealis ChIP-seq

Smith et al.”° and Bredeson et al.””
Smith et al.”® and Bredeson et al.””
This paper

NCBI GEO: GSE153058
NCBI GEO: GSE199671
NCBI BioProject: PRUNA848409
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Xenopus laevis Nasco Cati#: LM00535

Xenopus laevis
Xenopus tropicalis
Xenopus tropicalis
Xenopus borealis

National Xenopus Resource
Nasco
National Xenopus Resource
Nasco

Cat#: NXR_0031
Cat#: LM00822
Cat#: NXR_1018
Cat#: LM00698

Oligonucleotides

Primers (FCR monomer sequence amplification, Smith et al.*® N/A
pJET1.2 Sequencing Primers) FWD: CGA

CTCACTATAGGGAGAGCGGC REV: AAG

AACATCGA CCATGGCAG

Primers (X. laevis CENP-A amplification) This paper N/A
FWD: CAAGCTTCGAATTCTGCAGTCGA

CTGCCACCATGAGACCGGGCTCCACTCC

REV: GGGTTAATGAGGGACTGGGGTAAG

AGCCTCTAGAACTATAGTGAGTCGTATTAC

Primers (X. tropicalis CENP-A amplification) This paper N/A
FWD: CAAGCTTCGAATTCTGCAGTCGACT

GCCACCATGAGGCCTGGGTCTACTCC

REV: (GAGTTACTGAGGGGTTGGGGTAAG

AGCCTCTAGAACTATAGTGAGTCGTATTAC)

Primers (X. borealis CENP-A amplification) This paper N/A
FWD: TAAGCACTCGAGGCCATGAGATCGG

GGTCCACTCCREV: AATCGTTCTAGAGGCT

TACCCCAGTCCCTCATTAACCC

Recombinant DNA

Plasmid: Full length X. laevis CENP-A in pCS2+ vector This paper N/A
Plasmid: Full length X. tropicalis CENP-A in pCS2+ vector This paper N/A
Plasmid: Full length X. borealis CENP-A in pCS2+ vector This paper N/A
Plasmid: Full length X. laevis GFP-xHJURP in pCS2+ vector Straight Lab ASP1640
Plasmid: Full length X. laevis xCENP-C-myc in pCS2+ vector Straight Lab ASP867
Plasmid: FCR monomer4 in pJET1.2 Straight Lab®® N/A
Plasmid: FCR monomer10 in pJET1.2 Straight Lab®® N/A
Plasmid: FCR monomer16 in pJET1.2 Straight Lab®® N/A
Plasmid: FCR monomer19 in pJET1.2 Straight Lab®® N/A

Software and algorithms

FIJI
Matlab

k-mer counting pipeline

cd-his-est
Geneious (7.1.4)
RepeatMasker 4.0.9

Schindelin et al.”®

Smith et al.*®

Fuetal.”

Smit et al.”®

https://imagej.net/software/fiji/

https://www.mathworks.com/
products/matlab.html

https://github.com/straightlab/
xenla-cen-dna-paper

http://weizhong-lab.ucsd.edu/cd-hit/
https://www.geneious.com/
http://www.repeatmasker.org

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rebecca

Heald (bheald@berkeley.edu).

Materials availability

All materials are available upon request. In general, plasmid constructs and antibodies are available for sharing.
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Data and code availability
ChIP-seq data used in this study are publicly available at NCBI. Accession numbers are listed in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

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

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

Frog care

X. laevis, X. tropicalis, and X. borealis females were ovulated with no harm to the animals with a 6-, 3-, and 4-month rest interval,
respectively, as previously described.’® To obtain testes, males were euthanized by over-anesthesia through immersion in ddH,O
containing 0.15% MS222 (Tricaine; Sigma) neutralized with 5 mM sodium bicarbonate prior to dissection, and then frozen at -20°C.

METHOD DETAILS

CENP-A ChIP-seq and data analysis

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

For MNase digestion, CaCl, was added to each reaction tube to 5 mM together with 300 U of MNase. Digestion was performed at
RT for 30 min and reaction was quenched with 10 mM EDTA and 5 mM EGTA. Nuclei were lysed with 0.05% IGEPAL CA-630 in ice for
10 min. Following an initial spin 1,500g 5 min 4°C, the pellet was resuspended in 500 pL buffer 3 + 200 mM NaCl and rotated overnight
at 4°C to extract mononucleosomes. Samples were precleared, input fractions were taken and CENP-A mononucleosomes were
isolated with 10 pg rabbit anti X. laevis CENP-A antibody prebound to protein A dynabeads in 200 puL TBST with rotation overnight
at 4°C. Beads were washed and eluted, mononucleosomal DNA was isolated with Ampure beads, and sequencing libraries were
prepared using NEBNext fit for lllumina sequencing which was performed on a NovaSeq instrument with paired end 150bp
sequencing.

X. laevis and X. tropicalis CENP-A CHIP-seq datasets were used from previously described studies.?®’? CENP-A ChIP and Input
libraries from each species were processed to identify CENP-A enriched k-mers using the k-mer counting pipeline that normalizes
k-mer counts by sequencing depth of each library (https://github.com/straightlab/xenla-cen-dna-paper). For this study 25bp k-mers
were used and kmc was run with ci=10, indicating that k-mers must be found 10 times in the dataset to be considered. This was
chosen so that more k-mers were identified from each species to make comparisons more likely.

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

To identify repeat classes enriched in the CENP-A datasets from each species, RepeatMasker 4.0.9”° was run using the giri Re-
pbase library for Xenopus repeats on subsets of one million reads generated from CENP-A and Input sequencing libraries in triplicate.
Counts for each repeat class were summarized and an enrichment score of CENP-A/Input was calculated for each pair of subsets.
Enrichment scores for each repeat class were reported as a bar plot of the mean and standard deviation of the triplicates for each
species.

Protein sequence alignments
Multiple sequence alignments were performed using Clustal Omega (default parameters). Sequence similarities were determined by
pair-wise alignments using EMBOSS Needle (default parameters).
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Xenopus egg extracts

X. laevis and X. tropicalis metaphase-arrested egg extracts and spindle reactions were prepared as previously described.®”"""®
Briefly, freshly laid, metaphase Il-arrested eggs were collected, dejellied, packed and crushed by centrifugation. The cytoplasmic
layer was collected with a syringe and 18G needle, then supplemented with 10 ng/mL of leupeptin, pepstatin, and chymostatin
(LPC), 20 uM of cytochalasin B, and energy mix (3.75 uM creatine phosphate, 0.5 uM ATP, 0.5 uM MgCl,, 0.05 uM EGTA). Typical
reactions contained 20 uL CSF extract, sperm nuclei at a final concentration of 500 nuclei/uL, and rhodamine-labeled porcine brain
tubulin at a final concentration of 50 ng/mL.

Chromosome immunofluorescence

Spindle reactions were prepared, spun-down, and processed for immunofluorescence as previously described.®”’” Briefly, the
extract reactions were fixed for 5-10 min with 2% formaldehyde and spun down at 5,500 rpm (5821.9 x g) for 20 min at 16°C.
The coverslips were incubated for 30 s in cold methanol, washed in PBS + 0.1% NP40, and blocked overnight in PBS + 3%
BSA at 4°C. We used rabbit anti-xCENPA, 1:500,"'*“° mouse anti-myc (9E10 clone, 1:500), rabbit anti-POLR1A (Novus Biologicals,
1:500), and mouse anti-UBTF (Abnova, 1:500) antibodies. Primary antibodies were added for 1 h in PBS + 3% BSA. After washing
with PBS + 0.1% NP40, the coverslips were incubated with 1:1000 anti-rabbit or mouse secondary antibodies coupled to Alexa
Fluor 488 or 568 (Invitrogen), respectively, for 30 min and then with 1:1000 Hoechst (Invitrogen) for 5 min. The coverslips were then
washed and mounted for imaging with Vectashield (Vector Labs). Each presented dataset was obtained from three independent
egg extracts.

Nuclear DNA FISH for FCR centromeric sequences

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

Nuclei were assembled in egg extract, spun down onto coverslips, and probed with CENP-A antibody as previously described in
Levy and Heald ’° and detailed above. Samples proceeded to FISH by fixation in 2.5% formaldehyde in PBS for 10 min, washed in
PBS, and dehydrated with increasing concentrations of 70-100% ice-cold ethanol. Coverslips were blocked for 30 m in hybridization
buffer. Probes were warmed and mixed with hybridization buffer before being added to samples, flipping coverslips onto glass slides
for hybridization. These “sandwiches” were incubated at 80°C for 10 min, then incubated overnight at 37°C. Coverslips were
removed from glass slides carefully with 4X SSC, washed thoroughly in SSC, stained with Hoechst and mounted with Vectashield
(Vector Labs).

Protein expression in reticulocyte lysate
To generate plasmids for expression of species-specific X. laevis, X. tropicalis, and X. borealis CENP-A, total RNA was isolated from
stage 9 embryos. Embryos were homogenized mechanically in TRIzol (Thermo Fisher Scientific) using up to a 30-gauge needle and
processed according to manufacturer’s instructions. After resuspension in nuclease-free H20, RNAs were cleaned using a RNeasy
kit (Qiagen) according to manufacturer’s instructions, and cDNA was synthesized using the SuperScript Ill First Strand Synthesis sys-
tem (Thermo Fisher Scientific) according to the manufacturer’s instructions. The X. laevis, X. tropicalis, and X. borealis CENP-A se-
quences were then PCR-amplified from the cDNA. The amplified sequence was then subcloned into a pCS2+ vector using Gibson
assembly. The constructs were then amplified using XL1-Blue competent E. coli (Agilent).

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

Western blots

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

Drug treatments

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

Current Biology 32, 3939-3951.e1-e6, September 26, 2022 e4




¢ CellPress Current Biology

Chromosome and nuclei imaging

Chromosomes were imaged using Micromanager 1.4 software®® and nuclei were imaged using Olympus cellSens Dimension 2 soft-
ware on an upright Olympus BX51 microscope equipped with an ORCA-ER or ORCA-Spark camera (Hamamatsu Photonics) and
Olympus UPlan 60x/NA 1.42 oil objective. All images across all datasets were taken using the same exposure settings.

In vitro fertilization and cross-fertilizations

In vitro fertilization and cross-fertilizations were performed as previously described.?®"%¢" X, laevis, X. borealis, and X. tropicalis
males were injected with 500, 300, and 250 U, respectively, of human chorionic gonadotropin hormone (hCG, Sigma) 12-24 h before
dissection. Testes were collected in Leibovitz L-15 Medium (Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS; Gibco) forimmediate use. X. tropicalis females were primed with 10 U of hCG 12-18 h before use and boosted with 250 U
of hCG on the day of the experiment. As soon as the first eggs were laid (~3 h after boosting), the male was euthanized and dissected.
Two X. tropicalis testes or one X. laevis or X. borealis testis were added to 1 mL of L-15 + 10% FBS. X. tropicalis females were
squeezed gently to deposit eggs onto glass Petri dishes (Corning) coated with 1.5% agarose in 1/10X MMR (1X MMR: 100 mM
NaCl, 2 mM KCI, 2 mM CaCl2, 1 mM MgS0O4, 0.1 mM EDTA, 5 mM HEPES-NaOH pH 7.6). Testes were homogenized using a pestle
in L-15 + 10% FBS to create sperm solution. Any liquid in the Petri dishes was removed, and the eggs were fertilized with 500 uL of
sperm solution per dish. Eggs were swirled in the solution to separate them and incubated for 5 min with the dish slanted. Dishes were
flooded with ddH,O and incubated for 10 min. ddH,O was exchanged for 1/10X MMR and incubated for 10 min. The jelly coats were
removed with a 3% cysteine solution (in ddH,O-NaOH, pH 7.8). After extensive washing with 1/10X MMR (at least four times), em-
bryos were incubated at 23°C until the first cleavage at 1 hour post fertilization (hpf). Fertilized embryos were then sorted and placed
in a mesh-bottomed dish for microinjection as described below.

Embryo microinjection

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

Embryo video imaging

Imaging dishes were prepared using an in-house PDMS mold designed to print a pattern of 0.9 mm large wells in agarose that allowed us
toimage six X. tropicalis embryos simultaneously within the 3 mm x 4 mm camera field of view for each condition. Embryos were imaged
from stage 3 after microinjection. Treatment and control videos were taken simultaneously using two AmScope MD200 USB cameras
(AmScope), each mounted on an AmScope stereoscope. Time-lapse movies were acquired at a frequency of one frame every 10 s for
20 h and saved as Motion JPEG using a Matlab (The MathWorks) script. Movie post-processing (cropping, concatenation, resizing, and
addition of scale bar) was done using Matlab and FIJI.”® All Matlab scripts written for this study are available upon request. Two of the
scripts used here were obtained through the MATLAB Central File Exchange: ‘videoMultiCrop’ and ‘concatVideo2D’ by ‘Nikolay S’.

Embryo whole-mount immunofluorescence

Embryos were fixed at the desired stages for 1-3 h using MAD fixative (2 parts methanol, Thermo Fisher; 2 parts acetone, Thermo
Fisher; 1 part DMSO, Sigma). After fixation, embryos were dehydrated in methanol and stored at -20°C. Embryos were then pro-
cessed for immunofiuorescence as previously described.?® Briefly, embryos were gradually rehydrated in 0.5X SSC (1X SSC:
150 mM NaCl, 15 mM Na citrate, pH 7.0), then bleached with 2% H,0O, in 0.5X SSC with 5% formamide for 2 h under light. Embryos
were washed with PBT (1X PBS, 0.1% Triton X-100, 2 mg/mL bovine serum albumin). Embryos were blocked in PBT supplemented
with 10% goat serum and 5% DMSO for 1-3 h and incubated overnight at 4°C in PBT supplemented with 10% goat serum and primary
antibodies. We used mouse anti-beta-tubulin (E7, Developmental Studies Hybridoma Bank, 1:300 dilution) and rabbit anti-histone H3
(Abcam, 1:500 dilution). Embryos were then washed 4 x 2 h in PBT and incubated overnight at 4°C in PBT supplemented with goat
anti-mouse and goat anti-rabbit secondary antibodies coupled to Alexa Fluor 488 and 568 (Invitrogen). Embryos were then washed 4 x
2 hin PBT and gradually dehydrated in methanol. Finally, embryos were cleared in Murray’s clearing medium (2 parts benzyl benzoate,
Sigma; 1 part benzyl alcohol, Sigma). Embryos were placed in a reusable chamber (Thermo Fisher) for confocal microscopy.

Confocal microscopy

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

QUANTIFICATION AND STATISTICAL ANALYSIS

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

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

Micronuclei in embryos were quantified at the relevant stages as the number of observed micronuclei divided by the number of
nuclei, counted manually in FIJI. Statistical significance was determined by two-tailed, two-sample unequal variance t-tests.
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