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Abstract

The spindle assembly checkpoint (SAC) is an evolutionarily conserved checkpoint
among eukaryotes that ensures segregation fidelity by preventing the onset of
anaphase until all kinetochores are attached in a stable, bipolar configuration to
spindle microtubules. The inner workings of the SAC are very well understood in
metazoan and yeast model systems, but little is known in other model and non-

model organisms.

Considering how powerful comparative biology can be in elucidating core biological
principles, | set out to explore the meiotic SAC in Arabidopsis thaliana. | temporally
dissected the association of SAC components with the kinetochore, revealing the
stepwise assembly and disassembly of the kinetochore-bound SAC complex,
which at least for one of these components is regulated by three conserved
kinases. Active checkpoint signaling could not be maintained for over 6 hours
under severe microtubule-destabilizing conditions and the nuclear envelope
reformed upon silencing of the SAC, a feature that seems to be conserved across
the plant lineage. | discovered that BUB3.3 is most probably not a bona fide SAC
component, but rather involved in chromosome congression. BUB3.3 interacted
with KINESIN-70, a plant homolog of CENP-E, a protein known to promote
chromosome congression, lateral to end-on conversion of kinetochore-microtubule
attachments, and maintenance of end-on attachments. Single and double mutants
of BUB3.3 and KIN70O exhibited identical phenotypical defects, suggesting that the
proteins work in the same pathway. | propose a revised model of the SAC, a novel
mechanism for chromosome congression through a KIN7O-BUB3.3 module, and

a potential role for chromosomes acting as spindle organizing centers in planta.

Finally, considering the propensity of plants for polyploidization and the challenges
that polyploidization poses to the meiotic cell division machinery in particular, |
wondered about a possible role of the SAC in tetraploid meiosis. A SAC-dependent
metaphase delay was observed only in meiosis |, but neither in meiosis Il nor
mitosis. | hypothesize that it is caused by impaired chromosome bi-orientation due

to multivalent formation and/or chromosome entanglement.
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Zusammenfassung

Der Spindel-Kontrollpunkt (SK) ist ein evolutionar konservierter Kontrollpunkt bei
Eukaryoten, der die Treue Chromosomentrennung gewahrleistet, indem er den
Beginn der Anaphase verhindert, bis alle Kinetochore in einer stabilen, bipolaren
Konfiguration an Spindelmikrotubuli angeheftet sind. Der Mechanismus des SKs
ist in Metazoen- und Hefemodellsystemen sehr gut verstanden, Uber andere

Modellorganismen und Nichtmodellorganismen ist jedoch wenig bekannt.

In Anbetracht dessen, wie wirkungsvoll die Vergleichende Biologie bei der
Aufklarung zentraler biologischer Prinzipien sein kann, machte ich mich daran, den
meiotischen SK in Arabidopsis thaliana zu erforschen. Ich habe die Assoziation
von SK-Komponenten mit dem Kinetochor zeitlich analysiert und dabei den
schrittweisen Auf- und Abbau des Kinetochor-gebundenen SK-Komplexes enthiillt,
der zumindest fir eine dieser Komponenten durch drei konservierte Kinasen
reguliert wird. Unter schweren Mikrotubuli-destabilisierenden Bedingungen konnte
das aktive Kontrollpunkt-Signal nicht Gber 6 Stunden aufrechterhalten werden und
die nukleare Hulle reformierte sich nach der Abschaltung des SK, ein Merkmal,
das in der gesamten Pflanzenlinie erhalten geblieben zu sein scheint. Ich habe
herausgefunden, dass BUBS.3 hdchstwahrscheinlich keine echte SK-Komponente
ist, sondern eher an der Ausrichtung der Chromosomen in der Metaphasenplatte
beteiligt ist. BUB3.3 interagierte mit KINESIN-70, einem pflanzlichen Homolog von
CENP-E, einem Protein, von dem bekannt ist, dass es die Ausrichtung der
Chromosomen in der Aquatorialebene férdert, die laterale Kinetochor-Mikrotubuli
Anhaftungen zu frontalen umwandelt und die Aufrechterhaltung der letzteren
férdert. Einzel- und Doppelmutanten von BUB3.3 und KIN70O wiesen identische
phanotypische Defekte auf, was darauf hindeutet, dass die beiden Proteine Teil
desselben Mechanismus sind. Ich schlage ein Uberarbeitetes Modell des SK vor,
einen neuen Mechanismus fir die Ausrichtung der Chromosomen in der
Metaphasenplatte durch ein KIN7O-BUB3.3 Komplex und eine mégliche Rolle von

Chromosomen als Spindelorganisationszentren in Pflanzen vor.
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Angesichts der Neigung von Pflanzen zur Polyploidisierung und der Heraus-
forderungen, die diese insbesondere fur die meiotische Zellteilungsmaschinerie
mit sich bringt, fragte ich mich schlieBlich nach einer méglichen Rolle des SK bei
der tetraploiden Meiose. Eine SK-abhéngige Metaphasenverzégerung wurde nur
bei Meiose |, aber weder bei Meiose Il noch bei Mitose beobachtet. Ich vermute,
dass sie durch eine beeintrachtigte bipolare Chromosomen-Orientierung aufgrund
der Bildung von Multivalenten und/oder Chromosomenverschrankung verursacht

wurde.
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General Introduction

Mitosis and meiosis can be compared to an elegant chromosome choreography
that culminates in the equal chromosome segregation in two identical daughter
cells in mitosis or four cells with half the genomic content of the parent in meiosis.
However, despite its undoubted beauty and elegance, cell division like any other
(cell) biological process is susceptible to errors; all the more so, because of the
highly complex series of events that take place during preparation to divide and
during the chromosome separation itself. Errors should be avoided at all costs
because chromosome missegregation can have detrimental consequences not
only for the daughter cells, but for the entire organism and/or the organism’s
progeny, potentially endangering genome stability over generations. Thus, it is no
surprise that eukaryotes have evolved an extensive network of proteins that
regulate the stepwise progress of the cell-cycle and license irreversibly the

transition from one phase to the next (Harashima et al., 2013).

| became particularly interested in one specific licensing mechanism, called the
spindle assembly checkpoint (SAC), that ensures proper chromosome segregation
by prohibiting the metaphase-to-anaphase transition until all chromosomes are
attached in a stable, bipolar orientation to spindle microtubules (MTs) (Lara-
Gonzalez et al., 2021; London & Biggins, 2014; McAinsh & Kops, 2023; Musacchio,
2015). Although | am going to provide detailed, mechanistic insight into the SAC in
the subsequent sections, suffice it to say for now that the importance of the SAC
is evident by its remarkable conservation across the eukaryotic kingdom,
suggesting that the core SAC system was set in place already in the last eukaryotic
common ancestor (Kops et al., 2020; Vleugel et al., 2012). Equally astonishing is
the major diversification that the SAC has undergone in the different lineages with
gene duplications, deletions and/or fusions, indicating that the SAC might be
evolutionarily adapted to the needs of the respective lineage/species (Kops et al.,
2020). Indeed, flowering plants are such an appealing case study of SAC evolution,
considering that the SAC is redundant for their survival and development under

non-stress conditions as well as the divergence in protein interactions and
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recruitment hierarchies compared to other organisms (de Oliveira et al., 2012;
Komaki & Schnittger, 2017; Kops et al., 2020; Su et al., 2021; H G Yu et al., 1999).

A brief history of SAC research

The role of plants in paving the way to some of the major SAC discoveries has
been rather underappreciated so far. The first observations hinting at the existence
of a mechanism inhibiting premature anaphase onset were done in blood lily
endosperm cells (Bajer & Molé-Bajer, 1955). Bajer & Molé-Bajer (1955) observed
that the metaphase-to-anaphase transition was halted until all chromosomes
aligned at the metaphase plate which they interpreted as a “wait” signal, though
the role of the spindle-kinetochore connections in this process was not understood
at the time. The existence of the spindle as a subcellular structure was already
known since the 1870s (Mcintosh & Hays, 2016), though it would take almost a
century to establish that the spindle consists of MTs. This was discovered in plant
cells (Ledbetter & Porter, 1963) and the spindle was subsequently shown to be a
dynamic structure in annelid oocytes (Inoué & Sato, 1967). It was also generally
recognized that the spindle interacts with and exerts pulling and pushing forces on
the chromosomes (Maiato et al., 2017; Mcintosh & Hays, 2016), though the fact
that “spindle filaments” physically interact with a specific structure on the
chromosome, called the kinetochore, was discovered only in the mid 1960s
(Brinkley & Stubblefield, 1966). Detailed analysis of chromosome behavior in
spermatocytes of several ostracods led Dietz (1957) to propose that only bi-
oriented homologous chromosome pairs, i.e., homologs pulled from opposing
spindle poles, are stabilized at the metaphase plate by tension forces generated
through the spindle, while mono-orientation and pole-proximal localization are
inherently unstable configurations that need to be rectified (Fig. 1). Inspired by this,
Nicklas & Koch (1969) unequivocally demonstrated that tension forces exerted
artificially on syntelically attached chromosomes, i.e., both kinetochores are
attached to MTs emanating from the same spindle pole (Fig. 1), stabilized these
erroneous attachments. These experiments triggered a decade-long debate, that

still persists to this day, on whether tension generated by the spindle or MT
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occupancy of the kinetochore or maybe both synergistically are sensed by the

SAC, a topic that | will discuss in detail in the subsequent section.

The next great breakthrough regarding the SAC came in 1991 with two parallel,
independent genetic screens in budding yeast for mutants unable to arrest in
metaphase despite the absence of a spindle (Hoyt et al., 1991; Li & Murray, 1991).
These screens identified most core components of the SAC that are conserved
across species, marking the beginning of the molecular era of discoveries in the
SAC. Considering the hypothesis formulated by the influential review of Murray &
Kirschner (1989) a couple years before, i.e., that cells arrest in mitosis until the
spindle has been properly assembled and that an incorrectly assembled spindle
generates the “wait” anaphase signal, the checkpoint was called the “spindle
assembly checkpoint”, a misnomer that still persists to this day. The concept of
cell-cycle checkpoints was proposed around the same time (Hartwell & Weinert,
1989) and it would take a couple more years to discover that the unattached
kinetochores are the origin of the “wait” signal, providing evidence for attachment
rather than tension being monitored (Rieder et al., 1994, 1995). The debate of

attachment versus tension had officially begun.

End-on attachment or tension — The core SAC sensing conundrum

It is self-evident that there can be no tension without attachment, be it correct
(amphitelic/bi-oriented) or incorrect (syntelic or merotelic) (Fig. 1). Inversely, lack
of tension weakens K-MT attachments with kinetochores becoming even
unattached (G.-Y. Chen et al., 2021; J. M. King & Nicklas, 2000), while tension
strengthens K-MT attachments (Akiyoshi et al., 2010; Cane et al., 2013; G.-Y.
Chen et al.,, 2021; J. M. King & Nicklas, 2000). Since it is very difficult to
experimentally disentangle the two inherently intertwined processes, there has
been a long debate regarding the input signal of the SAC. To complicate things
even further, there are two distinct types of tension, namely (i) interkinetochore
tension, i.e., the two sister chromatids/homologous chromosomes are pulled apart,
and (ii) intrakinetochore tension, i.e. the kinetochore itself is deformed by forces
exerted on it (Maresca & Salmon, 2009; Uchida et al., 2009, 2021). Furthermore,
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there are also two types of attachment, namely (i) end-on attachments, i.e.,
kinetochores are attached to the plus-end of spindle MTs, and (ii) lateral
attachments, i.e., kinetochores interact with the MT lattice mediated by variable
motor proteins, such as the plus-end directed kinesin-7/CENP-E (Kapoor et al.,
2006) (Fig. 1).

(iv) (i) ™

=
(i)
Unattached Merotelic
v
(ii) A V)
Lateral Syntelic
Vi
(iii) (vi)
Monotelic Amphitelic /
Bi-oriented

Figure 1 Schematic representation of all possible K-MT attachment configurations. An
acentriolar, barrel-shaped plant mitotic spindle with multiple chromosomes was drawn based on
figure 3 from Craske & Welburn (2020). The two oval structures in the center of each chromosome
indicate the kinetochores of the two sister chromatids and the black lines represent MTs. (i)
Unattached: Kinetochores are devoid of any K-MT connections. (ii) Lateral: Kinetochores interact
with the lattice of adjacent kinetochore MTs or the lattice of randomly oriented MTs in the search
and capture process during prometaphase. (iii) Monotelic: Only one kinetochore forms end-on K-
MT attachments. (iv) Merotelic: One kinetochore forms K-MT attachments with MTs emanating
from both spindle poles. (v) Syntelic: Both kinetochores form K-MT attachments with MTs
emanating from a single spindle pole. (vi) Amphitelic / Bi-oriented: Kinetochores form K-MT
attachments with MTs emanating from opposing spindle poles.

Several studies have tried to disentangle the contribution of end-on attachments in
satisfying the SAC from tension-dependent mechanisms with variable degrees of
success and the plethora of solid, yet at least partially contradictory, scientific
results leave one baffled as to which is the major — if not the only — mechanism of
SAC satisfaction. Although | wish to take no deliberate side in this debate, | will try
to illustrate my view through a brief presentation of some convincing studies for

both models which have been excellently reviewed in McAinsh & Kops (2023) (the
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case for end-on attachment), as well as McVey et al. (2021) and Musacchio (2011)
(the case for tension), and | will attempt a synthesis at the end bringing the two

apparently opposing models together.

The case for end-on attachment

The arguments in favor of an attachment-dependent mechanism are numerous
and very convincing. Our focus will be in human cells and not budding yeast,
because in the latter a single MT binds per kinetochore (O’Toole et al., 1999; Weiss
& Winey, 1996), a situation not found in human cells (McEwen & Dong, 2010) or
presumably angiosperms (Jensen, 1982; Hong Guo Yu et al., 1997). | will
succinctly illustrate a variety of treatments and genetic backgrounds that lower
inter- and intrakinetochore tension, but generate end-on and not lateral K-MT
attachments that eventually lead to SAC satisfaction (Drpic et al., 2015; Dudka et
al., 2018; Etemad et al., 2015; Kuhn & Dumont, 2017, 2019; Magidson et al., 2016;
O’Connell et al., 2008; Roscioli et al., 2020; Tauchman et al., 2015). (i) O’Connell
et al. (2008) and Drpic et al. (2015) generated mitotic cells with unreplicated
genomes, meaning that spindle MTs were pulling on unpaired kinetochores, i.e.,
no inter- but intrakinetochore tension could be generated (Drpic et al., 2015). They
observed that the SAC was active in these cells and that it was eventually satisfied
upon formation of end-on attachments. (ii) Tauchman et al. (2015) and Etemad et
al. (2015) mutated a protein physically mediating K-MT attachments in a way that
results in hyperstable K-MT attachments. Even when chromosomes were not
aligned at the metaphase plate or could not be bi-oriented due to chemical
induction of a monopolar spindle in the mutant cells, and without full
intrakinetochore stretch, the SAC was still satisfied. (iii) The work of Kuhn &
Dumont (2017) complemented these observations. They showed that end-on but
not lateral attachments silenced the SAC and that tension generated through
lateral K-MT attachments was not sufficient to inactivate the SAC. (iv) Furthermore,
chemically or genetically lowering K-MT occupancy and thus, interkinetochore
stretch, did not trigger the error correction machinery, and led to SAC satisfaction
with submaximal K-MT occupancy (Dudka et al., 2018; Kuhn & Dumont, 2019). (v)
Finally, Magidson et al. (2016) and Roscioli et al. (2020) confirmed that they could

19



not detect a central SAC component on tensionless, but only on unattached
kinetochores. They also showed that unattached kinetochores are the cause for
the metaphase arrest caused by taxol, a chemical that stabilizes MTs by preventing
their depolymerization, and not the lack of inter- or intrakinetochore as previously
thought. Indeed, K-MT attachments are weakened and, in some cases, completely
dissociate due to the lack of tension, showcasing how intertwined the two
processes are (G.-Y. Chen et al., 2021; King & Nicklas, 2000). Besides, Magidson
et al. (2016) and Roscioli et al. (2020) could show that attachment to MTs with and
without tension caused conformational rearrangements in two core components of
the outer kinetochore as well as the shape of the outer kinetochore in general,
hinting at distinct pathways from the SAC reacting to the status of attachment and
tension. In conclusion, overwhelming amount of evidence suggests that the SAC
senses K-MT end-on attachments and occupancy rather than inter- or

intrakinetochore tension.

The case for tension

So, why even consider tension as a viable possibility, if all the latest research
suggests otherwise? Scientific debate on the matter is very lively and follows in my
view a very interesting trend. Tension was a very attractive hypothesis from the
observations of Nicklas & Koch (1969) till the early 2010s as it provided a direct
link between bi-orientation, the checkpoint and the error correction machinery. This
was followed by a wave of studies presented in the paragraph above, which started
from the mid 1990s with the seminal work of Rieder et al. (1995) and culminated in
the 2010s. These studies suggested that the checkpoint machinery is satisfied only
through end-on attachments independently of the tension status. However, as
Musacchio (2011) has emphasized, the assumption that the mechanisms of error
correction and spindle checkpoint are distinct is the root of the end-on attachment
versus tension debate. Hence, Musacchio (2011) proposed an attractive synthesis,
namely that the error correction and spindle checkpoint machinery constitute a

single sensory apparatus.
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It is the protein kinase Aurora B that muddies the waters between the error
correction and spindle checkpoint machinery. On the one hand, Aurora B
destabilizes incorrect attachments by phosphorylating key kinetochore
components mediating K-MT attachments (DelLuca et al., 2011; Welburn et al.,
2010; Yoo et al., 2018; Zaytsev et al., 2014). By creating unattached kinetochores,
it triggers the SAC, which in turn inhibits the metaphase-to-anaphase transition
until all chromosomes have formed stable, end-on attachments with spindle MTs.
On the other hand, Aurora B, called Ipl1 in budding yeast, appears to monitor and
respond to the tension status of kinetochores by differentially phosphorylating
targets that regulate K-MT attachments (Biggins & Murray, 2001; Mukherjee et al.,
2019; Welburn et al., 2010). The recent study by G.-Y. Chen et al. (2021) provides,
for instance, evidence for distinct Aurora B-mediated tension-dependent error-
correction pathways for syntelic (low interkinetochore tension) and merotelic (high
intrakinetochore tension) attachments in human cells. Along these lines, Cane et
al. (2013) show how the Aurora B-mediated error-correction can be overridden by
molecularly increasing tension across syntelically attached chromosomes in fruit
fly mitotic cells, hyperstabilizing these erroneous attachments not unlike what
Nicklas & Koch (1969) reported more than half a century ago. The detailed models
regarding tension sensing by Aurora B are intriguing, yet beyond the scope of this
chapter and the interested reader is referred to the excellent review by McVey et
al. (2021). A lot more prescient is the question posed by Musacchio (2011), which,
in my opinion, also settles the debate of the dichotomy between the error correction
and the spindle checkpoint mechanism. If Aurora B is directly implicated in the
SAC, in addition to its undeniable function in error correction, then one should favor
the idea that error correction and the SAC are a single, complex sensory apparatus
with multiple branches that feedback on each other. Indeed, several studies show
a direct role of Aurora B in regulating the SAC (Foley et al., 2011; Hauf et al., 2003;
Liang et al., 2020; Roy et al., 2022; Santaguida et al., 2011; Saurin et al., 2011)
and vice versa (Broad et al., 2020; Hadders et al., 2020; Jelluma et al., 2008; Van
Der Waal et al., 2012). So, although the SAC senses K-MT end-on attachments

and occupancy, tension directly feedbacks on these parameters, suggesting that
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the answer lies potentially neither completely here nor completely there, but as is

often the case, somewhere in the middle.

An attempt at a synthesis

As Musacchio (2011) has proposed, it is rather difficult to envision two distinct
biochemical pathways, that (i) sense different, yet deeply interrelated
mechanochemical aspects of K-MT attachments (end-on attachment and tension),
(ii) their components cross-regulate each other and are involved in aspects of both
pathways, and (iii) their components localize close to each other, since
kinetochore-proximal pools of Aurora B have been discovered as well (Broad et
al., 2020; Hadders et al., 2020; Liang et al., 2020). They rather suggest that the
two pathways are part of a single sensory apparatus that performs the functions of

error correction as well as spindle checkpoint signaling.

| would like to expand on this thought and without wanting to discount the essential
contributions of many labs and their brilliant research, | would like to argue from
the point of view of biological relevance on the dichotomy of end-on attachment
versus tension. Besides the fact that the two pathways complement each other and
are intertwined on multiple levels, the works supporting the prevalence of end-on
attachment and the irrelevance of tension have reached this conclusion by inducing
artificial situations that are very far from anything a cell would encounter in nature
(e.g. monopolar spindles). Although this is undoubtedly a quintessential way to
learn about the inner workings of biochemical pathways, it begs the question of
whether these conclusions would hold true in a more nuanced situation like the
one found in natural settings, i.e., an intermediate situation where both attachment

and tension co-exist and fluctuate to different extents.

The fact that the SAC is triggered by unattached or insufficiently occupied
kinetochores and similarly, silenced, when a threshold of end-on K-MT
attachments is reached, is based on solid scientific evidence (reviewed in Lara-
Gonzalez et al., 2021; London & Biggins, 2014; McAinsh & Kops, 2023; Musacchio,
2015). Additionally, recent works have highlighted that the response of the SAC is
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not an “all-or-nothing” but rather proportional to the number of unattached or
insufficiently occupied kinetochores (Collin et al., 2013; Dick & Gerlich, 2013;
Etemad et al., 2019). It is no surprise, in my opinion, that generating persistent
and/or hyperstabilized end-on K-MT attachments, while lowering tension,
eventually leads to SAC satisfaction, because one can imagine that low tension
under high MT occupancy of kinetochores might not necessarily activate the error
correction pathway. Indeed, it has been observed that metaphase plate aligned
kinetochores come under low tension during chromosome oscillations in
unperturbed metazoan metaphase cells (Burroughs et al., 2015; Wan et al., 2012).
Besides, there are multiple feedback controls regulating the SAC and the error
correction machinery preventing aberrant (de-)activation (Lara-Gonzalez et al.,
2021; McAinsh & Kops, 2023; McVey et al., 2021). So, although tension is clearly
neither sufficient nor necessary to silence the SAC, the established tension-
responsiveness of Aurora B as well as its regulation of and by SAC components,

suggest that the two pathways converge and are probably not distinct.

The plant SAC - A gateway to polyploidization?

Our knowledge of all these fascinating and complicated mechanisms, that | briefly
highlighted above, stems to a disproportionately large extent from metazoan and
yeast model systems. The rise of comparative biology and the obvious advantages
that the study of analogous mechanisms in evolutionarily distant organisms brings
with it have reignited the interest in studying the cell division machinery in other
eukaryotic clades (reviewed in Akiyoshi & Gull, 2013; Drinnenberg & Akiyoshi,
2017; Komaki & Schnittger, 2016; Kops et al., 2020). These studies have revealed
that while the level of mechanistic understanding that we have achieved studying
traditional metazoan (e.g. fruit flies, frogs, mammals and worms) and yeast model
organisms is beyond any doubt stunning, it is rather incomplete as it heavily skews
our point of view to only one part of the eukaryotic evolutionary tree, namely
opisthokonts (Burki et al., 2020).

The plant lineage is particularly interesting for studying the SAC, since plants have

maintained a canonical SAC response, but have undergone significant diversifi-
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cation in protein sequence due to loss of important protein-protein interaction
motifs, and consequently, rearrangement of protein-protein interaction hierarchies
as well as functional diversification, potentially through gene duplication events
(Komaki & Schnittger, 2017; Kops et al., 2020; Su et al., 2021; Tromer et al., 2016;
Vleugel et al., 2012). Additionally, the SAC is dispensable for survival and growth
under non-stress conditions in plants (Komaki & Schnittger, 2017; H G Yu et al.,
1999), which is reminiscent of the situation in budding yeast (Hoyt et al., 1991; Li
& Murray, 1991). However, the arguably most interesting feature of the plant SAC
is the fact that it is a weak checkpoint (Komaki & Schnittger, 2017). More
specifically, mitotic plant cells when treated with a high concentration of a drug that
inhibits MT polymerization, i.e., with no or at least no detectable MTs, silenced the
checkpoint after about 2 hours and reformed a nuclear envelope (Komaki &
Schnittger, 2017). Comparable observations have been made in other flowering
plants (Mole-Bajer, 1958; Nebel & Ruttle, 1938). Under similar conditions, the
single-cell algae Chlamydomonas reinhardtii can cycle through multiple rounds of
DNA replication without nuclear division (Tulin & Cross, 2014) and somatic cells of
the bryophyte Physcomitrella patens can become polyploid as a consequence of
failed cytokinesis (Kozgunova et al., 2019). Considering that the last common
ancestor of Streptophytes (Arabidopsis) and Chlorophytes (Chlamydomonas) was
~ 729 to 1106 million years ago (Kumar et al., 2022) as well as their strikingly
similar behavior under severe MT-destabilizing conditions, one can hypothesize
either convergent evolution or — much more likely — that this feature existed already
in their last common ancestor. Interestingly, the fungus Aspergillus nidulans also
silenced the SAC and reformed a nuclear envelope upon prolonged mitotic arrest
(De Souza et al., 2011), potentially a case of convergent evolution for sessile

organisms that move through space by growth.

Conclusively, the plant SAC exhibits some unique features that are of particular
interest for at least two major reasons. First, plant breeders have exploited the
propensity of plants for polyploidization upon treatment with MT poisons for the
longest time as a method for crop improvement (Younis et al., 2014). Secondly,

whole-genome duplication events (Bomblies et al., 2016; Comai, 2005; Hollister,
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2015; Panchy et al., 2016; Van De Peer et al., 2017) and hybridization followed by
polyploidization (P. S. Soltis & Soltis, 2009) are far from rare events in the
evolutionary trajectory of green plants. A weak SAC might have facilitated these

events, thus shaping the green plant evolution in its own way.

Scope of the thesis

The main research aim of the thesis was to expand our currently limited
mechanistic knowledge of the Arabidopsis SAC. | decided to use male meiocytes
as the model system in this endeavor due to (i) the importance of proper chromoso-
me segregation in meiosis for the viability of the progeny and transgenerational
genomic stability, (ii) highly synchronous initiation of metaphase within a single
anther allowing for the simultaneous observation of multiple cells in metaphase,
(iii) the mono-orientation of sister chromatid kinetochores in metaphase |
generating a brighter signal than single sister chromatid kinetochores, and (iv) lack
of growth-dependent movement in anthers contrary to mitotic cells in the root

meristem.

In Chapter 1, | set out to generate a cytological and functional framework of the
Arabidopsis meiotic SAC. Adapting and optimizing the live-cell imaging platform
developed by Prusicki et al. (2019) for imaging with higher spatiotemporal
resolution than previously possible, | have temporally dissected the association of
SAC components with the kinetochore. | provide evidence for three conserved
kinases recruiting a core SAC protein to the kinetochore and show that the meiotic
SAC cannot be maintained for over 6 hours, similar to the observations in mitotic
cells of various plant species reported in other studies. Finally, | show that a null
mutant in BUB3.3, previously thought to be a core SAC component in Arabidopsis,
exhibits chromosome alignment defects, prolonged metaphase duration both in
meiosis and mitosis as well as synthetic lethality when combined with other SAC
mutants, which is contradictory with a role of BUB3.3 in the SAC. These
observations hint at BUB3.3 being involved in establishing K-MT attachments and

promoting the alignment of chromosomes at the metaphase plate.
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In Chapter 2, | expand on the work performed in Chapter 1. Initially, | show that
BUB3.3's closest homologs, i.e., BUB3.1 and BUB3.2, are not involved in the
BUBS3.3 pathway or a parallel pathway promoting chromosome congression to the
metaphase plate. Instead, BUB3.3 physically interacts and works in the same
pathway as KINESIN-70 (KIN70O). Single and double BUB3.3 and KIN7O null
mutants exhibit identical phenotypical defects, i.e., defective chromosome
metaphase plate alignment and prolonged metaphase | duration, with no additivity
observed. Together with the work in Chapter 1, | propose that BUB3.3 is not a bona
fide SAC component and has evolved new functions in plants distinct from the
SAC. My work points to a revised model of the plant SAC and uncovers a
mechanism for chromosome congression mediated by the previously unknown
KIN7O-BUB3.3 module. Finally, several lines of evidence point to a potential role

of chromosomes acting as spindle organizing centers in plants.

In Chapter 3, considering the propensity of plants for polyploidization as well as the
challenges polyploidization poses to the meiotic recombination and subsequently,
chromosome division machinery, | explored the role of the SAC in tetraploid
meiosis. | observed that tetraploid metaphase | was prolonged in a SAC-dependent
manner compared to its diploid counterpart. This was, however, not the case in
tetraploid meiosis Il and mitosis, during which sister chromatids and not
homologous chromosomes are segregated. Based on my results, | propose that
incorrect kinetochore orientation in multivalents and/or entangled chromosomes

are the most probable cause for the delay observed in metaphase I.

In summary, this work sets the stage for future studies by generating a detailed
framework of the meiotic SAC in diploid and partially in tetraploid Arabidopsis,
proposes a revised model of the Arabidopsis SAC, elucidates the function of the
KIN70O-BUB3.3 module in chromosome metaphase plate alignment, and finally,
proposes a potential role of chromosomes in organizing spindle architecture in

plant cells.
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Contributions of authors

All experiments were performed exclusively by me, Konstantinos Lampou, unless
stated explicitly in the list below. | am deeply indebted to Dr. Shinichiro Komaki,

Franziska Bower, and Maren Koéhler for their significant contributions to this work.

Dr. Shinichiro Komaki has conducted the following experiments:

i.  All reporters used in this study were generated and transformed by Dr.
Komaki. They were published in Komaki & Schnittger (2017).

i. He introgressed the BMF3 and TUAS reporter in the mad2 and mps1
background via genetic crossing (Komaki & Schnittger, 2017).

iii. He introgressed the TUAS5 reporter in the mad2, mpsi1 and bub3.3
background via genetic crossing.

iv.  He generated the BUB3.3::gBUB3.3 construct and transformed it in bub3.3.

Franziska Béwer confirmed my observations in several independent bub3.3-2
transgenic lines with a chromosome marker and a tubulin reporter (data not

included in the manuscript). We received the lines from the Bo Liu lab at UC Davis.

Maren Koéhler has performed the semi-qRT expression analyses of Col-0, bub3.3
and bub3.3-2 seedlings.

Chapter organization

The chapter is written in the form of a manuscript, including the following sections:
Abstract, Introduction, Results and Discussion, and finally, Materials and Methods.
The main figures are designated as “Figure X’, where X is the corresponding
number starting at 1, and the supplementary figures are designated as “Figure
EVX’, where X is the corresponding number starting at 1, and “EV” stands for
“expanded view”. The supplementary figure(s) together with the main figure directly

preceding it/them represent a thematical unit.
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Abstract

The spindle assembly checkpoint (SAC) is a surveillance mechanism active during
metaphase to prevent aneuploidy. The SAC is especially important during meiosis
to maintain genome stability over generations and sustain fertility. However,
despite its crucial role for reproduction and breeding, little is known about the plant
meiotic SAC. Here, we present a cytological and functional framework of the SAC
in male meiocytes of Arabidopsis thaliana. Using live-cell imaging, we have
dissected the temporal association of SAC components with the kinetochore and
have identified the three conserved kinases BMF1, MPS1, and AURORA as crucial
regulators of the loading of BMF3 to kinetochores. Functionally characterizing core
SAC components, we found that BUB3.3 has a predominant and previously not
recognized function in chromosome congression. We suggest that BUB3.3 is
involved in chromosome alignment. Furthermore, the meiotic SAC is only active
for a limited time under severe microtubule-destabilizing conditions leading to the
hypothesis that the relaxed nature of the meiotic SAC is a gateway to

polyploidization and hence, might contribute to genome evolution in plants.
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Introduction

Sexual reproduction requires the generation of gametes, which have only half of
the chromosome number in comparison to their parental organism, so that after
fertilization the full chromosome set is restored. The reduction of chromosome

number relies on elaborated segregation events accomplished in meiosis.

The spindle assembly checkpoint (SAC) is a safe-guarding mechanism blocking
the metaphase-to-anaphase transition in meiosis and mitosis until all kinetochores
are correctly attached to spindle microtubules (MTs) emanating from opposing
poles. Thus, the SAC ensures error-free chromosome segregation and
consequently, defects in the SAC cause severe developmental maladies such as
cancer and infertility. For this reason, the SAC has been well-explored in mammals.
There, Mps1 is the conductor of SAC assembly. Mps1 is recruited to unattached
kinetochores, where it phosphorylates several kinetochore components (Hiruma et
al., 2015; Ji et al., 2015). These are recognized by Bub3 which further recruits Bub1
and BubR1 (Primorac et al.,, 2013; Vleugel et al., 2013, 2015). A Mad1-Mad2
heterotetramer binds then to Mps1-phosphorylated Bub1 (Ji et al., 2017; G. Zhang
et al.,, 2017). Ultimately, the SAC produces a cytosolic inhibitor, the mitotic
checkpoint complex (MCC), a tetrameric complex composed of BubR1, Bub3,
Mad2, and Cdc20 (Sudakin et al., 2001). The MCC acts as a pseudosubstrate of
the anaphase promoting complex/cyclosome (APC/C), a multi-subunit ubiquitin E3
ligase which licenses the metaphase-to-anaphase transition (Alfieri et al., 2016;
lzawa & Pines, 2015; Lara-Gonzalez et al., 2011). Once all kinetochores are

properly attached, the SAC is silenced.

Despite the overall similarities, there are kingdom- as well as species-specific
features of the SAC. In our previous work, we studied the SAC in roots and
functionally characterized the homologs of all SAC components in Arabidopsis
revealing some conserved, but also several unique features of the plant mitotic
SAC (Komaki & Schnittger, 2017). A characteristic feature of SAC proteins is their

transient recruitment to and association with the unattached or incorrectly attached
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kinetochore. Surprisingly, both BMF1, one of the three Arabidopsis Bub1/Mad3
family members, and MPS1 localize on the kinetochore throughout the cell-cycle.
BMF1 was hypothesized to not be part of the SAC signaling cascade since the
bmf1 mutant is not hypersensitive to oryzalin, a drug that prevents MT
polymerization (Komaki & Schnittger, 2017). MPS1, on the other hand, plays a key
role in the plant SAC by recruiting MAD2 to the kinetochore. BubR1 functions seem
to be shared between the two other Bub1/Mad3 family members, i.e., BMF2 and
BMF3. BMF2 is probably part of the MCC as suggested by the presence of two
KEN-boxes among other motifs essential for BubR1 function (Lara-Gonzalez et al.,
2011; Malureanu et al., 2009), while BMF3 moves onto the kinetochore during
prometaphase and is the platform upon which the MAD1-MAD2 complex
assembles. Finally, there are three Bub3 homologs in Arabidopsis, of which only
BUBS3.3 appears to be involved in the SAC, while BUB3.1 and BUB3.2 localize to
spindle MTs and are involved in phragmoplast formation (Komaki & Schnittger,
2017; H. Zhang et al., 2018). Reminiscent of yeast, the plant SAC is redundant for
survival under non-stress conditions (Hoyt et al., 1991; Komaki & Schnittger, 2017;
Li & Murray, 1991). On the other hand, under severe MT-destabilizing conditions,
plant cells shut down the SAC after about 2 hours and rebuild a nuclear envelope,

thus, generating a cell with a duplicated chromosome set.

Previous studies have indicated that there are differences between the meiotic and
mitotic SAC (Gorbsky, 2015). Despite its importance for the viability of the progeny,
little is currently known about the plant meiotic SAC. At the same time, meiocytes
in Arabidopsis could be a powerful model system to study the SAC since meiotic
divisions are highly synchronous in anthers, the male sexual organs (Prusicki et
al., 2019). Moreover, due to the mono-orientation of kinetochores of the sister
chromatids in meiosis |, it is presumably easier to detect and follow SAC

components in comparison to the single sister chromatid kinetochores in mitosis.
Here, we have set out to generate a cell-biological and functional framework of the
Arabidopsis SAC in meiosis. Using live-cell imaging of male meiocytes, we first

explore dynamics of the SAC assembly and disassembly on kinetochores and
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explore which kinases likely play a part in this. Interestingly, while our work shows
that BMF1 is involved in the plant SAC, we also reveal that BUB3.3 does not seem
to be a bona fide SAC component but rather promotes chromosome alignment to

the metaphase plate.

Results and Discussion

Spatiotemporal localization and stepwise (dis-)assembly of SAC
components in meiosis |

Using the functional genomic reporters developed previously (Komaki &
Schnittger, 2017), we explored the localization of SAC components in space and
time in meiosis | (Fig. 1) and meiosis Il (Fig. EV1). TUAS fused to TagRFP was
used to identify meiotic stages based on MT organization patterns (Prusicki et al.,
2019). Importantly, the TUAS reporter also allowed us to visualize the spindle and
monitor the timing of nuclear envelope breakdown (NEB) until anaphase onset
(AO).

With the exception of the cytosolic localization of BMF2 and BUB3.3 (Fig. EV1A),
all SAC reporters exhibited a dotted appearance indicative of their localization at
kinetochores (Fig. 1A) similar to mitosis (Komaki & Schnittger, 2017). In contrast
to human mitotic cells (Overlack et al., 2015; Stucke et al., 2002; Vleugel et al.,
2015), but similar to mitosis in Arabidopsis, MPS1 and BMF1 localized on
kinetochores already before NEB (Fig. 1A).

As a next step towards a cytological framework of the SAC, we sought to quantify
when the other SAC proteins appeared on and disappeared from the kinetochore
relative to the NEB in meiosis I. With a frame rate of 20 seconds, we determined
that BMF3 appeared first on kinetochores after NEB, quickly followed by MAD1,
and then, MAD2, which became visible on average after ~ 100 seconds after NEB
(Fig. 1A, B). To better resolve the relative timing of BMF3 and MAD1, we then
recorded movies with a frame rate of 5 seconds, revealing that BMF3 needed on

average ~ 30 seconds and MAD1 ~ 50 seconds to appear on the kinetochore (Fig.
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1B, C). To assess the validity of our assays, we determined the duration of
metaphase | in our reporter lines. Indeed, we did not observe any significant
difference in the duration of NEB to AO (ines-a0) among all our reporter lines,
indicating that these reporters do not interfere with the progression of metaphase |
(Fig. 1E).
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Figure 1 Spatiotemporal characterization of functional reporters of core SAC components in
meiosis l. (A) Localization of core SAC proteins BMF3, MAD1, MAD2, MPS1, and BMF1 fused to
GFP (green) together with TUA5 fused to TagRFP (magenta) decorating MTs in metaphase |.
MPS1 and BMF1 localized at the kinetochore throughout metaphase and hence, they were
excluded from further quantification in (B)-(E). (B, C) Quantification of time needed for the
kinetochore signal to appear relative to NEB. (D) Quantification of duration of the kinetochore signal
for each reporter. To exemplify how we timed the kinetochore localization, the relevant frames are
decorated with a white star (%) on the upper right corner. (E) Quantification of metaphase | duration
defined as the time between NEB and AO for each reporter line. 2D movies were recorded with a
frame rate of 20 (A, B, D, E) or 5 (C) seconds. For (B, D, E), we used the same set of movies and
quantified 44-84 cells from 8-9 different anthers for each reporter line. The values shown in (C) are
from a different set of movies and we quantified 70-76 cells from 15-16 anthers for each reporter
line. Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis test
for independent samples with Bonferroni correction for multiple tests). Scale bars: 5 ym.

The disassembly of the kinetochore-bound SAC complex, determined by the
disappearance of the dotty fluorescence signal, happened in the opposite order of
the assembly, i.e., MAD2 disappeared first, i.e., ~ 14 minutes after NEB, followed
by MAD1 after ~ 17 minutes, and finally, BMF3 after ~ 22 minutes (Fig. 1D). These
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observations suggest a strict hierarchy in SAC association with and disassociation

from kinetochores.
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Figure EV1 Spatiotemporal localization of functional reporters of core SAC components in
meiosis | and Il. (A) Localization of BMF2 and BUBS3.3 fused to GFP together with TUA5 labeled
with TagRFP (magenta) in metaphase |. (B) Localization of BMF3, MAD1, and MAD2 fused to GFP
(green) together with TUAS labeled with TagRFP (magenta) in metaphase Il. 2D movies were
recorded with a frame rate of 20 seconds. Scale bars: 5 ym.

Next, we checked the localization of the BMF3, MAD1, and MAD2 reporters in
meiosis Il (Fig. EV1B). We did not observe any obvious difference between
metaphase | and metaphase Il. Hence, we will focus only on metaphase | from

here onwards.
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While the turnover dynamics of SAC proteins at the kinetochore have been studied
extensively (Howell et al., 2004; Shah et al., 2004), to the best of our knowledge,
there is no work in other model organisms showing the sequential association of
SAC components with and disassociation from the kinetochore. Based on our
observations, we conclude that the assembly and disassembly pattern reflect a

general principle of SAC composition in Arabidopsis and likely other plant species.

BMF1, MPS1, and AURORA kinases positively affect the timely recruitment
of BMF3 to the kinetochore

The stepwise (dis-)assembly of the SAC argued for a strict regulation of protein
interactions at the level of the kinetochore, possibly through post-translational
modifications. Phosphorylation is well known to control the interaction of SAC
components and finetune the strength of the SAC in mammals, for instance by
promoting the interaction of Bub3-Bub1 and Bub3-BubR1 dimers with Knl1
(preprint: Corno et al., 2022; Espert et al., 2014; Vleugel et al., 2013).

We have previously reported that the BMF3 kinetochore localization is not affected
in bmf1 and mps1 mutants on a qualitative level (Komaki & Schnittger, 2017).
Given the results above, we wondered, however, whether this would hold true on
a quantitative level. For this, we genetically introgressed the BMF3 reporter into
the bmf1 and mps1 backgrounds through crossing. When imaging these lines with
identical settings, the BMF3 kinetochore signal in bmff and mps1 mutants
appeared to be reduced compared to the wild type (WT) (Fig. 2A, EV2A). To
quantify this effect, we measured the fluorescence intensity (FI) of BMF3 in the
nucleus from NEB-AO. The BMF3 signal was normalized to the frame of the NEB
and the maximum value for each cell was plotted (Fig. 2B). Our quantification
uncovered a previously unnoticed effect of BMF1- and MPS1-dependent BMF3
recruitment to the kinetochore both regarding the protein amount (Fig. 2B) as well

as the timing of recruitment (ines-smrs) (Fig. 2C).
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Figure 2 BMF1, MPS1, and AURORA kinases are involved in the kinetochore recruitment of
BMF3 in metaphase I. (A) BMF3 recruitment in WT, bmf1, and mps1 in metaphase |. BMF3 is
fused to GFP (green) and TUA5 to TagRFP (magenta). (B) Quantification of maximum fluorescence
intensity (FI) of BMF3 during metaphase | normalized to the frame of NEB: (FImax-FINEB) / FINEB-
(C) Quantification of time needed for the BMF3 kinetochore signal to appear relative to NEB. (D)
Maximum projections of representative WT cells in metaphase | treated with 5, 10 or 20 uM
hesperadin or the equivalent amount of DMSO. BMF3 is fused to GFP (green) and TUA5 to TagRFP
(magenta). (E) Quantification of maximum FI of BMF3 during metaphase | normalized to the frame
of NEB as in (B). (F) Percentage of cells per anther with visible BMF3 on the kinetochore during
metaphase |. (G) Quantification of time needed for the BMF3 kinetochore signal to appear relative
to NEB. (H) Quantification of duration of the BMF3 kinetochore signal. The white star (%) on the
upper right corner of the frames indicates BMF3 kinetochore localization. Movies were recorded
with a frame rate of 20 seconds (A-C) or 2 minutes (D-H). For (A-C), we quantified 63-242 cells
from 6-19 anthers per genotype. For (E-H), we quantified 151-339 cells from 13-16 anthers per
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treatment. Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-
Wallis test for independent samples with Bonferroni correction for multiple tests). Scale bars: 5 ym.
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Figure EV2 BMF1, MPS1, and AURORA kinases are regulating the strength and timing of the
BMF3 recruitment to the kinetochore in metaphase I. (A) Timepoints with maximum BMF3 FlI
from the same representative cells as in Fig. 2A. The Fl was normalized to the timepoint of NEB.
BMF3 is pseudocolored to visualize the decrease in normalized BMF3 signal strength in the bmf1
and mps1 backgrounds relative to the WT. (B) Percentage of cells per anther with visible BMF3
kinetochore signal during metaphase I. We quantified 75-225 cells from 6-19 different anthers per
genotype. (C) Metaphase | duration of cells treated with 5, 10 or 20 M hesperadin or the equivalent
amount of DMSO. We quantified 263-339 cells from 13-16 different anthers per treatment. (D)
Maximum projections of the BMF3 channel of the WT cells shown in Fig. 2D, which were treated
with 5, 10 or 20 yM hesperadin or the equivalent amount of DMSO. BMF3 is pseudocolored to
visualize the negative correlation between the BMF3 signal strength and hesperadin concentration.
The white star (%) on the upper right corner of the frames indicates BMF3 kinetochore localization.
Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for
independent samples with Bonferroni correction for multiple tests). Scale bars: 5 ym.

Additionally, we scored visually whether the BMF3 kinetochore signal appeared
after NEB. While 100 % of WT and bmf1 cells displayed a BMF3 kinetochore signal,
the percentage of cells having visually recognizable BMF3 kinetochore signal

varied from 0 % to a 100 % in mps1 anthers arguing for an especially prominent
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role of MPS1 in recruiting BMF3 to the kinetochore (Fig. EV2B). It is unclear to us,
what might cause the large variation between mps1 cells with and without a
recognizable BMF3 kinetochore signal within a single anther as well as between

anthers.

There is strong evidence in mammalian cells that Aurora B (AurB) activates the
SAC not only through destabilization of erroneous kinetochore-microtubule (K-MT)
attachments but also through directly phosphorylating central regulators of the SAC
(Roy et al., 2022; Santaguida et al., 2011; Saurin et al., 2011). There are two
families of AUR kinases in plants: a-AUR kinases with AUR1 and AUR2 and f3-
AUR kinases with AUR3 (Demidov et al., 2009). AURS is the closest homolog of
the mammalian Aurora B (AurB). AUR1 and AUR2 localize to the spindle while
AURS localizes to the centromere during metaphase (Demidov et al., 2009; Komaki
et al., 2020; Komaki & Schnittger, 2017). Hence, we hypothesized that the AUR
kinase family might influence the plant SAC assembly and/or function in parallel to
MPS1 and BMF1.

To test this hypothesis, we decided to use hesperadin, an AurB-specific inhibitor in
mammals (Hauf et al., 2003), that has been shown to inhibit at least two of the
three plant AURs, albeit AUR1 is inhibited at a much lower concentration than
AURS (Demidov et al., 2009; Kurihara et al., 2006). We treated flowers with 5, 10
or 20 uM hesperadin or the equivalent amount of DMSO (Fig. 2D, EV2D). Similar
to bmf1 and mps1, increasing concentration of hesperadin resulted in ever
decreasing maximum FI of BMF3 kinetochore signal (Fig. 2E) and fewer cells
having a visible BMF3 kinetochore signal (Fig. 2F). Furthermore, the BMF3
kinetochore signal appeared at an increasingly later time after NEB (Fig. 2G) and
persisted for shorter (tsmrs) with higher concentrations of hesperadin (Fig. 2H). In
addition, the spindle architecture became severely affected with an increasing
concentration of hesperadin (Fig. 2D) while the metaphase | duration — albeit
significantly (P < 0.01) shorter than in the DMSO control — remained unchanged

with an increasing concentration of hesperadin (Fig. EV2C).
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In conclusion, the major kinases BMF1, MPS1, and the AURORA family are
orchestrating the timely and sufficient assembly of the SAC by regulating either
directly or indirectly BMF3 localization. Given the AUR1/2/3 localization patterns,
AUR3 is most probably responsible for recruiting BMF3 to the kinetochore.
Considering that AurB and Mps1 both regulate each other (Jelluma et al., 2008;
Santaguida et al., 2011; Saurin et al., 2011; Van Der Waal et al., 2012) and that
AurB also regulates Bub1 in mammalian cells (Roy et al., 2022), it would be
interesting to untangle in the future whether AURS is regulating MPS1 and BMF1

in plants and/or vice versa.

Putting the meiotic SAC to a test

As a next step, we decided to test whether the meiotic SAC is functional,
considering that SAC mutants in Arabidopsis do not exhibit any severe
developmental defects (Komaki & Schnittger, 2017). First, we compared the
duration of the BMF3 kinetochore signal, which from here onwards we use as a
proxy for an active SAC, and the metaphase | duration in the WT versus mad2
(Fig. 3A, B). In support of an active meiotic SAC, the BMF3 kinetochore signal
persisted for shorter in mad2 (Fig. 3B) and correspondingly, the duration of

metaphase | was ~ 30 % shorter than in the WT.

A prolonged SAC-dependent metaphase arrest can be caused in most animal and
fungal cells by drugs that depress MT polymerization, such as oryzalin (Brito &
Rieder, 2006; Rieder & Maiato, 2004). These drugs either weaken or abolish the
formation of stable, end-on K-MT attachments, thus keeping the SAC in an active
state. Supporting an active role of the SAC in meiosis, treatment with oryzalin led
to a substantial increase in metaphase | duration in the WT but not in mad2 mutants
(Fig 3C, D).
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Figure 3 The meiotic SAC is functional, but permissive. (A) Representative WT and mad2 cells.
BMF3 is fused to GFP (green) and TUA5 to TagRFP (magenta). (B) Quantification of metaphase |
(left) and of BMF3 kinetochore signal (right) duration in the WT and mad2. (C) Representative WT
and mad?2 cells in metaphase | when treated with 1 yM oryzalin or the equivalent amount of DMSO.
Note that, in the oryzalin treatment, the SAC gets silenced and the NE reforms. (D) Quantification
of metaphase | (up) and of BMF3 kinetochore signal (down) duration in the WT and mad2. The
encircled box plots in the graphs on the left side, are shown larger on the right side. 2D movies
were recorded with a frame rate of 20 seconds (A, B) or 2 minutes (C, D). For (B), we quantified
89-122 cells from 16-20 anthers per genotype. For (D), we quantified 63-133 cells from 13-22
anthers per treatment and genotype. Different letters indicate significance (P < 0.01; pairwise
comparison using Kruskal-Wallis test for independent samples with Bonferroni correction for
multiple tests). Scale bars: 5 ym.
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Many animal and fungal cells that arrest in metaphase might either become
apoptotic or exit mitosis without satisfying the SAC, a process termed “mitotic
slippage” or “checkpoint adaptation” often causing aneuploidy (Rieder & Maiato,
2004). In contrast, mitotic slippage could not be detected in previous work
analyzing Arabidopsis root cells (Komaki & Schnittger, 2017). Considering that
there are noticeable differences between the mitotic and meiotic SAC activity in
other species (Gorbsky, 2015), we monitored the SAC duration of oryzalin treated

flowers and found that the metaphase | arrest in the WT was on average ~ 2.5
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hours long and could never be sustained for longer than 6 hours (Fig. 3D).
Correspondingly, the SAC was shut off within ~ 2 hours on average as indicated
by the disappearance of the BMF3 kinetochore signal and eventually a NE
reformed (Fig. 3C, D). This is reminiscent of the situation in Arabidopsis mitotic root
cells, where an active SAC could be maintained for up to ~ 90 minutes (Komaki &
Schnittger, 2017). Thus, SAC silencing followed by NE reformation appears to be
a general principle of the Arabidopsis response to high concentration of MT-
destabilizing drugs and possibly that of other plants (Mole-Bajer, 1958; Nebel &
Ruttle, 1938). Surprisingly, all male meiocytes underwent a second NEB event
marking the onset of meiosis I, indicating that NEB dynamics are independent of
MTs (Fig. EV3A). In addition, we observed that interphase duration (tinterphase)
decreased from ~ 53-55 minutes in DMSO-treated cells to ~ 38-39 minutes in cells
treated with oryzalin. Considering that this was the case both for the WT and mad2,
this potentially indicates an important role of MTs in regulating directly or indirectly

interphase duration.
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Figure EV3 Meiotic cells with depolymerized MTs proceed with meiosis Il ending with a
second NE reformation. (A) Interphase and metaphase Il of the same representative WT and
mad2 cells as in Fig. 3C when treated with 1 yM oryzalin. BMF3 is fused to GFP (green) and TUA5
to TagRFP (magenta). Scale bar: 5 um. (B) Quantification of interphase duration in the WT and
mad2. 2D movies were recorded with a frame rate of 2 minutes. We quantified 69-119 cells from
13-22 anthers per treatment and genotype. Different letters indicate significance (P <0.01; pairwise
comparison using Kruskal-Wallis test for independent samples with Bonferroni correction for
multiple tests).

It is noteworthy, that we observed meiocytes, which at the time they were placed
on oryzalin, were in pachytene evident by the half-moon structure formed by MTs

around the nucleus (Prusicki et al., 2019). We conclude that, once the commitment
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to the meiotic program has been made, meiosis progresses even if essential
components like MTs are not present. So, on the one hand, plant cells seem to be
able to flexibly silence cell-cycle checkpoints such as the SAC or the pachytene
checkpoint in order to progress with the meiotic program (De Jaeger-Braet et al.,
2021; Chapter 1), but on the other hand, cannot escape from their commitment to

the program itself.

In the single-cell algae Chlamydomonas reinhardltii, cells underwent several
rounds of DNA replication without nuclear division under MT-destabilizing
conditions (Tulin & Cross, 2014) and lagging chromosomes as well as cytokinesis
failure in the bryophyte Physcomitrium patens led to somatic cell polyploidization
(Kozgunova et al., 2019). Similarly, application of MT poisons, like colchicine, on
mitotic cells of various angiosperms led to the re-formation of a NE without prior
chromosome segregation (Molé-Bajer, 1958; Nebel & Ruttle, 1938), suggesting
that NE reformation upon severe stress conditions is the rule rather than the
exception in the plant lineage. Besides, colchicine and other drugs have long been
exploited in plant breeding for generating polyploid offspring (Younis et al., 2014).
Considering the prevalence, the challenges, but also the opportunities that whole-
genome duplication events present (Bomblies et al., 2016; Comai, 2005; Hollister,
2015; Panchy et al., 2016; Te Beest et al., 2012; Van De Peer et al., 2017) as well
as the evolutionary driving force of hybridization followed by polyploidization (P. S.
Soltis & Soltis, 2009), we hypothesize that evolution in the plant lineage has been
shaped by the weak nature of the SAC. A weak SAC could have facilitated major

genomic changes to take place and hence, contributed to plant evolution.

Mutants in BUB3.3 exhibit an unexpectedly long metaphase | and synthetic
lethality in combination with mutants in other SAC components

Given a differential contribution of several SAC components in regulating
metaphase duration in mammals (Meraldi et al., 2004) and yeast (Cairo et al.,
2020; Vanoosthuyse et al., 2009; Yang et al., 2015), we next measured metaphase
| duration in different SAC mutants. To this end, we divided the SAC mutants into

two groups: (a) mutants of SAC genes that encode for kinetochore-bound proteins
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(mad1 and mps1) and (b) mutants of SAC genes that encode for proteins which

are putatively components of the MCC (bmf2 and bub3.3) (Komaki & Schnittger,

2017). Additionally, we looked at mad2 which belongs to both groups.
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As expected, all three mutants of SAC components that encode for kinetochore-
bound proteins had an ~ 30 % shorter metaphase | duration compared to the WT
(Fig. 4A). Metaphase | duration in bmf2 was ~ 20 % shorter compared to the WT
(Fig. 4B). In striking contrast to all other SAC mutants, in bub3.3 metaphase | was
~ 50 % longer compared to the WT (Fig. 4B). After confirming that bub3.3 is a null
allele, we also observed the prolonged metaphase | duration in a second null allele

of BUB3.3, i.e., bub3.3-2, as well as an F1 cross between homozygous bub3.3 and
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bub3.3-2 plants (Fig. EV4B, L, M). Furthermore, metaphase | duration could be
rescued to WT levels by the introgression of genomic BUB3.3 expressed under its

own promoter in the bub3.3 background in three independent lines (Fig. EV4H).

We became particularly interested in BUB3.3 due to the contradictory role of its
homolog Bub3 observed in yeasts. Both in budding and fission yeast, bub3-
depleted mitotic cells exhibited a prolonged AO delay because of — but not limited
to — inefficient APC/C activation (Cairo et al., 2023; Vanoosthuyse et al., 2009;
Yang et al., 2015). Intriguingly, in budding yeast, bub3-depleted meiotic cells have
a shorter metaphase | and Il duration than WT due to a disruption of the
phosphorylation-dephosphorylation balance at the kinetochore (Cairo et al., 2020,
2023).

Considering that Bub3 has been implicated in proper chromosome segregation
both in yeast (Cairo et al., 2020, 2023; Vanoosthuyse et al., 2009; Yang et al.,
2015) and human cells (Logarinho et al., 2008), we scored pollen viability in bub3.3
and found that it was the lowest among the WT, bmf2, and mad2 (Fig. EV5A). To
start untangling the function of BUB3.3 in planta, we, then, generated double
mutants between bub3.3 and mutants in core SAC components. Similar
experiments in yeast mitosis have revealed a diversified role of Bub3. In fission
yeast, the mad2 mutation is epistatic, while in budding yeast, the bub3 mutation is
epistatic in the bub3 mad2 double mutant (Vanoosthuyse et al., 2009; Yang et al.,
2015). Hence, we chose to cross bub3.3 with mad1, mad2, and bmf2 mutants to
test which of the mutations is either epistatic or additive in Arabidopsis. Notably,
we could not obtain any viable double homozygous mutant with bub3.3 (Fig.
EV5B). Genotyping the progeny of bub3.3 -/- mad2 +/- and bub3.3 +/- mad2 -/-, we
obtained a ratio of 89 : 150 WT : Heterozygous seedlings indicating that the double
mutant is most probably sporophytic (embryonic) lethal. Consistent with a
predominant sporophytic defect, we found that the transmission of the bub3.3 allele
was neither reduced when using the mutant as a male (1 : 1.48 WT : bub3.3 T-
DNA) nor as a female (1 : 1.53 WT : bub3.3 T-DNA) parent in reciprocal crosses
between bub3.3 +/- mad2 -/- and the WT (Fig. EV5C).
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Figure EV4 gBUB3.3 rescues the aberrant meiotic phenotype of bub3.3in metaphase |, which
is further confirmed by a second bub3.3 allele. (A-F) Both bub3.3-2 and the double
heterozygous F1 cross bub3.3 +/- x bub3.3-2 +/- exhibit identical phenotypical defects to bub3.3.
We quantified the duration of the BMF3 signal on kinetochores (A), duration of metaphase | (B),
duration of chromosome pairs mislocalizing to the pole(s) (C), percentage of cells per anther with
at least one MC (D), the cumulative frequency of the maximum number of MCs per cell (E), and the
percentage of missegregation events per anther (F). (G-K) Three independent BUB3.3::.gBUB3.3
insertion lines in the bub3.3 background were genetically crossed with the line expressing BMF3
and TUA5 in the bub3.3 background. We quantified the duration of the BMF3 signal on kinetochores
(G), duration of metaphase | (H), duration of chromosome pairs mislocalizing to the pole(s) (1),
percentage of cells per anther with at least one MC (J), and the cumulative frequency of the
maximum number of MCs per cell (K). (L) Gene model of the two splice variants of BUB3.3. The
arrows indicate the left border insertion site of the respective T-DNA. (M) RT-PCR of the full-length
cDNA for either the large or both splice variants. We used H2A as a positive control. For (A-F), we
quantified 114-128 cells from 6-8 anthers per genotype. For (G-K), we quantified 109-138 cells from
6-8 anthers per genotype. 3D movies were recorded with a frame rate of 100 seconds. Different
letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for
independent samples with Bonferroni correction for multiple tests).
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Figure EV5 Phenotypic description of SAC single and double mutants. (A) Pollen viability of
the WT and several SAC mutants. (B) Summary of successful and failed double mutant
combinations. (C) Genotyping results of the F1 progeny of reciprocal crosses between the WT (Col-
0) and mad2 -/-; bub3.3 +/-. (D) Quantification of metaphase | duration of viable double mutants.
We introgressed the TagRFP:TUA5 reporter in the double mutants through crossing. 2D movies
were recorded with a frame rate of 30 seconds. We quantified 79-120 cells from 13-22 anthers per
genotype. Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis
test for independent samples with Bonferroni correction for multiple tests). (E) Representative
images of WT and bub3.3 metaphase I. BMF1 is fused to GFP (green) and TUA5 to TagRFP
(magenta). From left to right: WT, bub3.3 with 0 MCs, bub3.3 with 1 MC, bub3.3 with 2 MCs on the
same spindle pole, and bub3.3 with 2 MCs on opposite spindle poles. Scale bar: 5 ym. (F) Relative
frequency of the BMF3 kinetochore signal duration in the different groups for each genotype. We
quantified the same 64-154 cells from 10-28 anthers per genotype as in Fig. 4C, D.

In contrast to double mutants of SAC components with bub3.3, we found that the

combinations of other SAC mutants did not result in lethality (Fig. EV5B). We could

50



successfully obtain all homozygous double mutant combinations between mad1,
mad2, and bmf2, i.e., mad1 x bmf2, mad2 x bmf2, and mad1 x mad2 (Fig. EV5B).
We then measured metaphase | duration in these double mutants as it has been
shown in Hela cells that double knock-down of BubR1 and Mad2 has an additive
effect suggesting that these proteins might inhibit the APC/C through parallel
pathways (Meraldi et al., 2004). However, this does not seem to be the case for
Arabidopsis as no additive effect on metaphase | duration could be observed in

any of the double mutant combinations we generated (Fig. EV5D).

Prolonged metaphase | duration in bub3.3 correlates with mislocalizing
chromosome pairs to the spindle pole

The synthetic lethality of bub3.3 with other SAC mutants, which has never been
observed in any other system, prompted us to hypothesize that BUB3.3 might not
be a core SAC component in Arabidopsis. In mammals and yeast, Bub3 interacts
with both Bub1 and BubR1 and recruits them to the kinetochore via its recognition
of and interaction with phosphorylated MELT maotifs in Knl1/Spc105 (London et al.,
2012; Overlack et al., 2015; Primorac et al., 2013; Shepperd et al., 2012; Vleugel
et al.,, 2013, 2015). Both Bub1 and BubR1 have been implicated in the
establishment of K-MT attachments and chromosome congression through distinct
pathways (Lampson & Kapoor, 2005; Logarinho et al., 2008; Meraldi & Sorger,
2005). However, in plants BMF1 and BMF2, the respective homologs of Bub1 and
BubR1, as well as BMF3 have lost the Gle2-binding sites (GLEBS domain), via
which they interact with Bub3 (Larsen et al., 2007; Taylor et al., 1998; Wang et al.,
2001). Consistently, it was recently shown in maize (Zea mays), that ZmBub3 does
not interact in a yeast-two-hybrid assay neither with ZmKnl1 nor with ZmBmf1/2/3
(Su et al., 2021). Matching these interaction data, we found that the localization of
both BMF1 and BMF3 in bub3.3 was indistinguishable from the WT in metaphase
| (Fig. 4E, EV5E).

To approach the question of what the function of BUB3.3 could be, we followed the
BMF3 reporter in the bub3.3 background and compared the phenotype to bmf2

and mad2. In agreement with our previous results (Fig. 4B), the metaphase |
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duration of mad2 and bmf2 were shorter while in bub3.3 it was longer than in the
WT (Fig. 4D). In contrast to metaphase |, the BMF3 kinetochore signal duration in
bub3.3 was not consistently longer than in the WT and exhibited a large variation
in comparison to the other genotypes (Fig. 4C). We recognized that the bub3.3
cells fall into two groups, with ~ 60 % of the cells having a similar distribution with
the other genotypes and ~ 40 % having a prolonged BMF3 kinetochore signal
persistence (Fig. EV5F). Upon closer inspection, we realized that bub3.3 cells with
a prolonged BMF3 kinetochore signal persistence exhibited a characteristic
chromosome mislocalization phenotype, with individual or multiple homologous
chromosomes mislocalizing to the spindle pole(s) (Fig. 4E). The two paired
kinetochores tended to be at an almost right angle to the long axis of the spindle,
indicating that most probably these kinetochores were unattached, poorly attached
or syntelically attached to spindle MTs. This would also explain why these
kinetochores were persistently highlighted by BMF3 in contrast to kinetochores that
aligned efficiently in the metaphase plate. We did not observe a similar defect
neither in bmf2 nor mad2, suggesting that it is specific to bub3.3. All these
observations were confirmed with a BMF1 reporter, introgressed in bub3.3 as well
bmf2 and mad2, that labels the kinetochore independently of K-MT attachment
status (Fig. EV5E).

Based on the synthetic lethality of bub3.3 with all other SAC mutants tested and its
unique chromosome mislocalization phenotype, BUB3.3 does not seem to be

primarily involved in the plant SAC, but in a different pathway.

BUB3.3is not a bona fide SAC component

Although, we could observe mislocalizing chromosome pairs in ~ 40 % of bub3.3
cells, all of them had a comparatively equally long metaphase | (Fig. 4B, D, EV4B,
H). So, we hypothesized that in our 2D movies we were likely underestimating the
number of cells with aberrant chromosome behavior in bub3.3. Thus, we
proceeded to generate 3D movies of WT, bub3.3, mad2, and bmf2 to capture the
entire cell volume. Our results regarding BMF3 kinetochore signal and metaphase

| duration in 3D movies (Fig. 5A, B, EV4A, B) mirrored almost perfectly the results
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obtained in 2D movies (Fig. 4C, D), confirming the large variation of SAC activity
in bub3.3 cells. Then, we quantified the proportion of cells exhibiting at least one
mislocalizing chromosome pair (MC). This was the case for ~ 75 % of bub3.3 cells
compared to ~ 10 % for all other genotypes (Fig. 5B) and the ~ 40 % of bub3.3 we
had obtained from the 2D movies (Fig. EV5F). The MCs in bub3.3 stayed at the
spindle pole from several minutes to > 1 hour while in the other mutants they
averaged out at ~ 5 minutes (Fig 5B). This reflected fully and essentially explained
the large variation in SAC activity in bub3.3 and reinforced the notion that the lack
of proper chromosome-spindle MT attachment seems to be a stochastic, cell-
autonomous process. Additionally, the distribution of the number of MCs per cell
revealed that most bub3.3 cells had only 1 MC in metaphase |, however, a
substantial amount had 2 or more, which was rarely — if ever — the case in the WT,
mad2, and bmf2 (Fig. 5B). We consistently observed MCs both on the same or
opposite spindle poles with no clear preference, suggesting that this process is
also stochastic (Fig. 5A). Finally, with the exception of a single missegregation
event observed in a mad2 cell, missegregation events were regularly observed in

bub3.3 meiocytes (Fig. 5B).

All defects observed in bub3.3 in metaphase | were recapitulated in bub3.3-2 as
well as the F1 cross between homozygous bub3.3 and bub3.3-2 plants in 3D
movies (Fig. EV4A-F). Moreover, in 3D movies of metaphase | in the three rescue
lines, the genomic BUB3.3 construct brought the quantified parameters back to WT
levels corroborating that loss of BUB3.3 and not any other gene caused the above-

described chromosome segregation defects (Fig. EV4G-K).

Similar results were obtained for metaphase Il (Fig 5C). Here, we analyzed the two
spindles in each cell individually, because (1) it was not always possible to capture
both spindles due to their angle relative to our imaging axis and (2) in cells, where
we could image both spindles, we did not find any apparent correlation between
the behavior of the two spindles with regard to MCs. In metaphase Il, we observed

for all genotypes a higher proportion of spindles with at least one MC compared to
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metaphase I. A similar trend was observed for the missegregation events per cell,

which were more abundant compared to metaphase | (Fig. 5C).

Having analyzed the bub3.3 phenotype in metaphase | and Il, we asked whether
this phenotype is also found in mitosis. This is especially interesting considering
that partially opposing phenotypes in mitotic and meiotic bub3-depleted cells were
described in budding yeast (Cairo et al., 2020, 2023; Yang et al., 2015). For this,
we recorded 3D movies of mitotic root epidermal cells in the WT and bub3.3
background. Recapitulating essentially our observations in meiosis, bub3.3 cells
stayed much longer in metaphase than the WT, exhibiting a prolonged BMF3
kinetochore signal due to MCs which persisted for up to ~ 1 hour (Fig. 5D, E).
Additionally, in all observed bub3.3 cells, we found at least two MCs. Given the
progressive worsening of the bub3.3 phenotype from metaphase | through
metaphase |l over to mitosis, it is tempting to speculate that perhaps kinetochore
size, which becomes progressively smaller in these divisions, might play a role in
that. It would be an interesting line of research to follow in the future, for instance
in mutants with reduced centromere size (Capitao et al., 2021), considering similar

work in animal cells (Drpic et al., 2018).

Conclusion

Surveillance of faithful chromosome segregation in meiosis is of key importance
for fertility and transgenerational genome stability. Thus, studying the SAC is of
great relevance to understand not only fundamental aspects of plant reproduction
and evolution but is also highly relevant for plant breeding. Importantly, male
meiocytes are a powerful model system to study the SAC due to their high level of
synchronicity and their accessibility through an established live-cell imaging
approach (Prusicki et al., 2019) together with the possibility to apply drugs such as
the MT poison oryzalin (Sofroni et al., 2020; Chapter 1). Here, we have
quantitatively assessed key parameters and properties of the SAC, such as the
timing of its assembly and disassembly, setting the foundation for future studies of
this checkpoint (Fig. 6). Our work has also allowed us to assign BUB3.3 a novel

role in K-MT attachment and chromosome congression instead of a function in the
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SAC (Fig. 6). These observations led us to a refined and temporally resolved model

of the composition and regulation of the Arabidopsis core SAC comprising

AUR1/2/3, BMF1, BMF2, BMF3, MAD1, MAD2, and MPS1 (Fig. 6).
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Figure 5 bub3.3 cells exhibit similar chromosome congression defects in meiosis and
mitosis. (A-C) We recorded 3D movies of WT, bmf2, mad2, and bub3.3 anthers in meiosis | (A, B)
and meiosis Il (C) as well as movies of WT and bub3.3 in mitosis (D, E). (A) Representative
maximum projections of bub3.3 cells with 0, 1 or multiple mislocalizing chromosome pairs (MCs) in
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metaphase |. BMF3 is fused to GFP (green) and TUA5 to TagRFP (magenta). In cells, where
chromosome pairs persistently stay at the spindle pole, they missegregate either through the
formation of a perpendicular (L) spindle or by staying at the spindle pole. In both cases, the BMF3
signal slowly fades indicating a silencing of the SAC. (i-iv) Insets highlight the formation of a
perpendicular spindle. (B, C, E) We quantified the duration of the BMF3 signal on kinetochores,
duration of metaphase, duration of chromosome pairs mislocalizing to the pole(s), and the
cumulative frequency of the maximum number of MCs per cell. For (B, C), we quantified the
percentage of cells per anther with at least one MC and that of missegregation events per anther.
(D) Representative maximum projections of WT and bub3.3 cells. 3D movies were recorded with a
frame rate of 100 seconds (A-C) or 1 minute (D, E). For (B), we quantified 195-263 cells from 13-
18 anthers per genotype. For (C), we quantified 341-459 spindles from 15-22 anthers per genotype.
Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for
independent samples with Bonferroni correction for multiple tests). For (E), we quantified 15-21
cells per genotype. Different letters indicate significance (P < 0.01; Mann-Whitney U test for
independent samples). Scale bars: 5 yum (A, D) and 2 ym (i-iv).
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Figure 6 A revised model of the Arabidopsis SAC and the function of BUB3.3. Solid line
arrows indicate conclusions from this study, dotted line arrows indicate conclusions from Komaki &
Schnittger (2017), while dotted line arrows with question marks indicate hypotheses. (A) The timing
as well as the protein amount of BMF3 recruited to the kinetochore is influenced by AURORA
kinases, BMF1, and MPS1. Most probably, AUR3 — and not AUR1/2 —is responsible for the timely
and sulfficient recruitment of BMF3 to the kinetochore as it is localized at the kinetochore and/or
centromere during metaphase. It remains to be determined whether AURORA kinase(s), BMF1,
and MPS1 cross-regulate each other like in mammalian cells. Finally, BUB3.3 is probably not a
bona fide SAC component and this is why it is probably not a component of the MCC in plants. The
composition of the plant MCC still remains to be resolved. Additionally, BUB3.3 is not mediating the
kinetochore anchorage of BMF1 or BMF3 in Arabidopsis. Thus, we hypothesize that, similarly to
other organisms, BUB3.3 sits at the outer kinetochore, but has evolved novel functions. BUB3.3 is
probably involved in K-MT attachment formation and chromosome congression. Conclusively,
BUBS3.3 appears to have evolved a novel function in plants and, in contrast to other organisms, to
not be a SAC component. (B) BMF3, MAD1, and MAD2 are recruited to the kinetochore in a
stepwise fashion, where BMF3 comes first, followed by MAD1, and finally, MAD2. According to our
data, this process is most probably regulated either directly or indirectly through multiple kinases.
(C) The disassembly of the complex happens in the opposite order. Phosphatases have been
shown to counteract the action of kinases and promote SAC silencing (Lara-Gonzalez et al., 2021).
Their combined action fine-tunes SAC activity and eventually silences the SAC. The PCH2-
COMET, complex which is present in Arabidopsis (Balboni et al., 2020), might be involved in
removing MAD2 from the MCC and/or kinetochore-localized MAD1-MAD2 complex, since it has
been shown to be involved in SAC silencing in mammalian cells (Lara-Gonzalez et al., 2021).
Finally, outer kinetochore components undergo structural rearrangements upon K-MT attachment
formation (Magidson et al., 2016; Roscioli et al., 2020), which might play a role in the disassociation
of SAC components from the outer kinetochore.

Materials and Methods

Plant materials

We used the Arabidopsis thaliana (Arabidopsis) accession Columbia-0 (Col-0) as
the wild type (WT) throughout this research and all mutant lines are in the Col-0
background. We used the following T-DNA insertion lines, which we obtained from
the Nottingham Arabidopsis Stock Center (NASC) (http://arabidopsis.info/):
SALK_122554 (bmf1), SAIL_303_E05 (bmf2), GABI_084G06 (bmf3),
SALK_ 041372 (bub3.3), SALK 022904 (bub3.3-2), SALK_073889 (mad1),
SAIL_191G06 (mad2), GABI_663H07 (mps1). All lines, except for bub3.3-2, were
previously used in Komaki & Schnittger (2017). For bub3.3-2, we used the same
genotyping primers as for bub3.3 (Komaki & Schnittger, 2017).

57



For mitosis imaging, seedlings were grown for 4 days on a solid medium containing
half-strength Murashige and Skoog (MS) medium, 1 % (w/v) sucrose, 0.8 % (w/v)
agar, and pH 5.8 in a growth chamber (16 hours light at 21 °C / 8 hours dark at 18
°C). For imaging and phenotypic analyses of meiosis, 7- to 10-day old seedlings
grown on plate as described above were transferred to soil and grown for 5-6
weeks in growth chambers (16 hours light at 21 °C / 8 hours dark at 18 °C).

Genotyping, T-DNA mapping, and RT-PCR

Primers for genotyping of T-DNA insertion lines are described in Komaki &
Schnittger (2017). For, bub3.3-2 we used the same genotyping primers as for
bub3.3 (Komaki & Schnittger, 2017). To map the T-DNA insertion in bub3.3 and
bub3.3-2, we used the left border primer SALK_Lb1.3 (ATTTTGCCGATTTCGG
AAC).

For the reverse transcription-polymerase chain reaction (RT-PCR), we isolated
RNA from ~ 200 9-day old seedlings per genotype grown as described above. The
seedlings were collected in an Eppendorf tube, flash frozen in liquid nitrogen and
RNA was isolated according to the manual of the RNA-isolation kit (innuPREP
Plant RNA Kit, Analytik Jena AG). cDNA synthesis was performed according to the
manual of the cDNA synthesis kit (Thermo Scientific RevertAid Reverse
Transcriptase, Thermo Fisher Scientific) using the Oligo(dT)18 primer. According

to The Arabidopsis Information Resource (TAIR, https://www.arabidopsis.org/),

there are two splice variants of BUB3.3, a long (Splice variant 1) and a short (Splice
variant 2) variant. We performed two PCR reactions for each genotype using
primers TCGGAATTCGAAATTGGGGA (fwd) and TGGTTGACACGAGTCAGTT
CT (rev) to amplify the full-length of Splice variant 1 and primers
TCTCCTCGTTGCTTCTTGGG (fwd) and GGCCAAGAGTTCTCCAGTGT (rev) to
amplify both splice variants simultaneously. We used histone H2A as a positive
control and primers ATGGCGGGTCGTGGTAAAACACTCGGATCT (fwd) and TC
AATCGTCTTCAGCAGATGGCTTGGAAGCACC (rev).
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Plasmid construction and line generation

All constructs — except for BUB3.3::.gBUB3.3 — were previously generated in
Komaki & Schnittger (2017). To generate the BUB3.3::gBUB3.3 construct,
the BUB3.3 gene, including 2 kb upstream of the start codon and 0.5 kb
downstream of the stop codon, was amplified by PCR and cloned into pDONR221,
followed by LR recombination reaction with the destination vector pGWB501. We
used the following primers: GGGGACAAGTTTGTACAAAAAAGCAGGCTGCTCT
AGATTTGCTTGTT (forward) and GGGGACCACTTTGTACAAGAAAGCTGGGT
GATTCAGCGAAATCGGAA (reverse). The underlined part of the sequence

indicates the attB-sites.

We introgressed all reporters from the WT into the mutant backgrounds through
genetic crossing. We wanted to ensure that all lines carry the same reporter
insertion(s), thus eliminating the possibility that variation in expression level due to

insertion site would influence our observations.

Pollen viability

We used the Peterson staining protocol to score pollen viability (Peterson et al.,
2010). Three mature flowers with dehisced anthers were dipped in 20 ul Peterson
staining solution (10 % ethanol, 0.01 % malachite green, 25 % glycerol, 0.05 %
fuchsin, 0.005 % orange G, and 4 % glacial acetic acid) and incubated for 1 hour

at 95 °C. The samples were analyzed the same day.

Live-cell imaging

Live-cell imaging of anthers was performed using the protocol described in Prusicki
et al. (2019) with slight variations. 40-80 flower buds were detached from the
inflorescence stem keeping the pedicel intact and were placed on live-cell imaging
medium as described in Prusicki et al. (2019). For 2D live-cell imaging, samples
were prepared either on the same day or the day before and incubated overnight
in the dark. For 3D live-cell imaging, samples were prepared on the day before and

incubated overnight in the dark.
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2D live-cell imaging of anthers was performed on a Zeiss LSM780 upright confocal
laser scanning microscope (CLSM) equipped with a GaAsP-detector and a W-plan-
Apochromat 40x/1.0 DIC M27 or a W-plan-Apochromat 63x/1.0 DIC water-dipping
lens. 8-bit images were acquired using bi-directional scanning every 5 seconds to
2 minutes with 100-120 nm lateral pixel resolution, 4 times line average, 1.3-2.7 us
pixel dwell time, and a pinhole size of 1-2 AU (for the GFP detection channel). GFP
was excited at 488 nm and emission was detected at 489-550 nm. TagRFP was
excited at 561 nm and emission was detected at 565-650 nm. GFP and TagRFP
were detected either sequentially using line-scan mode or simultaneously to
increase the frame rate. In the latter case, to prevent crosstalk, TagRFP emission
was detected at 576-655 nm.

3D live-cell imaging of anthers was performed on a Zeiss LSM880 upright CLSM
equipped with a GaAsP-detector and a W-plan-Apochromat 40x/1.0 DIC M27
water-dipping lens. 16-bit images were acquired using bi-directional scanning
every 100 seconds to 2 minutes with 84-96 nm lateral pixel resolution, 2 times line
average, 1.04-1.18 us pixel dwell time, and a pinhole size of 1.51 AU (for the GFP
detection channel). z-stacks were acquired with a step-size of 0.93 ym. GFP and
TagRFP were excited at 488 nm and emission was detected simultaneously at
490-553 nm and 579-651 nm, respectively.

For imaging of mitosis, we used 4-day old seedlings grown vertically as described
above. Before imaging, the seedlings were carefully lifted from the growth medium
and placed in a drop of liquid half-strength MS-medium on a glass-bottom dish. 5-
8 seedlings were placed on each dish and then, the roots were covered with a strip

of solid half-strength MS-medium.

3D live-cell imaging of mitotic root epidermal cells was performed on a Leica TCS
SP8 inverted CLSM equipped with three hybrid photodetectors (Leica HyD™) and
a HC PL APO 63x/1.2 W motCORR CS2 water-immersion objective. 12-bit images
were acquired using bi-directional scanning every 1 min with 99 nm lateral pixel

resolution, 4 times line average, at a speed of 700 Hz, and a pinhole size of 1.5
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AU (for 510 nm emission wavelength). z-stacks were acquired with a step-size of
0.52 um. GFP and TagRFP were excited at 488 nm and emission was detected

simultaneously at 493-555 nm and 575-655 nm, respectively.

Oryzalin and hesperadin treatment

For the oryzalin treatment, we followed the protocol described in Sofroni et al.
(2020) with slight variations. A 10 mM oryzalin (Duchefa Biochemie) stock solution
was prepared in dimethyl sulfoxide (DMSO) and stored at -20 °C. 1:10,000 (v/v)
stock solution or the equivalent amount of DMSO was added to the medium used
for live-cell imaging. We always used freshly prepared plates. Flowers were

incubated minimum 4-5 hours in the medium prior to live-cell imaging.

For the hesperadin treatment, we prepared a 10 mM hesperadin (Sigma-Aldrich)
stock solution in DMSO and stored it at -20 °C. The appropriate amount of the
stock solution was added to the live-cell imaging medium. As a mock treatment,
we added 1:1000 (v/v) DMSO to the medium. We always used freshly prepared
plates. Flowers were incubated for at least 12 hours in the medium prior to live-cell

imaging.

Post-processing of movies and measurement of fluorescence intensity
We performed all post-processing operations and fluorescence intensity (FI)

quantifications of our movies in Fiji (Schindelin et al., 2012).

For 2D movies, we only adjusted the brightness and contrast settings and extracted

single cells manually using the rectangle selection tool.

For 3D movies, we performed two different protocols of post-processing for the
BMF3 and the TUAS5 channel, due to the different nature of the signal (spheres vs
complex 3D structure of the spindle). For the BMF3 channel, we used the
command “Gaussian blur 3D” with a sigma radius of 1 for x, y, and z. For the TUA5S
channel, we followed a variation of the protocol presented in Kriiger (2017). We,

first, duplicated the movie using the command “Duplicate” with the setting
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“Duplicate hyperstack”. We renamed the two stacks as “GB_15" and “GB_0.5".
Next, we used the command “Gaussian blur 3D” with a sigma radius of 15 for x, vy,
and z on “GB_15" and with a sigma radius of 0.5 for x, y, and z on “GB_0.5". Using
the command “Image calculator” we subtracted “GB_0.5" from “GB_15". This
operation removes the sharper signal from the blurred background and generates
the image “Background”. Then, using again the command “Image calculator” we
subtracted “Background” from “GB_0.5", resulting in the image “TUA5_final”. After
removing the background noise through these mathematical operations, we used
the command “Gaussian blur 3D” with a sigma radius of 0.5 for all dimensions on
“TUAS final” to smoothen the image. Upon post-processing the two channels, we
extracted single cells manually using the polygon selection tool, the “duplicate”
command for the appropriate z-slice range for each cell, and then, the “clear
outside” command for each z-slice. Finally, we applied the “Z Project” command
with the setting “Max Intensity” for each cell and channel and adjusted the

brightness and contrast settings.

To measure the maximum BMF3 reporter FI, we manually drew an ellipse using
the elliptical selection tool in a way that all kinetochores labeled with BMF3 were
within the ellipse’s boundaries throughout the movie. The FI was measured in all
frames from NEB to AO and normalized to the frame of the NEB, which we
designated as to. All other timepoints were designated as tn, where n is the number
of the frame post-NEB. We used the following equation for normalizing the signal

intensity: [Fl(tn) - Fl(to)] / Fl(to) and plotted the maximum normalized Fl.

Statistics and figure design
All graphs and statistical operations were generated in IBM SPSS Statistics

Version 28 (IBM Corporation).

The boxplots highlight the 25t and 75" percentile indicated by the lower and upper
border of the box, respectively, the median with a thick line and the outliers within
1.5 times the interquartile range with the whiskers. Outliers outside this range are

indicated by dots above and below the whiskers.
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We performed exclusively non-parametric statistical tests and our significance
threshold was always P < 0.01. For comparisons between two genotypes, we
performed a Mann-Whitney U test. For comparisons between multiple genotypes
and/or treatments, we performed pairwise comparisons using a Kruskal-Wallis test

for independent samples with Bonferroni correction for multiple tests.

The figures were assembled in Affinity Designer v. 1.10 (Serif).
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The chapter is written in the form of a manuscript, including the following sections:
Abstract, Introduction, Results, Discussion, and finally, Materials and Methods.
The main figures are designated as “Figure X’, where X is the corresponding
number starting at 1, and the supplementary figures are designated as “Figure
EVX’, where X is the corresponding number starting at 1, and “EV” stands for
“expanded view”. The main figure and the supplementary figure(s) under the same

sub-heading represent a thematical unit.
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Abstract

Error-free chromosome segregation relies on the establishment and maintenance
of bipolar kinetochore-microtubule (K-MT) attachments. The spindle assembly
checkpoint (SAC) monitors K-MT attachments and prevents anaphase onset until
all kinetochores are attached in a bipolar fashion to spindles MTs. SAC proteins,
such as human Bub3, have been also implicated in regulating the formation of end-
on K-MT attachments. We have previously observed chromosome mislocalisation
and alignment defects in bub3.3 cells in Arabidopsis, BUB3.3 being one of the
homologs of Bub3, and proposed that BUB3.3 is not a bona fide SAC protein. Here,
we expand on this work and show that BUB3.3 physically interacts with KINESIN-
70, an Arabidopsis CENP-E homolog. We propose that both proteins work in the
same pathway suggesting that — contrary to Bub3 in yeast and humans — BUB3.3
in Arabidopsis and likely other plants regulates the formation of K-MT attachments
and chromosome alignment. BUB3.1 and BUB3.2 are not involved in this process,
but rather regulate interphase MTs in meiosis. Finally, we hypothesize that
chromosomes/kinetochores might act as spindle organizing centers in plants,
because mini-spindles formed consistently around chromosomes mislocalizing

beyond the spindle pole.
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Introduction

Error-free chromosome segregation during mitosis and meiosis is a prerequisite
for (transgenerational) genomic stability. This requires the establishment and
maintenance of stable, bipolar attachments of kinetochores to spindle micro-
tubules, so that during anaphase sister chromatids in mitosis and meiosis Il and
homologous chromosomes in meiosis | are divided equally. The search and
capture model was initially proposed to explain the process of establishing
kinetochore-microtubule (K-MT) connections during prometaphase (Kirschner &
Mitchison, 1986). According to this model, the dynamic instability of MTs allows
them to explore the cellular space, eventually getting “captured” by a kinetochore,
which in turn suppresses their dynamic instability and generates a stable K-MT
attachment. Since then, many studies have refined this model and have discovered
parallel pathways facilitating the search and capture, without ever contradicting the
basic principles of this elegant mechanism (reviewed in Heald & Khodjakov, 2015;
Prosser & Pelletier, 2017).

Since the establishment of K-MT connections is a stochastic, error-prone process,
the resulting mistakes, i.e., unattached or erroneously attached kinetochores, must
be recognized and corrected to avoid unequal chromosome segregation. The
spindle assembly checkpoint (SAC) is a surveillance mechanism that recognizes
incorrect K-MT attachments or the lack thereof and halts the onset of anaphase
until these errors are fixed (reviewed in Lara-Gonzalez et al., 2021; McAinsh &
Kops, 2023; Musacchio, 2015). While the SAC is a highly conserved mechanism
found in evolutionarily distant branches of the eukaryotic tree, both the proteins
involved as well as the mechanism itself have undergone major diversification in
different lineages (Kops et al., 2020; Vleugel et al., 2012). However, there are some
core principles shared at least among metazoan, yeast, and plant model
organisms, referred to as a canonical SAC (Kops et al., 2020). Briefly, in a
canonical SAC, an array of proteins assembles on kinetochores that have not
achieved bipolar attachment and catalyze the formation of a diffusible inhibitor of

the anaphase promoting complex/cyclosome (APC/C), called the mitotic
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checkpoint complex (MCC). The MCC prevents the APC/C, a multi-protein
ubiquitin E3 ligase complex, from ubiquitinating downstream targets, thereby
licensing their destruction and the transition from metaphase to anaphase (Lara-
Gonzalez et al., 2021; London & Biggins, 2014; Musacchio, 2015).

The formation of stable, bipolar, end-on K-MT attachments is the ultimate goal of
the error correction machinery which the SAC sets in motion. Several studies have
shown though that during the search and capture process kinetochores interact
with the lattice rather than with the tip of MTs, i.e., lateral and not end-on
attachments are frequently formed (Kalinina et al., 2013; Magidson et al., 2011;
Tanaka et al., 2005). Additionally, in metazoans, monotelic attachments, i.e., only
one kinetochore is attached to spindle MTs, are formed during prometaphase,
because the two sister chromatids do not form K-MT attachments synchronously
(Roos, 1976) and end up localizing close to the spindle poles (Rieder & Alexander,
1990). These erroneous attachments must be rectified before the cell proceeds
with anaphase. In metazoans, polar chromosomes congress towards the
metaphase plate predominantly with the help of kinesin-7/CENP-E while moving
on the lattice of adjacent kinetochore MTs (Barisic et al., 2014; Kapoor et al., 2006).
An additional role of CENP-E is to convert lateral to end-on attachments with the
help of the MT depolymerase MCAK/Kif2c (Shrestha & Draviam, 2013; Sikirzhytski
et al., 2018) as well as to maintain bipolar attachments in human cells (Gudimchuk
et al., 2013). BubR1, a pseudokinase that is a core component in the SAC, is one
of the mechanisms recruiting CENP-E to the kinetochore in human cells (Craske
& Welburn, 2020; Legal et al., 2020).

In contrast to yeast and metazoan model organisms, little is known about K-MT
establishment, correction, and maintenance in plants. Especially little is known
about the regulation and process of chromosome congression. In Chapter 1, we
discovered that BUB3.3, a protein previously hypothesized to be part of the plant
SAC (Komaki & Schnittger, 2017), is most probably not a bona fide SAC
component, but rather involved in the formation of K-MT attachments and

chromosome congression. Similarly, Bub3, the BUB3.3 homolog in human cells,
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was proposed to contribute to the establishment of end-on K-MT attachments
(Logarinho et al., 2008). However, in contrast to BUB3.3, Bub3 is a core
component of the SAC (Taylor et al., 1998). More specifically, knock-down of Bub3
caused the excessive formation of syntelic and lateral K-MT attachments, which
was distinctive from knock-down of CENP-E (Logarinho et al., 2008). We provide
evidence that this is not the case in plants and that BUB3.3 and KIN7O, one of the
15 KINESIN-7 family members in Arabidopsis (Richardson et al., 2006), act in the
same pathway to promote the formation of stable, bipolar K-MT attachments and
the congression of chromosomes to the metaphase plate. Furthermore, we show
that neither BUB3.1 nor BUB3.2, the two closest homologs of BUB3.3, are involved
in the establishment of K-MT attachments, but rather regulate MTs during
interphase. Finally, we propose that chromosomes act as spindle organizing
centers in plants, as we and others have observed the formation of mini-spindles

around chromosomes that mislocalize beyond the spindle pole.

Results

Low concentration of oryzalin aggravates the spindle and missegregation
defects in bub3.3

In Chapter 1, we proposed a role for BUB3.3 in the establishment of K-MT
attachments and chromosome congression. To test this hypothesis, we treated
bub3.3 anthers with a low concentration of oryzalin, i.e., an inhibitor of MT
polymerization. Our rationale was that a treatment with a MT-destabilizing drug
would disrupt the already weakened and/or defective K-MT connections, thus,
exacerbating the instances of chromosome mislocalization and missegregation as
well as the spindle defects. In fact, mutants affected in MT organization often
exhibit hypersensitivity to MT-destabilizing drugs as for instance seen in plants with
reduced CYCLIN B1 and CYCLIN B3;1 activity (Romeiro Motta et al., 2022; Sofroni
et al., 2020). For this experiment, we used the kinetochore-bound kinase BMF1,
allowing us to track the chromosomes independently of K-MT attachment status
(Komaki & Schnittger, 2017; Chapter 1), and the tubulin subunit TUAS5, allowing us
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to visualize MTs and monitor the timing from nuclear envelope breakdown (NEB)

until anaphase onset (AO).

Similarly to Sofroni et al. (2020), a treatment with 400 nM oryzalin caused an ~ 20
% decrease in spindle length in the wild type (WT) and an ~ 17 % decrease in
bub3.3 indicating that the oryzalin treatment was working (Fig. 1A, B). Metaphase
| duration increased by ~ 17 % in the WT and by ~ 18.5 % in bub3.3 (Fig. 1C). The
similar increase in metaphase | duration in the WT and bub3.3 is in full agreement
with the conclusion from our previous work that BUB3.3 is not a bona fide SAC
component (Chapter 1). We observed a slight and non-significant (P > 0.01)
increase in missegregation defects in the WT under oryzalin (Fig. 1D). We found
more than 1 spindle in only 2 out of 248 oryzalin-treated WT cells (~ 0.75 %) that
eventually led to missegregation (Fig. 1E). In contrast, bub3.3 exhibited both highly
increased missegregation (Fig. 1D) and strong spindle defects (Fig. 1A, E), which
were not observed in the mock treatment of bub3.3 with DMSO or in the WT (Fig.
1A, D, E). More specifically, we often observed the formation of 2 or more spindles
in bub3.3 cells which were formed either (i) when the chromosome pairs moved
away from the future midzone during prometaphase but eventually the 2 or more
spindles fused back together (Fig. 1A second row) or (ii) when the chromosome
pairs mislocalized for a prolonged time (over 1 hour) beyond or adjacent to the
spindle pole and eventually 1 or more perpendicular spindles formed around the 1
or more mislocalizing chromosome pairs (MCs) (Fig. 1A third and fourth row).
Indeed, the bub3.3 cells exhibiting severe spindle defects increased from ~ 2 %
with DMSO to ~ 27 % with 400 nM oryzalin (Fig. 1E). Finally, the size of the
perpendicular spindles scaled with the number of chromosome pairs that they

formed around (compare the second and fourth row with the third row in Fig. 1A).
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Figure 1 400 nM oryzalin causes spindle and missegregation defects in bub3.3 but not the
WT. (A) Representative maximum projections of bub3.3 cells in metaphase | with a single spindle,
two spindles that split and then fuse together, and two perpendicular (L) spindles with =1 MCs
leading to missegregation. The anthers were treated either with 400 nM oryzalin or the equivalent
amount of DMSO. BMF1 is fused to GFP (green) and TUAS5 to TagRFP (magenta). 3D movies were
recorded with a frame rate of 2 minutes. Scale bar: 5 um. (B-E) Quantification of spindle length (B),
metaphase | duration (C), the percentage of missegregation events per anther (D), and the
cumulative frequency of spindle phenotypes (E). For (B-E), we quantified 65-248 cells from 7-14
anthers per genotype. Different letters indicate significance (P < 0.01; pairwise comparison using
Kruskal-Wallis test for independent samples with Bonferroni correction for multiple tests).

BUB3.1 and BUB3.2 do not act in the same or in a parallel pathway to BUB3.3
In mitosis, BUB3.1 and BUBS3.2 were shown to initially bind the MT bundle in the
spindle midzone and then, became progressively concentrated towards the future
position of the phragmoplast (Komaki & Schnittger, 2017; H. Zhang et al., 2018).
Their physical interaction with MAP65-3, the binding of cortical MTs by the BUB3.1-
MAPG65-3 complex heterologously expressed in tobacco leaf epidermal cells, and
their localization in Arabidopsis root epidermal cells (H. Zhang et al., 2018), led us

to hypothesize that potentially BUB3.1 and BUBS3.2, which share a very high
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sequence identity with each other (88 %), but not with BUB3.3 (37 %) (Lermontova
et al., 2008), might act in the same or a parallel pathway to BUB3.3.

Initially, we utilized the BUB3.1 and BUB3.2 reporters, developed previously by
Komaki & Schnittger (2017), to observe their localization pattern from pre-NEB in
meiosis | till the tetrad stage (Fig. 2A, B). We observed a weak association with
nuclear envelope MTs for BUB3.1 and a stronger association for BUB3.2 and upon
NEB a weak association with spindle MTs for both. The association with spindle
MTs became particularly apparent during AO. Throughout interphase, BUB3.1 and
BUBS3.2 accumulated in the midzone similarly to what has been observed in mitosis
(Komaki & Schnittger, 2017; H. Zhang et al., 2018). Towards late interphase
BUBS.1 accumulated weakly in the two nuclei like in mitosis (Komaki & Schnittger,
2017; H. Zhang et al., 2018), while BUB3.2 was only found in the midzone. Finally,
in meiosis Il and tetrad, stage we observed a similar localization pattern as in
meiosis | and interphase, respectively. Generally, both proteins exhibited a
strikingly similar localization pattern to MAP65-3 in meiosis (Sofroni et al., 2020),
which is in agreement with the shown interaction of BUB3.1 with MAP65-3 (H.
Zhang et al., 2018).

The weak association of BUB3.1 and BUB3.2 with spindle MTs led us to
hypothesize that higher order BUB3 family mutants might aggravate the chromo-
some mislocalization phenotype and perpendicular spindle formation observed in
bub3.3 (Fig.1; Chapter 1). Despite our best efforts, we could not obtain double
mutants between bub3.2 and bub3.3 as well as triple mutants between bub3.1
bub3.2 and bub3.3 for reasons that are not readily apparent to us. Hence, we
decided to take advantage of the bub3.3-2 allele, which shows identical defects to
bub3.3 (Chapter 1), and finally, obtained the desired double and triple mutant
combinations. In all quantified parameters, the bub3.1 bub3.2 double mutant was
identical to the WT (Fig. 2C-H, EV1), suggesting that neither BUB3.1 nor BUB3.2
are involved in the SAC, as previously reported (Komaki & Schnittger, 2017), or
regulate K-MT formation in any way, meaning that most likely they do not act in the
same pathway as BUB3.3. Similarly, the bub3.2 bub3.3-2 double and bub3.1
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bub3.2 bub3.3-2 triple mutant were identical in all aspects with bub3.3-2 (Fig. 2C-
H, EV1), suggesting that BUB3.1 and BUB3.2 are also not involved in a parallel
pathway to or act redundantly with BUB3.3.
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Figure 2 bub3.2 bub3.3-2 and bub3.1 bub3.2 bub3.3-2 are phenotypically indistinguishable
from bub3.3-2. (A, B) Localization of BUB3.1 (A) and BUB3.2 (B) fused to GFP (green) together
with TUAS5 fused to TagRFP (magenta) in a representative cell. Movies were recorded with a frame
rate of 20 seconds. Scale bars: 5 yum. (C-H) We recorded 3D movies of WT, bub3.1 bub3.2, bub3.3-
2, bub3.2 bub3.3-2, and bub3.1 bub3.2 bub3.3-2 anthers in metaphase |. Movies were recorded
with a frame rate of 100 seconds. Quantification of the BMF3 kinetochore signal duration (C),
metaphase | duration (D), duration of chromosome pairs mislocalizing to the pole(s) (E), percentage
of cells per anther with at least one mislocalizing chromosome pair (MC) (F), cumulative frequency
of the maximum number of MCs per cell (G), and percentage of missegregation events per anther
(H). We quantified 145-198 cells from 12-18 anthers per genotype. Different letters indicate
significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for independent samples with
Bonferroni correction for multiple tests).
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AO
38:20 min

WT

bub3.2
bub3.3-2 bub3.3-2  bub3.1 bub3.2

bub3.3-2

bub3.1 bub3.2

Figure EV1 WT, bub3.1 bub3.2, bub3.3-2, bub3.2 bub3.3-2, and bub3.1 bub3.2 bub3.3-2 cells
in metaphase |. Representative maximum projections of 3D movies of male meiocytes recorded
with a frame rate of 100 seconds and quantified in Fig. 2C-H. Scale bar: 5 ym.

Interestingly, we noticed in bub3.1 bub3.2 and bub3.1 bub3.2 bub3.3-2 cells that
the MTs normally extending in the midzone in interphase started disappearing after
telophase | till eventually only few midzone MTs and the MTs around the two new
nuclei were left (Fig. EV2). The latter MTs were also less tightly organized around
the nucleus and appeared to be “spikier”. This indicates that BUB3.1 and BUB3.2
— but not BUB3.3 — are involved in midzone MT organization during interphase,
which mirrors somewhat their function in phragmoplast organization in mitosis (H.
Zhang et al., 2018).
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Figure EV2 Aberrant
midzone MT organization
during interphase in bub3.1
bub3.2 and bub3.1 bub3.2
bub3.3-2 cells. Representa-
tive z-slices of 3D movies of
male meiocytes recorded with
a frame rate of 100 seconds
and quantified in Fig. 2C-H.
Only the TUA5 signal is
shown. Scale bar: 5 ym.

bub3.2
bub3.3-2 bub3.3-2  bub3.1 bub3.2 WT

bub3.1 bub3.2
bub3.3-2

kin7o mutants exhibit similar phenotypic defects to bub3.3

Since our inquiry into a potential role of BUB3.1 and BUB3.2 in or parallel to the
BUBS3.3 pathway did not yield a positive outcome, we decided to look for potential
interaction partners of BUB3.3. We looked into the cell-cycle interactome
generated by Van Leene et al. (2010), as they used BUB3.3, which they called
BUBS-like 1, as a bait in their pull-down assay. Interestingly, they identified
KINESIN-70 (KIN70O; AT3G10180), a member of the Arabidopsis KINESIN-7
(KIN7) family, as an interactor of BUB3.3. KIN70 was a very promising candidate
for further inquiry, because (i) knock-down of CENP-E, the human kinesin-7,
caused a bub3.3-like phenotype with several chromosomes mislocalizing at and
tightly associated with the spindle poles as well as a SAC-dependent metaphase
delay (McEwen et al., 2001; Schaar et al., 1997), and (ii) we confirmed the
interaction of BUB3.3 with the C-terminus of KIN7O via yeast-two-hybrid (Fig.
EV3). More, specifically, BUB3.3 interacted with the very distal C-terminus of
KIN7O, namely with the last 84 amino acids, i.e., amino acids 1190-1273 (Fig.
EV3).
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Figure EV3 BUB3.3 interacts with the very distal C-terminus of KIN70. Yeast-two-hybrid assay

of BUB3.3 with KIN7O. Green arrows highlight positive interactions.

First, we identified two null T-DNA insertion lines in KIN7O, i.e., kin7o-1
(WiscDsLox_359C006) and kin70-2 (GABI_242H04), with the T-DNA in the 8%
intron and the 16" exon, respectively (Fig. EV4). A third T-DNA insertion line,
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namely kin7o0-3 (SALK_115677), with the T-DNA in the 25" exon, produced a
truncated mRBRNA (Fig. EV4). In preliminary experiments, all mutants exhibited an
overall similar phenotype to bub3.3 with chromosome pair mislocalization and
metaphase | delay. For further experiments, we decided to use only kin70-1 and
kin70-2.
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Figure EV4 Both kin70-1 and kin70-2 are null mutants, while kin70-3 produces a truncated
mRNA. (A) Gene model of the two splice variants of KIN7O (AT3G10180). The left border of the
respective T-DNA is highlighted by the arrow. (B) RT-PCR of the full-length cDNA for either the
longer (splice variant 1) or both splice variants. For the latter, we used two different sets of primers.
We used H2A as a positive control.

We recorded male meiocytes in 4D, to describe the kin7o mutant phenotype in full
detail. Confirming our preliminary experiments, we observed bub3.3-like chromo-
some pair alignment defects and consequently prolonged metaphase | duration in
both kin70-1 and kin7o0-2 (Fig. 3A; Chapter 1). More specifically, the BMF3
kinetochore signal (Fig. 3B) and metaphase | (Fig. 3C) duration were increased in
kin7o-1 and kin70-2 due to mislocalizing chromosome pairs (MCs) staying at the
spindle poles for up to ~ 80-83 minutes compared to maximum ~ 17 minutes in the
WT (Fig. 3D). On average ~ 88-95 % kin7o cells had MCs compared to ~ 60 % of
WT cells (Fig. 3E). While in the WT we observed predominantly 1 or 2 MCs per
cell, in kin7o cells we often observed 2 or 3 MCs, reaching up to 5 MCs, meaning
that in ~ 1-5 % of kin7o cells none of the chromosome pairs formed bipolar
attachments with spindle MTs during prometaphase (Fig. 3F). Finally, we observed
an increase in the percentage of missegregation events per anther from 0 % in the
WT to ~ 8-10 % on average in the kin7o mutants. Similar to bub3.3 (Chapter 1),
MCs that stayed at the spindle pole(s) for > 1 hour eventually missegregated in two

different ways: (i) they stayed at the spindle pole and the BMF3 signal slowly faded

80



after AO (Fig. 3A sixth row) or (ii) a perpendicular spindle appeared when MCs
moved beyond the spindle pole, K-MT attachments presumably formed as
indicated by the fading of the BMF3 signal, and the mini-spindle with this/these
homologous chromosome pair(s) underwent AO together with the main spindle
(Fig. 3A fifth row and insets (i-iv)). Conclusively, kin7o mutants phenocopied

bub3.3 in all quantified aspects.
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Figure 3 Prolonged metaphase | duration and delayed homologous chromosome pair
congression to the metaphase plate in kin7o mutants. (A) Representative maximum projections
of kin70-2 cells in metaphase | with 0, 1 or multiple MCs and MCs that missegregate either through
a perpendicular (L) spindle or by staying at the pole. (i-iv) Insets highlight the formation of a
perpendicular spindle. BMF3 is fused to GFP (green) and TUA5 to TagRFP (magenta). 3D movies
were recorded with a frame rate of 100 seconds. Scale bars: 5 ym (A) and 2 ym (i-iv). (B-G) We
quantified the BMF3 kinetochore signal duration (B), metaphase | duration (C), duration of
chromosome pairs mislocalizing to the pole(s) (D), percentage of cells per anther with at least one
MC (E), the cumulative frequency of the maximum number of MCs per cell (F), and the percentage
of missegregation events per anther (G). We quantified 157-182 cells from 10-11 anthers per
genotype. Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis
test for independent samples with Bonferroni correction for multiple tests).
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KIN7N has a minor role in chromosome congression in meiosis |

Since Arabidopsis has 15 members in the KIN7 family (Richardson et al., 2006),
we wondered whether other members might be involved in chromosome
congression. The phylogeny of the KIN7 family, suggests that KINESIN-7N
(KIN7N) is the closest one to KIN7O (Richardson et al., 2006). Additionally, the
KIN7N transcript — but not that of KIN7O or of any other KIN7 family member —was
found to be upregulated in tissue culture cells during mitosis (Vanstraelen et al.,
2006). Hence, we hypothesized that KIN7N might also be involved in chromosome

congression.

To test this, we first identified two T-DNA insertion lines in KIN7N, i.e., kin7n-1 and
kin7n-2, with the T-DNA in the 8" and 13" exon, respectively (Fig. EV5). kin7n-2
seems to be a null, while for kin7n-1, we observed a very faint band in the RT-PCR
for splice variants 1+2, suggesting that it is a rather strong knock-down. kin7n
mutants were indistinguishable from the WT in the BMF3 kinetochore signal,
metaphase |, and MC duration (Fig. 4A-C, EV6). We observed only an uptick in the
average percentage of cells with at least 1 MC from ~ 44 % in the WT to ~ 62-70
% in kin7n mutants (Fig. 4D). This was also reflected in the distribution of MCs,
where we saw a higher percentage of kin7n cells exhibiting 2 or more MCs (Fig.
4E).
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Figure EV5 kin7n-1 is a strong knock-down and kin7n-2 is a null mutant. (A) Gene model of
the two splice variants of KIN7N (AT1G59540). The left border of the respective T-DNA is
highlighted by the arrow. (B) RT-PCR of the full-length cDNA for either the longer (splice variant 1)
or both splice variants. Note the faint band observed for kin7n-1 in the PCR for both splice variants,
suggesting that it is a strong knock-down mutant. We used H2A as a positive control.
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To assess a redundant function of KIN70 with KIN7N, we generated kin7o-1 kin7n
double mutants. However, in all quantified parameters kin7o-1 single and kin7o-1
kin7n double mutants were nearly indistinguishable (Fig. 4F-K, EV7). We noticed
a non-significant (P > 0.01) increase of ~ 8-11 % on the average percentage of
cells with at least 1 MC (Fig. 41) and a slightly elevated percentage of cells
exhibiting 3 or more MCs (Fig. 4J). Generally, in kin7o-1 kin7n-2, the defects
seemed enhanced compared to kin7o-1 and kin7o-1 kin7n-1, in agreement with
kin7n-2, but not kin7n-1, being a null mutant. Conclusively, our results suggest a
minor role of KIN7N in chromosome congression in meiosis |, as this function

seems to be performed predominantly by KIN7O.
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Figure 4 kin7o-1 kin7n-1 and kin7o-1 kin7n-2 exhibit no clear additive phenotype compared
to kin7o-1. (A-E) We recorded 3D movies of WT, kin7n-1, and kin7n-2 anthers in metaphase | with
a frame rate of 100 seconds. (F-K) We recorded 3D movies of WT, kin7o-1, kin7o-1 kin7n-1, and
kin70-1 kin7n-2 anthers in metaphase | with a frame rate of 100 seconds. We quantified the BMF3
kinetochore signal duration (A, F), metaphase | duration (B, G), duration of chromosome pairs
mislocalizing to the pole(s) (C, H), percentage of cells per anther with at least one MC (D, I), the
cumulative frequency of the maximum number of MCs per cell (E, J), and the percentage of
missegregation events per anther (K). For (A-E), we quantified 181-223 cells from 10-16 anthers
per genotype. For (F-K), we quantified 178-200 cells from 12-16 anthers per genotype. Different
letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for
independent samples with Bonferroni correction for multiple tests).
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Figure EV7 WT, kin70-1, kin7o-1 kin7n-1, and kin7o0-1 kin7n-2 cells in metaphase l. Repre-
sentative maximum projections of 3D movies of male meiocytes recorded with a frame rate of 100
seconds and quantified in Fig. 4F-K. Scale bar: 5 ym.

KIN7O is involved in chromosome congression in mitosis

Since specifically the KIN7N transcript was upregulated in tissue culture cells in
mitosis (Vanstraelen et al., 2006), we wondered whether there are tissue-specific
roles for KIN7N and KIN7O in chromosome congression. Thus, we recorded mitotic
root epidermal cells in 4D. We observed that kin7o mitotic root cells exhibited
similar defects with kin7o0 and bub3.3 male meiocytes as well as bub3.3 mitotic root
cells (Fig. 3; Chapter 1), while kin7n mitotic root cells were WT-like (Fig. 5A). More
specifically, kin7o — but not kin7n — mitotic root cells showed prolonged BMF3

kinetochore signal (Fig. 5B), metaphase (Fig. 5C), and MC (Fig. 5D) duration.
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Additionally, all of kin7o mitotic root cells had at least one MC and we observed up
to 7 MCs per cell (Fig. 5E). Although we cannot exclude a minor role of KIN7N also

in mitosis, we suggest that KIN7O is the major functional equivalent of CENP-E
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Figure 5 Mitotic kin7o cells exhibit similar defects to kin7o male meiocytes. (A)
Representative maximum projections of WT, kin7n-1, kin7n-2, kin7o-1, and kin70-2 mitotic root
epidermal cells. BMF3 is fused to GFP (green) and TUA5 to TagRFP (magenta). 3D movies were
recorded with a frame rate of 1 minute. Scale bar: 5 ym. (B-F) We quantified BMF3 kinetochore
signal duration (B), metaphase duration (C), duration of chromosome pairs mislocalizing to the
pole(s) (D), and the cumulative frequency of the maximum number of MCs per cell (F). We
quantified 15-31 cells per genotype. Different letters indicate significance (P < 0.01; pairwise
comparison using Kruskal-Wallis test for independent samples with Bonferroni correction for
multiple tests).
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BUB3.3 and KIN70 act in the same pathway

Considering that kin7o mutants showed identical phenotypical defects to bub3.3
(Fig. 3, 5; Chapter 1) and the two proteins physically interacted (Fig. EV3; Van
Leene et al., 2010), we hypothesized that BUB3.3 and KIN70O might act in the same
pathway. Thus, we generated bub3.3 kin7o double mutants. Indeed, in all
quantified parameters we observed that the bub3.3, kin70-1, and kin70-2 single
mutants were identical with their bub3.3 kin70-1 and bub3.3 kin70-2 double mutant
counterparts in metaphase | (Fig. 6A-F, EV8). We conclude that BUB3.3 and
KIN7O act in the same pathway.
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Figure 6 The defects in bub3.3 kin70 double mutants are identical to bub3.3 and kin7o single
mutants. (A-F) We recorded 3D movies of WT, bub3.3, kin7o-1, kin70-2, bub3.3 kin70-1, and
bub3.3 kin70-2 anthers in metaphase | with a frame rate of 100 seconds. We quantified the BMF3
kinetochore signal duration (A), metaphase | duration (B), duration of chromosome pairs
mislocalizing to the pole(s) (C), percentage of cells per anther with at least one MC (D), the
cumulative frequency of the maximum number of MCs per cell (E), and the percentage of
missegregation events per anther (F). We quantified 102-166 cells from 7-10 anthers per genotype.
Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for
independent samples with Bonferroni correction for multiple tests).
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Figure EV8 WT, bub3.3, kin7o-1, bub3.3 kin7o0-1, kin70-2, and bub3.3 kin7o0-2 cells in
metaphase |. Representative maximum projections of 3D movies of male meiocytes recorded with
a frame rate of 100 seconds and quantified in Fig. 6A-F. Scale bar: 5 ym.
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Discussion

BUB3.1, BUB3.2, and BUB3.3 — Same same, but different

Arabidopsis, in contrast to most organisms not belonging to the plant lineage,
possesses three genes in the BUB3 family. Rice has at least two BUB3 genes
(Lermontova et al., 2008) while maize seems to have only one (Su et al., 2017).
Thus, this expansion might be found only in part of the plant lineage and might be
the consequence of independent whole-genome duplication (WGD) or smaller
scale duplication events. Alternatively, this expansion might have been the result
of a WGD event at least prior to the split of monocots and dicots and have been
lost secondarily in maize. BUB3.1 and BUB3.2 have 88 % amino acid sequence
identity, while BUB3.3 shares only 37 % of its amino acids with the other two

members (Lermontova et al., 2008). Interestingly, phylogenetic analysis of the
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BUBS family on the protein level grouped BUB3.1 and BUB3.2 of Arabidopsis and
rice together and in a separate clade from the Arabidopsis BUB3.3, which was
grouped together with the Bub3 proteins from non-plant organisms (Lermontova et
al., 2008). This might suggest that BUB3.3 is also functionally closer to the
ancestral BUB3 gene, while BUB3.1 and BUB3.2 are potentially the outcome of a
WGD or smaller scale duplication event specific to the plant lineage. This would
explain both the larger sequence as well as the functional similarity between
BUB3.1 and BUB3.2 and divergence from BUB3.3, as duplicated genes often sub-
or neofunctionalize. However, this would raise the question of why the two BUB3s
in rice group together with BUB3.1 and BUB3.2 and whether they fulfill the function
of BUBS.3 in rice or whether there is at least one more BUBS that could not be
identified due to low sequence identity and/or similarity. It is noteworthy that
structurally all three Arabidopsis BUB3s as well as the human and budding yeast
Bub3 are nearly identical forming seven-bladed WD40 [3-propellers as predicted
by Alphafold (Jumper et al., 2021). This means that despite their divergence in
sequence and function, their predicted 3D structure remained essentially

unchanged.

BUB3.1 and BUB3.2 are probably functionally redundant, as the double mutant
exhibited more severe defects than the single mutants, which are essentially WT-
like (H. Zhang et al., 2018; Chapter 2). More specifically, BUB3.1 and BUBS.2
shared a similar localization pattern in mitosis (Komaki & Schnittger, 2017; H.
Zhang et al., 2018) and meiosis (Fig. 2A, B). In mitosis, they were concentrated on
MT bundles in the spindle midzone after AO, where the phragmoplast would be
later formed (Komaki & Schnittger, 2017; H. Zhang et al., 2018). In meiosis, we
observed a weak association with MTs already before NEB and during metaphase
| and Il, though the strongest association was — similarly to mitosis —on MT bundles
in the spindle midzone after AO in meiosis | and Il as well as during interphase and
the tetrad stage (Fig. 2A, B). Interestingly, we observed the loss of MT bundles
connecting the two nuclei in interphase in bub3.1 bub3.2 and bub3.1 bub3.2
bub3.3-2, but not bub3.2 bub3.3-2 (Fig. EV2). This supports the notion that BUBS.1
and BUB3.2 are functionally redundant and that they are important for the MT

88



organization post-AO. Finally, the hypothesis that BUB3.1 and BUB3.2 are
involved in post-AO MT organization in meiosis is supported by the observation
that the MTs around the nuclei in bub3.1 bub3.2 and bub3.1 bub3.2 bub3.3-2

appeared “spikier” compared to the other genetic backgrounds (Fig. EV2).

We conclude that despite their near-identical 3D structure, the expanded BUB3
family in Arabidopsis has allowed for BUB3.1 and BUB3.2 to sub- or

neofunctionalize, while BUB3.3 has maintained the most ancestral function.

A KIN70-BUB3.3 module is required for efficient K-MT attachment formation
and chromosome congression

We have previously suggested that BUB3.3 is most probably not a bona fide SAC
component, but rather involved in K-MT attachment formation and chromosome
congression through an unknown mechanism (Chapter 1). Human Bub3, on the
other hand, seems to have at least two functions: (i) it is involved in the SAC by
forming a constitutive complex with Bub1 and BubR1, recruiting them to the
kinetochore (Taylor et al., 1998), as well as by being part of the MCC (Sudakin et
al.,, 2001), and (ii) it is important for the efficient establishment of end-on K-MT
attachments (Logarinho et al.,, 2008). Bub1 and Bub3 depletion caused
chromosome misalignment in metaphase due to an increased ratio of syntelic and
lateral rather than bipolar, end-on K-MT attachments (Logarinho et al., 2008;
Meraldi & Sorger, 2005). Compelling evidence, such as distinctive defects in
chromosome alignment and K-MT attachments, suggested that the effect of Bub1
and Bub3 depletion is CENP-E-independent in human cells (Logarinho et al., 2008;
Meraldi & Sorger, 2005). The most characteristic function of CENP-E is the
transport of mono-oriented chromosomes along adjacent kinetochore MTs in a
plus-end directed fashion towards the metaphase plate (Barisic et al., 2014;
Kapoor et al., 2006). Additionally, CENP-E converts lateral K-MT attachments onto
end-on attachments (Shrestha & Draviam, 2013; Sikirzhytski et al., 2018). CENP-
E is recruited to unattached kinetochores partly by BubR1, although there are also
other pathways (Chan et al., 1998; Ciossani et al., 2018; Johnson et al., 2004;

Legal et al., 2020), and the two proteins cross-regulate each other (Guo et al.,
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2012; Huang et al., 2019; Mao et al., 2003). Nonetheless, BubR1 knock-down
causes more severe alignment defects than CENP-E knock-down, suggesting that
BubR1 regulates chromosome congression through other pathways as well
(Lampson & Kapoor, 2005). Hence, the Bub1-Bub3 and BubR1-CENP-E pathways
appear to have distinct functions in human cells (Logarinho et al., 2008; Meraldi &
Sorger, 2005).

The situation in Arabidopsis is different from the one observed in human cells. First,
the kinetochore localization of BMF1, the Bub1 homolog, and other SAC proteins
does not depend on BUBB3.3 and vice versa, the localization of BUB3.3 is
independent of BMF1 or other SAC proteins (unpublished data from the Liu lab;
Chapter 1). Next, using a functional reporter, we could not observe binding of
BMF2, the BubR1 homolog, to the kinetochore, but rather a diffuse cytosolic signal,
which we interpreted to mean that BMF2 is only part of the MCC and not the
kinetochore-bound complex (Komaki & Schnittger, 2017; Chapter 1). Furthermore,
neither bmf1 nor bmf2 exhibited MCs in mitosis or meiosis | (Komaki & Schnittger,
2017; Chapter 1), suggesting that these proteins are most probably not involved in
correcting, establishing and/or maintaining K-MT attachments. This is not
surprising, considering that neither BMF1 nor BMF2 interacted with BUB3 in maize
(Su et al., 2021), while both Bub1 and BubR1 interact with Bub3 in human cells
(Taylor et al., 1998). On the contrary, bub3.3 and kin7o single as well as bub3.3
kin70 double mutants exhibited similar K-MT establishment and metaphase plate
alignment defects in meiosis | (Fig. 3, 7) and mitosis (Fig. 6; Chapter 1), suggesting
that BUB3.3 and KIN7O, which directly physically interact (Fig. EV3; Van Leene et
al., 2010), work in the same pathway in Arabidopsis. Although we cannot formally
exclude a redundant or synergistic role of KIN7N in the KIN7O-BUB3.3 pathway,

we propose that KIN7O is the major CENP-E functional equivalent in planta.

We observed that most of the homologous chromosome pairs in meiosis | and
chromosomes in mitosis aligned at the metaphase plate presumably in a bipolar
configuration as indicated by the extinguishing of the BMF3 signal, suggesting
satisfaction of the SAC (Fig. 3, 5). We interpret this to mean that bub3.3 and kin70o
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mutants do not exhibit defects in maintaining stable, bipolar attachments.
Additionally, we think that error correction is not affected. We frequently observed
that MCs with BMF3 positive kinetochores seemed to be bound MTs as indicated
by the parallel orientation to the long axis of the spindle and were pulled towards
the metaphase plate, only to be found again close to the spindle pole in the next
couple of minutes, suggesting that presumably aberrant K-MT connections were
severed. Finally, MCs with BMF3 positive kinetochores often stayed close to the
pole despite being bound by spindle MTs, as indicated by the parallel orientation
to the long axis of the spindle, suggesting that the K-MT connections were not
maturing into stable, end-on K-MT attachments that would satisfy the SAC. Thus,
we conclude that the KIN70O-BUBS3.3 pathway is most probably important for
establishing end-on K-MT connections and promoting chromosome metaphase
plate alignment in plants. The observation that both kinetochores of MCs were
BMF3 positive, indicating lack of end-on K-MT attachments for both, is in full
agreement with a defective K-MT establishment pathway and a resulting overly
active error correction machinery. Whether the KIN7O-BUB3.3 pathway is closer
to the human Bub1-Bub3 or BubR1-CENP-E pathway or a mix and match of both
remains to be elucidated in the future. Based on our observations, we believe that
the two distinct pathways in humans have fused into one in plants. Nevertheless,
considering that ~ 90 % of MCs in bub3.3 and kin7o single and double mutants
were eventually pulled towards and aligned at the metaphase plate with the BMF3
signal extinguishing, plants clearly possess redundant mechanisms and/or
pathways for establishment of stable, bipolar K-MT attachments and chromosome

alignment.

Do chromosomes and/or kinetochores act as spindle-organizing centers in
plants?

Spindle assembly is a highly coordinated, intricate process that has been covered
in detail by recent reviews both for animals (Prosser & Pelletier, 2017) and plants
(Lee & Liu, 2019; Yamada & Goshima, 2017). It is well documented that
chromosomes and kinetochores act as MT-polymerizing hotspots in animals

(Prosser & Pelletier, 2017), but similar studies have not been performed in plants.
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We (Chapter 1, 2) and others (Falconer et al., 1988; unpublished data from the Liu
lab) have observed the formation of mini-spindles forming around chromosomes
isolated from the chromosome mass in meiotic and mitotic plant cells. Falconer et
al. (1988) observed mini-spindles around isolated chromosomes during recovery
from treatment with a MT depolymerizing agent, a process that was enhanced by
taxol, a MT stabilizing chemical. Similarly, mini-spindles were observed in the
bub3.3 and kin7o backgrounds when chromosomes stayed persistently at the
spindle pole(s), which was further enhanced by a low concentration oryzalin
treatment (unpublished data from the Liu lab; Chapter 1, 2). When MT
polymerization is weakened in a genetic background deficient in the establishment
of K-MT connections, then there is a higher probability that chromosomes can
escape from the chromosome mass and consequently, lead to the formation of one
or more mini-spindles. Finally, the oryzalin treatment revealed that mini-spindles
scaled in size with the number of chromosome pairs included. Based on these
observations, we hypothesize that chromosomes and/or kinetochores act as MT
nucleation and/or spindle organization centers in plants. The factors promoting, but
also inhibiting multiple spindle formation in a cell, indicated for instance by the
fusion of spindles we observed under oryzalin treatment, remain to be identified in

the future.

Materials and Methods

Plant materials and line generation

The Arabidopsis thaliana (Arabidopsis) accession Columbia-0 (Col-0) was used as
the wild type (WT) reference in this work and all T-DNA insertion lines are in the
Col-0 background. We obtained the T-DNA insertion lines from the Nottingham
Arabidopsis Stock Center (NASC) (http://arabidopsis.info/) and used the following
ones: SK29246 (bub3.1) and SALK_151687C (bub3.2) from H. Zhang et al. (2018);
SALK_041372 (bub3.3) from Komaki & Schnittger (2017); SALK_022904 (bub3.3-
2) from Chapter 1; SALK_001587/SALK_111325/SALK_128263 (kin7n-1),
SAIL_761H03 (kin7n-2), WiscDsLox_359C006 (kin70-1), GABI_242H04 (kin70-2),
and SALK_115677 (kin70-3) (Chapter 2).
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All plants used for our experiments were grown vertically on plate with a solid
medium containing half-strength Murashige and Skoog (MS) medium, 1 % (w/v)
sucrose, 0.8 % (w/v) agar, and pH 5.8 and grown in a 16 hours light at 21 °C / 8
hours dark at 18 °C cycle. For imaging mitosis, we used 4-day old seedlings. For
imaging meiosis, 7- to 10-day old seedlings were transferred to soil and grown for

another 5-6 weeks.

All reporter constructs were generated in Komaki & Schnittger (2017) and were
genetically crossed from the WT into the different mutant backgrounds (Chapter 1,
2).

Genotyping, T-DNA mapping and RT-PCR

The primers for genotyping bub3.1, bub3.2, bub3.3, and bub3.3-2 are described in
the respective publications. We always used the LP+RP primer combination to
detect the WT allele and the left border primers GABI_LB, SAIL_LB3, SALK_Lb1.3
or WiscDsLox_LB together with RP to detect the T-DNA insertion. For kin7n-1, we
used ATTTGGAGGTTGGTTTGGATC (LP), GCAGACCTCATTCACTTGAGC
(RP), and ATTTTGCCGATTTCGGAAC (SALK_Lb1.3); for kin7n-2, we used
TATGCACTATCGCACCAGAAG (LP), ATTGACATTGCATAGCCCATC (RP), and
TAGCATCTGAATTTCATAACCAATCTCGATACAC (SAIL_LB3); for kin7o0-1, we
used GGTCAGAGTGAGAAGTCTGCG (LP), TGAAGGTGTTGGAAATTCCTG
(RP), and AACGTCCGCAATGTGTTATTAAGTTGTC (WiscDsLox_LB); for kin7o-
2, we used TCCCTGGCACATATATTCTGC (LP), TTGAATACTCTTGTTGG
CGATG (RP), and ATATTGACCATCATACTCATTGC (GABI_LB); for kin70-3, we
used CGCTACAGGGAGTTCATTCTG (LP), AATGTTGGAAATGCAAAGTCG
(RP), and SALK_Lb1.3. The respective left border primer was also used to map
the kin7n-1, kin7n-2, kin7o-1, kin7o0-2, and kin70-3 T-DNA insertions.

RNA from ~ 200 8-day old seedlings per genotype was extracted to perform the
reverse transcription-polymerase chain reaction (RT-PCR). We put the seedlings
of each genotype in an Eppendorf tube, flash froze them in liquid nitrogen, and

upon pulverizing them, we isolated RNA according to the manual of the RNA-
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isolation kit (innuPREP Plant RNA Kit, Analytik Jena AG). For synthesizing cDNA,
we used the Oligo(dT)18 primer and followed the manual of the cDNA synthesis
kit (Thermo Scientific RevertAid Reverse Transcriptase, Thermo Fisher Scientific).
Since both KIN7N and KIN7O have two splice variants according to The

Arabidopsis Information Resource (TAIR, https://www.arabidopsis.org/), we

performed two PCR reactions for each genotype. For KIN7N, we amplified full-
length Splice variant 1 with CACGCTTTTGATCATGTGTTCG (fwd) + AGATTTGT
GCCTGGTAGCGA (rev), and full-length Splice variants 1+2 with GTCGCAGTCA
GGGTAAGACC (fwd) + AGATTTGTGCCTGGTAGCGAA (rev). For KIN70, we
amplified full-length Splice variant 1 both with GCGAAGACAAGTCCCTGGAA
(fwd) + AACTGGAAGACCAAGAGCGG (rev) and AGCGCGATTGTCTGGTGTAT
(fwd) + CTGGAAGACCAAGAGCGGTG (rev), and Splice variants 1+2 with
GGTCTTACT TTGTTCGCCGGA (fwd) + AGAGAGTTGCTTCTTGAGGTCG (rev).
Histone H2A was used as a positive control and its transcript was amplified with
primers ATGGCGGGTCGTGGTAAAACACTCGGATCT (fwd) + TCAATCGTCTTC
AGCAGATGGCTTGGAAGCACC (rev).

Yeast-two-hybrid assay

Initially, we amplified full-length cDNAs by PCR using gene-specific primers for
BUB3.3 (aaaagcaggctccaccatgAGCGGAGATAGACTTGAATTTGAAAACC (fwd)
and ctgggtctagatatctcgaTCAAAGCCTGTGTATGAACACTTGAGG (rev)) and
KIN7O (aaaagcaggctccaccatgGAGAGAATCCATGTCTCAGTCAGAGC (fwd) and
ctgggtctagatatctcgaTCACATTGTTCTTGAAGAAGCAGAGAG (rev)). Then, we
linearized the entry vector pENTR4 (tcgagatatctagacccagctticttg (fwd) and
catggtggagcctgcttttttgtac (rev)) and subcloned the fragments into pENTR4. Finally,
the fragments were cloned via recombination into the destination vector pGBT9
(BD) or pGAD424 (AD) by LR recombination reaction. The final constructs were
transformed into the AH109 yeast strain, and transformants were spotted on SD
plates without tryptophan and leucine (-TL) as a control, and without tryptophan,
leucine, and histidine (-TLH), as well as without tryptophan, leucine, histidine, and
alanine (-TLHA) for selection. Photographs were taken after incubation for 2 days
at 30 °C.
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The primer pairs for the KIN7O truncations are listed below. KIN7Q'"72%
(aaaagcaggctccaccatgGAGAGAATCCATGTCTCAGTCAGAGC (fwd) and ctgggt
ctagatatctcgatcaCGGAGAGAAGAAAGCAAAATCTTGG (rev)), KIN7O726-1273 (ctg
ggtctagatatctcgaTCACATTGTTCTTGAAGAAGCAGAGAG (fwd) and aaaagcaggc
tccaccatgTTGATACATGATTTCACATTGTTTGTGC (rev)), KIN707261940 (aaaage
aggctccaccatgTTGATACATGATTTCACATTGTTTGTGC (fwd) and ctgggtctagatat
ctcgatcaTTCCTCCACAGCCTCTGTCAAAGC), KIN70#0-1040 (gaaagcaggctccacc
atgGGGAGTCTGTCATCCTCTTCCTTG (fwd) and ctgggtctagatatctcgatcaTTCCT
CCACAGCCTCTGTCAAAGC (rev)), KIN70Q'041-1273 (gaaagcaggctccaccatgAAGA
TCAGACTATATAAAAATATAC (fwd) and ctgggtctagatatctcgaTCACATTGTTCTT
GAAGAAGCAGAGAG (rev)), and KIN70O"190-1273 (gaaagcaggctccaccatgAGCCAA
GAAACCAATCTGCACAAGG (fwd) and ctgggtctagatatctcgaTCACATTGTTCTTG
AAGAAGCAGAGAG (rev)).

Live-cell imaging

We performed 3D live-cell imaging of male meiocytes on a Zeiss LSM880 upright
CLSM equipped with a GaAsP-detector and a W-plan-Apochromat 40x/1.0 DIC
M27 water-dipping lens as described in Chapter 1. We placed 60-80 flower buds
with intact pedicels on live-cell imaging medium (Prusicki et al., 2019) on the day
before imaging and incubated them in the dark overnight. We recorded 16-bit
images with 96 nm lateral pixel resolution, bi-directional scanning, 2 times line
average, 1.18 us pixel dwell time, pinhole size of 66.5 ym or 1.51 AU (for GFP),
and 0.93 ym step size at a frame rate of 100 seconds to 2 minutes. Both GFP and
TagRFP were excited at 488 nm. Emission was detected simultaneously at 490-
553 nm for GFP and 579-651 nm for TagRFP.

We performed 3D live-cell imaging of mitotic root epidermal cells on a Leica TCS
SP8 inverted CLSM equipped with three hybrid photodetectors (Leica HyD™) and
a HC PL APO 63x/1.2 W motCORR CS2 water-immersion objective as described
before (Chapter 1). Directly before imaging, 6-10 4-day old seedlings were placed
in liquid medium in a glass bottom dish. The liquid medium had the same
composition with the solid medium minus agarose. Finally, the roots were covered

with a strip of solid medium. We recorded 12-bit images with 99 nm lateral pixel
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resolution, bi-directional scanning, 4 times line average, 475 ns pixel dwell time
(700 Hz), pinhole size of 147.04 ym or 1.5 AU at 510 nm, and 0.52 ym step-size.
Both GFP and TagRFP were excited at 488 nm. Emission was detected
simultaneously at 493-555 nm for GFP and 575-655 nm for TagRFP.

Oryzalin treatment

The oryzalin treatment was performed as described in Sofroni et al. (2020) and
Chapter 1 with minor modifications. We prepared a 1 mM oryzalin (Duchefa
Biochemie) stock solution in dimethyl sulfoxide (DMSO) (stored at -20 °C). We
added 1:2,500 (v/v) stock solution for a 400 nM final concentration or the equivalent
amount of DMSO to the live-cell imaging medium. The plates were always freshly
prepared on the day before the experiment and the flowers were incubated in the

medium overnight for a minimum of 12 hours before imaging.

Post-processing of movies and spindle length measurement
We used Fiji for all our post-processing operations and measurement of the spindle
length (Schindelin et al., 2012).

The post-processing protocol for the 3D movies is presented in detail in Chapter 1.
Briefly, we applied two different post-processing protocols for the BMF3 and TUA5S
channels. We applied the “Gaussian Blur 3D” command with sigma radius 1 in x,
y, and z on the BMF3 channel. For TUA5, we adapted a protocol from Kruger
(2017). We, initially, duplicated the movie using the “Duplicate” command and the
setting “Duplicate hyperstack”. The two stacks were designated as “GB_15" and
“GB_0,5", because as a next step we applied the “Gaussian Blur 3D” command
with sigma radius 15 and 0.5 in X, y, and z, respectively. “GB_0,5" was then
subtracted from “GB_15" using the “Image calculator”, generating the image
“Background”. “Background” was subsequently subtracted from “GB_0,5" using
the “Image calculator” and generated the image “TUA5_final”, on which we applied

the “Gaussian Blur 3D” command with sigma radius 0.5 in x, y, and z.
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For further analysis, single cells were extracted manually using the polygon
selection tool and the “duplicate” command with the “Duplicate hyperstack” setting
with the desired z-slice range for each cell. After applying the “clear outside”
command for all z-slices, we used the “Z Project” command with the setting “Max

Intensity”. As a final step, we adjusted the brightness and contrast settings.

The spindle orientation in meiosis | can be variable depending on the cell shape,
orientation of the cell within the anther as well the angle of the anther relative to
the imaging axis. Thus, for the spindle length measurement, we only chose cells
whose spindle was flat, i.e., the long axis of the spindle was (near-)perpendicular
to the imaging axis. We measured spindle length 5 minutes before AO, when
(most) chromosome pairs are aligned at the metaphase plate, because
mislocalization of chromosome pairs to the pole(s) caused stretching of the spindle
in bub3.3. Finally, we did not measure spindle length in cells that had more than
one spindle, because spindle size correlated with the number of chromosome pairs

encapsulated by the spindle.

We followed the protocol of Herrmann et al. (2021) for measuring the length of the
long and short axis of the spindle. Briefly, single z-planes of flat spindles, that were
5 min prior to AO, were extracted using the “duplicate” command. The image was
transformed into 8-bit, an appropriate threshold was applied to segment the spindle
from the background, and then, the “Analyze particles” command was applied with
a minimum particle size of 25 pixel units and the settings “Show Outlines”, “Add to
manager”, and “Include holes”. Finally, we used the command “measure” on the

resulting ROI after choosing the “Fit ellipse” setting in “Set measurements”.

Statistics and figure design

We used IBM SPSS Statistics Version 28 (IBM Corporation) to generate all graphs
and perform statistical tests. The lower and upper border of the boxplot highlight
the 25" and 75™" percentile, respectively. The median is shown by a thick black
line. The outliers that are within 1.5 times the interquartile range are indicated by

the whiskers and finally, the dots represent outliers outside this range. We applied
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a Kruskal-Wallis test for independent samples with Bonferroni correction for
multiple tests, a non-parametric test for pairwise comparisons. The significance

threshold was set at P < 0.01.

We used Affinity Designer v. 1.10 (Serif) to assemble the graphs and images into

figures.
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Abstract

Polyploidy, i.e., having three or more complete sets of chromosomes, occurred
frequently in the plant lineage, especially among angiosperms. Its prevalence and
evolutionary significance have sparked renewed interest in the last decades in
studying the advantages and disadvantages of polyploidy as well as the molecular
and cell biological adaptations that (neo-)polyploids have to undergo. For example,
neo-polyploids face severe issues in meiosis due to aberrant chromosome pairing
as well as chromosome entanglement during prophase |, leading eventually to
chromosome missegregation and reduced fertility. The molecular mechanisms
underlying these defects have attracted a lot of attention considering also the
agricultural significance of polyploids in times of severe environmental challenges
such as global warming. However, subsequent phases of meiosis have received
little to no attention. Using live-cell imaging of male meiocytes, we found that
metaphase | duration is noticeably longer in Arabidopsis thaliana neo-
autotetraploids. We did not observe any delay in metaphase Il as well as
metaphase in mitosis, where no homologous chromosome pairing takes place.
Based on spindle and cell size quantifications, we propose that improper
kinetochore orientation in multivalents or entangled chromosomes probably

caused the observed delay in metaphase I.
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Introduction

Organisms possessing three or more complete chromosome sets are polyploid.
We can distinguish between two types of polyploids. Autopolyploids are the result
of whole-genome duplication (WGD) within a single species. Allopolyploids are the
result of hybridization between different species followed by genome doubling. The
evolutionary significance of polyploidization has been a subject of fierce debate (D.
E. Soltis et al., 2014), there is, however, no doubt that polyploidy is very common
in the plant lineage. While estimates vary substantially, depending on the approach
used to infer polyploidization, 30-80 % of angiosperms are currently estimated to
be polyploid (Ramsey & Schemske, 1998; P. S. Soltis & Soltis, 2009).

Not only are many important agricultural plants, such as cotton, potato, rapeseed,
wheat, and sugarcane, polyploids, but polyploids are multi-stress resilient, and
thus, are a promising strategy for crop improvement in times of environmental
instability such as global warming (Bomblies, 2020). Surprisingly, the view that
polyploidy is an evolutionary “dead end” has been very influential and has shaped
research in the field during the last century (D. E. Soltis et al., 2014). However,
several recent studies have highlighted that, although polyploids might not be
favorable under stable conditions, they are of great importance in times of severe
environmental challenges or invasion of novel habitats by providing increased
genetic variation to their diploid counterparts that enhances their short-term
adaptation potential and eventually shapes their evolutionary trajectory in the long-
term (Te Beest et al., 2012; Van De Peer et al., 2017). Indeed,
palaeopolyploidization might have defined plant evolution in an unprecedented and
underappreciated way. Multiple independent polyploidization events coincide with
the Cretaceous-Paleogene boundary around 66 million years ago, the most recent
and arguably most (in)famous extinction event that wiped out all non-avian
dinosaurs (Fawcett et al., 2009; Vanneste et al., 2014; Wu et al., 2020). These
studies and others suggest that polyploidization might have helped plants adapt to

the harsh environment with global wildfires, leading to massive dust clouds and
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subsequently, global cooling caused by the asteroid impact as well as a potential

surge in volcanic activity (Van De Peer et al., 2017).

Despite these major advantages, polyploidy is also connected with a multitude of
challenges, especially when it first arises, somewhat justifying the initial — albeit
rather simplistic and incomplete — view of polyploidy being an evolutionary “dead
end” (D. E. Soltis et al., 2014). For example, meiosis presents a major hurdle,
especially for neo-autopolyploids, which typically exhibit missegregation of
chromosomes in meiosis | due to multivalent formation and chromosome
entanglement, eventually generating aneuploid gametes (Bomblies, 2023;
Bomblies et al., 2016). In diploid meiosis, homologous chromosomes are physically
connected in prophase | through the formation of at least one crossover (CO)
between non-homologous sister chromatids forming bivalents. The sister
chromatids of each homolog are also physically linked together and their two
kinetochores are mono-oriented, meaning that they act as a single unit. Finally,
multivalents arising from entanglement of chromosomes during prophase | are
dissolved (Storlazzi et al., 2010). All of these factors together ensure the bi-
orientation of bivalents and the proper segregation of homologs in metaphase |.
Polyploids face, however, some challenges in this respect. On the one hand,
allopolyploids must avoid pairing between homoeologous chromosomes, i.e.,
chromosomes of the two hybridizing species that were identical in the common
ancestor but have diverged since, because this can result in deleterious
chromosomal rearrangements and/or gene loss. On the other hand, since COs
form based on sequence homology, autopolyploids, that possess four virtually
identical homologous chromosomes, must either limit CO formation to no more
than two homologous chromosomes forming bivalents or generate quadrivalents,
i.e., COs among all four homologous chromosomes, in a configuration that
promotes proper segregation. Indeed, both strategies have been reported in
established autotetraploid species and many influential studies have been
excellently summarized in Bomblies (2023), Bomblies et al. (2016), and Hollister
(2015).
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While the vast majority of (neo-)polyploid meiosis research has focused on
prophase |, little to no attention has been paid to subsequent phases. Metaphase
| is of particular interest in this respect as one can envision that the presence of
univalents and/or multivalents probably interferes with the bi-orientation of
homologous chromosomes. This would trigger the spindle assembly checkpoint
(SAC), a safe-guarding mechanism that prevents the onset of anaphase before all
kinetochores are attached to spindle microtubules (MTs) in a stable, end-on,
bipolar configuration (Lara-Gonzalez et al., 2021; London & Biggins, 2014;
McAinsh & Kops, 2023; Musacchio, 2015). We have attempted a first description
of the Arabidopsis thaliana (Arabidopsis) meiotic SAC in our previous work and
found that it is an active, but weak checkpoint that can be flexibly silenced (Chapter
1), not unlike the pachytene checkpoint in Arabidopsis (De Jaeger-Braet et al.,
2021). Briefly, the Arabidopsis SAC consists of two major kinases, BMF1 and
MPS1, a transient kinetochore-bound complex and a transient cytosolic complex,
the mitotic checkpoint complex (MCC) (Komaki & Schnittger, 2017; Chapter 1).
The Arabidopsis kinetochore-bound complex consists of BMF3, MAD1, and MAD2,
while BMF2, MAD2, and CDC20 were hypothesized to form the MCC (Komaki &
Schnittger, 2017; Chapter 1).

Here, we have set out to understand the implications of neo-tetraploidization on
metaphase I. Utilizing our live-cell imaging platform of male meiocytes (Prusicki et
al., 2019; Chapter 1), we observed a SAC-dependent metaphase | delay in neo-
autotetraploid Arabidopsis. However, this was neither the case in metaphase Il nor
metaphase in mitosis. Our work suggests that the SAC in metaphase | might be
triggered by incorrect kinetochore orientation in multivalents and/or entangled
chromosomes preventing sufficient kinetochore-microtubule (K-MT) occupancy

and timely SAC silencing.
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Results & Discussion

Metaphase | duration is increased in a SAC-dependent manner in
autotetraploids

Unpublished work from our lab has found that meiosis progresses more slowly in
tetraploid wild type (WT) male meiocytes compared to their diploid counterpart. To
understand this process better, we wanted to test whether there are any
differences in SAC activity and/or metaphase | duration in tetraploid versus diploid
plants. For this, we generated two independent neo-autotetraploid Arabidopsis WT
lines expressing the BMF3 and TUAS5 reporters (Komaki & Schnittger, 2017;
Chapter 1) using a virus-induced gene silencing approach (VIGS) we have
previously published in Calvo-Baltanas et al. (2022). We confirmed the

chromosome number with chromosome spreads of male meiocytes (Fig. EV1).

WT 4N #1 WT 4N #2 mad2 4N #1 mad2 4N #2
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3/4%_" 911011

Figure EV1 Representative chromosome spreads of male meiocytes of the autotetraploid
WT and mad2 lines. For ease of counting the chromosomes were numbered due to multivalents
and chromosome entanglements often observed in neo-autotetraploid plants.

We, then, proceeded with more detailed cell biological analysis and imaged male
meiocytes in meiosis | from nuclear envelope breakdown (NEB) until anaphase
onset (AO) as previously described (Prusicki et al., 2019; Chapter 1). In two
independent autotetraploid WT lines, we observed an ~ 50-60 % prolonged BMF3
localization to the kinetochore (Fig. 1A, B) and an ~ 40-55 % longer metaphase |
duration (Fig. 1A, C) compared to the diploid WT. This suggested that the SAC
might be involved in delaying AO in the autotetraploid WT background.
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Figure 1 Tetraploid male meiocytes exhibit a longer metaphase | duration than diploid cells
in a SAC-dependent manner. (A) Representative diploid and autotetraploid WT male meiocytes
in metaphase |. (B, C) Quantification of BMF3 kinetochore signal (B) and metaphase | (C) duration
in diploid and autotetraploid WT cells. (D) Representative diploid and autotetraploid mad2 male
meiocytes in metaphase I. (E, F) Quantification of BMF3 kinetochore signal (E) and metaphase |
(F) duration in diploid and autotetraploid mad2 cells. (A, D) BMF3 is fused to GFP (green) and
TUAS5 to TagRFP (magenta). Movies were recorded with a frame rate of 30 seconds. For (B, C),
we quantified 130-160 cells from 28-33 anthers per genotype. For (E, F), we quantified 85-168 cells
from 26-31 anthers per genotype. Different letters indicate significance (P < 0.01; pairwise
comparison using Kruskal-Wallis test for independent samples with Bonferroni correction for
multiple tests). Scale bars: 5 ym.

To test this, we, next, generated neo-autotetraploid mad2 plants expressing the
BMF3 and TUAS5 reporters by VIGS (Calvo-Baltanas et al., 2022), confirmed the
chromosome number with chromosome spreads of male meiocytes (Fig. EV1), and
performed the same measurements in mad2 autotetraploids, where SAC activity is
abolished (Komaki & Schnittger, 2017; Chapter 1). Interestingly, BMF3 kinetochore
signal duration in madZ2 autotetraploids was ~ 12-17 % longer compared to diploid
mad?2 (Fig. 1 D, E). However, in the mad2 background metaphase | duration was
essentially identical in the diploid and the two independent autotetraploid lines (Fig.
1D, F).

Finally, we wanted to test the effects of autotetraploidy on fertility, especially in the

mad2 background with abolished SAC activity. Thus, we quantified pollen and seed

viability in autotetraploid WT and mad2 lines and compared them to their diploid
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counterparts (Fig. EV2). Pollen and seed viability in both autotetraploid WT lines
were on average lower than in their diploid counterpart by ~ 3 % and ~ 25-30 %,
respectively (Fig. EV2A). Autotetraploid mad2 lines were more severely affected
with pollen viability dropping on average by ~ 8-9 % and seed viability by ~ 36-41
% (Fig. EV2B). Both in the WT and mad2 the seed viability was more strongly
affected than the pollen viability. There are probably two reasons for that. First,
while scoring pollen viability, we cannot account for pollen aneuploidy that could
subsequently lead to seed abortion. Secondly, while scoring seed viability, we are

measuring a combination of aneuploid male and female gametophytes as well as

aberrant seed development.

Thus, we conclude from these experiments that the delay in metaphase | in the
autotetraploid WT background is SAC-dependent and that SAC activity enhances
the fertility in neo-autotetraploids.
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Figure EV2 Diploid and autotetraploid mad2 lines exhibit more severe pollen and seed
viability defects compared to their WT counterparts. Pollen and seed viability in diploid and
autotetraploid WT (A) and mad2 (B). For (A), we quantified 385-1232 pollen grains per plant from
26-28 plants per genotype and counted seeds from 3-9 siliques per plant from 26 plants per
genotype. For (B), we quantified 185-1061 pollen grains per plant from 14-17 plants per genotype
and counted seeds from 6-11 siliques per plant from 16-18 plants per genotype.

The extension of metaphase in autotetraploids is specific to metaphase |

To test whether metaphase duration in mitosis is also sensitive to changes in
ploidy, as previously reported for autotetraploid mammalian cells (Bloomfield et al.,
2021; Kuznetsova et al., 2015; Paim & FitzHarris, 2019; Quinton et al., 2021), we
imaged diploid and autotetraploid mitotic root epidermal cells (Fig. 2A). BMF3
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kinetochore signal duration increased non-significantly (P > 0.01) by ~ 7 % in
autotetraploid line # 1 and remained essentially identical in autotetraploid line # 2
compared to the diploid WT (Fig. 2B). Similarly, metaphase duration increased
marginally, but not significantly (P > 0.01), by ~ 3-12 % in autotetraploid lines
compared to the diploid WT (Fig. 2C). Thus, both BMF3 kinetochore signal and
metaphase duration were not significantly (P > 0.01) different in autotetraploid

versus diploid mitotic root cells.
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Figure 2 Metaphase duration is not significantly different between diploid and autotetraploid
mitotic root cells. (A) Representative maximum projections of a diploid and autotetraploid WT
mitotic root cell in metaphase. 3D movies were recorded with a frame rate of 1 min. Scale bar: 5
pm. (B, C) Quantification of BMF3 kinetochore signal (B) and metaphase (C) duration in diploid and
autotetraploid WT cells. For (B, C), we quantified 19-20 cells per genotype. Different letters indicate
significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for independent samples with
Bonferroni correction for multiple tests).

Considering that metaphase duration of meiosis |, but not mitosis, was prolonged
by the increase in ploidy in a SAC-dependent manner, we wanted to measure
BMF3 kinetochore signal and metaphase duration in meiosis Il. Since sister
chromatids are separated in meiosis Il, it resembles a mitotic division. We, thus,
imaged anthers of the two independent autotetraploid WT lines in meiosis Il and
compared them to their diploid counterpart (Fig. 3A). The BMF3 kinetochore signal
duration was decreased significantly (P < 0.01) by ~ 24 % and ~ 32 % in
autotetraploid line #1 and #2, respectively. However, the duration of metaphase |l
exhibited only an ~ 2 % decrease in autotetraploid line # 1, while we observed an
~ 5 % increase in autotetraploid line # 2 (Fig. 3C). Despite the fact that tetraploid
metaphase Il duration was significantly different (P < 0.01) from their diploid

counterpart, the difference was rather marginal compared to what we have
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observed in meiosis | (Fig. 1C). Our results suggested that metaphase Il was also

relatively unaffected by the doubling in chromosome numbers.
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Figure 3 Autotetraploid male meiocytes do not exhibit a similar increase in metaphase Il
duration compared to metaphase I. (A) Representative diploid and autotetraploid WT male
meiocytes in metaphase 1l. Movies were recorded with a frame rate of 30 seconds. Scale bar: 5
ym. (B, C) Quantification of BMF3 kinetochore signal (B) and metaphase Il (C) duration in diploid
and autotetraploid WT cells. For (B, C), we quantified 122-207 spindles from 7-21 anthers per
genotype. Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis
test for independent samples with Bonferroni correction for multiple tests).
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We conclude that the SAC-dependent extension of metaphase in WT

autotetraploids was specific to metaphase |.

spo11-1 rec8 mutants exhibit a similar increase in metaphase | duration to
autotetraploid WT male meiocytes

Considering our results, we next hypothesized that the SAC-dependent delay in
metaphase | might have been caused by the increase in chromosome number and
not by the formation of multivalents and/or entangled chromosomes frequently
observed in neo-autotetraploids. To generate a first meiotic division with double
the chromosome number, while preventing multivalent formation and chromosome
entanglement, we took advantage of the spo17-1 rec8 double mutant, which was
previously shown to undergo a mitotic-like first meiotic division (Chelysheva et al.,
2005). More specifically, SPO11-1 generates double-strand breaks in prophase I,
an essential prerequisite towards the formation of COs, and RECS8 is necessary to
maintain the monopolar orientation of sister chromatid kinetochores. Hence, in the
absence of COs, no bivalents are formed and without mono-orientation of sister
chromatid kinetochores, sister chromatids and not homologous chromosomes are

separated in meiosis | (Chelysheva et al., 2005).
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We observed that metaphase | duration in spo11-1 rec8 was increased by ~ 56 %
in comparison to the WT (Fig. 4A, B), which is in a similar range to what we have
measured in the autotetraploid WT lines before (Fig. 1C). Although we cannot
exclude that the absence of SPO11-1 and/or REC8 negatively impacts the efficient
K-MT capture or other processes that might have led to the observed delay, we
are not aware of any work that would support such a hypothesis. Quite the opposite
is the case, as overexpression of Spo11 or Rec8 in fission yeast was recently
shown to dismantle centromeres and potentially impact kinetochore structure (Hou
et al., 2021).
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Figure 4 spo11-1-3 rec8 male meiocytes exhibit a similar metaphase | duration increase to
autotetraploid WT male meiocytes in metaphase I. (A) Representative WT and spo117-1-3 rec8
male meiocytes in metaphase |. Movies were recorded with a frame rate of 30 seconds. Scale bar:
5 pm. (B) Quantification of metaphase | duration in WT and spo17-1-3 rec8 cells. We quantified 96-
104 cells from 15 anthers per genotype. Different letters indicate significance (P < 0.001; Mann-
Whitney U test for independent samples).

Distinct defects explain most probably the delayed metaphase | in spo11-1
rec8 and autotetraploid WT

Experimental and modeling studies have suggested that a combination of factors
including cell and spindle size as well as MT abundance influence metaphase
duration through altering SAC signaling dynamics (Bloomfield et al., 2021; J. Chen
& Liu, 2016; Galli & Morgan, 2016; Kyogoku & Kitajima, 2017). More specifically,
studies in mouse oocytes (Kyogoku & Kitajima, 2017) and early Caenorhabditis
elegans embryos (Galli & Morgan, 2016) showed that increased cell size
weakened SAC signaling. Other studies have contested this, however, suggesting
that cell size might be only one — but not the decisive — factor in weakening the
SAC (Lane & Jones, 2017; Vazquez-Diez et al., 2019). Furthermore, modeling

work suggested that both spindle scaling with cell size and the spindle width-to-
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length aspect ratio were important for proper SAC silencing, and thus, essential for
SAC signaling robustness (J. Chen & Liu, 2016). J. Chen & Liu (2016) provided
some preliminary modeling data that increase in ploidy might weaken the SAC
robustness even in plant cells. Though these results should be regarded with
caution as they applied their metazoan-centric model to plant cells with minimal
change in their modeling parameters.

With this in mind, we decided to measure and compare spindle dimensions in the
different metaphases to test whether this correlated with the delay observed only
in metaphase |. Spindle length increased by ~ 8-10 % in WT autotetraploid
metaphase | and by ~ 6-16 % in WT autotetraploid metaphase |l compared to the
diploid control, while it was not significantly (P > 0.01) different in WT diploid versus
tetraploid mitotic root cells as well as WT versus spo171-1 rec8 meiocytes in
metaphase | (Fig. 5A-E). On the other hand, spindle width increased by ~ 24-29 %
in all WT autotetraploid metaphases compared to the diploid control, while it was
not significantly (P > 0.01) different in WT versus spo17-1 rec8 meiocytes in
metaphase | (Fig. 5F-J). Accordingly, spindle area increased by ~ 31-50 % in all
WT autotetraploid metaphases compared to the diploid control, while it was not
significantly (P > 0.01) different in WT versus spo711-1 rec8 meiocytes in
metaphase | (Fig. 5K-0).

Next, we calculated the width-to-length aspect ratio of the spindles (Fig. 5P-T), as
modeling work from J. Chen & Liu (2016) has shown that efficient SAC silencing is
achieved in long and thin (low aspect ratio) or short and wide (high aspect ratio)
spindles. WT autotetraploid spindles exhibited significantly (P< 0.01) increased
aspect ratio by ~ 13-17 % in metaphase | and ~ 10-22 % in metaphase |l (Fig. 5P-
R), while in both cases the spindle length increased (Fig. 5A-C). On the other hand,
mitotic spindle length was not significantly (P > 0.01) different between diploid and
autotetraploid WT cells (Fig. 5A, D), while spindle width increased significantly (P
< 0.01) (Fig. 5F, I), which was also reflected in the significant (P < 0.01) aspect
ratio increase by ~ 26-29 % in WT autotetraploid cells (Fig. 5P, S). Finally, the

aspect ratio remained unchanged between WT and spo171-1 rec8 meiocytes in
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metaphase | (Fig. 5P, T). Based on the modeling study of J. Chen & Liu (2016),
the aspect ratios measured in all backgrounds relative to the observed spindle
length were within the range of efficient SAC silencing. Although this should be
regarded with caution, as one cannot simply compare experimental results from
autotetraploid plant cells with a model built for diploid mammalian cells, if an
incorrect aspect ratio would have been the underlying cause of the observed delay
in metaphase |, then one would have expected that the aspect ratio should
decrease for metaphase |l spindles, which are significantly (P < 0.01) longer than
their diploid counterpart (Fig. 5A, C). This was, however, not the case (Fig. 5P, R).
Hence, we think that neither spindle size parameter correlated consistently with
NEB-AQ duration.

Finally, we wanted to see if the increase in spindle size positively correlated with
cell size in autotetraploid meiocytes, as there is contradicting evidence coming
from metazoan and yeast model systems regarding the scaling of the spindle
relative to the cell volume (Bloomfield et al., 2021; Crowder et al., 2015; Storchova
et al., 2006). More specifically, the cell volume of budding yeast cells scales with
ploidy, but the metaphase spindle length does not and this does not seem to cause
any delays in cell-cycle progression (Storchova et al., 2006). On the contrary, the
size of the metazoan mitotic spindle scales linearly with cell size across many
species, while female meiotic spindles do not, hinting at distinct regulatory
mechanisms between mitotic cells and oocytes (Crowder et al., 2015). Similarly, a
positive correlation between spindle and cell size has been observed in
autotetraploid human cells as well, where smaller cells exhibit a stronger
metaphase delay than larger cells (Bloomfield et al., 2021). Indeed, several studies
reported that autotetraploid mammalian cells progressed more slowly through
metaphase (Kuznetsova et al., 2015; Paim & FitzHarris, 2019; Quinton et al.,
2021). Arabidopsis autotetraploid male meiocytes had on average ~ 54-56 % larger
cell area compared to their diploid counterpart, confirming a positive correlation
between the two factors. Since smaller rather than larger human autotetraploid
cells exhibited prolonged metaphase duration (Bloomfield et al., 2021), the size of

meiocytes did not seem to explain the observed phenotype either.
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Figure 5 Neither changes in spindle dimensions nor cell area correlate consistently with
metaphase duration. Quantification of spindle length (A-E), spindle width (F-J), spindle area (K-
0), spindle width-to-length aspect ratio (P-T), and cell area (U, V), as shown in representative
images (A, F, K, P, U), for metaphase | (B, E, G, J, L, O, Q, T, V), metaphase Il (C, H, M, R), and
metaphase in mitosis (D, I, N, S). For (B, G, L, Q), we quantified 39-60 spindles from 16-26 anthers
per genotype. For (C, H, M, R), we quantified 44-57 spindles from 7-21 anthers per genotype. For
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(D, I, N, S), we quantified 19-20 spindles from equal number of mitotic root cells. For (E, J, O, T),
we quantified 30-46 spindles from 15 anthers per genotype. For (V), we quantified the cell area of
31-48 cells from 16-26 anthers per genotype. For comparisons between multiple genotypes,
different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for
independent samples with Bonferroni correction for multiple tests). For comparisons between two
genotypes, different letters indicate significance (P < 0.01; Mann-Whitney U test for independent
samples).

These measurements prompted us to entertain an alternative hypothesis, i.e., the
increase in metaphase | duration was perhaps caused by multivalent formation
and/or entangled chromosomes resulting in incorrect kinetochore orientation,
which in turn led to insufficient K-MT occupancy resulting in prolonged SAC
signaling. Multivalents and entangled chromosomes are frequently formed in neo-
autotetraploids (Bomblies, 2023; Bomblies et al., 2016), and these aberrant
configurations might lead to kinetochores being less accessible to spindle MTs. A
careful re-examination of our movies showed that the prolonged SAC activation as
quantified in Fig. 1B was caused mostly by one and less frequently by more
homologous chromosome pairs that had either defective metaphase plate
alignment or, despite the alignment at the metaphase plate, the BMF3 signal
persisted on at least one of the kinetochores (Fig. 6), suggesting that the cells had
trouble in efficiently aligning and bi-orienting their chromosomes. This would be
consistent with multivalents and/or entangled chromosomes having formed in
prophase | and their kinetochores being oriented in a way that prevented efficient
bi-polar attachment or sufficient end-on K-MT interactions that would lead to SAC
silencing. This hypothesis is also consistent with neither metaphase Il nor
metaphase in mitotic root cells being delayed in autotetraploids versus diploids, as

these aberrant chromosomal arrangements are specific to meiosis |.
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Figure 6 Representative autotetraploid spindles in metaphase | with persistent BMF3
kinetochore signal. Notice that only few kinetochores are labeled by BMF3, despite alignment at
the metaphase plate suggesting that they are connected through erroneous K-MT attachments to
spindle MTs. Scale bar: 5 ym.

On the other hand, in the case of spo11-1 rec8, spindle size remained unchanged
in comparison to the WT (Fig. 6E, J, O), while in spo11-1 rec8, double the number
of kinetochores need to be attached to spindle MTs in metaphase | in comparison
to the WT. Since spindle size and possibly MT density did not scale with
kinetochore number in this background, we propose that insufficient MTs are
present in metaphase | to form enough end-on, bipolar K-MT attachments to
silence the SAC in a timely manner. Although we cannot formally exclude this, it is
most probably not the case in autotetraploid metaphase |, as one would expect a
delay also in metaphase Il and metaphase in mitotic root cells under this condition.
Additionally, the surface area of the spindle in metaphase | averaged at ~ 94 ym?
and at ~ 58-63 ym? in metaphase Il (Fig. 5L, M). Based on our experience both
spindles in metaphase Il are of approximately the same dimensions and assuming
that MT density is similar between spindles in metaphase | and Il, the total surface
area of the two spindles in autotetraploid metaphase Il is larger than of the single
spindle in metaphase |, suggesting that sufficient tubulin dimers are present in

these meiocytes.
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Conclusion

In contrast to tetraploid mammalian cells, that exhibit a metaphase delay already
in mitosis (Bloomfield et al., 2021; Kuznetsova et al., 2015; Paim & FitzHarris,
2019; Quinton et al., 2021), this was the case only for metaphase | in Arabidopsis.
We propose that multivalent formation and/or chromosome entanglement during
prophase | resulting in incorrect kinetochore orientation are the most probable
culprits causing the quantified delay in autotetraploid metaphase I. Ultrastructural
analysis of K-MT connections (lateral versus end-on) as well as kinetochore
orientation in autotetraploid metaphase |, metaphase Il, and metaphase in mitosis
might reveal the underlying cause of the observed delay in the future. Considering
the propensity of plants for polyploidization, it is of particular interest to understand
the mechanisms that allow tetraploid plant cells to efficiently capture chromosomes
in metaphase Il and metaphase in mitosis and how spindle architecture might

influence this process.

Materials & Methods

Plant materials

We used the Arabidopsis thaliana (Arabidopsis) accession Columbia-0 (Col-0) as
the wild type (WT) throughout this work. We used the T-DNA insertion lines
SAIL_191G06 (mad2), SALK_146172 (spo11-1-3), and SAIL_807B08 (rec8) which
we obtained from the Nottingham Arabidopsis Stock Center (NASC)
(http://arabidopsis.info/). The primers for genotyping mad2 are described in
Komaki & Schnittger (2017), the ones for spo11-1-3in Grelon et al. (2001), and the

ones for rec8 are described in Bhatt et al. (1999).

For imaging mitosis, seedlings were grown in a growth chamber (16 hours light at
21 °C /8 hours dark at 18 °C) for 4 days on a solid medium containing half-strength
Murashige and Skoog (MS) medium, 1 % (w/v) sucrose, 0.8 % (w/v) agar, and pH
5.8. For imaging meiosis, 7- to 10-day old seedlings grown on plate as described
above were transferred to soil and grown for 5-6 weeks in growth chambers (16
hours light at 21 °C / 8 hours dark at 18 °C).
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Plasmid construction, line generation, and tetraploidization through virus-
induced gene silencing (VIGS)
All reporter constructs were previously generated in Komaki & Schnittger (2017).

We introgressed both reporters from the WT into mad2 through genetic crossing.

For tetraploidization through VIGS-mediated silencing of OSD1, 3-week old WT or
mad?2 plants expressing the BMF3 and TUA5 reporters were infiltrated with the
TRV-OSD1 vector mixed with TRV1 as described in Calvo-Baltanas et al. (2022).
We targeted OSD1 (OMISSION OF SECOND DIVISIONT1), because OSD1 is
essential for the transition from meiosis | to meiosis Il (D’Erfurth et al., 2009). Thus,
0sd1 mutants exit meiosis after meiosis | and generate diploid gametes. We
visually scored the seeds (F1) based on size and put the larger seeds on plate,
because seed size in the Col-0 background positively correlates with ploidy (Calvo-
Baltanas et al., 2022; Ravi et al., 2008). The plants that were exhibiting no signs of
phenotypical defects and increased ratio of multi-branched trichomes, suggesting
a higher ploidy (Z. Yu et al., 2009), were put on soil and their seeds were harvested.
The progeny of F1 plants (F2) with a relatively low percentage of aberrant and dead
seeds was grown on plate for 3 weeks to score for phenotypic defects. The ploidy
of F2 plants was determined in a CyFlow® Ploidy Analyzer (Partec). We used non-
infiltrated Col-0 plants as our diploid reference and F3 tetraploid Col-0 plants
produced through VIGS-mediated silencing of OSD1 and confirmed through
meiotic chromosome spreads as our tetraploid reference. All experiments were

performed in the F3 in two independent WT and mad2 autotetraploid lines.

Meiotic chromosome spreads

Chromosome spreads of F3 autotetraploid male meiocytes were performed
essentially as previously described in Ross et al. (1996). Briefly, fresh flower buds
of 5-6 week-old plants were incubated for = 48 hours in a 3:1 ethanol:acetic acid
fixative solution at 4 °C. Upon being washed twice with fresh fixative solution, they
were stored for further use in a 70 % ethanol solution at 4 °C. To prepare them for
chromosome spreading, the flower buds were digested in a 10 mM citrate, 1.5%

cellulose, 1.5 % pectolyase, and 1.5 % cytohelicase solution for 3 hours at 37 °C.
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Flower buds were screened based on size and those deemed to be at the right
stage were transferred onto a glass slide, and crashed with a bended needle in a
12 pl 45 % acetic acid solution. Finally, for chromosome spreading, the slide was
incubated for 2 minutes on a hot plate at 48 °C, subsequently washed with fixative
solution, and incubated over night at 37 °C in Vectashield with DAPI (Vector

Laboratories).

Pollen and seed viability

To score pollen viability, we used the Peterson staining protocol (Peterson et al.,
2010). Three to five mature flowers with dehisced anthers were dipped in 20 ul
Peterson staining solution (10 % ethanol, 0.01 % malachite green, 25 % glycerol,
0.05 % fuchsin, 0.005 % orange G, and 4 % glacial acetic acid) and incubated for

1 hour at 95 °C. The samples were analyzed the same day.

To score seed viability, we opened mature siliques using a sharp needle and

counted plump and aborted seeds.

Live-cell imaging

Live-cell imaging of male meiocytes was performed using the protocol described
in Prusicki et al. (2019) with slight variations described in Chapter 1. Briefly, 60-80
flower buds were detached from the inflorescence stem and were placed on live-
cell imaging medium as described in Prusicki et al. (2019). For 2D live-cell imaging,
samples were prepared either the same day or the day before and incubated

overnight in the dark.

2D live-cell imaging of male meiocytes was performed on a Zeiss LSM780 upright
confocal laser scanning microscope (CLSM) equipped with a GaAsP-detector and
a W-plan-Apochromat 40x/1.0 DIC M27 or a W-plan-Apochromat 63x/1.0 DIC
water-dipping lens. 8-bit images were acquired using bi-directional scanning every
30 seconds with 100-113 nm lateral pixel resolution, 4 times line average, 1.36-
1.62 us pixel dwell time, and a pinhole size of 44.5 um (1 AU for the GFP detection

channel). GFP was excited at 488 nm and emission was detected at 489-550 nm.
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TagRFP was excited at 561 nm and emission was detected at 565-650 nm. GFP

and TagRFP were detected sequentially using line-scan mode.

For imaging mitosis, seedlings were grown vertically for 4 days as described
above. Before imaging, we carefully lifted the seedlings from the growth medium
and placed them one-by-one in a drop of liquid half-strength MS-medium on a
glass-bottom dish. We put 6-10 seedlings on each glass-bottom dish and then

covered the roots with a strip of solid half-strength MS-medium.

3D live-cell imaging of mitotic epidermal root cells was performed on a Leica TCS
SP8 inverted CLSM equipped with three hybrid photodetectors (Leica HyD™) and
a HC PL APO 63x/1.2 W motCORR CS2 water-immersion objective as described
before (Lampou er al., 2023). We recorded 12-bit images at a 99 nm lateral pixel
resolution using the bi-directional scan setting with a frame rate of 1 min, 4 times
line averaging, at a speed of 700 Hz, and a pinhole size of 1.5 AU (for 510 nm
emission wavelength). We used a step-size of 0.52 ym for acquiring the z-stack.
GFP and TagRFP were excited at 488 nm and emission was detected

simultaneously at 493-555 nm and 575-655 nm, respectively.

Post-processing of movies and quantifications
All post-processing operations and quantifications of our movies were performed
in Fiji (Schindelin et al., 2012).

For 2D movies, we only adjusted the brightness and contrast settings and extracted

single cells manually using the rectangle selection tool.

For 3D movies, we applied two different protocols for the BMF3 and the TUA5
signal. For BMF3, we used the command “Gaussian blur 3D” with a sigma radius
of 1 for x, y, and z. For TUA5, we followed a variation of the protocol presented in

Kriger (2017) and a detailed account can be found in Chapter 1.
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Spindle and cell size measurement

To ensure comparable results between the different metaphases, we decided to
quantify spindle dimensions after = 90 % of NEB-AO time has passed. This cut-off
was determined by previous observations that at this late point in metaphase, cells
with intact SAC signaling and chromosome congression machinery have aligned
their chromosomes at the metaphase plate. For measuring spindle length and
width, an outline of flat spindles, i.e., their long axis was (near-)perpendicular to the
imaging axis, was designed with the “polygon selections” tool, and added to the
ROI manager in Fiji (Schindelin et al., 2012). As described in Herrmann et al.
(2021), we used the command “measure” on the ROI after choosing the “Fit ellipse”
setting in “Set measurements”. The major axis of the ellipse corresponds to the
length and the minor axis to the width of the spindle. We measured the area of the

hand-designed outline for quantifying spindle and cell area.

Statistics and figure design
All graphs were generated and statistical tests were performed in IBM SPSS

Statistics Version 28 (IBM Corporation).

In the boxplots, the 25" and 75" percentile are indicated by the lower and upper
border of the box, respectively, the median is represented by a thick line and the
outliers which are within 1.5 times the interquartile range are highlighted with the
whiskers. Outliers outside this range are shown as dots above and below the

whiskers.

For comparisons between two genotypes, we performed a Mann-Whitney U test.
For comparisons between multiple genotypes, we performed pairwise
comparisons using a Kruskal-Wallis test for independent samples with Bonferroni
correction for multiple tests. Both statistical tests are non-parametric and we used

a significance threshold of P <0.01 or P < 0.001.

The images and graphs were arranged into figures in Affinity Designer v. 1.10
(Serif).
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General Discussion
and Outlook
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Our understanding of the SAC architecture and function in plants falls short
compared to what is already known in other model organisms, especially
metazoans and yeast. Since every chapter included a discussion of the data
presented, to avoid repeating similar discussion points, | decided to provide mostly
an outlook with the most pressing research questions born out of this work, which
are feasible with the currently rather limited methods available in plant meiosis and
mitosis research. Additionally, | present some new experiments that did not fit in
any other chapter and can provide a basis upon which future studies can build

upon.

Dynamic assembly and disassembly of SAC components at the
kinetochore

In Chapter 1, | set out to generate a cytological and functional framework of the
Arabidopsis SAC. Timing the stepwise assembly of BMF3, MAD1, and MAD2 to
the kinetochore, as well as the subsequent stepwise disassembly, is a novel aspect
in SAC research as | am not aware of similar efforts in other organisms. To
elucidate further the dynamics of the kinetochore SAC components, fluorescence
recovery after photobleaching experiments could uncover which of these proteins
cycle through unattached kinetochores in plants (Howell et al., 2004; Shah et al.,
2004), thus potentially revealing whether they function in a similar way to their
metazoan counterparts. Considering that the SAC response in human cells is
graded (Collin et al., 2013; Dick & Gerlich, 2013) and dependent on how many
active complexes are formed to generate the diffusible MCC inhibitor (C. Chen et

al., 2019), maybe this rapid cycling is a way to finetune SAC activity.

Similarly, the stepwise disassembly suggests a strict hierarchy and regulation. In
metazoans, the Pch2/TRIP13-p31cmet complex regulates SAC activation during
early prometaphase and SAC silencing in later phases by catalyzing
conformational changes in the HORMA domain protein Mad2 (Alfieri et al., 2018;
Brulotte et al., 2017; Ma & Poon, 2016, 2018; Westhorpe et al., 2011; Ye et al.,
2015). Briefly, Mad2 can adopt two different conformations, an “open” (O-Mad2)
and a “closed” (C-Mad2) one. C-Mad2 can interact with Mad1 and Cdc20, become
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part of the MCC, and subsequently inhibit the APC/C, while O-Mad2 cannot (Luo
et al., 2002, 2004; Sironi et al., 2002). Hence, to initiate and maintain a SAC
response, it is necessary to produce C-Mad2-Madi and C-Mad2-Cdc20
complexes, while conversion to O-Mad2 would lead to SAC silencing. The catch
lies in the fact that most cytosolic Mad2 is initially in the closed conformation as it
spontaneously converts from O-Mad2 to C-Mad2 (Ye et al., 2015), but to be
effectively recruited to the kinetochore and form complexes with Mad1 and Cdc20
it first needs to be converted to O-Mad2 (Ma & Poon, 2016, 2018). The
Pch2/TRIP13-p31cmet  complex catalyzes this conversion, creating and
replenishing a pool of O-Mad2 (Ma & Poon, 2016, 2018). Simultaneously, the
Pch2/TRIP13-p31¢cemet complex assists in the turnover of MCC by removing Mad2,
thus contributing also to SAC inactivation (Eytan et al., 2014; D. H. Kim et al., 2018;
Ma & Poon, 2016, 2018). Essentially, the two opposing functions of the
Pch2/TRIP13-p31cmet complex finetune the SAC response by tipping the balance
in the one or the other direction. Our group has previously shown the importance
of the Arabidopsis PCH2-COMET complex in regulating another HORMA domain
protein, ASY1, (Balboni et al., 2020), opening up the possibility for exploring the
role of this complex in the plant SAC. Indeed, the PCH2 reporter (Balboni et al.,
2020) localized temporarily to kinetochores and/or centromeres from before NEB
till ~ 13 minutes post-AO on average (Fig. 1). Studies in human (Arnst, 2019) and
Caenorhabditis elegans (Nelson et al., 2015) mitotic cells have also reported
localization of TRIP13/Pch2 to unattached kinetochores, suggesting that PCH2
could act in converting C-MAD2 to O-MAD2 at the kinetochore and/or centromere

in Arabidopsis as well.
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Figure 1 PCH2 localizes to the kinetochore and/or centromere prior to NEB and during
metaphase . (A) Localization of PCH2 fused to GFP (green) together with TUAS fused to TagRFP
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(magenta) in metaphase I. (B, C) Quantification of PCH2 kinetochore signal duration post-NEB (B)
and duration of metaphase | (C). | quantified 33-35 cells from 9 anthers.

Finally, since three major kinases, i.e., AURORA, BMF1, and MPS1, appeared to
promote BMF3 kinetochore recruitment, it raises the question of whether they
phosphorylate BMF3 directly and/or recruit BMF3 through phosphorylation of other
kinetochore components, like KNL1. Indeed, the recruitment of BMF3 by direct or
indirect MPS1-dependent phosphorylation would be a variation of the mechanism
observed in metazoans (Hiruma et al.,, 2015; Ji et al.,, 2015). There, Bub3
recognizes phosphorylated proteins by Mps1 and brings Bub1 and BubR1 to the
kinetochore (Primorac et al., 2013; Vleugel et al., 2013, 2015). Upon Mps1-
dependent Bub1 phosphorylation, Mad1-Mad2 complexes bind on Bub1, thus
completing the kinetochore-bound SAC complex (Ji et al., 2017; G. Zhang et al.,
2017). In maize, ZmBUB3 did not interact with ZmBMF1/2/3 and neither ZmBMF3
nor ZmBUB3, but ZmBMF1, interacted with ZmKNL1 in yeast-two-hybrid
experiments (Su et al., 2021). In Arabidopsis, BMF3 interacted with BUB3.3 in
yeast-two-hybrid experiments, but the kinetochore localization of neither protein
was dependent on the other, hinting at the Arabidopsis kinetochore SAC complex
architecture being quite different from the one observed in metazoan and yeast
model systems (unpublished data from the Liu lab; Chapter 1). So, maybe BMF3
binds through an unidentified interactor onto KNL1 or interacts with another
kinetochore protein in plants which could be potentially identified through
immunoprecipitation of BMF3-GFP followed by mass spectrometry or the tandem
affinity purification (TAP-tag) pipeline (Van Leene et al., 2010). Importantly, | also
observed a strongly decreased BMF3 recruitment in mps1 mitotic epidermal root
cells in preliminary experiments not included here, suggesting that this recruitment
is conserved both in meiosis and mitosis. This also raises the possibility that MPS1
does not recruit MAD2 directly, as previously proposed in Komaki & Schnittger
(2017), but rather the MAD2 kinetochore signal is not bright enough to stand out
from the strong MAD2 cytosolic signal in live-cell imaging experiments. To settle
this, it would be sufficient to perform immunofluorescence detection of MAD2 in
mps1. Nonetheless, | cannot currently discount the hypothesis that MPS1 might

directly and/or indirectly recruit both BMF3 and MAD2 to the kinetochore. Hence,
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it remains to be elucidated with which kinetochore proteins BMF3 interacts as well
as how phosphorylation by the three major kinases regulates these interactions in

a cell-cycle dependent manner and ultimately, finetunes SAC activity.

Does BMF2 act as an internal timer of SAC signaling and metaphase
duration?

| reported that meiotic SAC signaling could not be sustained for longer than 6 hours
under severe MT-destabilizing conditions (Chapter 1), which is comparable to
previous observations in mitotic root cells (Komaki & Schnittger, 2017).
Interestingly, | observed that the BMF2 reporter started getting degraded ~ 8
minutes prior to AO and continued for ~ 10 minutes post-AO (Fig. 2A-C) with
comparable metaphase | duration to other SAC reporter lines (compare Fig. 2D
with Fig. 1E in Chapter 1), prompting us to hypothesize that maybe BMF2 acts as
a molecular timer. Indeed, a plethora of studies from yeast and human cells have
highlighted the importance of Mad3 and BubR1, the BMF2 yeast and human
homolog, respectively, in inhibiting the APC/C by acting as a pseudosubstrate
(Burton & Solomon, 2007; Choi et al., 2009; Elowe et al., 2010; E. M. J. King et al.,
2007; Lara-Gonzalez et al., 2011; Lischetti et al., 2014; Malureanu et al., 2009;
Rahmani et al., 2009; Sczaniecka et al., 2008; Sewart & Hauf, 2017; Zich et al.,
2016). More specifically, both in yeast and human cells the two KEN-boxes of
Mad3/BubR1 are important for interacting with Cdc20-Mad2 complexes generated
at the kinetochore and for inhibiting the APC/C both through Cdc20 and
independently of it by blocking substrate binding to the APC/C (Fig. 2A). Additional
motifs such as D-boxes in Mad3/BubR1 and ABBA motifs in BubR1 further
contribute to their interaction with Cdc20-Mad2 complexes and regulate checkpoint
signaling (Fig. 2A) (Burton & Solomon, 2007; Choi et al., 2009; Di Fiore et al., 2015,
2016; Izawa & Pines, 2015; Sewart & Hauf, 2017). In contrast to the budding yeast
Mad3, which is not degraded by the APC/C through its KEN- and D-boxes (Burton
& Solomon, 2007), human BubR1 is degraded prior to AO via ubiquitination-
mediated proteolysis, a process that is regulated through acetylation of lysine 250
(K250) (Fig. 2A) (Choi et al., 2009). This extra layer of regulation allows the cell to

prevent APC/C-mediated Cyclin B destruction as long as unattached or poorly
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attached kinetochores exist, as well as rapidly and irreversibly silence the SAC and

ramp up APC/C activity upon de-acetylation and degradation of BubR1.
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Figure 2 BMF2 is degraded prior to and immediately after AO. (A) Schematic representation of
human BubR1 and Arabidopsis BMF2 drawn to scale. All the motifs necessary for binding the MCC
and/or the APC/Ccdc20 gre shown in BubR1. | also point out to the corresponding motifs in BMF2.
(B) Representative cell highlighting the degradation of BMF2. BMF2 is fused to GFP and TUAS5 to
TagRFP (magenta). For the BMF2 channel, pixel intensity is represented by color. The dotted line
in the first frame represents the ROI designed around the nucleus to measure BMF2 fluorescence
intensity. Movies were recorded with a frame rate of 30 seconds. Scale bar: 5 ym. (C, E, G)
Normalized BMF2 fluorescence intensity (Fl) to the timepoint 10 minutes before AO: Flt, - Flt.10)) /

Flt..10). The colored line represents the average value and the grey area the standard deviation. (D,
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F, H) Quantification of metaphase | duration. For (C, D), | quantified 66 cells from 8 anthers. For (E,
F), | quantified 63-76 cells from 11-13 anthers. For (G, H), | quantified 26-51 cells from 4-7 anthers.
Different letters indicate significance (P < 0.01; pairwise comparison using Kruskal-Wallis test for
independent samples with Bonferroni correction for multiple tests).

Considering the complex regulation of Mad3/BubR1 in yeast and human cells, we
wondered whether the same would hold true in Arabidopsis. Thus, | took
advantage of transgenic lines generated by Dr. Shinichiro Komaki where KEN-box
1 or KEN-box 2 or both KEN-boxes in BMF2 were mutated to alanine (KEN ->
AAA) in the bmf2 background (Fig. 2A, E). However, in contrast to human cells
(Choi et al., 2009), mutating one or both KEN-boxes was only sufficient to slow
down but not stop the degradation of BMF2 (Fig. 2A, E). Metaphase | duration in
AKEN-box 1 was significantly (P < 0.01) different to all other lines, while AKEN-
box 2 as well as AKEN-box 1,2 were not significantly (P > 0.01) different from each
other (Fig. 2E). However, none of the KEN-box mutants had timing as fast as the
bmf2 mutant (Chapter 1), suggesting that BMF2 had retained some of its activity
as an APC/C inhibitor. Careful analysis of the BMF2 sequence revealed that it
possesses a third KEN box (219-221 aa) as well as two potential D-boxes with the
typical RxxL-motifs (59-62 aa and 242-245 aa) (Fig. 2A). Moreover, Di Fiore et al.
(2016) identified bioinformatically two conserved ABBA-motifs spanning KEN-box
1 in the N-terminus of BMF2 (Fig. 2A). All this suggests, that in contrast to human
cells, where mutating any of these motifs abrogates BubR1-mediated APC/C
inhibition (Di Fiore et al., 2016), in Arabidopsis the situation might be more
complicated. Hence it would be of particular interest to create a series of mutations
of individual motifs and combinations thereof and measure metaphase | duration

as well as BMF2 degradation kinetics in the bmf2 background.

A TAP-tag performed by the Interactomics Facility at the VIB (University of Ghent)
with a BMF2 vector generated by Dr. Shinichiro Komaki revealed that BMF2 is
acetylated at K255 and K322 as well as phosphorylated at tyrosine 76 (Y76). Y76
is conserved between BMF2 and BubR1 (Y69), however no phosphorylation has
been reported for this residue in BubR1 to the best of my knowledge. The

acetylation of BMF2 K255 is of particular interest as it is very close to the human
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BubR1 K250 that gets acetylated (Fig. 2A) (Choi et al., 2009). Actually, in the
protein sequence alignment of BMF2 with human BubR1, BubR1 K250
corresponds to BMF2 K252 and BMF2 possesses also a K253. Hence, inspired by
the work of Choi et al. (2009), it would be interesting to mutate K255 to arginine
(R) to generate an acetylation-deficient mutant, while maintaining the positive
charge of K, as well as to glutamine (Q) to generate an acetylation-mimic version
of BMF2. Additionally, considering that K252 and K253 are so close to the
acetylated K255 they might be able to substitute a mutated K255. Thus, it would
be important to also generate double and triple substitution mutant combinations
of BMF2.

Finally, in the BMF2 TAP-tag, one of the identified interactors was HEAT STRESS
TOLERANT DWD1 (HTD1). HTD1 was previously reported as a negative regulator
of thermotolerance in Arabidopsis and interacted with DAMAGED DNA BINDING
1a (DDB1a) and DDB1b, which are part of the Cullin4-RING ubiquitin ligase (CRL4)
family of multi-subunit E3 ligases (S. H. Kim et al., 2014). DDB1 proteins mediate
the connection between the CRL4 complex and the substrate receptor, i.e., a
DDB1 BINDING WD40 (DWD)/WDxR protein (Angers et al., 2006; He et al., 2006;
Higa et al., 2006). Considering that HTD1 acts presumably as a substrate receptor
in a CRL4 complex (S. H. Kim et al., 2014) and it also interacted with BMF2, it
prompted me to hypothesize that BMF2 might be additionally degraded by this
pathway, independently of the hypothesized APC/C-mediated degradation based
on data from human cells. Hence, | introgressed via genetic crossing the BMF2
and TUAS5 reporters in the htd1-1, ddb1a-2, and ddb1b-2 background (Bernhardt
et al., 2010). Both htd7-1 and ddb1b-2 have strongly decreased transcript levels,
while ddb1a-2is a null mutant (Bernhardt et al., 2010; S. H. Kim et al., 2014). My
results suggest that the BMF2 degradation kinetics are different in htd1-1 and
ddb1b-2 than the ones observed in ddb1a-2 and bmf2 (compare Fig. 2G with Fig.
2C and 2E). Both in htd1-1 and ddb1b-2 the BMF2 degradation started already at
10 minutes before AO and the curve appeared linear, i.e., the degradation was
faster, compared to the more S-shaped degradation curve for BMF2 in ddb1a-2
and bmf2 (Fig. 2C, E, G). This is the opposite of what one would expect if HTD1
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and/or DDB1b would be involved in the degradation of BMF2. Nonetheless, it
should be noted, that no control with the BMF2 reporter in the bmf2 background
was included in this preliminary experiment making final conclusions rather difficult.
Finally, metaphase | duration was significantly (P < 0.01) longer in htd1-1
compared to ddb1a-2 and ddb1b-2, the latter having metaphase | duration more
similar to the BMF2 reporter in bmf2 (Fig. 2D, 2F, 2H). Considering that the results
from this preliminary experiment were not very clear, | propose that this is not the

most promising line of inquiry for the future.

BUB3.3-KIN70 or KIN70-BUB3.3 complex — Who is upstream of whom?
This work has highlighted a previously unidentified role for the Arabidopsis BUB3.3
in promoting chromosome congression to the metaphase plate. BUB3.3 binds to
the kinetochore after NEB and disassociates from it after AO in a BMF1-and BMF3-
independent manner (unpublished data from the Liu lab). Hence, it would be of
great interest to identify upstream regulators of BUB3.3 that promote its recruitment
to the kinetochore. Obviously, kinases such as MPS1 and AURORA, that have
both cytosolic and kinetochore/centromeric fractions, or cyclin-dependent kinases
(CDKs), that are the major regulators of cell-cycle progression, would be great
candidates. Based on the lack of evidence for post-translational modifications
(PTMs) of BUB3.3 on Arabidopsis proteomic screen databases and considering
that BUB3.3 consists exclusively of 7 WD-40 domains, this regulation could be
most probably achieved via phosphorylation of a BUB3.3 interactor residing at or
recruited to the kinetochore through said PTM. However, protein-protein
interactome screens have not identified potential candidates so far. A preliminary
attempt from our side with the help of Zoltdn Magyar and Aladéar Pettkd-Szandtner
from the Biological Research Centre Szeged in Hungary, who performed the
immunoprecipitation experiment and proteomic analysis with 5-day old seedlings
expressing BUB3.3::gBUB3.3:GFP, did not reveal any viable candidates either. It
should be noted that the C-terminally tagged genomic BUB3.3 reporter does not
localize visibly to the kinetochore (Komaki & Schnittger, 2017; Chapter 1), in
contrast to the N-terminally tagged reporter (unpublished data from the Liu lab).

Hence, the C-terminally tagged reporter might not be fully functional or only weakly
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associate with the kinetochore, enough to rescue the bub3.3 sensitivity under
oryzalin (Komaki & Schnittger, 2017), but not sufficiently to pull-down kinetochore
interactors from whole seedlings. Alternatively, since we could not pull-down
KIN7O either, an interaction that was confirmed by yeast-two-hybrid, | suggest that
the proportion of diving cells in an entire seedling is potentially so low in comparison
to non-dividing cells, that the background from the latter interferes with the
interactions we were aiming to detect. Should this have been the only problem,
though, then one would have expected Van Leene et al. (2010) to have identified
potential kinetochore-bound interactors of BUB3.3, which was not the case. Hence,
an alternative hypothesis must be sought regarding the BUB3.3 kinetochore

localization.

One possible hypothesis is that BUB3.3 interacts with kinetochore-bound proteins,
while KIN7O is attached to the kinetochore via BUB3.3. Alternatively, considering
that (i) we and others could not identify kinetochore-bound interactors of BUB3.3,
(i) Dr. Shinichiro Komaki showed in a yeast-two-hybrid assay that BUB3.3 interacts
with the last 84 amino acids in the C-terminus of KIN70, where the MT-binding
domain of human CENP-E is found (Liao et al., 1994), and (iii) BUB3.1 and BUB3.2
interact with MTs (Komaki & Schnittger, 2017; H. Zhang et al., 2018; Chapter 2),
BUB3.3 might assist KIN7O in efficiently binding MTs, meaning that KIN7O is the
kinetochore interacting part of the complex and BUB3.3 interacts with the
kinetochore via KIN70 (Fig. 3).
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Figure 3 Schematic representation of human CENP-E and Arabidopsis KIN70 and its
interaction with BUB3.3. The KIN70 dimer was drawn based on figure 1 from Craske & Welburn
(2020). The CENP-E and KIN7O models are drawn to scale. All the known and/or predicted
domains of the two proteins are highlighted. Please note the shorter C-terminus and lack of MT-
binding disordered domain(s) in KIN7O. | propose that the MT-binding activity of the distal C-
terminus of CENP-E is substituted by MT-binding mediated by BUB3.3 in Arabidopsis.
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| am in favor of the second hypothesis and would like to present some arguments
of why this might be the case. CENP-E undergoes major conformational
rearrangements upon MT capture both in vivo (Taveras et al., 2019; Wan et al.,
2009) and in vitro (Gudimchuk et al., 2018; Y. Kim et al., 2008). More specifically,
the long coiled-coil domain separating the N-terminal motor from the C-terminal
MT-binding domain can fold on itself, so that both terminally located domains
interact with the MT (Fig. 4). The C-terminal domain actively maintains the
association of CENP-E with the MT lattice during plus-end MT tracking (Gudimchuk
et al., 2018; Musinipally et al., 2013). Interestingly, KIN7O is about half the size of
CENP-E (KIN70O is 1273 aa long versus CENP-E that is 2701 aa long), and the
half that is missing is specifically in the C-terminus, begging the question of
whether KIN70 has lost the C-terminal MT-binding domain, which has been
substituted by an interaction with BUB3.3. Indeed, motif search analysis does not
reveal an intrinsically disordered domain in the C-terminus of KIN7O, which is the
MT-binding domain in CENP-E. Although in Chapter 2 | argue that BUB3.3 has
adopted a distinctive function from BUB3.1 and BUBS3.2, their nearly identical
predicted 3D structure does support a similar function in MT-binding. Nonetheless,
| have shown that BUB3.3 does not work in the same pathway as BUB3.1 and
BUB3.2, so they exert this potentially similar function in distinct pathways.
Alternatively, if KIN7O has maintained its C-terminal MT-binding activity through
an unidentified domain, BUB3.3 might play a regulatory role or further enhance this
activity (Fig. 4). Finally, CENP-E recruitment to unattached kinetochores is a highly
regulated process involving major kinases, such as Aurora A and B, Cdk1, and
Mps1, as well as several kinetochore associated proteins, such as BubR1 and
CENP-F (Craske & Welburn, 2020), making KIN70 a more attractive candidate for

PTM-regulated kinetochore recruitment as well (see below).
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(ii)

Spindle
Microtubule

(iii)

KIN70 BUB3.3

Figure 4 Proposed functions of the Arabidopsis KIN70-BUB3.3 complex at the kinetochore
based on known functions of the human CENP-E. This model was drawn after figures 2 and 3
from Craske & Welburn (2020). (i) KIN7O might track the plus-ends of kinetochore MTs, stabilizing
these connections. KIN7O might adopt a folded conformation and BUB3.3 might interact with the
lattice of kinetochore MTs, like the C-terminus of CENP-E that is missing in KIN7O. (ii) KIN70 might
help polar chromosomes move along the MT lattice of adjacent kinetochore MTs bringing them
towards the metaphase plate. (iii) KIN7O might interact with the lattice of adjacent MTs generating
lateral K-MT attachments during the search and capture process in prometaphase.

To test the above-stated hypotheses, | would like to propose a couple of essential
experiments. First, a localization study of a KIN7O functional reporter in bub3.3
cells and vice versa, the BUB3.3 reporter generated in the Liu lab in the kin7o
background would be the simplest test. Alternatively, due to the technical
difficulties in obtaining a functional KIN7O reporter, one can take advantage of
existing antibodies for CENP-E that appear to recognize plant KIN7s in field bean
and barley (ten Hoopen et al., 2000, 2002). The ki7o null mutants identified in

Chapter 2 can serve as negative controls. Depending on the outcome, one would
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already know the order of binding of these two proteins as well as who recruits
whom. Second, it would be of particular interest to see whether the C-terminus of
KIN70O has maintained its MT-binding function and also, whether BUB3.3 can bind
to MTs similar to its two other homologs. To test the MT-binding properties of
BUBS3.3 in vivo, | propose to transiently co-express a BUB3.3 and a tubulin reporter
in tobacco as previously published in Lee et al. (2017), while for the C-terminus of
KIN7O in vitro MT-binding assays might be more applicable (Musinipally et al.,
2013). Finally, the regulation of KIN7O by kinases would be an interesting line of
inquiry. Phosphoproteomic studies in Arabidopsis have identified several
phosphorylation sites in KIN7O according to phosphorylation databases, making
such a regulation very possible. For instance, human CENP-E T422
phosphorylation is mediated by Aurora A and B kinases and promotes CENP-E
mediated chromosome congression, by reducing the affinity to MTs and thereby
interrupting more frequently unproductive K-MT attachments and allowing
productive attachments to be maintained (Y. Kim et al., 2010). On the contrary,
binding of Protein Phosphatase 1 (PP1) promotes stable attachment to MTs,
meaning that these two proteins finetune MT affinity of CENP-E (Y. Kim et al.,
2010). CENP-E T422 corresponds to KIN70 T439 and the motif sequence around
this threonine is highly conserved between the two proteins (KRKRRVTWCLGK in
CENP-E versus KGKRRDTWCIGK in KIN70O). The italicized sequence is a typical
PP1 binding motif, called the RVxF motif, and its phosphorylation prevents PP1
binding (Y. Kim et al., 2010). Conclusively, these experiments could enhance our

mechanistic understanding of the KIN7O-BUB3.3 module described here.

Finally, additional motor proteins most probably regulate chromosome alignment
in Arabidopsis, as chromosomes congressed in a more or less timely manner
towards the metaphase plate both in bub3.3 and kin7o null mutants (Chapters 1
and 2), in contrast to CENP-E knock-down in human cells, where at least some
polar chromosomes persist eventually leading to missegregation (Bancroft et al.,
2015; Barisic et al., 2014). Several other major kinesins have been shown to
promote chromosome congression in human cells and their mechanism of action

has been excellently reviewed in Maiato et al. (2017) and Risteski et al. (2021).
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Indeed, transcripts of several homologs of these kinesins have been shown to be
upregulated in Arabidopsis synchronized cell cultures (Vanstraelen et al., 2006),
which solely suggests a potential function in chromosome congression and/or
maintenance of chromosome metaphase plate alignment. As I've shown in Chapter
2 with KIN7N, whose transcript was strongly upregulated in Vanstraelen et al.
(2006), it plays only a minor — if any — role in chromosome congression and the
major functional equivalent of CENP-E is rather KIN7O, which was not reported to
be upregulated on the trancript level in Vanstraelen et al. (2006). Besides, cells
have multiple pathways to regulate protein level and activity and transcript level
regulation is but one of these mechanisms. Hence, | can’t preclude that kinesins,
whose transcript was not upregulated in Vanstraelen et al. (2006), play a minor or
major role in chromosome congression and/or maintenance of chromosome
metaphase plate alignment. Additionally, in contrast to human cells that have only
one or a couple kinesins in each family, Arabidopsis has several homologs in each
family (Machens, 2018; Yamada & Goshima, 2017). Thus, it might be necessary
to study higher order mutants as functional redundancy between members of the

same family is quite likely.

Nevertheless, based on a plethora of studies in human cells and Vanstraelen et al.
(2006) the most promising candidates are chromosome arm-localized Kinesin-4
and Kinesin-10 as well as kinetochore-localized Kinesin-7 and Kinesin-13 family
members (Fig. 5). More specifically, the human chromokinesins Kif4a (kinesin-4)
and Kid/Kif22 (kinesin-10) have been shown to have MT plus-end directed motility,
with Kid/Kif22 or its homologs in other organisms having the major role in
promoting chromosome congression even in acentrosomal model systems (Maiato
et al., 2017; Risteski et al., 2021). Since Vanstraelen et al. (2006) reported that the
transcripts of both KINESIN-4B (KIN4B; AT3G50240) and KIN4C (AT5G60930) as
well as these of KINESIN-10A (KIN10A; AT4G14330), KIN10B (AT5G02370), and
KIN10C (AT5G23910) were strongly upregulated in mitotic cells, | propose that
some or all of these genes might be involved in this process in Arabidopsis (Fig.
5A). Next, in Chapter 2, | show a predominant role for KIN70O and a minor — if any

— role for KIN7N in chromosome metaphase plate congression and propose that
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KIN7O localizes to the kinetochore (Fig. 5A) similarly to its homolog and functional
equivalent CENP-E in human cells (Craske & Welburn, 2020). Considering that
Arabidopsis has 15 KINESIN-7 family members (Richardson et al., 2006), it would
be interesting to study further KIN7 single as well as higher order mutants in the
future. Finally, MCAK/Kif2c, one of the three human Kinesin-13 family members, is
a non-motile, MT plus-end tracking, and binding motor protein that promotes MT
depolymerization at the kinetochore, thus playing a key part in the correction of
erroneous K-MT attachments with the help of CENP-E (Fig. 5B) (Maiato et al.,
2017; Risteski et al., 2021; Shrestha & Draviam, 2013). Vanstraelen et al. (2006)
reported a strong upregulation in the transcript of KINESIN-13B (KIN13B;
AT3G16060), which | propose to be the most probable functional equivalent of
MCAK in Arabidopsis, as the other member of the KIN13 family, namely KIN13A,
is targeted to cortical MTs and regulates secondary cell wall pattern formation in
xylem cells (Oda & Fukuda, 2013). Conclusively, there are several promising
candidate kinesins in Arabidopsis that could explain the observed chromosome
congression in the absence of KIN70O and/or BUB3.3, opening up the possibility

for uncovering complementary and/or redundant pathways in the future.

A B
Kinesin-7 MCAK/Kinesin-13 (KIN13B) and CENP-E/Kinesin-7
KIN70 (KIN70) convert incorrect into end-on attachments
Lateral K-MT Merotelic Syntelic
attachment attachment attachment

= A

Figure 5 Proposed model for the motor-dependent chromosome metaphase plate alignment
in Arabidopsis. This model was drawn after figures 2 and 3 from Craske & Welburn (2020). (A)
Kinetochore-localized KIN7 family members transport unattached and/or monopolarly attached
chromosomes along the lattice of adjacent kinetochore MTs. | propose that KIN7O is the major
functional equivalent of human CENP-E (left). Human chromokinesins Kif4a (kinesin-4) and
Kid/Kif22 (kinesin-10) localize to chromosome arms and generate forces propelling chromosomes
along adjacent MTs and away from spindle poles. | propose that the Arabidopsis homologs KIN4B,
KIN4C, KIN10A, KIN10B, and KIN10C might have similar function (right). (B) MCAK is a MT plus-
end tracking and binding motor protein that promotes MT depolymerization at the kinetochore, thus
converting erroneous into end-on attachments with the help of CENP-E. | propose that the
Arabidopsis homolog KIN13B might play a similar role.
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Concluding remarks

Overall, this work provides a framework for future studies of the SAC and
chromosome congression in Arabidopsis. From a technical innovation perspective,
the 2D and 3D live-cell imaging methods of metaphase in meiosis and mitosis as
well as the detailed quantification approaches established here set the stage for
further dissection of the inner workings of the plant SAC and chromosome
metaphase plate alignment. From a biological perspective, the refined SAC model
as well as the new function of the KIN7O-BUB3.3 complex should be expanded
upon to enhance our mechanistic knowledge of the SAC and chromosome
congression in planta, respectively. Finally, the unexpected results obtained in
tetraploid meiosis and mitosis can serve as a stepping stone to elucidate the role
of the SAC in maintaining genome integrity in neo-autotetraploids and its potential

significance over evolutionary time.
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