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Abstract

In mitosis, a precise duplication and equal distribution of the genomic DNA between
daughter cells is essential for genome stability and growth. For such a precise division,
eukaryotes make use of a set of cytoskeletal arrays, which are composed mainly of
microtubule filaments. Because plant cells cannot move as opposed to animal cells,
plants rely on a precise cell division site determination for organ growth and patterning.
Accordingly, plants have developed specific microtubule-based structures for cell
divisions, such as the preprophase band (PPB) and the phragmoplast. The PPB is a
band of microtubules that forms before division at the cell cortex around the equator of
the nucleus. It is known to mark the periphery of the division plane and anchor proteins
that remain there throughout cell division, acting as fiducial markers. The spindle, which
appears after the PPB has disassembled and the nuclear envelope has broken down, is
essential for accurate sister chromatid segregation. After sister chromatids have been
segregated, the phragmoplast forms, which guides accurate membrane and cell wall

formation between the two daughter nuclei, ensuring a successful cell division.

The progression of the cell cycle is tightly regulated by cyclins and cyclin-dependent
kinases (CDKs). They act together to phosphorylate a plethora of substrates, with
specificity provided by both the cyclin and CDK partner. Phosphorylation can promote
rapid changes in protein activity, which is in accordance with the significant changes in
microtubule conformation throughout cell division. Here, in the first chapter, | have
characterized the function of the five-member CYCLIN B1 group in Arabidopsis thaliana.
| show that the function of B1-type cyclins is highly redundant and tissue-dependent.
Interestingly, mutants for B1-type cyclin members have compromised microtubule
arrays, including misplaced and double PPBs, as well as chromosome laggards in
metaphase and abnormal phragmoplasts. | further reveal that B1-type cyclins, especially
together with CDKB2;2, can phosphorylate a key microtubule nucleation factor in vitro,
MOZART1/GIP1. Accordingly, | show that GIP1 mislocalizes in a B1-type cyclin mutant

background.

In the second chapter, | explore in detail the function of B1-type cyclin-dependent
phosphorylation of two microtubule-associated proteins. First, | test the function of
MOZART1/GIP1 phosphorylation by generating two GIP1 versions with residues that
cannot be phosphorylated (alanine) in a gip? gip2 background and analyzing the

phenotype of these plants. Second, being unable to detect a clear phenotype in these
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GIP1 versions in gip1 gip2, | also test the function of phosphorylation of another
microtubule-associated protein, namely ENDOSPERM DEFECTIVE 1 (EDE1). EDE1 is
an essential member of the augmin complex in mitosis and promotes branched
microtubule-dependent microtubule nucleation. After mutating eight EDE1 residues into
alanine and introducing this construct in a mutant ede7-1 background, | detected a clear
impact on spindle architecture and dynamics compared to the wild-type EDE1 in an
edel-1 background. Hence, | was able to find a direct link between cyclin-CDK-

dependent phosphorylation and microtubule array regulation in mitosis.

In sexually-reproducing organisms, a special cell division called meiosis takes place.
Meiosis, unlike mitosis, is reductional and key for gamete formation. Since chromosomes
must pair to segregate equally during meiosis |, polyploids, i.e., organisms that possess
three or more chromosome sets, have an extra challenge to produce balanced gametes.
Surprisingly, established polyploids have evolved to possess stable meiosis and
accurate chromosome segregation. In the third chapter, | describe an attempt of using
the outcrossing A. lyrata and A. arenosa species as models for polyploid meiosis.
Following meiotic cell divisions live in these species, similar to what has been recently
achieved in A. thaliana, could provide us key insights into meiotic adaptations to
polyploidy. However, generating reporter lines in those plants was a challenge and |

describe my attempts in this thesis.



Zusammenfassung

In der Mitose ist eine prazise Verdopplung und gleichméaBige Verteilung der
genomischen DNA zwischen den Tochterzellen fur die Stabilitdt des Genoms und das
Wachstum unerlasslich. Fur eine solche prazise Teilung nutzen Eukaryoten eine Reihe
von Zytoskelettanordnungen, die hauptsachlich aus Mikrotubuli-Filamenten bestehen.
Da sich Pflanzenzellen im Gegensatz zu tierischen Zellen nicht bewegen kénnen, sind
sie fur das Wachstum und die Strukturierung von Organen auf eine prazise Bestimmung
der Zellteilungsstelle angewiesen. Dementsprechend haben Pflanzen spezifische
Mikrotubuli-basierte Strukturen flr die Zellteilung entwickelt, wie das Praprophasenband
(PPB) und den Phragmoplast. Das PPB ist ein Band aus Mikrotubuli, welches sich vor
der Teilung an der Zellrinde (Pellicula) um den Aquator des Zellkerns bildet. Es markiert
die Peripherie der Teilungsebene und verankert Proteine, die wahrend der gesamten
Zellteilung dort verbleiben und als Referenzmarker dienen. Die Spindel, die nach dem
Abbau der PPB und dem Zerfall der Kernhlle entsteht, ist fur die genaue Segregation
der  Schwesterchromatiden unerlasslich. Nach der  Segregation der
Schwesterchromatiden bildet sich der Phragmoplast, der die korrekte Membran- und
Zellwandbildung zwischen den beiden Tochterkernen leitet und so eine erfolgreiche

Zellteilung gewahrleistet.

Der Ablauf des Zellzyklus wird durch Cycline und Cyclin-abhéngige Kinasen (CDKs)
streng reguliert. Sie wirken zusammen und phosphorylieren eine Vielzahl von
Substraten, wobei die Spezifitdt sowohl durch das Cyclin als auch durch den CDK-
Partner gewéhrleistet wird. Die Phosphorylierung kann zu schnellen Veranderungen der
Proteinaktivitat fihren, was mit den erheblichen Verénderungen der Mikrotubuli-
Konformation wéhrend der Zellteilung in Einklang steht. Im ersten Kapitel habe ich die
Funktion der CYCLIN B1-Gruppe in Arabidopsis thaliana charakterisiert, welche aus flnf
Mitgliedern besteht. Ich zeige, dass die Funktion der B1-Typ-Cycline hochgradig
redundant und gewebeabhéngig ist. Mutanten in Cyclinen des B1-Typs weisen
beeintrachtigte Mikrotubuli-Anordnungen auf, darunter fehlplatzierte und doppelte PPBs,
sowie Nachzlglerchromosome in der Metaphase und abnorme Phragmoplasten. Ich
zeige auBerdem, dass B1-Cycline, insbesondere zusammen mit CDKB2;2, einen
wichtigen Mikrotubuli-Nukleationsfaktor, MOZART1/GIP1, in vitro phosphorylieren
kénnen. Dementsprechend zeige ich, dass GIP1 in einem Mutantenhintergrund des B1-

Typ-Cyclins fehllokalisiert ist.



Im zweiten Kapitel untersuche ich im Detail die Funktion der B1-Typ-Cyclin-abhéngigen
Phosphorylierung von zwei Mikrotubuli assoziierten Proteinen. Zunachst teste ich die
Funktion der MOZART1/GIP1-Phosphorylierung, indem ich zwei GIP1-Versionen mit
Resten, die nicht phosphoryliert werden kénnen (Alanin), in einem gip1 gip2-Hintergrund
erzeugte und den Phanotyp dieser Pflanzen analysierte. Da ich bei diesen GIP1-
Versionen in gip1 gip2 keinen eindeutigen Phanotyp feststellen konnte, habe ich
auBerdem die Funktion der Phosphorylierung eines anderen Mikrotubuli-Proteins,
namlich ENDOSPERM DEFECTIVE 1 (EDE1), untersucht. EDE1 ist ein wesentliches
Mitglied des Augmin-Komplexes in der Mitose und férdert die von verzweigten
Mikrotubuli abh&ngige Mikrotubuli-Nukleation. Nachdem ich acht EDE1-Reste zu Alanin
mutiert und dieses Konstrukt in einen mutierten ede1-1-Hintergrund eingebracht hatte,
konnte ich im Vergleich zum Wildtyp-EDE1 in einem ede1-1-Hintergrund deutliche
Auswirkungen auf die Spindelarchitektur und -dynamik feststellen. Somit konnte ich eine
direkte Verbindung zwischen der Cyclin-CDK-abhangigen Phosphorylierung und der

Regulierung der Mikrotubuli-Anordnung in der Mitose feststellen.

Bei sich sexuell fortpflanzenden Organismen findet eine spezielle Zellteilung statt, die
Meiose. Im Gegensatz zur Mitose ist die Meiose reduktiv und entscheidend flr die
Bildung der Gameten. Da sich die Chromosomen wéahrend der Meiose | paarweise und
gleichméBig teilen muissen, ist es fur Polyploide, d. h. Organismen mit drei oder mehr
Chromosomensatzen, eine besondere Herausforderung, ausgewogene Gameten zu
erzeugen. Uberraschenderweise haben sich etablierte Polyploide so entwickelt, dass sie
eine stabile Meiose und eine genaue Chromosomentrennung aufweisen. Im dritten
Kapitel beschreibe ich einen Versuch, die sich auskreuzenden Arten A. lyrata und A.
arenosa als Modelle fir die polyploide Meiose zu verwenden. Wenn man die meiotischen
Zellteilungen bei diesen Arten live verfolgt, dhnlich wie es kirzlich bei A. thaliana
gelungen ist, kdnnte man wichtige Erkenntnisse Uber die meiotischen Anpassungen an
die Polyploidie gewinnen. Die Erzeugung von Reporterlinien in diesen Pflanzen war

jedoch eine Herausforderung, und ich beschreibe meine Versuche in dieser Arbeit.



General introduction

1. The cell cycle: lifetime of a cell

Eukaryotes rely on a series of events to duplicate and subsequently faithfully segregate
their genetic material. This series of events is the so-called cell cycle that is typically
divided into four stages: G1, S, G2, and M (Fig 1A; Harashima et al, 2013; Wijnker &
Schnittger, 2013). During the S phase, the DNA is duplicated. During G1 and G2, which
separate S from M phase and therefore are called Gap1 (G1) and Gap2 (G2), cells were
shown to grow. Finally, during M phase, which stands for mitosis, the sister chromatids
get separated equally into two daughter nuclei. Mitosis is often followed by cytokinesis,
which is the division of the original cell into two compartments with one nucleus each.
However, there are a few exceptions to this order of events (Fig 1B-C). For instance,
Arabidopsis endosperm development (Berger et al, 2006) starts with several rounds of
mitosis without cytokinesis, leading to the formation of the syncytial endosperm, while

cell walls are formed only later to then generate the cellular endosperm.

The cell cycle has three known major checkpoints: at G1/S, when DNA is checked for
any damage; at G2/M, when cells must ensure that the DNA has been properly
duplicated; and at the metaphase-anaphase transition, when the spindle assembly
checkpoint (SAC) monitors if the kinetochores of the sister chromatids are properly

attached to spindle microtubules.

(A) , (®) ©
s K\\Gz
G1-s </ Ghz":
check " ey
point Z point
M
\ 7
& ‘@
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Figure 1: The eukaryotic cell cycle. The figure was taken from Harashima et al, 2013.

A. In a typical meristematic cell, G1, S, G2, and M phases can be distinguished. The three main
checkpoints are the G1/S and G2/M checkpoints as well as the spindle assembly checkpoint
during mitosis.

B. In rapidly dividing early embryos, one or more gap phases can be skipped.



C. Differentiated cells often undergo duplication of the DNA material without an ensuing cell
division, which is called an endocycle and generates polyploid cells. P, prophase; M, metaphase;
A, anaphase; and T, telophase.

2. Cyclins and cyclin-dependent kinases

At the heart of cell cycle regulation lie cyclins and cyclin-dependent kinases (CDKs; Fig
2-4). Cyclins (Fig 2), as the name suggests, are expressed in a cyclic, phase-specific
manner and promote the progression of the cell cycle together with their CDK
counterparts (Fig 3). Cyclins are often classified according to their expression timing; for

example, as G1/S, S- or M-phase cyclins (Morgan, 2007).

While in budding yeast only 22 cyclins have been found (Andrews & Measday, 1998),
plants have evolved to possess an astonishing number of cyclins. For instance, there
are at least 50 putative cyclin-encoding genes in Arabidopsis thaliana (Fig 2; Wang et al,
2004; Shimotohno et al, 2021). This variety of cyclin genes is presumed to account for
developmental plasticity in space and time in response to environmental cues
(Shimotohno et al, 2021).

Cyclins often contain a region with 250 conserved amino acids that constitute the so-
called cyclin core, which has two domains named Cyclin_N and Cyclin_C (Fig 2; Wang
et al, 2004). The Cyclin_N domain (also called cyclin box) is approximately 100-amino-
acid long, contains the CDK binding site and is found in all known cyclins. The Cyclin_C
domain, however, is less conserved. Another domain that is commonly found in cyclins
is the Destruction box (or D-box). The D-box is a nine-residue motif that is responsible

for cyclin proteolysis by the 26S proteasome in a ubiquitin-dependent manner.

Since there is a large number of plant cyclins, a nomenclature based on sequence
homology was established (Fig 2; Renaudin et al, 1996). Sequence homology is a good
starting point to infer individual cyclin roles, although it is not a guarantee of similar

function.
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Figure 2. Phylogenetic tree of 49 Arabidopsis cyclin-encoding genes with domain
information. Taken from Wang et al, 2004.

Almost all of the A-, B-, D- and SDS-type cyclins contain both the N- and C-terminal cyclin
domains (Cyclin_N and Cyclin_C respectively); the other cyclin families lack the C-terminal
domain. The D-box was identified in nine A- and nine B-cyclins. One of the original 50 putative
cyclin-encoding genes lacks the Cyclin_N domain and therefore was not included in the
phylogenetic tree.

The D-type cyclins are the main G1/S group and amount to ten genes in Arabidopsis
(CYCD1;1, CYCD2;1, CYCD3;1, CYCD3;2, CYCDS3;3, CYCD4;1, CYCD4;2, CYCD5;1,
CYCD6;1, and CYCD7;1). They were suggested to control both the decision to pursue a
cell nuclear division and the responses to internal and environmental cues during G1
(Cockcroft et al, 2000). CYCD-CDKA complexes are the key actors in phosphorylating
RETINOBLASTOMA-RELATED 1 (RBR1) and, thus, releasing the transcription of genes
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by E2F transcription factors, which triggers entry into and progression through the S
phase (Fig 4; Boniotti & Gutierrez, 2001). Some A-type cyclins, specifically CYCAS3;1 and
CYCAS;2, may also play a role at this stage since their expression starts at late G1 and
continues until mid M phase (Shimotohno et al, 2021; Takahashi et al, 2010). However,
most A-type and B-type cyclins are mainly considered mitotic cyclins (Bulankova et al,
2013; Takahashi et al, 2010; Motta et al, 2021) that are expressed from G2 onwards and
promote the transition from G2 to M. There are ten A-type cyclin genes in Arabidopsis
(CYCA1;1, CYCAT1;2, CYCA2;1, CYCA2;2, CYCA2;3, CYCA2;4, CYCAS;1, CYCAS;2,
CYCA3;3 and CYCA3;4). B1-type cyclins have four members (CYCB1;1, CYCB1;2,
CYCB1;3 and CYCB1;4), similarly to B2-type cyclins (CYCB2;1, CYCB2;2, CYCB2;3 and
CYCB2;4), while the B3-type family has only one member (CYCB3;1), which is

expressed in both mitosis and meiosis (Sofroni et al, 2020; Bulankova et al, 2013).

At G2, CYCA/B/D-CDKA/B complexes promote the phosphorylation of Activator-MYBs
and Repressor-MYBs, which causes the stabilization and degradation of those
substrates respectively (Fig 4). Activator-MYBs, in turn, will then activate the expression
of mitotic genes (Fig 4; Shimotohno et al, 2021). It is important to mention that the exact
expression pattern and biological role of the individual cyclin members is, at the moment,
far from being completely understood, i.e., the identification and mode of regulation of

specific CDK targets has not been extensively studied.

On the CDK side, plants have eight families, including CDKA to CDKG (Fig 3) and the
CDK:-like kinase (CLK) group. The A-type CDK (CDKA) and B-type CDK (CDKB) groups
play major roles in the regulation of the cell cycle (Vandepoele et al, 2002). The A-type
CDKs possess the typical PSTAIRE motif, which is important for binding to cyclins and
is conserved in yeast and mammals, whereas Arabidopsis B-type CDKs have modified
motifs, either PPTALRE, PSTTLRE or PPTTLRE (Vandepoele et al, 2002). Moreover,
B-type CDKs are plant-specific.
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CDKF;1 0.36438
CDKE;1 0.32142
CDKA;1 0.19426
CDKB1;1 0.05227
CDKB1;2 0.05453
CDKB2;1 0.06508
CDKB2;2 0.06271
CDKG;1 0.25641
CDKC;1 0.03935
CDKC;2 0.04614
CDKD;2 0.15073
CDKD;1 0.0831
CDKD:;3 0.081

Figure 3. A phylogenetic tree of the main Arabidopsis thaliana CDKA to CDKG members.
The alignment of the CDK protein sequences was performed with Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/). Sequence distance measurements are shown next

to the protein names.

In Arabidopsis, the A-type CDK (CDKA;1) transcript levels are present throughout the
cell cycle, although the activity itself peaks at G1/S and G2/M. On the other hand,
transcripts from B-type CDKs (CDKB1;1, CDKB1;2, CDKB2;1 and CDKB2;2) vary in
expression pattern. For instance, CDKB1 transcripts accumulate from S to M phase,
while CDKB2 are expressed from G2 to M.

The regulation of CDK activity in plants is considerably different from that of metazoans.
This is exemplified by the differences between the regulation of CDKA;1 in Arabidopsis,
which is considered the central cell cycle regulator in plants (Nowack et al, 2012), and
the analogous animal Cdk1. In metazoans, Cdk1-cyclin B complexes are inhibited by
phosphorylation of the residues Thr14 and Tyr15 in the P-loop by certain kinases, e.g.
WEE1, while phosphorylation at the T-loop is required for CDK activation (Morgan,
1997). Phosphorylation of the T-loop in CDKA;1 from Arabidopsis has been confirmed
to be necessary for protein function (Dissmeyer et al, 2007), whereas P-loop
dephosphorylation does not seem to be critical (Dissmeyer et al, 2009). Additionally, in
metazoans, removal of the inhibitory phosphorylation at residues Thr14 and Tyr15 is
performed by Cdc25, whereas, in plants, there is no Cdc25 homolog with an equivalent
function (Dissmeyer et al, 2010, 2009). Finally, the WEE1 kinase in Arabidopsis seems

not to be essential under normal conditions but to function in response to DNA damage
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controlling S-phase progression rather than controlling mitosis (De Schutter et al, 2007;
Cools et al, 2011).
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Figure 4. Cell cycle regulation by cyclin-CDK complexes in plants. This figure was modified
from Shimotohno et al, 2021.

CYCD-CDKA complexes are responsible for the phosphorylation of RBR, which displaces it from
E2Fa/b-DPa heterodimers and enables the transcription of S-phase-specific genes.
Simultaneously, CYCD-CDKA complexes phosphorylate E2Fc and DPb, which repress the
expression of S-phase genes. Tagged by phosphorylation, E2Fc and DPb are ubiquitinated and
degraded by the proteasome. At G2, CYCA, CYCB, and CYCD interact with CDKA and CDKB
members, promoting phosphorylation and activation of Activator-MYBs as well as
phosphorylation and destabilization of Repressor-MYBs. The activation of Activator-MYBs, in
turn, promotes the expression of G2/M genes, including mitotic cyclins. CYCA/B/D-CDKA/B
complexes can phosphorylate specific substrates and promote progression through mitosis. The

APC/C is then responsible for the degradation of mitotic cyclins and subsequent exit from mitosis.
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It has been suggested that CDK activity oscillates throughout the cell cycle (Fig 5;
Wijnker & Schnittger, 2013). It presumably increases progressively, beginning in G1
when DNA is licensed to replicate and followed by DNA replication in S phase. The
activity reaches its peak at mitosis before the activation of the Anaphase-Promoting
Complex/Cyclosome (APC/C) and separation of the sister chromatids. At this point, CDK
activity potentially drops down to base levels after the APC/C has promoted
ubiquitination of the key mitotic cyclins and subsequent degradation by the 26S

proteasome.

Mitosis — wildtype
A Mitosis ?

DNA replication

oNA 7

licensing

Separation
of SC

CDK activity

Figure 5. A hypothetical model for CDK activity oscillation throughout mitosis. This figure
was modified from Wijnker & Schnittger, 2013.

In mitotic cell divisions, CDK activity presumably rises progressively from G1 until it peaks at
mitosis, followed by a sharp drop in activity caused by the degradation of mitotic factors, e.g.,
cyclins, by the APC/C.

2.1. A- and B-type cyclins

There are 19 described A- and B-type cyclins in total. Single A- and B-type cyclin
mutants do not usually display a strong mutant phenotype, which suggests that there is
a high level of redundancy between the different cyclin members. One of the exceptions
to this is CYCA1;2/TAM, which is known to be important for the transition from meiosis |
to meiosis Il. Accordingly, cyca1;2/tam mutants exit meiosis prematurely and produce
diploid spores (d’Erfurth et al, 2010). CYCA1,2 is also expressed in mitosis (Bulankova

et al, 2013), although its function in this division has not been clarified.

A2-type cyclins are highly expressed in proliferative tissues (Vanneste et al, 2011).
Accordingly, a loss-of-function mutation in the four A2-cyclins strongly slows down post-
embryonic development. Furthermore, mutating only three out of the four A2-cyclin
members already impacts growth, as for instance seen in a decreased root length and

reduced seed set. CYCA2;3 has been shown to form a complex with CDKB1;1 to drive
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mitosis and prevent endocycle onset (Boudolf et al, 2009). Interestingly, CYCA2;1 and
CYCAZ2;2 have also been described to be expressed in meiosis, although their exact
meiotic function remains to be studied (Bulankova et al, 2013). Finally, the triple cyca2;2
cyca2;3 cyca2;4 mutant has been shown to have problems in meiotic chromosome
condensation and segregation, although the reporter lines for the CYCA2;3 and

CYCAZ2:4 members have not been detected in meiosis.

A3-type cyclins have a complex pattern of expression: reporter lines for CYCAS3;1,
CYCAS;2 and CYCAS;4 have been detected in the nucleus of root and shoot mitotic
cells, whereas CYCAS;2, CYCAS;3 and CYCAB3;4 reporter lines were also active in
meiosis (Bulankova et al, 2013). Hence, CYCAS;3 is the only A3-type cyclin that is
meiosis-specific. Plants overexpressing CYCAS3;4 contain small leaves and no stomata;
hence, the levels of this cyclin have to be precisely regulated in an APC-dependent

manner for proper organ formation (Willems et al, 2020).

B1-type cyclins are strictly mitotic and have been linked to DNA damage response,
where they promote homology-dependent DNA repair (Schnittger & De Veylder, 2018;
Weimer et al, 2016). CYCB1;1 is activated upon DNA damage in a SOG1-dependent
manner (SOG1 is an analogous transcription factor to p53 from animals). Furthermore,
RADIATION SENSITIVE 51 (RAD51), which is one of the main actors in homology-
dependent DNA repair, was shown to be a substrate of CYCB1-CDKB1 complexes. In
this thesis, the role of the B1-type cyclins in microtubule organization was explored in

detail.

B2-type cyclins have also been shown to be strictly mitotic and expressed in the
cytoplasm (Bulankova et al, 2013). Their specific role in mitosis is, at the moment, not

understood.

Finally, the sole B3-type cyclin member CYCB3;1 has been shown to be present in both
mitosis and meiosis and to associate with spindle microtubules (Bulankova et al, 20183;
Sofroni et al, 2020). Mutants in CYCBS3;1 are fully fertile and do not present any obvious
growth defects, but cycb3;1 roots grow shorter in comparison to wildtype on media
containing the microtubule-disrupting drug oryzalin (Sofroni et al, 2020). Moreover, it has
been shown that CYCBS3;1 has a function in the timing and accuracy of cell wall formation
(Bulankova et al, 2013).
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3. Overview of mitosis

After faithful duplication of the DNA in S phase, cells enter G2. If the G2/M checkpoint is
satisfied and no DNA damage is present, mitosis takes place (Fig 6). In prophase, DNA
progressively condenses. Nuclear envelope breakdown (NEB) marks the beginning of
prometaphase. At metaphase, DNA condensation has reached its peak and
chromosomes are visible in the metaphase plate, with their kinetochores attached to
spindle fibers in a bipolar manner. At anaphase, sister chromatids are segregated into
two opposing poles (that will later turn into two daughter cells) by the spindle. At
telophase, chromosomes decondense and the nuclear envelope reforms, giving rise to
the nascent daughter nuclei. Finally, cytokinesis happens and two daughter cells are
formed by the activity of a structure called the phragmoplast (see below, Pines & Rieder,
2001). For details about meiosis, the cell division that is necessary for gamete formation,

see Chapter 3.

Mitosis

Telophase and
9 S phase 9 Prophase Metaphase Anaphase cytoklne5|s

;»@ 5

Figure 6. An overview of mitotic progression in plants. This figure was modified from Wijnker
& Schnittger, 2013.

In the figure, the three major cell cycle checkpoints are represented by red octagons, from left to
right: G1/S, G2/M, and the SAC. At prophase, there is visible condensation of the DNA. At
metaphase, DNA is at its maximum condensation state and chromosomes are aligned at the
metaphase plate. In anaphase, sister chromatids are pulled towards two opposing poles. In
telophase, DNA decondenses and the nuclear envelope reforms. Often, telophase is followed by
cytokinesis when a cell wall and plasma membrane form to separate the two daughter nuclei into

two different cells.

4. Overview of mitotic microtubule arrays

Since plant cells are largely immobile in comparison to metazoan cells, cell division fulfills
not only a developmental task but also is central in adaptation to environmental cues.
Key to the execution of cell divisions are the mitotic microtubule arrays (Fig 7), which in
plants are mainly represented by the preprophase band, the spindle and the

phragmoplast. The preprophase band (PPB; Fig 7A) is a plant-specific band of
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microtubules that forms at the cell periphery around the cell nucleus in G2 and remains
until the prophase of mitosis. It serves as a positional cue for the precise orientation of
the future cell wall and is thought to function by anchoring of proteins involved in cell
division site determination. However, it is not present in meiotic, endosperm and
gametophytic divisions. It was originally thought that the PPB is essential for cell division
site determination, but recent studies have revealed that, in PPB-devoid mutants, no
completely aberrant cell divisions are observed (see below; Schaefer et al, 2017). Hence,
the PPB is a non-essential tool to ensure a higher degree of robustness with respect to

cell division site selection in plants.

Following the disassembly of the PPB and NEB, the spindle (Fig 7C) starts to form from
a population of microtubules that were localized around the nucleus. Its primary function
is to separate sister chromatids equally into two new nuclei. In animal cells, centrosomes
are crucial during spindle assembly and are the main microtubule generation site as well
as the main microtubule organizing center at this stage (Yamada & Goshima, 2017).
Animal spindles are fusiform and exhibit two clear poles, since the microtubules remain
associated with centrosomes. In plants, in the absence of centrosomes, there is a large
accumulation of microtubules around the nucleus in prophase, as mentioned above,
which develop into the so-called prometaphase spindle or prospindle. Upon NEB,

microtubules rapidly assemble into a barrel-shaped spindle with multiple mini-poles.

After NEB, two other mechanisms are present for microtubule generation in both plants
and animals: chromosome-mediated nucleation and microtubule-dependent microtubule
nucleation. Since flowering plants do not possess centrosomes, spindle microtubules are
highly dependent on the so-called branched microtubule-dependent microtubule
nucleation, which is mainly performed in an augmin-dependent manner (Lee & Liu, 2019;
Yamada & Goshima, 2017; for details see below in Chapter 2). Indeed, knocking down
subunits of the augmin complex in moss reduced the number of spindle microtubules by
approximately 50%, showing the importance of this complex for microtubule generation
in plant spindles (Nakaoka et al, 2012). Essentially three populations of microtubules can
be distinguished in mitotic spindles at metaphase: astral microtubules that are produced
from spindle poles and are directed towards the cell cortex; interpolar microtubules that
meet in the spindle midzone; and kinetochore fibers that are attached to chromosomes

(Fig 7C). In anaphase, the spindle elongates as the sister chromatids are pulled apart.

At the anaphase to telophase transition, the phragmoplast forms (Fig 7E and 8; Lee &

Liu, 2019; Smertenko et al, 2018). Like the PPB, the phragmoplast is plant-specific and
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contains a microtubule array that serves as a highway for vesicles originating at the Golgi
apparatus and fusing at the plane of cell division to form and enlarge the cell plate
between the two daughter nuclei. It has a characteristic bipolar orientation with two sets
of highly bundled and cross-linked anti-parallel microtubules. The formation of the cell
plate starts in the center and progresses towards the cortex. Accordingly, the
phragmoplast expands in time towards the cell cortex (leading zone) and, hence,
microtubules present in the central region with a maturely assembled cell plate

depolymerize (lagging zone).
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Figure 7. An overview of the mitotic microtubule arrays. This figure was modified from Motta
& Schnittger, 2021.

A. The PPB, which is a thick band of microtubules that forms at the cell periphery around the
equator of the nucleus, is assembled at G2 and remains until prophase, marking the future cell

division site.
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B. The components of the TTP complex (TRM7/8, FASS, TON1, and PP2A) are associated with
the PPB.

C. The spindle begins its formation at prometaphase and reaches its maximum conformation right
before anaphase. The kinetochore is a multiprotein structure that attaches the sister chromatids
to spindle microtubules. At least three types of microtubule populations can be clearly
distinguished at the spindle stage: astral and interpolar microtubules as well as kinetochore fibers.
Astral microtubules originate at the spindle poles and grow towards the cell cortex; interpolar
microtubules overlap in the central spindle in an anti-parallel manner; and kinetochore fibers
attach to chromosomes. Spindle microtubules are mainly generated by the yTuRC, which is a
microtubule-nucleating complex. The augmin complex is essential for microtubule-dependent
microtubule nucleation in a branched fashion.

D. Spindle microtubules are tightly regulated by the action of kinesins. They are for example
responsible for an anti-parallel sliding of interpolar microtubules.

E. The phragmoplast microtubules are a scaffolding structure for Golgi-originated vesicle fusion
in the nascent cell wall region.

F. Important factors for phragmoplast function and structure are represented. CLASP is a known
microtubule stabilizer. MAPB5 is responsible for cross-linking anti-parallel microtubules. MOR1 is
a conserved plus-end binding protein that is involved in regulating microtubule dynamics.

CDS, cortical division site.

5. Microtubule-associated proteins (MAPs) and their role in microtubule

array assembly

The structure of the mitotic microtubule arrays is finetuned by a diverse set of regulators
on a smaller or bigger scale. Here in section 1.5, | focus on the function of kinesins in
forming robust microtubule arrays by controlling the dynamics and interaction of
microtubules. In the next section (1.6), | will zoom in on the regulation at the single-

microtubule level, discussing what is known about plus- and minus-end binding proteins.

An important class of regulators of the microtubule arrays is the kinesin family (Fig 7D
and 8). Kinesins are motor proteins that can move along microtubules to either carry
some cargo, to link to other microtubules or to regulate microtubule dynamics (Nebenfiihr
& Dixit, 2018). In plants, based on homology in the amino acid sequence of the motor
domain, there are 14 kinesin families (Lawrence et al, 2004). Additionally, kinesins can
be classified as plus- or minus-end directed. Plus-end directed kinesins often generate,
for instance, forces that allow elongation of the spindle, while minus-end directed

kinesins mostly reduce the spindle length.
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5.1. Regulation of preprophase band dynamics

Results from research on Arabidopsis thaliana show that the TTP complex (Fig 7B),
which is composed of TONNEAU1 (TON1), TONNEAU2/FASS (TON2/FASS),
PROTEIN PHOSPHATASE A (PP2A), and the TRM (TON1 RECRUITING MOTIF)
proteins is a key regulator of microtubule arrays, especially the PPB (Azimzadeh et al,
2008; Schaefer et al, 2017; Drevensek et al, 2012). In this complex, TON1, FASS, and
the TRM proteins interact in a triangular manner, while PP2A interacts with FASS and
provides enzymatic activity to the complex (Fig 7B). The TRM proteins are presumably

the targeting factors of the complex to microtubules.

In ton1 and ton2/fass mutants, not only the PPB but also the cortical microtubules are
affected (Azimzadeh et al, 2008; Drevensek et al, 2012). Cortical microtubules are
present in interphase and are important for cell wall deposition in growing cells. Due to
this broader role of the TON genes, the function of the PPB could, until recently, not be
properly dissected from the general microtubule regulation. Finally, the isolation of
trm6/trm7/trm8 mutants, which are completely devoid of PPBs and present no problems
in the cortical arrays, allowed the conclusion that PPBs are not essential for cell division
site determination per se (Schaefer et al, 2017). In these mutants, mitotic parameters,
such as spindle positioning, cell volume between daughter cells, and cell division angle,
were not significantly changed on average, but there was a great increase in the variance
of these parameters (Schaefer et al, 2017). Therefore, the PPB is now seen as a tool for

fine-tuning the selection of the site of cell division.

The PPB disassembles before NEB and, hence, the positional information must be
stored by other structures. Indeed, the kinesin-12 family members POK1 and POK2 are
well known for retaining information on the cortical division site where the PPB was once
localized (Fig 8; Lipka et al, 2014; Herrmann et al, 2018). They presumably function as
a scaffold for PPB marker proteins, since the pok1 pok2 double mutant exhibits loss of
cortical division site characteristics, as judged by the absence of TANGLED and the Ran
GTPase regulatory protein RanGAP1 at that site in metaphase. Recently, an additional
role for POK2 in stabilizing the phragmoplast midzone by interacting with MAP65-3 (see

below) has been uncovered (Herrmann et al, 2018).
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5.2. Control of spindle microtubules

The prospindle is the population of microtubules that localizes on the nuclear envelope
in a bipolar fashion preceding NEB. After NEB, this population of microtubules
reorganizes for the generation of the prometaphase and metaphase spindle. New
microtubules are rapidly generated in a branched manner from existing microtubules,
which is highly regulated by the function of the augmin complex (see Chapter 2 for
details) and the Targeting Protein for Xklp2 (TPX2; Lee et al, 2017; Petry et al, 2013).

TPX2 is regarded as a crucial regulator of mitosis since it mediates the interaction of
several proteins with the spindle. For instance, in vertebrates, it is critical to the regulation
of the kinase AURORA A, which phosphorylates many MAPs and is crucial for spindle
formation and dynamics. In addition, TPX2 promotes spindle- and chromosome-induced
microtubule nucleation (Alfaro-Aco et al, 2017). The TPX2 family in plants has expanded
in comparison to metazoans to contain, in addition to the canonical TPX2, eight TPX-
LIKE PROTEINs (TPXLs), of which TPXL2 and TPXL3 have been characterized (Vos et
al, 2008; Boruc et al, 2019). TPX2 and TPXL2 were found to be redundant and non-
essential for plants, while a mutation in TPXL3 is lethal in a homozygous state in the

embryo (Boruc et al, 2019).

Four kinesin family members have been implicated in spindle regulation: KRP125c,
ATK1, ATK5, and KINESIN-12E. First, midzone spindle microtubules are presumably
stabilized and cross-linked by KRP125c, a plus-end directed kinesin-5 (Bannigan et al,
2007). ATK1 and ATKS5 are kinesin-14 minus-end directed motors that also localize to
the spindle. Mutants for ATK1 exhibit spindles with multiple poles in both mitosis and
meiosis and have problems with chromosome segregation in male meiosis (Marcus et
al, 2003). The reason why mitotic chromosome segregation is unaffected in the atk1
mutants is unclear, but it could be due to a redundancy of ATK1 with other kinesin
members in mitosis. In addition, ATK1 is hypothesized to be important for microtubule
translocation to the spindle poles. Mutants for ATK5 have abnormally broad spindles and
this kinesin has been implicated in the search and capture of interpolar antiparallel
microtubules as well as in cross-linking of microtubules in the spindle midzone and at
the spindle poles (Ambrose et al, 2005; Ambrose & Cyr, 2007). Recently, it has been
found that KINESIN-12E is also relevant for spindle structure and dynamics (Herrmann
et al, 2020). Mutants for this kinesin member have a delay in spindle formation and

shorter spindles than the wildtype.
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5.3. Organization of the phragmoplast

The phragmoplast (Fig 7E and 7F) is a complex structure that also requires a precise
orchestration of microtubule dynamics, i.e., polymerization, depolymerization,
stabilization, bundling, cross-linking, and nucleation (for details on microtubule dynamics

see the next section; Smertenko et al, 2018).

Several kinesins have been identified to play a role in phragmoplast structure (Fig 8).
The kinesin-12 family members PAKRP1 (Kinesin12A) and PAKRP2 (Kinesin12B) are
known to stabilize antiparallel microtubules in the phragmoplast midzone (Lee et al,
2007; Pan et al, 2004). NACK1 and NACK2 are kinesin-7 members that are important
for a MAP kinase cascade that ultimately destabilizes the phragmoplast midzone by
phosphorylation of MAP65 in the lagging phragmoplast zone (Tanaka et al, 2004;
Nishihama et al, 2002). Last, KCBP, a kinesin-14 member, helps to guide the leading
phragmoplast zone towards the cortex by pulling on microtubules protruding into the
periphery (Buschmann et al, 2015).
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Figure 8. The Arabidopsis kinesin-12 members play important roles in phragmoplast
formation and dynamics. The figure was taken from Muller & Livanos, 2019.

A. The phragmoplast contains two groups of anti-parallel microtubules with plus-ends partially
overlapping in the phragmoplast midzone. Microtubules polymerize in the leading zone and
depolymerize in the lagging zone. Plus-end directed kinesins (PAKRP1/Kinesin12A,
PAKRP2/Kinesin12B and POK2/Kinesin12D) interact with MAP65-3 and other MAP65 isoforms,

mediating their localization to the phragmoplast midzone. MAP65 members, in turn, promote
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phragmoplast stability and expansion. Phosphorylated MAPG65 is unable to bind microtubules.
The regulation of kinesin-12 activity in the midzone is currently uncharacterized.

B. As cytokinesis progresses, peripheral microtubules extend towards the cell cortex.
POK1/Kinesin12C and POK2/Kinesin12D, localized at the CDZ, probably interact with these
microtubule filaments and move towards their plus ends (blue arrow). With that, the phragmoplast
and cell plate are placed in a median region of the CDZ called CPFS.

CDZ, cortical division zone. CPFS, cell plate fusion site.

Another class of important regulators of the phragmoplast structure is the
MICROTUBULE-ASSOCIATED PROTEIN 65 (MAP65; Fig 7F and 8) family of proteins,
which is responsible for cross-linking anti-parallel microtubules by generating 25-30 nm
bridges between them and which also potentially stabilizes microtubules (Smertenko et
al, 2018). There are currently four MAP65 genes characterized: MAP65-1, MAP65-2,
MAP65-3, and MAP65-4. MAP65-1 and MAP65-2 seem to be redundantly involved in
axial growth. However, their function seems to be non-essential since the double null
mutant has similar growth to the wildtype (Sasabe et al, 2011; Lucas & Shaw, 2012). On
the other hand, MAP65-3 seems to be the main player: it is predominantly expressed in
dividing cells and its knockout mutant exhibits around 40% abortion frequency in
cytokinesis (Ho et al, 2012). However, this number suggests that MAP65-3’s function
can partially be replaced by other microtubule bundling factors. Indeed, a mutation in
both MAP65-3 and MAP65-4 is lethal (Li et al, 2017). Moreover, introducing an additional
copy of MAP65-4 in the map65-3 mutant almost completely restored plant growth,
indicating that the final amount of MAPG65 is critical for proper phragmoplast function (Li
et al, 2017).

6. The control of microtubule dynamics by plus-end binding proteins

Microtubules are highly dynamic structures, since a- and B-tubulin heterodimers can be
added at both ends of microtubule filaments. However, the rate of growth and shrinkage
at both ends is not equal. In fact, microtubules have a plus-end, that grows more rapidly,
and a minus-end, that is less dynamic and is initially where microtubules are nucleated
(see Chapter 2 for details on the y-tubulin nucleating complex). In the next subsection, |
will discuss some of the known plus-end MAPs in plants. In animals, also a class of
minus-end targeting proteins has been described, but these are not conserved in plants
(Akhmanova & Hoogenraad, 2015)
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6.1. Plus-end binding proteins

Plus-end tracking proteins (+TIPs) are known to localize to microtubule growing ends to
regulate their interactive properties and dynamics. A well-known class of +TIPs is END-
BINDING 1 (EB1; Komaki et al, 2010). In Arabidopsis, there are three members: EB1a,
EB1b and EB1c. All three members were found to decorate mitotic microtubule arrays.
EB1a and EB1b decorate the growing plus-ends, whereas EB1c has a slightly different
localization pattern and decorates spindle microtubules along their length. Furthermore,
mutants for EB1c often have collapsed or tilted spindles and phragmoplasts. Generally,
EB1 is regarded to promote microtubule growth, although there are contradictory reports
on the precise function of the protein. For instance, Molines et al, 2020 have reported
that the mammalian EB1 from mouse seems to promote microtubule growth in vitro,

while EB1b from Arabidopsis seems to rather stabilize microtubules.

XMAP215 and CLASP are +TIPs that were initially characterized in animal cells.
However, their plant counterparts are known to associate with the full microtubule
structure (Kawamura et al, 2006; Ambrose et al, 2007). MOR1 (MICROTUBULE
ORGANIZATION 1; Fig 7F), which is the single member of the XMAP215 family in
Arabidopsis, is an indispensable protein that has a role in a range of microtubule arrays,
including the PPB, spindle and phragmoplast (Kawamura et al, 2006). It has been
revealed that mor1 mutants exhibit a reduction in both microtubule growth and shrinkage
rates at plus ends (Kawamura & Wasteneys, 2008). CLASP (CLIP-Associated Protein;
Fig 7F) is known to stabilize microtubules and has an important role in the formation of
cortical microtubule arrays as well as the PPB, spindle and phragmoplast in Arabidopsis
(Ambrose et al, 2007). CLASP is slightly enriched at microtubule plus-ends rather than
showing a comet-like localization pattern as seen for other +TIPs. Interestingly, the
binding of CLASP to the sides of microtubules seems to be important for the interaction

of microtubules with the cell cortex (Ambrose & Wasteneys, 2008).

SPIRAL (SPR) is a plant-specific MAP family with six members in Arabidopsis that have
been described as +TIPs. SPR1, for instance, localizes to cortical microtubules as well
as the PPB, spindle and the phragmoplast (Sedbrook et al, 2004). Its localization is
described to be concentrated at the growing microtubule plus-ends; however, SPR1
might bind microtubules indirectly since co-sedimentation assays failed to recover the
protein (Sedbrook et al, 2004). Interestingly, SPR2, another member of the SPIRAL

family, has been recently shown to regulate microtubule plus- and minus-ends in an
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opposing manner; SPR2 binds and stabilizes minus-ends, while it also promotes

destabilization of plus-ends (Fan et al, 2018).

7. The regulation of mitotic microtubule arrays by cyclins and CDKs

The assembly and dynamics of the mitotic microtubule arrays must be tightly in sync with
the cell cycle, since events in mitosis are highly dependent on each other. For instance,
cytokinesis must only happen after the chromatids have been properly separated into
two daughter nuclei. Hence, it is tempting to speculate that cyclins and CDKs may be
involved in the regulation of the mitotic microtubule arrays. Consistent with such a
regulatory role, many of these proteins have been found to localize at microtubule arrays,
e.g., CYCB3;1 at the spindle in male meiosis (Sofroni et al, 2020); CDKA;1 at the PPB,
spindle and phragmoplast in Arabidopsis BY-2 cells (Boruc et al, 2010); and CYCB1;2 in
the PPB and spindle in maize (Mews et al, 1997).

However, if and how cyclin-CKD complexes regulate microtubule arrays remains largely
unexplored, albeit preliminary results indicate multiple routes of control. The
phosphorylation of MAP65-1 by CDKs, for instance, has been shown to decrease its
ability to bind microtubules in vitro (Fig 8; Smertenko et al, 2006). The kinesin NACK1 is
another example, as its phosphorylation by CDKs in early mitosis, i.e., prophase and
metaphase, inhibits the activation of a signaling cascade that promotes cytokinesis.
Finally, ENDOSPERM DEFECTIVE 1 (EDE1), which is a member of the augmin complex
(see chapter 2 for details), has also been shown to be phosphorylated in vitro (Pignocchi

et al, 2009), but the function of this phosphorylation is still unknown.

Hence, an in-depth analysis of CDK-dependent phosphorylation of MAPs will likely shed

light on how major changes in the plant cytoskeleton are coupled to the cell cycle.
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Thesis summary

In chapter 1, | present the characterization of the microtubule-associated function of the
B1-type cyclins in Arabidopsis thaliana. This work is published in EMBO Reports. By
using multiple mutant combinations, | show that CYCB1;2 is the most important B1-type
cyclin for microtubule organization. Nevertheless, the function of the B1-type cyclins
highly overlaps and is tissue-specific. For instance, | show CYCB1;2 to be crucial for
endosperm divisions, acting together with CYCB1;1 and CYCB1;3. In sporophytic
divisions, CYCB1;1 and CYCB1;2 act together, as judged by overall growth of the double
cycb1;1 cycb1,;2 mutant combination. When gametophytic divisions are studied in detail,
CYCB1;1, CYCB1;2 and CYCB1;4 appear essential for female gametophyte
development, whereas CYCB1;2 and CYCB1;3 take over in male gametophyte

development.

In chapter 2, | explore in detail the role of CYCB1-mediated phosphorylation of two
MAPs, GIP1 and EDE1. GIP1 is an essential member of the main microtubule-nucleation
complex yTuRC, whereas EDE1 is an essential member of the augmin complex in G2/M.
By mutating predicted phosphorylated residues of these proteins into an amino acid that
cannot be phosphorylated (alanine), | show that the phosphorylation of EDE1 is crucial
for its function. A protein version of EDE1 with eight residues mutated into alanine is not
able to rescue the ede1-1 mutant phenotype under microtubule-destabilizing conditions

and produces spindles with altered architecture in this ede?-1 background.

In chapter 3, | present the results of a project | have developed in diploid and tetraploid
Arabidopsis lyrata and Arabidopsis arenosa. By using these out-crossing wild relatives
of Arabidopsis thaliana, | tried to establish a model for the study of meiosis in auto- and
allopolyploids. The initial idea was to follow meiosis in whole anthers by imaging meiotic
protein reporters together with a microtubule reporter. However, the two species have
shown to be resistant to Agrobacterium-mediated plant transformation and, therefore,
the project was not fully carried out. Nevertheless, | present the results | obtained and

discuss how the transformation of these species could be improved.
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Chapter 1. Bi-type cyclins control microtubule organization

during cell division in Arabidopsis (published in EMBO reports)

The following manuscript has been published in EMBO reports on the 9t of December
of 2021 and is currently online with the following digital object identifier (DOI):
10.15252/embr.202153995.

While | have performed most of the experiments and carried out manuscript writing and
most of the data evaluation together with my supervisor Prof. Dr. Arp Schnittger, the

following experiments or resources were provided by co-authors:

e Figures 3 and 4 were made based on female and male gametophytic analyses kindly
performed by Dr. Xin’Ai Zhao

e Figures 5 and 6 were made based on root whole mount immunolocalization studies
kindly performed by Katia Belcram and Dr. Martine Pastuglia and were analyzed
with the help of Dr. David Bouchez

e Figure 7A-C was made based on in vitro kinase assays performed by Dr. Hirofumi
Harashima

e The GFP-GIP1 reporter lines in Col-0 and cycb1;1 cycb1,;2 backgrounds used in
figure 7D were made by Dr. Shinichiro Komaki

e Figure EV1 was prepared based on data provided by Dr. Petra Bulankova and Dr.
Karel Riha

e Figure EV2 was prepared using images provided by Dr. Manoj Kumar

e Table 2 was prepared with allele transmission data kindly provided by Dr. Xin’Ai
Zhao
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Abstract

Flowering plants contain a large number of cyclin families, each
containing multiple members, most of which have not been char-
acterized to date. Here, we analyzed the role of the B1 subclass of
mitotic cyclins in cell cycle control during Arabidopsis development.
While we reveal CYCBL;5 to be a pseudogene, the remaining four
members were found to be expressed in dividing cells. Mutant
analyses showed a complex pattern of overlapping, development-
specific requirements of B1l-type cyclins with CYCB1;2 playing a
central role. The double mutant cycb1;1 cycb1;2 is severely compro-
mised in growth, yet viable beyond the seedling stage, hence
representing a unique opportunity to study the function of B1-type
cyclin activity at the organismic level. Immunolocalization of
microtubules in cycb1;1 cycbhl;2 and treating mutants with the
microtubule drug oryzalin revealed a key role of B1-type cyclins in
orchestrating mitotic microtubule networks. Subsequently, we
identified the GAMMA-TUBULIN COMPLEX PROTEIN  3-
INTERACTING PROTEIN 1 (GIP1/MOZART) as an in vitro substrate of
Bl-type cyclin complexes and further genetic analyses support a
potential role in the regulation of GIP1 by CYCB1s.
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Introduction

A highly elaborated control system guides cells through mitosis
during which chromosomes are separated and distributed to the

, Manoj Kumar’,

newly forming daughter cells. Cyclin-dependent kinase (CDK)-
cyclin complexes stand in the center of this control system (Mor-
gan, 1997; Lindqvist et al, 2009). In animals, Cdkl together with
B-type cyclins are an essential part of the so-called mitosis promot-
ing factor (MPF) complex that phosphorylates a plethora of mitotic
substrates including nuclear structure proteins, such as Lamin A
and B, and chromosome segregation proteins, such as the spindle
assembly factor TPX2 (Blethrow et al, 2008). MPF activity is kept
low prior to mitotic entry by excluding Cyclin B1 (CycB1) from the
nucleus (Hagting et al, 1998; Toyoshima et al, 1998; Yang et al,
1998). In addition, Cdkl-cyclin B complexes are inhibited by phos-
phorylation on two inhibitory residues, Thr14 and Tyrl5 (or the
homologous amino acids in the P-loop of the respective Cdk) by
the action of Weel and/or Mytl kinases (O’Farrell, 2001). After a
threshold concentration of Cdk1-CycB1 is reached, CycB1 accumu-
lates in the nucleus and the Cdk-CycB1 complex becomes activated
by a group of dual-specificity Cdc25 phosphatases that remove the
inhibitory phosphorylation from the P-loop of the kinase. Due to a
negative feedback wiring with Weel and a positive feedback with
Cdc25 (Tyson & Novak, 2001), Cdkl-cyclin activity levels rise
rapidly and promote entry and progression through mitosis, includ-
ing the separation of the duplicated centrosomes (spindle pole
body in yeast) as a key step to generate a bipolar spindle (Lacey
et al, 1999; Haase et al, 2001). Finally, to complete mitosis and
promote cytokinesis, Cdkl-cyclin B levels have to drop. This is
accomplished by the degradation of cyclin B mediated by the
Anaphase Promoting Complex/Cyclosome (APC/C) (Nakayama &
Nakayama, 2005).

While a wealth of information about the execution of mitosis
exists in animals and yeast, information is still scarce in plants.
Notably, flowering plants appear to regulate mitosis differently from
yeast and animals. First of all, flowering plants do not contain
centrosomes and it is still not fully understood how the mitotic
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spindle is organized, although many microtubule-regulating compo-
nents are conserved (Yamada & Goshima, 2017). Next, Arabidopsis
WEE1 kinase was shown to prevent premature cell differentiation in
S phase after DNA damage rather than functioning in mitotic control
(De Schutter et al, 2007; Cools et al, 2011). Moreover, Arabidopsis
does not contain a functional Cdc25 homolog, thus one of the most
central control loops of the animal cell cycle is absent at least in this
plant (Dissmeyer et al, 2009, 2010).

Another difference in mitotic regulation between plants and
animals appears at the level of cyclins. In animals, D-type cyclins
control entry into the S phase (G1 cyclins), while cyclin A controls
the S phase as well as early mitotic events, and B-type cyclins
control mitosis (Riabowol et al, 1989; Furuno et al, 1999). In
contrast, functional studies and expression analyses have revealed
that members of all three cyclin classes, that is, cyclin A, B, and D,
are involved in the control of mitosis in plants (Schnittger et al,
2002; Menges et al, 2005; Dewitte et al, 2007; Boudolf et al, 2009;
Vanneste et al, 2011). While there are only a few members in each
cyclin family in metazoans, plant cyclin families are large, which
makes functional studies challenging. For instance, as opposed to 3
B-type cyclins in mammals (CycB1, CycB2, and CycB3) and 2 in
Drosophila (CycB1 and CycB3), there are 11 predicted B-type
cyclins divided into three subgroups (B1, B2, and B3) in Arabidop-
sis that are all equally distant from animal B-type cyclins, that is,
Arabidopsis Bl-type cyclins are closer related to B2 and B3 from
Arabidopsis than to any B-type cyclin from animals (Doerner et al,
1996; Vandepoele et al, 2002; Wang et al, 2004). This classification
is currently only based on sequence similarities and for B-type
cyclins, as for most other cyclins in plants, the biological role is far
from being understood.

Here, we present a functional analysis of the largest class of B-
type cyclins in Arabidopsis, that is, the five-member B1 group. We
reveal a central role for CYCB1;2 that is backed up by one or more
of the other Bl-type cyclins in a tissue-dependent manner. Unlike
CycB1 mutants in mouse (Brandeis et al, 1998), Arabidopsis cycb1;1
cycb1;2 double mutants are viable, presenting a unique opportunity
to study cyclin B function at an organismic level. This allowed us to
reveal the organization of mitotic microtubules as the main function
of Bl-type cyclins in Arabidopsis, a finding supported by in vitro
kinase assays that indicated that GIP1/MOZART, a key factor of
microtubule organization, is a substrate of CDK-CYCB1 complexes.

Results

CYCB1;1, CYCB1;2, and CYCB1;3 are redundantly required for
endosperm proliferation

To start the characterization of Bl-type cyclins, we first determined
their expression pattern. To this end, we used previously generated
promoter reporter lines comprising GFP fused to the N-terminal part
of the respective cyclin (CYCBI;1 to CYCBI;4), including the
destruction box (Weimer et al, 2016). For CYCBI,5, since different
annotations exist for this gene, we generated three different reporter
constructs, each reaching to the different predicted transcriptional
start sites. One upstream of the first ATG, one upstream of the
second ATG, and the third one including the first and second
upstream regions. However, in none of these CYCBI;5 reporter lines
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a signal could be detected. Therefore, we next analyzed the expres-
sion of CYCBI;5 by qRT-PCR. Sequencing of the amplified products
showed the existence of many different CYCBI1;5 cDNAs that exhib-
ited exon skipping, intron retention, and use of internal polyadeny-
lation sites (Fig EVIA-C), consistent with the lack of reliable
transcriptional support for CYCBI;S in public depositories (The
Arabidopsis Information Resource, TAIR). Taken together with data
from previous studies (Bulankova et al, 2013) and the fact that
many Arabidopsis accessions have accumulated several point muta-
tions and even deletions in CYCBI;5 (The Arabidopsis Information
Resource, TAIR), we concluded that CYCBI,5 is a pseudogene. In
the following study, we therefore concentrated on the analysis of
CYCBI;1 through CYCBI;4.

The expression of the four Bl-type cyclins has been previously
described in a patchy pattern in regions with high cell proliferation
activity, such as in the roots (Weimer et al, 2016). Hence, these
cyclins seem to be true mitotically expressed genes. Furthermore,
previous genome-wide expression studies have detected that the
transcripts of all three Bl-type cyclins CYCBI;1, CYCBI;2, and
CYCBI;3 are overrepresented in the developing endosperm (Day
et al, 2008). In agreement, we found that the promoter reporter
constructs for CYCBI;1, CYCBI;2, and CYCBI;3 but not CYCBI;4
were expressed during endosperm development (Fig EV2A).

To assess the individual biological role of Bl-type cyclins, we
then analyzed previously isolated null mutants for all four Bl-type
cyclins (Weimer et al, 2016). However, none of the single mutants
showed an obvious deviation from the wild type under normal
growth conditions, as for instance seen in root growth (Fig 1A) and
seed viability (Fig 1F) in comparison to the wild type. This finding
was consistent with former observations (Weimer et al, 2016). Since
CYCBI;1, CYCBI;2, and CYCBI;3 reporters have similar enrichment
in the proliferating endosperm (Fig EV2A), and CYCBI;1, CYCBI;2,
CYCBI;3, and CYCBI1;4 have a similar expression pattern in the
roots, we reasoned that the Bl-type cyclins might control mitotic
divisions redundantly. Therefore, we also generated and analyzed
all six possible double mutant combinations. The growth of the
cycb1;1 cycbl;2 double mutant was severely reduced (Fig 1B-D; for
detailed characterization see below), while the size and morphology
of the other double mutants were at a first look indistinguishable
from the wild type.

An analysis of the siliques in the double mutants revealed that
cycbl1;1 cycbl;3, cycbl;1 cycbl;4, and cycbl;3 cycbl;4 did not have a
reduced seed set. In contrast, cycbl;1 cycbl;2 and cycbl;2 cycbl;3
had on average approximately half of the seeds aborted (Fig 1E and
G; 52.0% =+ 13.5%, n = 3 biological replicates, 550 seeds in total,
for cycbl;1 cycbl;2 and 51.3% =+ 7.2%, n = 3 biological replicates,
769 seeds in total, for cycbl;2 cycbl;3 vs. 4.0% +3.2%, n=3
biological replicates, 821 seeds in total, for wild type, Col-0;
P < 0.0001 for both comparisons). The appearance of the aborted
seeds varied in size and color (Fig 1E). Some seeds lacked the typi-
cal green color of a maturating embryo and looked transparent
while others appeared brown and shriveled; in some cases, unfertil-
ized or aborted ovules were visible.

To investigate the cause of this seed abortion, we collected, fixed
and cleared seeds 3 days after pollination (DAP) (Fig 2). Since
endosperm nuclei exhibit a strong autofluorescence, we were able
to assess seed development quantitatively by using confocal laser
scanning microscopy. In wild-type Arabidopsis seeds, a fertilized
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central cell will undergo seven to eight cycles of free nuclear divi-
sions leading to an estimated total of more than 200 nuclei in the
endosperm of 3-day-old seeds (Boisnard-Lorig et al, 2001). In our
analysis, the general morphology of the seeds at the single mutant
level seemed unchanged in comparison to the wild type (Fig 2A).
However, counting the number of endosperm nuclei 3 DAP in these
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seeds displayed a strong reduction in endosperm divisions in the
cycbl;2 mutant (Fig 2C; 94.1 + 55.4 endosperm nuclei per seed,
n =30) in comparison to the wild type (Col-0, 175.2 + 43.6,
n = 30; P < 0.0001).

At the double mutant level, the general morphology of cycbl;1
cycbl;2 and cycbl;2 cycbl;3 seeds appeared abnormal 3 DAP
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Figure 1. cycb1;1 cycb1;2 mutants show decreased root growth and shoot development as well as higher seed abortion.

A B Quantification of oryzalin root growth assays in single (A) and double (B) mutants. DAG, days after germination. Graphs show mean + SD of three biological
replicates with at least 10 plants per genotype per replicate. Asterisks indicate a significant difference in root length in a two-way ANOVA followed by Tukey’s
multiple comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).

C Rosette pictures of 20-day-old Col-0 and cycb1;1 cycb;2. Scale bar: 1 cm.

D  Quantification of the rosette area using total leaf surface in Col-0 and cycbZ;1 cycb;2. Graph represents the single rosette area values and the horizontal lines
indicate the mean value & SD, n = 10 plants per genotype. Asterisks indicate a significant difference in rosette area using an unpaired t-test, t = 7.421, df = 18

(****p < 0,0001).

Silique pictures of cycbl double mutant combinations. White arrowheads indicate aborted ovules and seeds. Scale bars: 500 pm.
F, G Quantification of aborted seeds in single (F) and double (G) mutants. Graphs represent the average seed abortion rate per plant + SD of three biological replicates,
n = 550-1,029 seeds analyzed per genotype. Asterisks indicate significant differences in seed abortion rate in an ordinary one-way ANOVA test, followed by a

Dunnett’s multiple comparisons test (****P < 0.0001).

(Fig 2B). The endosperm nuclei number at this time point was
dramatically reduced with only 6 + 3 in cycbl;1 cycbl;2 (n = 26)
and 28 + 9 in cycb1;2 cycbl;3 (n = 30) in relation to 77 + 19.3 in
the wild type (Fig 2D; Col-0, n = 30; P < 0.0001 for both compar-
isons). Moreover, the nuclei appeared to be extremely enlarged in
cycb1;1 cycbl;2 and cycbl;2 cycbl;3 (Fig 2B; magenta arrowheads),
and in cycbl;2 cycbl;3 atypical agglomerates of micro-sized nuclei
were seen (Fig 2B; green arrowheads). The strong accumulation of
a reporter gene when expressed from the CYCBI;1, CYCBI;2, and
CYCBI;3 promoters in the seeds of these two double mutants consis-
tently revealed enlarged nuclei which appeared, on the basis of
reporter activity, to be halted at G2/M (Fig EV2B and C). The double
mutant cycb1;2 cycb1;4 also showed a decrease in endosperm nuclei
number (33.4 + 12.87, n =30) in relation to the wild type
(P < 0.0001), yet not as extensive as in the cycbl;1 cycbl;2 and
cycbl1;2 cycbl;3 double mutants and no major morphological abnor-
malities were identified, which could be explained by our observa-
tion that CYCBI;4 was never expressed in the developing
endosperm, consistent with the non-enrichment of the transcript in
this tissue as shown in Day et al, 2008, and therefore CYCB1;4
might not play a major role in endosperm divisions.

Taken together, we conclude that CYCB1;2 is of major impor-
tance for the free nuclear divisions during endosperm development
and acts redundantly with CYCB1;1 and CYCB1;3.

CYCB1;1, CYCB1;2, and CYCB1;4 together control female
gametophyte development

Up to this point, we did not find a clear role for CYCB1;4, suggesting
even higher levels of redundancy among the Bl-type cyclins or,
alternatively, an overlapping function with other B-type cyclins in
Arabidopsis. To clarify the relative contribution of the four CYCB1
genes to development, we decided to investigate the role of the
CYCB1 group in detail by first constructing the triple cycbl;17/~
cycb1;37/~ cycb1;4~/~ mutant. Notably, this triple mutant was not
different from the wild type as, for instance, judged by overall
growth, seed viability (Fig 3D), pollen development, and pollen
viability (Fig 4C and E). This finding further underlined the para-
mount role of CYCB1;2 among the Bl-type cyclins. This result also
indicated that CYCB1;4, if functionally relevant, may have a redun-
dant role with either one or both of the two pairs CYCB1;1 CYCB1;2
and CYCBI1;2 CYCBI;3. To test this, we generated the triple and
quadruple mutant combinations cycbl;1™/~ cycb1;2"~ cycbl; 4=/~
and cycb1;17/~ cycb1;2"~ cyeb1;37/~ cycbl;4~/~. While overall
growth of the triple and quadruple mutant combinations (note that
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at least one Bl gene is not homozygous mutant in these combina-
tions) was similar to the wild-type, we found a strong reduction in
fertility as siliques contained approximately 43% (+ 0.4%, n =3
biological replicates, 500 seeds; P < 0.0001) and 48% (£ 2.1%,
n = 3 biological replicates, 579 seeds; P < 0.0001) of aborting or
unfertilized ovules and/or aborting seeds for cych1;1~/~ cych1;2"/~
cycb1;47/~ and cycb1;17/~ cycb1;2"~ cycb1;3"~ cycb1;4/~, respec-
tively, in comparison to the wild type (Fig 3D and E; 0.8% =+ 0.9%,
n = 3 biological replicates, 487 seeds). This abortion rate suggested
a female gametophytic defect and we, therefore, analyzed embryo
sac development in the mutants.

In wild-type Arabidopsis plants, an embryo sac develops from a
megaspore that is released after meiosis (Drews & Yadegari, 2002).
Every megaspore undergoes three rounds of nuclear divisions result-
ing in an eight-celled embryo sac that subsequently cellularizes. The
two centrally located polar nuclei then fuse to generate the central
cell nucleus while the three antipodal cells that lay at the opposite
side of the egg cell undergo programmed cell death, resulting in a
four-celled mature embryo sac that consists of a large, homodiploid
central cell and an egg cell (red arrowheads; Fig 3A, Col-0) and two
synergids that flank the egg cell (not shown). While this stereotypic
wild-type developmental pattern was not significantly altered in
cycb1;17/~ cyeb1;27~ double mutant combinations, consistent with
the full transmission of the mutant allele through the female gameto-
phyte (Table 1), we found embryo sacs from cycb1;17/~ cycb1;2"/~
cycb1;47/~ and cycb1;17/~ cyeb1;2"~ cycb1;37/~ cycb1;47/~ mutant
combinations with only one, two, or four nuclei that did not show
any sign of cellularization (Fig 3A); in addition, fuzzy embryo sacs
were present in 30 and 27% of the cases, respectively, likely indicat-
ing degenerating tissues, which is consistent with an early arrest of
gametophytic development. In total, 46% (n =459 embryo sacs
analyzed) and 44.7% (n = 445) of embryo sacs from plants of
the cycbl;17/~ cycb1;27~ cycb1;47/~ and cycb1; 17/~ cycb1;27/~
cycb1;3"/~ cycb1;47/~ combinations, respectively, were abnormal,
in comparison to 6.2% (n = 210) in the wild type (P < 0.0001) and
6.8% in the cycb1;1~/~ cycb1;37/~ cycb1;4~/~ triple mutant (Fig 3B;
P < 0.0001). The observation that the triple cycbl;17/~ cycb1;27/~
cycb1;47/~ and quadruple cycbl;17/ cyeb1;27~  cych1;37~
cycb1;4~/~ mutants displayed a similar number of mutant embryo
sacs (Fig 3B) suggests that CYCB1;3 is not required, at least at this
triple mutant level, for the divisions of the female gametophyte.

To assess the functionality of these embryo sacs, we pollinated
the quadruple mutant combination with pollen from wild-type
plants (Fig 3C). Supporting a female gametophytic defect, we
observed a similar proportion of unfertilized and/or arrested
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Figure 2. CYCB1 mutations delay endosperm proliferation.

A, B Confocal microscopy images of seeds 3 DAP. Endosperm and embryo morphology in cycbl single (A) and double (B) mutants. Magenta arrowheads indicate
enlarged endosperm nuclei, while green arrowheads indicate atypical agglomerates of endosperm nuclei. Scale bars: 25 pum.

C, D Quantification of endosperm nuclei in cycb1 single (C) and double (D) mutants. Boxes and whiskers represent min to max values with the median indicated as a
central horizontal line, n = 26-30 seeds per genotype. Asterisks show significant differences in the number of endosperm nuclei per seed in a Kruskal-Wallis test
followed by Dunn’s multiple comparisons test (****P < 0.0001).
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embryo sacs in these crosses 3 DAP (44.3%, n = 684 seeds) in
comparison to control crosses in which wild-type plants were used
as a female parent fertilized with wild-type pollen (0.7% arrested
embryo sacs, n = 597). In reciprocal control crosses with pollen
from mutant plants onto stigmas of wild-type plants, embryo and
developing

endosperm were formed in the seeds (seed

Mariana Romeiro Motta et al

abortion = 2.9%, n = 902 seeds). Thus, CYCB1;4, next to CYCB1;1
and CYCB1;2 appears to be required for embryo sac development.
This was corroborated by analyzing the transmission of the cycb1,2
and cycb1;3 mutant alleles in reciprocal crosses of wild-type plants
with the quadruple cycb1;1~/~ cycb1;2”~ cycb1;37~ cycbl;47/~
mutant. As expected, transmission of cycbI;2 was abolished through
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Figure 3. Embryo sac development is controlled by CYCB1 members.
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A DIC images of abnormal embryo sacs in cycbl mutant combinations. Red arrowheads indicate the visible nuclei in Col-O embryo sacs (central and egg cells) and the
corresponding structures in the quadruple cycbl;l’/’ cycbl;?*/’ cycb1;3*/’ cycbl;4’/’ mutant. Scale bars: 20 pm.

B Quantification of the different abnormal embryo sac structures in cycbl mutant combinations (n = 202-459 embryo sacs per genotype). Different letters indicate
significant differences in the proportion of abnormal embryo sacs in a Chi-squared test followed by the Marascuilo procedure to identify significant pairwise

comparisons. WT, wild type.

C DIC images of embryo sacs 3 DAP with wild-type pollen (female x male). Red arrowheads indicate the visible embryo sac nuclei in the crosses with the quadruple
oyebL1 ™~ cyeb12"~ cycb1;3~ cych;4 '~ mutant as a female donor, while the control Col-0 x Col-0 cross exhibits a developing embryo. Scale bars: 20 um.

D Quantification of seed abortion in different cychl mutant combinations. Graph represents the average seed abortion rate per plant & SD of three biological
replicates, n = 463-579 seeds analyzed per genotype. Asterisks indicate significant differences in seed abortion rate in an ordinary one-way ANOVA test, followed by a

Dunnett’s multiple comparisons test (****P < 0.0001).

E Silique pictures of cycb1 triple and quadruple mutants. White arrowheads indicate early aborted ovules. Scale bars: 500 pm.

the female gametophyte (0%) and the efficiency in transmission
was clearly reduced through the male gametophyte (70.8%)
(Table 2), while the cycbl;3 allele could be transmitted without an
obvious reduction in efficiency through the females (92.7%).

Interestingly, the requirement of the Bl-type cyclins was different
on the male side. Pollen develops from microspores through two
consecutive divisions resulting in a tricellular grain that harbors two
sperms next to one vegetative cell (McCormick, 2004) (Fig 4). We
observed that both the cycb1;2 as well as the cycb1;3 mutant alleles
were not fully transmitted through pollen in a cross of cych1;1~/~
cycb1;27~ cyeb1;3"~ cycb1;47/~ with wild type plants (Table 2; 70.8
and 30.2% transmission efficiency, respectively), indicating that all
four Bl-type cyclins contribute to the mitotic divisions of the devel-
oping pollen grain. Consistent with the reduced transmission, we
also found pollen grains in mature anthers of cycb1;1~/~ cych1;2"~
cyeb1;47/~ and cycb1;17/~ cycb1;27/~ cyeb1;3"~ cycb1;4~/~ mutant
combinations that comprised, instead of three, only two or some-
times even one cell (Fig 4A-C). Accordingly, differential staining of
aborted and non-aborted pollen showed an increased pollen abortion
in the triple and quadruple mutants (Fig 4D and E) to 8.9% (n = 403
pollen grains analyzed) and 14.1% (n = 467), respectively, in rela-
tion to the wild type (Col-0, 0.5%, n = 404; P < 0.0001).

Taken together, CYCB1;2 is also the most important Bl-type
cyclin during gametophyte development. CYCB1;3 appears to have
only a minor role during female gametophyte development where
instead CYCB1;4 acts together with CYCBI1;1 and CYCB1;2. Remark-
ably, after fertilization the requirement changes, as presented above,
and CYCBI;3 instead of CYCB1;4 is necessary for endosperm devel-
opment.

Root growth under microtubule-destabilizing conditions
underlines the redundant role of CYCB1;1, CYCB1;2, and CYCB1;3
in regulating the cytoskeleton

Considering the severe reduction of growth in cycbl;1 cycbl;2
mutants (Fig 1; see above) and to explore the role of CYCB1;2 and
the other Bl-type cyclins in controlling the microtubule cytoskele-
ton, we next analyzed the growth of Bl-type cyclin mutants on
medium containing the microtubule poison oryzalin. The rationale
is that a minor defect in the mutants could become more prominent
if the microtubule cytoskeleton is already slightly compromised. To
that end, we compared the root growth of cycbl single and double
mutants in % MS medium containing 150 or 200 nM oryzalin
(Fig 1A and B, respectively; Figs EV3A-C and EV4A-C). As shown

© 2021 The Authors

above, under control conditions (0.05% DMSO), the single cycbl
mutants had similar root growth to the wild type (Fig 1A). Once
oryzalin was applied at 200 nM, cycbl;2 grew significantly less
(0.7 £ 0.03 cm, n = 3 biological replicates with at least 10 plants
each) when compared to the wild type (Col-0, 1.0 & 0.04 cm,
n = 3;P <0.0001).

At the double mutant level, some combinations already showed
a significantly shorter root even in control conditions (Fig 1B), such
as cycbl;1 cycbl;2 (0.9 £ 0.1 cm, n = 3; P <0.0001) and cycbl;2
cycbl;3 (0.9 + 0.05 cm, n = 3; P <0.0001) in comparison to the
wild type (Col-0, 1.2 + 0.009 cm, n = 3). When 150 nM oryzalin
was applied, the growth of Col-0 was reduced by approximately
6%, while cycbI;1 cycbl;2 had a reduction of almost 50% in growth
and cycb1;2 cycbl;3 had a reduction of around 24%. As the concen-
tration of oryzalin increased to 200 nM oryzalin, the difference in
growth between Col-0 and other double mutants, such as cycbl;2
cycbl;4 and cycbl;3 cycbl;4, became more pronounced. However,
most strikingly, cycbl;1 cycbl;3 mutants, which so far had shown
no specific phenotype and no reduction in shoot or root growth,
grew significantly shorter at 200 nM oryzalin (0.7 &+ 0.04 cm,
n = 3) in comparison to the wild type (Col-0, 1.0 + 0.04 cm, n = 3;
P < 0.0001).

Collectively, a major function of all four B1-type cyclins seems to
be regulating the microtubule cytoskeleton.

CYCB1;1 and CYCB1;2 control the organization of different
microtubule arrays in the roots

Following our finding that cycbl;1 cycbl;2 and cycbl;2 cycbl;3
mutants have a severe reduction in root growth both in control and
especially in microtubule-depolymerizing conditions, we performed
whole mount immunolocalization studies against o-tubulin and
KNOLLE, which is a G2/M and cell plate marker (Figs 5 and 6). By
analyzing mitotic divisions in the roots of these double mutants, a
more detailed picture of cell division appeared.

Preceding a mitotic division, a band of microtubules that encir-
cles the nucleus at the equatorial plane, the so-called preprophase
band (PPB), will form at the site of the future division plane. The
PPB functions as a positional cue and anchoring site for proteins
involved in the cell division site determination and by that contri-
butes to the robustness of cell divisions (Schaefer et al, 2017).
Following nuclear envelope breakdown, the barrel-shaped acentro-
somal spindle that is responsible for separating the chromosomes
forms. After proper bipolar kinetochore-microtubule attachments
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Figure 4. Pollen development is affected by mutations in the CYCB1 group.

A B DAPI staining of pollen in cychl mutants, including pollen configurations found in cychZ1 '~ cych12"~ cycbL3"~ cycbI;4~'~ mutants (B). Scale bars: 5 pm.

C Quantification of DAPI-stained pollen configurations in different cycbl mutant combinations, n = 420-616 pollen grains per genotype. Different letters indicate
significant differences in the proportion of abnormal pollen (uni- and bicellular) in a Chi-squared test followed by the Marascuilo procedure to identify significant
pairwise comparisons.

D  Alexander staining of mature pollen indicating pollen viability. Scale bars: 5 um.

E Quantification of Alexander stained pollen viability, n = 403-498 pollen grains per genotype. Different letters indicate significant differences in the proportion of
dead pollen in a Chi-squared test followed by the Marascuilo procedure to identify significant pairwise comparisons.

Data information: Red arrowheads indicate dead pollen, while white arrowheads indicate bicellular pollen.

occur and enough tension is sensed, sister chromatids are pulled which vesicles are transported toward the microtubule-devoid
toward opposing poles. Next, the phragmoplast, which is a bipolar midzone, where a growing cell plate is located.

microtubule structure that expands in time toward the cell cortex, As the cell progresses from G2 toward mitosis, the nuclear surface
forms. The phragmoplast is a scaffold for cell wall formation on becomes a prominent site of microtubule nucleation. In cycbl;1
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Table 1. Transmission efficiency of the cycb1;1 and cycb1;3 mutant alleles in reciprocal crosses of a triple mutant with wild type.

Mutant allele

Parental genotypes (female x male) cycb1;1 cycb1;3 Number of seeds (n)
b1 cychL,27'~ cych1;37 x Col-0 2% 98% 9%
Col-0 x cychL,1"~ cych2;27'~ cycb1;3" 106% 100% 90

A transmission efficiency of 100% indicates full transmission of the mutant allele; that is, 50% of the genotyped F1 seedlings are heterozygous. A transmission
efficiency may be higher than 100% if one of the two alleles is transmitted in a reduced manner, conversely making the other allele overrepresented. A z-test for
one proportion was performed to test whether the observed transmission frequencies differ from expected values and the significance level was corrected for
multiple comparisons using Bonferroni. Asterisks indicate significant differences from expected values. Primers used for genotyping are listed in Table EV1.

Table 2. Transmission efficiency of the cycb1;2 and cycb1;3 mutant
alleles in reciprocal crosses of a quadruple mutant with wild type.

Mutant allele

Parental genotypes Number of
(female x male) cycb1;2 cycb1;3 seeds (n)
QcbL,17/~ cycb12'~ 0% 92.7%**¥* 192
aych1;3" cycb1;47~

x Col-0

Col-0 x cych1;17/ 70.84%**** 30.2%**** 192

ach1;2" cych1;37
cychL47~

A transmission efficiency of 100% indicates full transmission of the mutant
allele, that is, 50% of the genotyped F1 seedlings are heterozygous. A
transmission efficiency may be higher than 100% if one of the two alleles is
transmitted in a reduced manner, conversely making the other allele
overrepresented. A z-test for one proportion was performed to test if the
observed transmission frequencies differ from expected values and the
significance level was corrected for multiple comparisons using Bonferroni.
Asterisks indicate significant differences from expected values (****P < 0.0001).
Primers used for genotyping are listed in Table EV1.

cycbl;2 and cycb1;2 cycbl;3 mutants, at the PPB stage, we observed
an increase in perinuclear microtubules, with an average of 18.3%
PPBs with prominent microtubules in Col-0 versus 34 and 30% in
cycbI;1 cycbl;2 and cycbl;2 cycbl;3, respectively (Fig SB and E).
Either cycbl mutations induce an early accumulation of perinuclear
microtubules or else the “mature” PPB stage, that is, with perinu-
clear microtubules, lasts longer in the cycbl mutants, and cells have
trouble progressing into mitosis. In the stele and pericycle cells of
the cycbl1;1 cycbl;2 double mutant, we also observed cells harboring
double PPBs and cells with misplaced PPBs, that is, PPBs that did
not align properly at the equatorial plane of the nucleus. These
double and misplaced PPBs were rarely seen in Col-0 wild-type
plants; we found 6.50% double PPBs in cycbI;1 cycbl;2 in

Figure 5. The double cycb1;1 cycb1;2 mutant has abnormal microtubule arrays.

comparison to 0.22% in wild type (P < 0.0001) and 6.21% misplaced
PPBs in comparison to 2.38% in wild type (P = 0.009; Fig S5A and D).

At the spindle stage, irregular chromosome configurations
were observed in cycbI;1 cycbl;2, with a significantly larger
number of metaphase and anaphase spindles with chromosome
laggards (Fig SC and F). Although the number of spindles with
lagging chromosomes in cycbl;2 cycbl;3 was not significantly
larger than in the wild type, the impairment seen in those
mutants in chromosome alignment was much more severe than
that of the wild-type plants, that is, chromosomes were seen far
away from the metaphase plate. Finally, abnormal phragmoplasts
were observed in the two double mutant combinations, including
fragmented phragmoplasts, deformed phragmoplasts around
abnormally shaped nuclei, and daughter cells with incompletely
separated nuclei (P < 0.0001; Fig 6A and B). These abnormal
phragmoplasts were likely a consequence of the irregular chro-
mosome alignment and segregation seen in metaphase and
anaphase. In short, all microtubule arrays were affected in the
double mutants to a smaller or larger degree.

Next, we analyzed the proportion of cells at PPB, spindle, and
phragmoplast stages per root (Fig 6C). A significantly larger propor-
tion of cells in both prospindle and early spindle stages were
observed in c¢ycbl;1 cycbl;2 and cycbl;2 cycbl;3 mutants
(P < 0.0001), which indicates that these stages are delayed in those
mutants. The phragmoplast stage is proportionally shorter in the
cycblI;1 cycbl;2 mutant, although this could be a direct consequence
of the extended spindle stage since, if the proportions of some stages
increase, the others decrease automatically. Accordingly, a flow
cytometrical analysis revealed that cycbl;1 cycbl;2 mutants have a
higher proportion of 4C, 8C, and 16C nuclei in comparison to the
wild type (Fig EVS), which is an indication that these mutants have
longer G2 and/or M phases. An increase in polyploid cells could
have two, not mutually excluding, reasons. First, a failure to

A-C Co-immunolocalization against tubulin (magenta) and KNOLLE (green) in root meristematic cells. Nuclei were counterstained with DAPI for the DNA (cyan). White

arrowheads indicate laggards in the metaphase stage. Scale bars: 5 pm.

D Quantification of wild-type (WT), double, and misplaced PPBs. Different letters indicate significant differences in the proportions of the different arrays per category
in a Chi-squared test followed by the Marascuilo procedure to identify significant pairwise comparisons. Ten roots were analyzed per genotype.

E Quantification of PPBs with prominent perinuclear microtubules (MTs). Boxes and whiskers represent min to max values with the median indicated as a central
horizontal line, n = 10 roots per genotype. Asterisks show significant differences in the percentage of PPBs with prominent perinuclear microtubules per root in an
ANOVA test followed by Dunnett’s multiple comparisons test (**P < 0.01 and ****P < 0.0001).

F Quantification of spindles with lagging chromosomes. Boxes and whiskers represent min to max values with the median indicated as a central horizontal line,

n = 10 roots per genotype. Asterisks show significant differences in the percentage of spindles with lagging chromosomes per root in a Kruskal-Wallis test followed

by Dunn’s multiple comparisons test (**P < 0.01 and ns, non-significant).

Source data are available online for this figure.

© 2021 The Authors
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undergo cytokinesis. Second, a compromised division program lead-
ing to premature exit from proliferation and entry into differentia-
tion accompanied by endoreplication. In addition, broader peaks

© 2021 The Authors
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Figure 6. Both cycb1;1 cycb1;2 and cycb1;2 cycb1;3 have abnormal
phragmoplasts and extended spindle stages.

A Co-immunolocalization against tubulin (magenta) and KNOLLE (green) in
root meristematic cells. Nuclei were counterstained with DAPI for the DNA
(cyan). Scale bars: 5 pm.

B Quantification of wild-type (WT) and abnormal phragmoplasts. Different
letters indicate significant differences in the proportions of the different
arrays per category in a Chi-squared test followed by the Marascuilo
procedure to identify significant pairwise comparisons. Ten roots were
analyzed per genotype.

C Quantification of the different mitotic stages in roots of the different
genotypes. Different letters indicate significant differences in the
proportions of the different arrays per category in a Chi-squared test
followed by the Marascuilo procedure to identify significant pairwise
comparisons. Ten roots were analyzed per genotype.

Source data are available online for this figure.

were observed, suggesting the formation of aneuploidies as a result
of irregular mitotic divisions in this genotype.

In summary, CYCB1;1 and CYCB1;2 seem to be both redundantly
required for robust root mitotic divisions under normal conditions,
with CYCB1;3 playing a secondary role.

The CYCB1 group forms active complexes mainly together with
CDKB2;2 and can phosphorylate a MAP

Previous studies have shown that all Bl-type cyclins can interact
with all five major cell cycle CDKs from Arabidopsis, that is,
CDKA;1, CDKBI1;1, CDKB1;2, CDKB2;1, and CDKB2;2 (Van Leene
et al, 2010). However, when we assessed the biochemical activity of
all four Bl-type cyclins with CDKA;1, CDKBI1;1, and CDKB2;2, as
representative members of the major cell cycle CDKs, in compara-
tive in vitro kinase assays against Histone H1, a well-known,
generic CDK substrate (Harashima & Schnittger, 2012), a more
complex pattern appeared (Fig 7A and C). As a general principle, all
four Bl-type cyclins build the most active complexes with CDKB2;2,
which is strictly expressed in mitosis. CYCB1;1 and CYCB1;4
showed overall the highest activity levels with CDKB2;2, followed
by CYCB1;2 with CDKB2;2, while the CYCB1;3-CDKB2;2 pair was
the least active among the CYCB1-CDKB2 complexes. Although
much less than in complex with CDKB2;2, CYCB1;1, CYCB1;2, and
CYCB1;4 could also phosphorylate Histone H1 together with
CDKB1;1, but little to no activity was found in complexes with
CDKA;1. In contrast, we could not detect any activity of CYCB1;3-
CDKB1;1 complexes, while CYCB1;3 with CDKA;1 was almost as
active as CYCB1;3-CDKB2;2 pairs.

The abnormal microtubule pattern observed in cycbl;1 cycbl;2
mutants was reminiscent of the defects observed in microtubule
binding and organizing protein mutants, such as in gip1 gip2 double
mutants (Janski et al, 2012; Nakamura et al, 2012), which are
homologs of MOZART1 in animals. The gipl gip2 double knock-
down mutant displays growth defects, sterility, defective micro-
tubule arrays, and spindles with irregular polarity, which is linked
to chromosome laggards in metaphase and anaphase and aneu-
ploidy (Janski et al, 2012). Additionally, the y-tubulin tubgl tubg2
mutants display similar aberrant female and male gametophytes,
with abnormal embryo sacs and reduced pollen nuclei number (Pas-
tuglia et al, 2006). This suggested that CDK complexes containing
Bl-type cyclins might phosphorylate the GIPs and/or other
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Indeed, GIP1 but not GIP2
contains a consensus CDK phosphorylation site at position T67.
Therefore, we expressed GIP1 in bacteria and subjected it to in vitro
kinase assays with all four CYCB1 members each paired with either
CDKA;1, CDKBI;1, or CDKB2;2. High activity levels against GIP1
were found for CYCB1;1, CYCB1;2, and CYCB1;4 (Fig 7B and C).
However, these B1-type cyclins phosphorylated GIP1 only in combi-
nation with CDKB2;2, highlighting the importance of both the cyclin
and the CDK partner for substrate recognition in plants and further
emphasizing B2-type CDKs as the most important partners of the
cyclin B1 group.

Following the finding that GIP1 is phosphorylated by CYCBI1-
CDKB2;2 complexes, we decided to generate triple gipl cycbl;1
cycbl1;2 and gip2 cycbl;1 cycbl;2 mutants. However, we were never
able to isolate gip2 cycbl;1 cycbl;2 mutants (Table 3). To address

microtubule-organizing proteins.
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Figure 7. CYCB1-CDKB2;2 complexes are the most active and are able to

phosphorylate a MT- ion factor.

A Kinase assays against Histone H1. Top and middle panels indicate shorter
and longer exposures, respectively, of the same kinase assays. Bottom panel
is a CBB staining of Histone H1 showing equal loading of the protein. A:
CDKA;1, B1: CDKB1;1, B2: CDKB2;2.

B Kinase assays against GIP1. Top and middle panels indicate shorter and
longer exposures, respectively, of the same kinase assays. Bottom panel is a
CBB staining of GIP1 showing equal loading of the protein. A: CDKA;1, B1:
CDKB1;1, B2: CDKB2;2.

C Western blot against Streplll-tagged proteins to show loaded amounts of
the CDKs. A: CDKA;1, B1: CDKB1;1, B2: CDKB2;2. Double CDKB2;2 bands are
likely due to a truncation of the expressed protein.

D Time lapse of confocal microscope pictures of root meristematic cells
tagged with GFP-GIP1 in Col-0 (top panel) and cycb1;1 cycb;2 (bottom
panel). GIP1 localizes at the nuclear polar caps, followed by co-localization
with microtubules at the spindle and phragmoplast arrays. In cycbh1;1
cycb1;2 double mutants, GIP1 exhibited an abnormal localization, being
found at the spindle (magenta arrowheads) and phragmoplast (white
arrowheads) midzones, which are normally devoid of the protein. Scale
bars: 5 um.

whether the missing triple mutant was due to a gametophytic and/
or embryonic defect, we performed reciprocal crosses with gipl~/~
cycb1;17/~ cyeb1;2"/~ and gip2~/~ cycbl;17/~ cycb1;2"/~ as male
and female donors with Col-0 (Table 4). With the exception of a
reduced transmission efficiency of cycb1,;2 through the female game-
tophyte of approximately 65% in gip2~/~ cycbl;17/~ cycb1;27/~
crosses with the wild type, we observed that both gipl cycbl;1
cycb1;2 and gip2 cycbl;1 cycbl;2 gametes were largely viable and
transmitted through both the female and male sides. This indicated
that the triple gip2~/~ cycb1;17/~ cycb1;2~/~ mutation is embryo
lethal.

Based on the results of our segregation analysis and reciprocal
crosses (Tables 3 and 4), the assumption that GIP1 and GIP2 are
completely interchangeable is challenged. It seems likely that GIP1
but not GIP2 is regulated by a CYCB1-dependent process. Thus, we
generated a 2,849-bp genomic GFP-GIPI reporter in order to follow
protein localization in the cycbl;1 cycbl;2 mutant background
(Fig 7D). We reasoned that, if GIP1 is indeed modulated by the
CYCB1-CDK complexes, protein localization would be impaired in a
cycbl mutant background. A cause-consequence relationship,
however, is hard to establish, since defective microtubule structures
as a consequence of other faulty pathways might also result in
mislocalization of GIP1.

GIP1 is a microtubule nucleation factor and mainly localizes to
microtubule minus ends across mitosis. At prophase, it localizes at
the nuclear surface. At metaphase and anaphase, it is directed to the
two spindle poles, co-localizing with microtubule minus ends. At
telophase, it localizes at the two opposing sides of the phragmo-
plast, directing microtubule nucleation toward the midzone. With
some degree of variation between divisions, GFP-GIP1 localization
differed greatly in cycb1;1 cycbl;2 mutants in comparison to the wild
type. In some cases, GFP-GIP1 was found to remain in the spindle
midzone (Fig 7D; magenta arrowheads) during metaphase in abnor-
mal mitotic divisions. The resulting phragmoplast, which is
normally devoid of GIP1 in its midzone (Fig 7D; white arrowheads),
also contained remaining GIP1. The duration of these abnormal
mitotic divisions in the double mutant was also around double the
time of the wild-type divisions (Fig 7D). Thus, we conclude that B1-
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Table 3. Distortion of cycb1;2 segregation in a gip2 '~ cycb1;1 '~ cycb1;2"~ background.

Genotype of progeny
Genotype (selfed) cycb1;2"* cycb1;2"~ cycb1;2/~ Number of seeds (n)
cychL17'~ cycb1;2"~ 2526% 65.26% 9.47%** 95
gipl™"~ cycb1;17'~ cycb1;27~ 31.25% 64.58% 4.17%* ¥ %
gip2~"~ cycbL,17'~ cycb1;2"~ 3455% 65.44% Q%% 191
Expected Mendelian 25% 50% 25% -

The expected Mendelian segregation reflects the proportion of F1 seedlings with the respective genotypes if the mutant alleles promote no deleterious effects. A
z-test for one proportion was performed to test if the observed homozygous mutant frequencies differ from the expected Mendelian value and the significance
level was corrected for multiple comparisons using Bonferroni. Asterisks indicate significant differences from the expected value (25%) (**P < 0.01, ****P < 0.0001).

Primers used for genotyping are listed in Table EV1.

Table 4. Transmission efficiency of the cycb1;2 mutant allele in
reciprocal crosses of gip1 '~ cycb;17'~ cycb1;2"~ and gip2 '~
cycb1;17'~ cycb1;2" with wild type.

Allele
Parental genotypes Number of
(female x male) Wild-type cycb1;2 seeds (n)
Col-0 x gip1 ™~ 9362% 106.38% 94
cychL17 cyeb1;2"~
Col-0 x gip2~'~ 11136% 88.64%*##% 88
ycb1,17'~ cyeb1,2"~
gipl™"~ cycb1;17/~ 11236% 87.64%** ¥ 89
cych1;2~ % Col-0
gip2~'~ cycb1,17/~ 134.78% 65.22%**** 92

aych1;2 % Col-0

A transmission efficiency of 100% indicates full transmission of the mutant
allele, that is, 50% of the genotyped F1 seedlings are heterozygous. A
transmission efficiency may be higher than 100% if one of the two alleles is
transmitted in a reduced manner, conversely making the other allele
overrepresented. A z-test for one proportion was performed to test if the
observed transmission frequencies differ from expected values and the
significance level was corrected for multiple comparisons using Bonferroni.
Asterisks indicate significant differences from expected values (****P < 0.0001).
Primers used for genotyping are listed in Table EV1.

type cyclins and in particular CYCB1;2 might control microtubule
organization through the regulation of GIP1 and more likely through
several additional substrates.

Discussion

Angiosperms have undergone an extensive expansion of the cyclin
family in comparison to yeast and mammals, containing for instance
a total of 10 different cyclin families with more than 50 protein-
encoding cyclin genes in Arabidopsis (Wang et al, 2004; Jia et al,
2014). For most of these genes, functional information is still lack-
ing. Although genetic dissection of such an enlarged number of
cyclin members may be more challenging and require the construc-
tion of multiple mutant combinations, it also provides an opportu-
nity to study the function of these cyclins in compromised, yet
viable mutant combinations of redundantly acting genes. In
contrast, mutants for the CycB1 in mice, for example, are not viable
and die in utero making its analysis, especially at the developmental
level, challenging (Brandeis et al, 1998). Here, we have functionally
dissected the group of Bl-type cyclins and created various double

© 2021 The Authors

and multiple mutant combinations. In particular the combination of
cycbl;1 and cycbl;2 proved to be a valuable tool to study the func-
tion of this class of cyclins.

Endosperm—a demanding structure

During plant development, many different cell cycle programs are
executed (Jakoby & Schnittger, 2004). One of the most particular
proliferation modes are the free nuclear divisions during endosperm
proliferation (Berger et al, 2006). Despite its importance for seed
growth and embryo nutrition, there is currently very little known
about the cell cycle machinery that drives these free nuclear divi-
sions. Laser dissection microscopy-based transcriptional profiling of
Arabidopsis endosperm revealed that B1-type cyclins are among the
most prominently expressed cell cycle regulators in this tissue (Day
et al, 2008). Consistently, we found that nuclear divisions are
reduced in cycbl;2 single mutants and aberrant mitotic divisions
appear in cycbl;1 cycbl;2 and cycbl;2 cycbl;3 double mutants.
Correspondingly, seed development defects were reported as an
effect of silencing cyclin B1 expression in rice (Guo et al, 2010).

Strikingly, the phenotypes of cycb1;1 cycbl;2 and cycb1;2 cycbl;3
double mutant endosperm closely resemble the defects seen in
mutants for ENDOSPERM DEFECTIVE 1 (EDE1), a plant-specific
microtubule-binding protein (Pignocchi et al, 2009). EDE1 contains
short CDK consensus phosphorylation sites (S/T-P) and so far has
not been identified in CDK substrate searches in Arabidopsis (Pusch
et al, 2012; Harashima et al, 2016). However, EDE1 could be phos-
phorylated by human Cdk complexes in in vitro kinase assays and it
is known that short CDK consensus sites are sufficient to be phos-
phorylated by CDK/cyclin complexes (Ubersax et al, 2003; Pignoc-
chi & Doonan, 2011). Interestingly, many cytoskeletal components
are highly expressed in proliferating endosperm tissue and the free
nuclear divisions might be very sensitive to alterations in cytoskele-
ton function, providing a possible reason why these divisions are
apparently more sensitive to the loss of CYCBI function (Day et al,
2009). Endosperm development in Arabidopsis might thus advance
as a model system to study cell biological questions. However,
endosperm is difficult to access, since it is buried in maternal struc-
tures, such as the seed coat and the silique. Therefore, morphologi-
cal analyses always require mechanical preparation steps. In this
light, the identification of cycbl;1 cycbl;2 homozygous double
mutants represents a unique tool to investigate the control of mito-
sis in roots or other much more easily accessible plant tissues than
gametophytes.
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B1-type cyclins and the control of microtubule nucleation

Microtubules nucleate from ring-shaped complexes that contain y-
tubulin, and a family of related proteins called y-tubulin complex
proteins (GCPs). The composition of y-tubulin ring complexes
(YTURC) varies between organisms: budding yeast contains only the
y-tubulin small complex (yTUSC), with two molecules of y-tubulin,
and one each of GCP2 and GCP3 (Vinh et al, 2002). On the other
hand, animal nucleating complexes are made of multiple copies of
the yTUSC plus GCP4, GCPS, and GCP6, as well as other non-GCP
constituents, such as GIP1/MOZART1, MOZART2, and NEDDI,
which is a localization factor (Tovey & Conduit, 2018). In plants, y-
tubulin complexes contain all GCP subunits, the GIP1/MOZART1
protein, and a NEDD1 homolog (Lee & Liu, 2019).

The dynamic assembly and disassembly of the microtubule
network generally runs in parallel with the cell cycle and, for
example, even strong defects in microtubule arrays, for example,
lack of the PPB formation (Schaefer et al, 2017), do not block the
cell cycle. However, rearrangements of the microtubule cytoskele-
ton in plant cells are obviously coupled with the cell cycle. Specific
microtubule arrays accompany each stage of the cell cycle, either
in interphase (the interphase cortical microtubule array), in pre-
mitosis (the PPB), or in mitosis (spindle and phragmoplast).
Moreover, several observations indicate a tight—at least temporal
—coordination of both cycles. For instance, the PPB is formed in
the late G2-prophase in somatic tissues. Rapid PPB dismantling
precisely coincides with nuclear envelope breakdown and entry
into metaphase. Prospindle and spindle formation also takes place
at precise stages of the cell cycle. Likewise, the phragmoplast is
precisely initiated at telophase from remnants of the spindle.
However, very little is currently known about the molecular mech-
anisms of how this coordination is achieved. Interestingly, several
cell cycle regulators including CDKA;1l have been identified at
microtubule arrays such as the PPB, spindle, and phragmoplast
(Boruc et al, 2010). Our finding that GIP1/MOZART1 is phosphory-
lated by CDKB2-CYCB1 complexes offers a potential mechanism of
how the cell cycle might orchestrate microtubule assembly. Inter-
estingly, double PPBs and asymmetric PPBs, as we report here to
be present in cycbl;1 cycbl;2 mutants, have also been described in
a gipl gip2 double knockdown mutant previously, further strength-
ening that CYCB1 controls the cytoskeleton via regulation of the
yTURC complex components (Janski et al, 2012). The exact mech-
anism by which this regulation happens, including if phosphoryla-
tion of GIP1 at T67 plays an important role and if there is indeed a
differential phosphorylation regulation of GIP1 and GIP2, remains
to be explored.

Moreover, other factors of the yTURC have also been found to be
phosphorylated in animals and yeast. For instance, all core units of
the yTURC (y-tubulin, GCP2-GCP6, GCP-WD, and GCP8/
MOZART2), but GIP1/MOZARTI, have been found to be phospho-
rylated in mammals (Teixidé-Travesa et al, 2012). In particular,
CDKs were shown to phosphorylate YTURC components including
v-tubulin and others in yeast and Neddl in humans (Zhang et al,
2009; Keck et al, 2011). However, the functional importance of
these phosphorylation sites is not understood and an analysis of
microtubule dynamics in animals is complicated due to the lethality
of core cell cycle regulators such as Cdkl or CycB1 (Brandeis et al,
1998; Santamaria et al, 2007).
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In plants, all of the core YTURC components (GIP1, GCP2, GCP3,
GCP4, GCP5a, GCP5b, NEDD1, and y-tubulin 1 as well as y-tubulin
2), but GIP2, have at least one CDK consensus phosphorylation site,
and for NEDD1 and GCP4 as well as GCP5a a phosphorylated Ser/
Thr in a consensus CDK site has been deposited in the PhosPhAt
database (http://phosphat.uni-hohenheim.de). In addition, CYCB1;3
has been found to bind to GCP3 and y-tubulin 1 (Van Leene et al,
2010). Thus, the regulation of the yTURC complex by CYCBIs likely
goes even beyond the phosphorylation of GIP1 reported here.

The CYCB1 group has an evolutionarily conserved role in
microtubule networks

Mammalian CycB1 is mainly cytoplasmic in interphase, rapidly
accumulates in the nucleus at the end of prophase, and associates
with the mitotic apparatus in the course of mitosis, that is, chro-
matin, microtubules, kinetochores, and centrosomes (Toyoshima
et al, 1998; Yang et al, 1998; Hagting et al, 1999; Bentley et al,
2007). Loss of the CycB1 function in mice results in very early
embryo lethality (Brandeis et al, 1998). In contrast, mammalian
cyclin B2 (CycB2) localizes mostly to the Golgi apparatus in both
interphase and metaphase and CycB2 knockout mice are viable
(Jackman et al, 1995; Brandeis et al, 1998; Draviam et al, 2001).
However, knocking down both CycBl and CycB2 in HeLa cells
showed a redundant function for both cyclins (Soni et al, 2008).
Cyclin B3 is only poorly expressed in mitotic cells, but its mRNA is
readily observed in both male and female meiosis (Lozano et al,
2002; Nguyen et al, 2002).

Interestingly, CycB1 in mammals localizes to the outer plate of
the kinetochore at prometaphase and later on to the spindle poles
following microtubule attachment to kinetochores (Bentley et al,
2007; Chen et al, 2008). Reduction of CycB1 by the use of RNA
interference results in the irregular attachment of kinetochores to
microtubules, chromosome alignment defects and delays anaphase
(Chen et al, 2008), which is reminiscent of the chromosome align-
ment and segregation problems in addition to the extended spindle
stages we found in cycb1;1 cycbl;2 mutants.

In contrast to many other eukaryotes, the setup of interphasic
and mitotic microtubule networks in flowering plants is not driven
by microtubule-organizing centers containing centrioles/basal
bodies. Instead, it has been proposed that mitotic microtubule
networks nucleate from chromatin. Consistent with a role in micro-
tubule nucleation, CYCB1;1 and CYCBI1;2 have been found to be
present mainly at chromatin during mitosis, while CYCB1;3 is local-
ized to both chromatin and cytoplasm and CYCB1;4 is localized
mainly in the cytoplasm as well as in the region of the cytoplasm
that co-localizes with the mitotic spindle (Bulankova et al, 2013).
Thus, although the CYCB1 group in Arabidopsis appears from a
general point of view to regulate the mitotic microtubule network
similarly to CycB1 in mammals, the localization of Bl-type cyclins
is different in both species, indicating that the work of B-type cyclins
in different species is differently distributed among its members.

Remarkably, and in contrast to CycB1 localization in mammals,
CYCBI1;1, CYCBI1;2, and CYCBI1;3 were not found at the mitotic spin-
dle. We cannot rule out at the moment that Bl-type cyclins do not
have a function in further organizing the mitotic spindle. However,
it seems likely that other, yet to be characterized subgroups of
mitotic cyclins, in particular the B2 and B3 group, might play a key
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role here especially since a recent analysis of CYCB3;1 found that
this cyclin is localized to the spindle, at least in meiosis (Sofroni
et al, 2020). With this, it will be exciting to have eventually a
complete view on B-type cyclin function in Arabidopsis.

Materials and Methods
Plant material and growth conditions

The accessions Columbia (Col-0) and Nossen (No-0) were used as
wild type controls. The single cycbl;1, cycbl;2, cycbl;3, and cycbl;4
mutants were previously described and characterized (Weimer et al,
2016). The cycbl1;3 T-DNA insertion is in a No-0 background. The
gipl (GABI_213D01) and gip2 (FLAG_36406) mutants were also
previously characterized (Janski et al, 2012). Genotyping primers
are listed in Table EV1.

Arabidopsis thaliana seeds were sown on half-strength (%2)
Murashige and Skoog (MS) medium (basal salt mixture, Duchefa
Biochemie) containing 0.5% sucrose and 0.8% plant agar
(Duchefa Biochemie) at pH 5.8. Seeds were either sterilized with
chlorine gas or by liquid sterilization. For the liquid sterilization,
a 2% bleach, 0.05% Triton X-100 solution was applied for
5 min, followed by three washing steps with sterile distilled
water and the addition of 0.05% agarose. Stratification of the
seeds on plates was performed at 4°C for 2-3 days in the dark.
Plants were initially grown in vitro at 22°C in a 16-h light
regime and subsequently transferred to soil with a 16-h light/
21°C and 8-h/18°C dark regime with 60% humidity.

Quantitative PCR

Total RNA was isolated from plant tissues using the RNeasy Plant
Mini Kit (Qiagen). Dnase (TaKaRa) treatment was performed to
avoid DNA contamination and RNA concentration was measured
using a Nanodrop ND-1000 instrument. A total of 3.5 pg of total
RNA was reverse transcribed using SuperScript® III reverse tran-
scriptase kit (Invitrogen). An additional step of Rnase H treatment
at 37°C for 20 min was performed to eliminate the remaining RNA.
The cDNA was further purified and concentrated by using QIAquick
PCR Purification Kit (Qiagen) and the concentration was determined
by Nanodrop ND-1000 instrument. Finally, using cDNA as the
template, JPCR was performed on a Light-cycler LC480 instrument
(Roche) as per the manufacturer’s instructions.

Plasmid construction and plant transformation

To analyze the expression of the CYCBI group in seeds, we used
previously generated promoter reporter lines for CYCBI;I to
CYCBI1,4 fused at the N-terminus to GFP (Weimer et al, 2016).

To generate a PROgp;:GFP:GIP1 construct, a 2,849-bp genomic
region including the native promoter and terminator was amplified
by PCR and integrated into a pENTR-D-TOPO vector. A Smal restric-
tion site was introduced before the first ATG codon of the GIP1 CDS.
After linearization of the construct by restriction digest with Smal, a
ligation with GFP was performed, followed by LR reaction with the
destination vector pGWBS501. The constructs were transformed in
Arabidopsis thaliana by floral dipping.
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Flow cytometry assay

Ten 7-day-old seedlings per genotype were chopped with a new
razorblade in homogenization buffer (45 mM MgCl,, 20 mM MOPS,
30 mM sodium citrate, 0.1% Triton X-100, pH 7.0), followed by fil-
tration through a 15-um nylon mesh. After that, propidium iodide
(Sigma) and Rnase A (Sigma) were added to final concentrations of
50 pg/ml and 10 pg/ml, respectively. Samples were left on ice for
5 min and then analyzed in a S3e Cell Sorter (Bio-Rad) with a laser
excitation at 488 nm. The scatterplots were analyzed and processed
using the FlowJo software.

Endosperm nuclei proliferation analysis

Flower buds were initially emasculated before the visible matura-
tion and release of pollen. Emasculated flowers were then hand
pollinated with pollen from the same genotype after 2-3 days. After
3 days, siliques were dissected and fixed in a solution of 4%
glutaraldehyde in 12.5 mM cacodylate buffer, pH 6.8, followed by
vacuum application for 20 min and storage at 4°C overnight. The
following day, individual seeds were mounted on microscope slides
containing a clearing 1:8:2 glycerol:chloral hydrate:water solution
and stored at 4°C overnight. Imaging was performed with a Zeiss
LSM 780 or 880 confocal microscope with excitation at 488 nm and
detection between 498 and 586 nm and Z-stacks were analyzed
using the Fiji software.

Pollen staining

To identify single nuclei in mature pollen, pollen grains were
released into a DAPI staining solution (2.5 pg/ml DAPI, 0.01%
Tween, 5% dimethyl sulfoxide, 50 mM Na phosphate buffer, pH
7.2) and incubated at 4°C overnight. Pollen viability was analyzed
by mounting pollen as previously described (Alexander, 1969).
Imaging was performed with a Zeiss Axioimager.

Embryo sac analysis

Mature ovules and developing seeds were prepared from siliques
before and 3 days after fertilization, respectively, mounted on
microscope slides on a clearing 1:8:2 glycerol:chloral hydrate:dis-
tilled water solution and kept at 4°C overnight before analysis as
previously described (Nowack et al, 2006). Differential Interference
Contrast (DIC) imaging was performed on a Zeiss Axioimager.

Microtubule cytoskeleton dynamics in roots

Meristematic cell divisions in the root were observed in 5-7 day-old
seedlings under a layer of %2 MS medium using a Leica TCS SP8
inverted confocal microscope.

Immunostaining

Roots of 4-day-old Arabidopsis seedlings were fixed in 4%
paraformaldehyde and 0.1% Triton X-100 in %2 MTSB buffer
(25 mM PIPES, 2.5 mM MgSO,, 2.5 mM EGTA, pH 6.9) for 1 h
under vacuum, then rinsed in PBS 1X for 10 min. Samples were
then permeabilized in ethanol for 10 min and rehydrated in PBS for
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10 min. Cell walls were digested using the following buffer for 1 h:
2 mM MES pH 5, 0.20% driselase and 0.15% macerozyme. Tissues
were hybridized overnight at room temperature with the B-5-1-2
monoclonal anti-o-tubulin (Sigma) and the anti-KNOLLE antibody
(kind gift of G. Jlrgens, University of Tibingen, Germany; Lauber
et al, 1997). The next day, tissues were washed for 15 min in PBS,
50 mM glycine, incubated with secondary antibodies (Alexa Fluor
555 goat anti-rabbit for KNOLLE antibody and Alexa Fluor 488 goat
anti-mouse for the tubulin antibody) overnight and washed again in
PBS, 50 mM glycine, and DAPI 20 ng/ml. Tissues were mounted in
VECTASHIELD and DAPI and viewed using an SP8 confocal laser
microscope (Leica Microsystems). Samples were excited sequen-
tially at 405 nm (DAPI), 488 nm (@TUB/Alexa Fluor 488), and
561 nm (@KNOLLE/Alexa Fluor 555), with an emission band of
420-450 nm (DAPI), 495-545 nm (Alexa Fluor 488), and 560—
610 nm (Alexa Fluor 555) using a PMT for DAPI imaging, and
hybrid detectors for MT and KNOLLE imaging. All stacks have been
imaged using the same zoom (x 1.60) with a pixel size xyz of
200 nm x 200 nm x 500 nm. KNOLLE is particularly useful when
mutants do not form a PPB to unambiguously identify cells at the
G2/M stage, although this was not the case in our study.

A blind counting was set up to count mitotic MT arrays seen
in 10 roots of each genotype. The “Cell counter” plugin was used
to count the occurrence of MT arrays within each root stack
(https://imagej.nih.gov/ij/plugins/cell-counter.html).

Protein expression and purification and in vitro kinase assays

Purified GIP1 was kindly donated by Nicolas Baumberger (IBMP,
Strasbourg). GIP1 CDS was cloned into the pGEX-2TK vector (GE
Healthcare; courtesy of Etienne Herzog) and transformed into the
BL21(DE3) E. coli strain. An overnight culture cultivated at 37°C
was used to inoculate an expression culture at an ODggg of 0.1.
The expression culture was grown at 37°C and 250 rpm until it
reached an ODggo of 0.6. Afterwards, 0.5mM IPTG was added and
the growth continued at 37°C for 6 h. Cells were collected by
centrifugation at 5,000 g for 15 min and the pellet resuspended in
50 mM Tris pH 8, 300 mM NaCl, 5% glycerol, 5 mM EDTA, 0.1%
Tween 20. Cells were lyzed by sonication and the lysate clarified
by centrifugation at 10,000 g for 20 min at 4°C. GST-GIP was
purified by passage onto a glutathione-sepharose GSTrap HP 1ml
column (GE Healthcare) with 50 mM Tris pH 7.5, 10 mM MgCl,,
100 mM NaCl as an equilibration/washing buffer and 50 mM Tris
pH 7.5, 10 mM MgCl,, 100 mM NaCl plus 10 mM reduced
glutathione as an elution buffer. Elution fractions were analyzed
on polyacrylamide gel and concentrated by ultrafiltration before
being frozen and stored at —80°C. Histone H1° was purchased
from NEB. In vitro kinase assays were performed as described
previously (Harashima & Schnittger, 2012).

Oryzalin root growth assays

Plants were sown on Y2 MS medium containing either 0.05% DMSO
as a control or oryzalin. 100 mM oryzalin stock solutions were
prepared in DMSO and stored at —20°C and further diluted to a final
concentration of 150 nM or 200 nM for the root assays. Root growth
was recorded daily up until 5 days after germination, when plates
were scanned, and root length was subsequently measured using
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the Fiji software. Three biological replicates with at least 10 plants
per genotype were performed. The mean root length of each individ-
ual experiment was determined and again averaged.

Statistical analysis

The employed statistical tests are indicated in the figure legends.
Statistical tests were performed using the GraphPad Prism 9 soft-
ware and the XLSTAT plugin for Microsoft Excel. The distribution of
the measured values was tested beforehand, for example, by the
Anderson-Darling test. If the distribution was significantly different
from a normal distribution, a non-parametric test was employed.
Significance levels are P > 0.05 (ns), P < 0.05 (*), P <0.01 (**),
P <0.001 (***), P <0.0001 (****). In the case of the Chi-squared
test followed by the Marascuilo procedure, significant pairwise
comparisons are indicated by letters.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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A proCYCB1;1::CYCB1;1:GFP proCYCB1;2::CYCB1:2:GFP proCYCB1;3::CYCB1,3:GFP

Col-0

cycb1;1 cycb1;2

cycb1,2 cycb1,3

Figure EV2. CYCB1;1, CYCB1;2, and CYCBI;3 but not CYCB1;4 are expressed during seed development.

A-C Confocal microscope pictures of seeds expressing either proCYCB1;1:GFP, proCYCB1;2:GFP or proCYCBI;3:GFP in Col-0 (A), cycb1;1 cycb;2 (B), or cycb1;2 cycb;3 (C).
Scale bars: 30 pm.
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Figure EV5. Ploidy analysis of young seedlings of the single and double mutants.
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Flow cytometrical quantification of the different nuclear ploidies, as indicated by propidium iodide (PI) intensity. Single (top rows) and double (bottom rows) mutants have
been analyzed. The individual genotypes are indicated on the top of each graph. Each peak has been labeled according to the expected nuclear content (2C, 4C, 8C or 16C).
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Chapter 2. Investigating the role of CYCB1-dependent regulation

of microtubule arrays
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2.1. Introduction

2.1.1. Microtubule nucleation in the absence of a centrosome

Microtubules are dynamic structures with a plus- and a minus-end. The plus-end is the
dynamic one, switching rapidly between phases of growth and shrinkage, while the
minus-end is more stable and is the end where the microtubule is initially nucleated (Fig
1; Goodson & Jonasson 2018). The nucleation of microtubules in animals and fungi is
concentrated in distinct microtubule organizing centers (MTOCs; Paz & Liders, 2018),
a prominent example being the centrosome, where most of the main microtubule
nucleator y-tubulin Ring Complex (yTuRC) is localized. In flowering plants, however,
there is no centrosome and the localization of nucleation events of microtubules is more
flexible (Fig 1A-D; Lee & Liu, 2019).

Figure 1. Microtubule nucleation in the plant cell. The figure was adapted from Lee & Liu,
2019.

A, B. Microtubule nucleation can take place in the plant cell in a microtubule-dependent manner
by means of the augmin complex, that enables binding of the yTURC to existing microtubules.
This microtubule-dependent microtubule nucleation can be parallel (A) or branched (B).

C. Nucleation can also happen de novo and requires only the activity of the yTuRC.

D. The yTuRC can nucleate new microtubules from membranous organelles, e.g., the Golgi

apparatus, although this mechanism has not been confirmed in plants.
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2.1.2. The role of the yTURC in microtubule nucleation

The yTuRC is regarded as the most important factor in microtubule nucleation, i.e., the
formation of a new microtubule seed onto which polymerization of a- and B-tubulin
heterodimers can happen. In other words, it serves as a docking station onto which new
microtubules can assemble. It is important to mention, however, that the knockdown of
y-tubulin does not completely abolish microtubule assembly and, hence, other
mechanisms for microtubule nucleation are likely in place (Paz & Luders, 2018). In fact,
microtubules can assemble spontaneously in vitro, although the composition of such
spontaneous microtubules slightly varies when compared to yTuRC-assembled
microtubules, i.e., yTuRC-assembled microtubules have consistently 13 protofilaments,
while spontaneously assembled microtubules have between 13 and 15 protofilaments
(Paz & Luders, 2018). Furthermore, in human colon cancer cells, depletion of CLASP1
or TPX2 (see general introduction for detailed function) significantly delayed the
assembly of microtubules in the absence of y-tubulin (Tsuchiya & Goshima, 2021).
Hence, many MAPs are likely playing a secondary role in microtubule nucleation that is

independent of y-tubulin.

The vertebrate yTURC has been intensely studied, which has recently led to detailed
information about the complex’s composition and structure (Consolati et al, 2020;
Wieczorek et al, 2020; Liu et al, 2020). The yTuRC is assembled from a gamma-tubulin
complex protein (GCP) scaffold containing GCP2 to GCP6 subunits — five copies of
GCP2, five copies of GCP3, two copies of GCP4, one copy of GCP5 and one copy of
GCP6 (Fig 2; Liu et al, 2021). Each GCP binds to one molecule of y-tubulin through its

C-terminal gamma-tubulin ring protein 2 motif (Liu et al, 2021).

Additional components of the yTuURC include NEDD1 and MOZART1 (MZT1), which are
considered to be less central to yTURC function and instead take part in assembly,
targeting and activation of the complex (Farache et al, 2018) . NEDD1 is a WD40 repeat
protein that is known to be important for targeting the yTuRC to centrosomes and the
mitotic spindle, as well as promoting microtubule polymerization in the centrosomes in
interphase and in the spindle during mitosis (Manning et al, 2010; Manning & Kumar,
2007). MZT1 is an essential member of the yTuRC that interacts mainly with GCP3 and
promotes what has been called an “interaction-competent” state of GCP3 in vitro in
fission yeast, meaning that it prevents aggregation of y-tubulin small complexes

(comprised of y-tubulin, GCP2 and GCP3; Leong et al, 2019). The specific function of
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MZT1 across different organisms, although essential, has been a matter of debate. For
instance, RNA interference experiments against MZT1 in human cells showed a
pronounced impairment of yTuRC function. The specific mechanism behind these
results, however, have differed depending on the type of cell that was used (Cota et al,
2017; Lin et al, 2016; Hutchins et al, 2010).

GCP3

Current Opinion in Cell Biology

Figure 2. A schematic picture of the vertebrate yTURC. The figure was taken from Liu et al,
2021.

Top view of a Xenopus levis yTURC. Actin was also found to interact with the yTURC. Color code:
yellow/orange: y-tubulin; cyan: GCP2; blue: GCP3; brown: GCP4; green: GCP5; purple: GCP6;

red: actin; and pink: luminal bridge.

Most of the plant counterparts of the yTURC components have been identified and
characterized in A. thaliana, such as NEDD1, GCP2, GCP3, GCP4, GCP6 and MZT1
(Zeng et al, 2009; Seltzer et al, 2007; Kong et al, 2010; Miao et al, 2019; Nakamura et
al, 2012; Janski et al, 2012).

NEDD1 seems to have an essential and conserved function in Arabidopsis, since a T-
DNA insertion mutation can only be kept in a heterozygous state (Zeng et al, 2009).
MZT1 in plants is represented by two homologs that are called GCP3-Interacting Protein
1 and 2 (GIP1 and GIP2; Nakamura et al, 2012; Janski et al, 2012). GIP1 and GIP2 are
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highly redundant, i.e., the single knockout mutants are viable, while the double gip1 gip2

mutant is embryonic lethal (Nakamura et al, 2012).

2.1.3. The augmin complex: a conserved role in enabling microtubule-based

microtubule nucleation

The augmin complex is highly conserved in eukaryotes and is mainly responsible for
microtubule-dependent microtubule nucleation (Fig 3A and 3B; Tian & Kong, 2019). It is
composed of eight members and electron microscopy has revealed a flexible Y-shaped
structure in humans (Fig 4; Hsia et al, 2014). In Xenopus levis, two functional modules
of the augmin complex have been identified: one module (tetramer-Il) is necessary for
microtubule binding, while the other one interacts with the yTURC (tetramer-Ill; Song et
al, 2018). Both X. levis tetramers fit together into a similar Y shape to what has been

described for the human augmin complex.

AUGB8/AUGS-like

AUG1-7

TuRC

EDE1

¥ Katanin

w MTs

Figure 3. Role of the augmin complex in interphasic and mitotic plant cells. The figure was
taken from Tian & Kong, 2019.
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A. In interphase, microtubules are nucleated from the side wall of existent microtubules through
the interaction of the AUG8/AUGS-like microtubule-binding subunit of the augmin complex with
those structures. Microtubule crossovers (in detail) are stabilized by the action of the augmin
complex that antagonizes the microtubule-severing complex katanin.

B. In mitosis, EDE1 takes over the action of AUG8/AUGS8-like and promotes the interaction of the
augmin complex with the walls of existent microtubules for microtubule-dependent microtubule

nucleation.

R
% Longarm

Figure 4. The Y-shaped structure of the human augmin complex. The figure was taken from
Hsia et al, 2014.

The human augmin complex has been studied by electron microscopy, revealing a flexible Y-
shaped structure with three different main conformations (seen in the figure; N = 68, 70 and 72
for each class accordingly). The main features of the complex are indicated in the figure, with a

short and long arm and a stem.

In humans, the augmin complex is composed of HAUS1-8, with the microtubule-binding
component being HAUS8/Hice1 (Wu et al, 2008; Johmura et al, 2011). In plants, there
are also eight main members: AUG1-8, with AUG8 being represented by several
isoforms (Fig 3). AUGS8 and its isoforms (from here on referred to as AUGS8-like)
represent the so-called nine-member QWRF family (Fig 5; Albrecht et al, 2010) and
constitute individually the plant microtubule-binding component of the augmin complex.
An essential homolog of AUG8 (QWRF8) is EDE1 (QWRF5), which is plant-specific
since there is little sequence conservation with other animal augmin components and
also a member of the QWRF family (Lee et al, 2017; Hotta et al, 2012). EDE1 replaces
the function of AUG8/AUGS8-like in G2/M — AUG8 cannot fulfil the function of EDE1 in
that stage (Lee et al, 2017). EDE1 and AUG8 (and likely AUG8-like) interact with AUG6

to form a functional augmin complex (Lee et al, 2017).
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Furthermore, an alignment of the amino acid sequence of human HAUS8 and the plant
QWRF family members reveals little conservation in sequence between the plant
microtubule-binding components and their respective human counterpart at the N-
terminus, suggesting that plants likely evolved a specific regulation and/or structure of
the augmin complex (Fig 5). HAUSS8 is known to have a microtubule-binding domain
between amino acids 1 and 140, but this sequence shows little conservation when, for
instance, it is compared to EDE1 (Fig 5; Wu et al, 2008). The C-terminus of the QWRF
and HAUSS proteins, however, is highly conserved and is likely important for interaction
with other augmin components and complex establishment. Indeed, in humans, HAUS8
has been shown to interact with HAUS6 via its C-terminus (Hsia et al, 2014). In A.
thaliana, EDE1’s C-terminal amino acids 237 to 341 are also sufficient for interaction with

AUGS6, as shown by yeast two-hybrid experiments (Muzaffer Emre Giil, master’s thesis).

Although knockout mutants for EDE1 are not viable, a partial loss-of-function ede1-1
allele has been extensively used to study EDE1 function (Lee et al, 2017; Pignocchi et
al, 2009). This mutant has a generally normal growth, but affected seed endosperm
development, retarded root growth and extremely elongated spindle arrays in mitosis
(Lee et al, 2017; Pignocchi et al, 2009).

A related factor and antagonizer of augmin function is the katanin complex. It is
comprised of the p60 AAA ATPase catalytic subunit and the p80 regulatory subunit
(McNally & Roll-Mecak, 2018). This complex is necessary to sever microtubules after
branched microtubule-dependent microtubule nucleation to generate free microtubules
(Nakamura et al, 2010) or at microtubule junctions (the above-mentioned crossovers) to
promote amplification and reorganization of cortical microtubules (Lindeboom et al,
2013).

Recently, a function of augmin at microtubule crossovers has been uncovered in plants:
augmin antagonizes the microtubule-severing katanin and thus stabilizes microtubule
crossovers rather than triggering microtubule nucleation at those sites (Wang et al,
2018). Hence, many questions remain and the augmin complex might play diverse roles

apart from branched microtubule nucleation.
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Figure 5. An alignment of the protein sequences of the human HAUS8 and A. thaliana
QWRF family members, including AUG8 (QWRF8) and EDE1 (QWRFS5).

The alignment of the protein sequences was performed with Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/). In red, small and hydrophobic amino acids, including
aromatic residues except tyrosine; in blue, acidic amino acids; in magenta, basic amino acids
except histidine; in green, amino acids with hydroxyl, sulfhydryl and amine groups and glycine;
and, in grey, unusual amino acids are represented. An asterisk indicates residues which are fully
conserved; a colon indicates conservation between groups of strongly similar properties; and a

period indicates conservation between groups of weakly similar properties.
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Research aim

As previously described, CYCB1 members are known to control microtubule
organization in A. thaliana (Chapter 1; Motta et al, 2021). However, the mechanism by
which CYCB1-mediated phosphorylation is responsible for microtubule organization is
largely uncharacterized. Hence, in this part of my project, | tested the role of
phosphorylation of two MAPs, GIP1 and EDE1, by CYCB1-CDKB2;2 complexes.

First, GIP1 had already been identified as a substrate of CYCB1-CDKB2;2 complexes
(Chapter 1; Motta et al, 2021), although the exact position and function of its
phosphorylation was not studied. Here, | identified the amino acids phosphorylated in
vitro and tested the functionality of two dephosphomutant combinations by analyzing the
general phenotype of plants carrying these mutations and the ability of the respective

mutant protein to interact with its yTURC partner.

Next, EDE1 was chosen as a possible target of CYCB1-CDKB2;2 complexes because
of the remarkable similarity between cycb1;1 cycb1;,2 and edel-1 mutant seed
development. Indeed, EDE1 was found to be phosphorylated at several sites. A
dephosphomutant of EDE1 was generated and its function in general plant growth, root
mitotic divisions and spindle architecture was tested, revealing a potential role of the

CYCBH1 group in regulation of microtubule-dependent microtubule nucleation.
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2.2. Results

2.2.1. Mutating the consensus CDK phosphorylation site in GIP1 does not visibly

alter its function

GIP1 was previously confirmed to be a substrate of CYCB1-CDKB2;2 complexes in in
vitro kinase assays (Motta et al, 2021). Therefore, we created a reporter to follow its
localization in mitosis (GFP-GIP1; Motta et al, 2021) and to conduct analyses of protein

function.

GIP1 contains a single consensus CDK phosphorylation site (T67; Fig 6 and 7). GIP2,
its close homolog, does not possess a CDK phosphorylation site; in turn, an aspartate is
seen at the C-terminus in a similar position (D67; Fig 6 and 8). To analyze if phospho-
regulation of T67 is relevant for GIP1 function, | mutated this amino acid into an Alanine
(Ala), which is an amino acid that cannot be phosphorylated (from now on referred to as

GIP1T67A) and introduced this construct into the gip7 gip2 double mutant (Fig 9).

sp|Q9MONS |GIP1_ARATH MDEEASRTARESLELVFRMSNILDTGLDRHTLSVLIALCDLGVNPEALATVVKELRREST
sp|Q9C9T3 |GIP2_ARATH MNQEAAETARESLELVFRMSNILETGLDRHTLSVLIALCDIGLNPEALATLVKELRRDSA
sp | Q9MONS | GIP1_ARATH PDSVTTTPSIH

sp|Q9CIT3 | GIP2_ARATH TTTTTVD

Figure 6. Comparison of the protein sequences of GIP1 and GIP2.
The alignment of the protein sequences was performed with Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/). In red, small and hydrophobic amino acids, including

aromatic residues except tyrosine; in blue, acidic amino acids; in magenta, basic amino acids
except histidine; in green, amino acids with hydroxyl, sulfhydryl and amine groups and glycine;
and, in grey, unusual amino acids are represented. An asterisk indicates residues which are fully
conserved; a colon indicates conservation between groups of strongly similar properties; and a

period indicates conservation between groups of weakly similar properties.

As judged by pollen viability (Fig 9A), seed abortion (Fig 9B) and root growth over time
(Fig 9C), a GFP-GIP1T¢7A construct fully rescued the mutant phenotype. Therefore, |
wondered if another site was the actual phosphorylation target. To test for this possibility,
| cloned, expressed and purified HisGST-GIP1and HisGST-GIP2 protein fusions and
submitted them to in vitro kinase assays together with CYCB1-CDKB2;2 complexes (Fig
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10A-D and Table S1). Mass spectrometry was then performed to identify the position of

the phosphorylated amino acids (Fig 7 and 8; Table S1).

MDEEASRTARESLELVFRMSNILDTGLDRHTLSVLIALCDLGVNPEALATVVKELRRES
IPDSVITTPSIH*

Figure 7. Phosphorylation sites identified in GIP1 in in vitro kinase assays performed with
CYCB1-CDKB2;2 complexes by mass spectrometry.

Amino acids that were identified as potential phosphorylation sites in vitro are indicated in bold
and underlined. The consensus S/T-P CDK phosphorylation site is colored in magenta, while the
other non-proline directed phosphorylation sites are indicated in green. The identification of the
phosphorylation sites was obtained in collaboration with the Nakagami group at the Max Planck
Institute for Plant Breeding Research and analyzed by Dr. Sara Stolze, who analyzed in vitro

kinase assays performed by me.

MNQEAAETARESLELVFRMSNILETGLDRHTLSVLIALCDIGLNPEALATLVKELRRDS
ATTTTTVD*

Figure 8. The protein sequence of GIP2.
GIP2 does not contain a minimal consensus CDK phosphorylation site. Conversely, there is a

negatively charged amino acid at the end of its C-terminus (represented in bold; D67).

GIP2, as predicted, was not phosphorylated in these in vitro kinase assays. For GIP1,
on the other hand, phosphorylated peptides could be identified, and, indeed, T67 was
found to be the most likely phosphorylation target, as revealed by the MaxQuant software
which uses an algorithm to predict localization of the phosphosites (Fig 7; Table S1).
However, since T67 is preceded by two additional threonines, | wondered if these might
become targets of CDK phosphorylation in case the consensus site is not available, a
phenomenon that is known as compensatory phosphorylation (Bauer et al, 2003).
Additionally, it is often difficult to predict the exact location of phosphorylation sites in a
peptide, especially when several amino acids are phosphorylated in the same peptide
fragment (Dephoure et al, 2013). Indeed, mapping of these phosphosites did not
completely rule out phosphorylation of T65 and T66. Thus, | proceeded to test the other
two threonines (T65 and T66) of GIP1 in vivo. To that end, | generated a construct with
T65, T66 and T67 each mutated into an Ala, which will from now on be referred to as
G FP_G IP1 T65A;T66A;T67A_
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Figure 9. GIP1T67A does not display significant changes in protein function compared to
GIP1.

A. Pollen viability assessed by Peterson staining in wildtype and gip? gip2 double mutants
rescued by either GFP-GIP1 or GFP-GIP1T67A. n = 226 — 402 pollen grains analyzed per
genotype.

B. Quantification of seed abortion in wildtype and gip71 gip2 double mutants rescued by either
GFP-GIP1 or GFP-GIP1T67A, Graph represents mean seed abortion values per plant £ SD from
two biological replicates, n = 528 — 605 seeds in total analyzed per genotype.

C. Root growth on 2 MS plates over time in wildtype and gip1 gip2 double mutants rescued by
either GFP-GIP1 or GFP-GIP1Té7A, Graph represents mean root length value £ SD of one
biological replicate with n = 14 — 19 plants per genotype. The GFP-GIP1 and GFP-GIP1T67A in
gip1 gip2lines were generated by Dr. Shinichiro Komaki.
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Figure 10. Purified proteins for in vitro kinase assays.

A. Purified HisGST-GIP1 and HisGST-GIP2 proteins (expected to be 36.3 kDa and 35.9 kDa
respectively). Red arrowheads indicate proteins at expected molecular weight, while a black
arrowhead indicates free GST.

B. Purified CYCB1-CDKB2;2 complexes. 1 = CYCB1;1-CDKB2;2, 2 = CYCB1;2-CDKB2;2, 3 =
CYCB1;3-CDKB2;2 and 4 = CYCB1;4-CDKB2;2. Single HisMBP-CYCB1;1 is expected at 91.6
kDa, HisMBP-CYCB1;2 at 92.9 kDa, HisMBP-CYCB1;3 at 89.4 kDa and HisMBP-CYCB1;4 at
86.7 kDa. Red arrowheads indicate expected size of CYCB1 members. Black arrowhead
indicates expected size of Strep-CDKB2;2 (39.9 kDa).

C. Purified single HisMBP-CYCBH1 proteins. 5 = HisMBP-CYCB1;1, 6 = HisMBP-CYCB1;2, 7 =
HisMBP-CYCB1,3 and 8 = HisMBP-CYCB1;4 (see above for expected sizes). Red arrowheads
indicate expected size of CYCB1 members.

D. Purified single Strep-CDKB2;2 (see above for expected size). A black arrowhead indicates
protein at expected size.

E. Purified HisGST-EDE1 (expected to be 81.1 kDa). Black arrowhead indicates approximate
expected protein size.

76



Data information: PR = PageRuler Prestained protein ladder, CBB = Coomassie brilliant blue
staining. The HisMBP-CYCB1;1 to HisMBP-CYCB1;4 and Streplll-CDKB2;2 proteins were

produced using plasmids generated by Dr. Hirofumi Harashima.

The GFP-GIP1T65AT66AT67A construct was also able to fully rescue a double gip1 gip2
mutant (Fig 11A-D). | tested two independent insertion lines for both GFP-GIP1 and
GFP-GIP1T65ATe6AT67A n the gip1 gip2 background and judged root growth on control and
microtubule-destabilizing conditions (Fig 11A), seed abortion (Fig 11B and 11C) and
pollen viability (Fig 11D). In all of these experiments, the triple dephosphomutant in the
gip1 gip2 background showed a similar behavior to the wildtype (Col-0) in both lines

analyzed.

Next, | tested the ability of a GIP1T65ATe6AT67A protein to interact with GCP3, which is its
direct interacting partner in the yTURC complex (Fig 12). In a yeast two-hybrid assay, |
detected a positive interaction of both GIP1 and its mutated GIP1T65A;T66AT67Ayersion with
GCP3. Based on these results, it is likely that the regulation of GIP1 by the CYCB1 group
is more complicated than | initially hypothesized. Thus, | started studying other

substrates that are likely regulated by CYCB1-CDK complexes.
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Figure 11. Double gip1 gip2 mutants rescued by GFP-GIP1T65A;Té6A;T67A do not display
significant changes in phenotype compared to gip71 gip2 mutants rescued by GFP-GIP1.

A. Root growth on 0.05% DMSO (control), 150 nM and 200 nM oryzalin plates in wildtype and
gip1 gip2 double mutants rescued by either GFP-GIP1 or GFP-GIP1T65ATe6ATe7A, Three

experiments were performed independently with at least 10 seedlings per genotype. The mean
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root length value 5 DAG was calculated individually for each experiment. These mean values
were then averaged and plotted with + SD. DAG = days after germination.

B. Dissected siliques of wildtype and gip? gip2 double mutants rescued by either GFP-GIP1 or
GFP-GIP1TesATecATe7A, Red arrowheads indicate enlarged transparent seeds, which are likely
defective in the development of the embryo. White arrowheads indicate late aborted seeds, with
a typical dark appearance. Scale bars = 500 um.

C. Quantification of seed abortion in wildtype and gip7 gip2 double mutants rescued by either
GFP-GIP1 or GFP-GIP1T65ATe6AT67A, Graph represents mean seed abortion values per plant + SD
from three biological replicates in the case of Col-0, GFP-GIP1 line 11, GFP-GIP1 line 15 and
GFP-GIP1Te5ATecATe7A [ine 7, and two biological replicates in the case of GFP-GIP1T65ATe6ATe7A
line 6, n = 433 — 1005 seeds in total analyzed per genotype. An ordinary one-way ANOVA was
performed followed by a Tukey’s multiple comparisons test (ns = non-significant).

D. Pollen viability assessed by Peterson staining in wildtype and gip? gip2 double mutants
rescued by either GFP-GIP1 or GFP-GIP1T65AT66AT67A 1 = 205 — 303 pollen grains analyzed per
genotype. The GFP-GIP1 in gip1 gip2 lines were generated by Dr. Shinichiro Komaki.

AD BD 10° 107 102 10°  10° 10° 102 10°

GIP1

GIP1

mEGFP

G | P1 T65ATE6AT67A

G | P1 T65A;T66A;T67A

SD/-L-W SD/-L-W-H

Figure 12. A substitution of amino acids T65, T66 and T67 from GIP1 into alanine does not
affect its interaction with GCP3. The yeast two-hybrid was performed by Muzaffer Emre Gl
during his master’s thesis under my supervision. AD = activation domain, BD = binding domain.

Yeast plates were incubated for 5 days.

2.2.2. A dephosphomutant version of EDE1 does not rescue ede7-7’s spindle

architecture and growth under microtubule-destabilizing conditions

The weak Endosperm DEfective 1 (EDE1) mutant ede -1 (Pignocchi et al, 2009; Lee et
al, 2017) exhibits an endosperm mutant phenotype that is highly reminiscent of the

cycb1;1 cycb1;2 endosperm failure (Motta et al, 2021). Thus, | hypothesized that this
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protein might be regulated by CYCB1-CDK complexes. To test that, | expressed, purified
and submitted a HisGST-EDE1 fusion to in vitro kinase assays (Fig 10B-E and Table
S1). A total of 19 sites were identified to possibly be phosphorylated by CYCB1-CDKB2;2
complexes (Fig 13). As mentioned above, mapping of phosphorylation sites involves
some degree of uncertainty and the location of the phosphosites is identified with a

certain probability (Table S1).

MEARIGRSMEHPSTPAINAPAPVPPPSTRRPRVREVSSRFMSPISSSSSSSSSSSAGD
LHQLTSNSPRHHHQHQNQRSTSAQRMRRQLKMQEGDENRPSETARSLDSPFPLQQ
VDGGKNPKQHIRSKPLKENGHRLDTPTTAMLPPPSRSRLNQQRLLTASAATRLLRSS
GISLSSSTDGEEDNNNREIFKSNGPDLLPTIRTQAKAFNTPTASPLSRSLSSDDASMFR
DVRASLSLKNGVGLSLPPVAPNSKIQADTKKQKKALGQQADVHSLKLLHNRYLQWRF
ANANAEVKTQSQKAQAERMFYSLGLKMSELSDSVQRKRIELQHLQRVKAVTEIVESQ

PSLEQWAVLEDEFSTSLLETTEALLNASLRLPLDSKIKVETKELAEALVVASKSMEGIV
QNIGNLVPKTQEMETLMSELARVSGIEKASVEDCRVALLKTHSSQMEECYLRSQLIQH
QKKCHQQECTTSV*

Figure 13. Phosphorylation sites identified in EDE1 by in vitro kinase assays performed
with CYCB1-CDKB2;2 complexes followed by mass spectrometry.

Amino acids that were likely phosphorylated are indicated in bold and underlined. Consensus
S/T-P CDK phosphorylation sites are indicated in magenta, while the other non-proline directed
phosphorylation sites are indicated in green. Consensus S/T-P sites that were not identified in the
in vitro kinase assays are underlined and in orange. The identification of the phosphorylation sites
was obtained in collaboration with the Nakagami group at the Max Planck Institute for Plant
Breeding Research and analyzed by Dr. Sara Stolze, who analyzed in vitro kinase assays

performed by me.

To test the relevance of these sites in vivo, | generated a GFP-EDE1 construct by making
use of a 3,322 bp genomic fragment including 832 bp of promoter region and 503 bp of
terminator sequence of EDE1. The GFP tag was inserted at the N-terminus just before
the start codon. After generating this GFP-EDE1 reporter construct, | decided to mutate
eight S/T sites into Ala and will from now on refer to this mutant as EDE18A (Fig 14). This
dephosphomutant includes mutations in all the seven consensus S/T-P sites of EDE1’s
N-terminus as well as one Serine (S13) right next to the consensus T14 site. Since
HAUSS, the human AUG8 homologue, has a microtubule binding domain between amino
acids 1 and 140 at the N-terminus, it was likely that these phosphosites at the N-terminus
of EDE1 would be involved in microtubule binding activity. The GFP-EDE18A
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dephosphomutant was then introduced into the ede -1 background and the phenotype

of these mutants was checked in detail.

S42A T138A S214A
S13A;T14A S66A  S107A
| I | I | Il

1 EDET | 474

Figure 14. The mutated S/T sites in EDE18A

Amino acids that were identified as phosphorylated in the in vitro kinase assays are represented
in black. The T210 site was not identified by mass spectrometry and is therefore represented in
gray. T14, S42, S66, S107, T138, T210 and S214 are all located in a minimal S/T-P CDK

phosphorylation consensus site.

In the following root growth experiments, | tested three lines each for GFP-EDE1 and
GFP-EDE1%A in the ede1-1 mutant background. Under control conditions, the ede1-1
mutants have a similar root growth to wildtype plants (when a delayed germination time
is taken into account) and this was generally unchanged in the GFP-EDE1 and GFP-
EDE18A lines (Fig 15). Whether the GFP-EDE1 and GFP-EDE18A constructs also rescue
ede1-1’s root growth when root length is simply measured and germination time is not

taken into account remains to be tested.

When | applied oryzalin at a 150 nM concentration, the ede1-1 mutant grew significantly
shorter than wildtype, a phenotype that could be rescued by the GFP-EDE1 construct.
In contrast, none of the tested GFP-EDE18A lines was able to rescue the mutant
phenotype on oryzalin. A similar scenario was seen at a higher concentration of oryzalin
(Fig 15; 200 nM oryzalin).
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Figure 15. A GFP-EDE18A construct does not rescue the ede7-1 phenotype on oryzalin.
Root growth on 0.05% DMSO (control), 150 nM and 200 nM oryzalin plates in wildtype, ede1-1
and ede1-1 mutants rescued by either GFP-EDE1 or GFP-EDE18A. Mean root length values per
genotype + SD are shown (at least 10 seedlings per genotype were measured; *** P < 0.001 and
**** P<0.0001). DAG = days after germination.

| proceeded to analyze the root mitotic divisions of the ede1-1 mutants expressing GFP-
EDE1 or GFP-EDE18A in detail. First, | decided to study the spindle mitotic array, which
is clearly affected in ede7-1 mutants where it exhibits a highly elongated shape (Lee et
al, 2017). For that, after acquisition of confocal pictures of root tips of the different plant
lines, | fitted an ellipse to RFP-TUA5-labelled spindles found in mitotic cells at
metaphase. Next, | measured the following parameters: major axis, minor axis and
spindle area; this approach was previously used to analyze spindle architecture
(Herrmann et al, 2020). Plants expressing GFP-EDE1 in ede?-1 background did not
show any obvious deviation in spindle architecture from the wildtype and never exhibited
ede1-1-like elongated spindles (Lee et al, 2017). However, GFP-EDE18A-complemented
ede1-1 mutants already displayed a significantly enlarged major axis in a control
condition (0.05% DMSO; Fig 16A and 16B) compared to ede1-1 mutants rescued by
GFP-EDE1 (the average major axis was 6.955 um + SD 0.675 in GFP-EDE1 compared
to 7.858 £ SD 1.093 in GFP-EDE184), while the minor axis and the spindle area were not
significantly different (Fig 16C and 16D). The localization of GFP-EDE1 and GFP-
EDE18A did not differ significantly in mitosis, although the signal was relatively low for
both proteins as previously reported for an EDE1 reporter (J. Doonan, personal
communication). Both proteins decorated spindle microtubules in a bipolar fashion as
expected, since EDE1 is known to localize to microtubules minus-ends and aid

microtubule-based microtubule nucleation towards the spindle midzone.

When oryzalin was applied at a concentration of 150 nM, ede1-1 expressing GFP-
EDE18A displayed a significantly enlarged spindle major axis (7.396 + SD 0.977 um on
average in GFP-EDE18A in comparison to 6.286 um + SD 0.728 in GFP-EDE1) and
conversely a significantly shortened minor axis (4.458 um + SD 0.603 in GFP-EDE18A
compared to 5.402 um + SD 1.471 in GFP-EDE1; Fig 17A-C). The spindle area in ede1-
1 rescued by GFP-EDE18A, on the other hand, was maintained when compared to ede1-
1 rescued by GFP-EDE1 (Fig 17D), similarly to control conditions. Again, extremely
elongated ede1-1-like spindles were never observed and the localization of GFP-EDE1
and GFP-EDE18Adid not obviously differ; both proteins localized to the two poles of the

spindle alongside a dark zone devoid of microtubules.
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Finally, | decided to measure the duration of nuclear envelope breakdown (NEB) to
anaphase onset (AO; Fig 17E). At this stage, the spindle assembly checkpoint is
activated until the spindle fibers are stably attached to the sister kinetochores in a bipolar
fashion and enough tension is sensed. Upon treatment with 150 nM oryzalin, ede1-1
mutants expressing GFP-EDE18* displayed a significant delay of this stage in
comparison to the control condition (0.05% DMSOQO), while ede1-1 plants rescued by
GFP-EDE1 did not show a significant difference in NEB to AO when this stage was
measured under control and microtubule-destabilizing conditions (Fig 17E). This is an
indication that spindle microtubules in ede1-1 mutants expressing GFP-EDE18A are more

unstable and, thus, take longer to assemble into stable attachments to kinetochores in

metaphase.
A RFP-TUAS GFP-EDE1 Merge
W
)
ul
o
'8
W
fa)
w
o
w
B C D ns
1 = 8- " 50 ,—l
°
10 - 7 ° 40 e o®
T 91 ® : =3 ®e @ (\TE\ * o : -
®
3 ® ¢, 2 6 2 304 a93%a I
2 e o X%] °® L4 s o 0o,
s 8- ) ] o © e ®
L = 0% 0 ° :0 ®e
5 ° ® 9 S e % 2 ° ®
‘T . % o % 5 .o. o. T 20
= 7 ' a® o vwgee £
e o0 ... P ... (2]
°® ) ® °
6— eo® ° 10—
5 T T 3 T | 0 T T
2 T <& & & &
<& e <& % <& 2
K $% KL < s <@
& C;(Q (@) (;8 QQ

Figure 16. Spindle architecture is affected in GFP-EDE18A-expressing ede7-1 mutants.
A. Confocal microscope pictures of root mitotic divisions of plants expressing GFP-EDE1 and
GFP-EDE18A on 0.05% DMSO. GFP-EDE1 is represented in green, while RFP-TUA5 is
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represented in magenta. Spindles are seen at maximum conformation before anaphase. Scale
bars =5 um.

B. Quantification of the major axis of a median slice of spindles at maximum conformation in GFP-
EDE1- and GFP-EDE18A-expressing ede1-1 plants on 0.05% DMSO. Single values are plotted
together with the median, which is represented as a bar. Asterisks represent significant
differences in an unpaired ttest (** P<0.01, n=17-18).

C. Quantification of the minor axis of a median slice of spindles at maximum conformation in GFP-
EDE1- and GFP-EDE18A-expressing ede1-1 plants on 0.05% DMSO. Single values are plotted
together with the median, which is represented as a bar (ns = non-significant, n = 17-18).

D. Quantification of the spindle area of a median slice of spindles at maximum conformation in
GFP-EDE1- and GFP-EDE18A-expressing ede1-1 plants on 0.05% DMSO. Single values are

plotted together with the median, which is represented as a bar (ns = non-significant, n = 17-18).
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Figure 17. Spindle architecture is affected and early spindle stages are prolonged in GFP-
EDE18A-expressing ede7-1 mutants under microtubule-destabilizing conditions.
A. Confocal microscope pictures of root mitotic divisions of GFP-EDE1- and GFP-EDE18A-

expressing ede1-1 plants on 150 nM oryzalin. GFP-EDE1 is represented in green, while RFP-
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TUAS is represented in magenta. Spindles are seen at maximum conformation before anaphase.
Scale bars =5 pum.

B. Quantification of the major axis of a median slice of spindles at maximum conformation in GFP-
EDE1- and GFP-EDE18A-expressing ede1-1 plants on 150 nM oryzalin. Single values are plotted
together with the median, which is represented as a bar. Asterisks represent significant
differences in an unpaired ttest (*** P<0.001, n=17-18).

C. Quantification of the minor axis of a median slice of spindles at maximum conformation in GFP-
EDE1- and GFP-EDE18A-expressing ede1-1 plants on 150 nM oryzalin. Single values are plotted
together with the median, which is represented as a bar. Asterisks represent significant
differences in an unpaired ttest (* P<0.05, n=17-18).

D. Quantification of the spindle area of a median slice of spindles at maximum conformation in
GFP-EDE1- and GFP-EDE18A-expressing ede?-1 plants on 150 nM oryzalin. Single values are
plotted together with the median, which is represented as a bar (ns = non-significant, n = 17-18).
E. Quantification of the duration of nuclear envelope breakdown (NEB) to anaphase onset (AO)
in GFP-EDE1- and GFP-EDE18A-expressing ede1-1 plants on 0.05% DMSO and oryzalin
conditions. Asterisks represent significant differences in an ordinary one-way ANOVA followed by

Tukey’s multiple comparisons test (*** P < 0.001, ns = non-significant; n = 17-18).

2.3. Discussion

2.3.1. The CYCB1 group is a conserved regulator of mitosis and microtubule

organization

It has been previously shown that the Cyclin B1 group has an essential role in mitosis in
mammals, since null mutant embryos for this group arrest in G2 following only two
divisions in mice (Strauss et al, 2018). To my knowledge, this is the most extreme
phenotype known for mammal cyclin mutants. This role seems to be conserved in
flowering plants, as we have also reported earlier that the CYCB1 group in A. thaliana is
essential for cell division with CYCB1;2 playing the most central role in mitosis (Motta et
al, 2021).

Over the past years, we have begun to understand the mechanistic role of Cyclin B-Cdk
complexes in entry and progression through mitosis by regulating specific substrates.
Blethrow et al, 2008, for instance, have identified a number of Cyclin B-Cdk1 substrates
that are involved in mitotic progression. Lamin A/C phosphorylation at residues S22 and
S392, for example, is required for nuclear envelope disassembly. Another example is the
phosphorylation at T320 of protein phosphatase 1a, which dephosphorylates Cdk1

substrates and is, thus, a known antagonizer of Cdk1. The phosphorylation of protein
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phosphatase 1a at this site promotes its inhibition and, therefore, the progression of

mitosis.

Interestingly, it has become clear that Cyclin B1-CDK complexes are tightly linked to
microtubule dynamics in a conserved manner. For example, Cyclin B1 in humans has
been found to bind MAD1 directly, which is essential for MAD1’s localization to the
kinetochore’s corona and a robust signal of the spindle assembly checkpoint (Allan et al,
2020; Jackman et al, 2020). Also, recently, a preprint was published revealing the role
of the sole Cyclin B1 in the green alga Chlamydomonas in microtubule dynamics,

although no specific substrates were identified (Pecani et al, 2021).

In my thesis, | have now explored the regulation by phosphorylation of two CYCB1-CDK
substrates in A. thaliana: GIP1 and EDEA1.

2.3.2. The regulation of microtubule-associated proteins of the yTuRC by

phosphorylation

Microtubule dynamics, especially in acentrosomal flowering plants, are tightly linked to
microtubule nucleation, which is carried out mainly by the yTuRC. The regulation of the
yTuRC and its associated proteins by phosphorylation has been well documented before.
For example, NEDD1, which is not part of the yTuRC but binds directly to y-tubulin and
allows its recruitment to spindle microtubules by association with the augmin complex,
has been found to be phosphorylated at several residues in humans (Gomez-Ferreria et
al, 2012). A mutation in 23 S/T residues of NEDD1 to Ala, which was associated with an
impaired ability of NEDD1 to oligomerize and interact with y-tubulin, resulted in drastic
spindle defects accompanied by fragmented centrosomes (Gomez-Ferreria et al, 2012).
Another study revealed that phosphorylation of NEDD1 mediated by CDK1 at S460
induces an interaction with Polo-like kinase 1 (Plk1) and promotes its targeting to the
spindle (Johmura et al, 2011). This interaction allows phosphorylation of HAUS8 by Plk1
and subsequent interaction of the augmin complex with microtubules (Johmura et al,
2011).Human GCP6, a member of the yTuRC, has also been shown to be
phosphorylated by Polo-like kinase 4 and the mutation of 17 residues that were predicted

to be phosphorylated into Ala inhibited centriole duplication (Bahtz et al, 2012).

Here, | have first explored the phosphorylation regulation of GIP1, which is one of the

plant homologs of MZT1 and, together with GIP2, is an essential member of the yTuRC.
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| have mutated the single S/T-P consensus site of GIP1 (T67), identified by mass
spectrometry to be phosphorylated in vitro, into an Ala. Analysis of gip1 gip2 mutants
complemented with GIPT¢7A indicated no apparent deviation from the wildtype. An
additional mutation in the two threonine residues preceding the consensus site (T65 and
T66) and rescue of gip1 gip2 also did not result in a clear change of phenotype. Thus,

there are a couple of possible scenarios.

First, there might be other phosphorylation sites that were not identified in our in vitro
kinase assays with CYCB1-CDKB2;2 complexes. Indeed, S59 was predicted to be a
phosphorylation site with a score of 0.77 by the PhosPhAt database. Additionally, it has
been revealed that non-proline directed multisite phosphorylation can be achieved by
the action of Cks1 together with cyclin-CDK complexes after recognition of a
phosphorylated consensus S/T-P site (Ord et al, 2019). Hence, there might be additional
GIP1 phosphorylation sites in vivo when Cyclin-CDK co-factors are present and the initial
phosphorylation event has taken place. Nevertheless, such additional secondary
phosphorylation sites would also be lost with the mutation of the primary consensus S/T-
P site into Ala and, therefore, this is unlikely to play a major role in the GFP-GIP1T65A or
GFP-GIP1T65ATe6AT67A  dephosphomutants in  the gip? gip2 background. The
phenomenon of compensatory phosphorylation in other amino acids other than T65, T66
or T67, however, might still occur when these amino acids are mutated. This could be
tested by submitting the GIP1T65ATe6AT67A protein to in vitro kinase assays to potentially

identify additional phosphosites, following the same procedure | described previously.

Second, although no striking phenotype was found in gip1 gip2 rescued by GFP-
GIP1T65ATE6AT67A gnd the interaction of GIP1T65ATE6AT67A with GCP3 was not affected,
microtubule dynamics could be affected to a minor extent in that mutant. To test that,
microtubule in vitro dynamics assays could be performed to analyze specific microtubule
properties. In these assays, purified tubulin is added in vitro in an appropriate buffer
system to the purified molecule of interest and parameters such as microtubule growth,
shrinkage speed, catastrophe and rescue frequencies can be measured after imaging
with high resolution microscopes, e.g., with total internal reflection fluorescence
microscopy (TIRF; Zwetsloot et al, 2018). For instance, yTuRC containing
GIP1T654;T66AT67A might be less stable than the wildtype counterpart. Accordingly, the

stability of microtubule minus ends could be compromised in that situation.

Alternatively, yTuRCs associated with GIP1T65AT66AT67A might have a lower affinity

towards co-factors, e.g., NEDD1, and therefore localization of those complexes could be

87



partially impaired. A pull-down of the dephosphomutant GFP-GIP1T65AT66ATE7A jn
comparison to GFP-GIP1 in vivo could help reveal a difference in composition of such

complexes.

Taking into consideration previous genetic analyses (Motta et al, 2021), it is still highly
likely that GIP1 is a true substrate of CYCB1-CDKB2;2 complexes. However, the
mechanism by which this happens, i.e., at which sites GIP1 gets phosphorylated in vivo
or if phosphorylation at T67 is only relevant under certain conditions or in certain tissues

remains to be elucidated.

Furthermore, if another target is responsible for a failure of a gip2 cycb1;1 cycb1,2 triple

mutant embryo (Motta et al, 2021) remains to be seen.

2.3.3. Phospho-regulation of microtubule-associated proteins of the augmin

complex

The post-translational modifications of augmin complex members seem to be finetuned
by different kinases with opposing outcomes. For example, phosphorylation at residues
T17, S19 and S20 of HAUSS8 by Aurora-A seems to reduce microtubule binding affinity
of HAUSS8 (Tsai et al, 2011). The binding of a phosphomimic HAUS8 version (T17E,
S19E, S20E and S21E) to microtubules is hence drastically reduced (Tsai et al, 2011).

On the other hand, as mentioned previously, HAUSS is also known to be phosphorylated
by Plk1 at several sites (Johmura et al, 2011). A dephosphomimic HAUS8 version with
6 mutated amino acids into Ala (HAUS88”; S129A, T130A, S131A, S133A, S143A and
S151A) is severely compromised in microtubule binding, while the respective
phosphomimic version with the same amino acids mutated into aspartate binds as
efficiently as the wildtype version to microtubules (Johmura et al, 2011). Thus, the
phosphorylation of HAUS8 by Plk1 promotes its interaction with microtubules and its

localization to the spindle.

Remarkably, the HAUS8% dephosphomimic version promotes the formation of
elongated spindles as judged by pole-to-pole distance, similarly to the EDE18A |
generated in my thesis. Therefore, it is tempting to speculate that a similar scenario is
happening in A. thaliana. It remains to be tested whether a phosphomimic version of
EDE1 (EDE18P) can fully rescue the defects in spindle architecture and growth on

oryzalin of ede1-1.
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Based on the fact that GFP-EDE18A-expressing ede1-1 mutants displayed an elongated,
abnormal spindle architecture, it is possible that the phosphorylation of EDE1 is
necessary for its proper function and subsequently for a robust microtubule-based
microtubule nucleation angle. Super-resolution microscopy, which can optically resolve
up to approximately 10 nm (Galbraith & Galbraith, 2011), could potentially help us
characterize the angle of microtubule nucleation in the mitotic divisions of these mutants.
One possibility, for instance, is that the angle of nucleation in this mutant is much
shallower than that of plants with an augmin complex containing a phosphorylated EDE1
and, therefore, GFP-EDE18A-expressing ede1-1 mutants yield an abnormally flat spindle.
Another possibility, which does not exclude the first one, is that EDE18A is binding
microtubules less efficiently than a phosphorylated wildtype version. To test that, a
microtubule co-sedimentation assay could be performed comparing the binding affinity
of EDE1, EDE18* and EDE18P to microtubules.

Moreover, EDE18A-expressing ede1-1 mutants have a delay in duration of the early
spindle stages under microtubule-destabilizing conditions. It is possible that the
phosphorylated wild-type EDE1 can promote microtubule stabilization, similarly to what
is known for HAUS8 and its ability to stabilize and bundle microtubules in vitro (Wu et al,
2008), while EDE18A is less able to stabilize microtubules. It is important to note that not
only the delay, but also a great increase in variance of duration of these early spindle
stages in GFP-EDE18A-expressing ede1-1 mutants, is a hint that a stabilizing process
might be impaired, similarly to what has been described in other MAP mutants. For
example, trm678 mutants, which are completely impaired in PPB formation, do not have
abnormal cell division patterns but rather lose precision in their mitotic divisions as seen
by a larger variance in certain parameters, such as the angle of the spindle (Schaefer et
al, 2017). How the trm678 mutation directly affects individual microtubule dynamics

(including microtubule stability), however, is unclear.

It remains to be seen whether disrupting all of the possible 19 phosphosites of EDE1 can
completely abolish its interaction with microtubules. Especially here, an important
additional experiment would be to test whether the phosphomimic counterpart of EDE1
can rescue its function entirely to prove that mutation of 19 sites does not necessarily
result in a non-functional protein. Still, this would not fully prove that the EDE1'°A version
is folding correctly. Thus, further experiments would be necessary to confirm proper
folding and biological activity of such a protein version. For instance, a yeast-two hybrid
assay with AUGS, its interacting augmin complex partner, could be performed to indicate

EDE1 mutated in 19 amino acids has not lost all of its normal properties.
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Finally, a full knockout mutant, ede1-3, is also available and is embryonic lethal
(Pignocchi et al, 2009). The phenotype of ede7-3 mutants rescued by GFP-EDE1 and
GFP-EDE18 should also be analyzed. It is possible that, in this background, the GFP-
EDE18A construct would cause a stronger phenotype, since the ede?-1 mutant is
considered weak and a truncated protein (lacking only 18 amino acids) is still produced

in this background.

2.3.4. The CYCB1 group likely regulates a plethora of substrates in A. thaliana

With the mutation of only GIP1 and EDE1 into their equivalent dephosphomimic versions
(GIP1T65AT66ATE7A in gip1 gip2 and EDE18A in ede1-1), | was not able to recapitulate a
cycb1 mutant phenotype as for instance seen in the dwarf cycb1;1 cycb1;2 mutants
(Motta et al, 2021). Thus, the CYCB1 group likely regulates a great number of substrates
and the phenotype of cycb1;1 cycb1,2is highly pleiotropic, i.e., a combination of several
faulty pathways. In other words, generating phosphomimic versions of single CYCB1
substrates and introducing them in a cycb1;1 cycb1,2 mutant would most likely not

rescue the cycb1;1 cycb1,2 mutant phenotype.

On the one hand, the cycb1;1 cycb1;2 mutant is a great tool to study the regulation of
MAPs by CYCB-CDK complexes, since there is such a strong phenotype and we know
relatively little about this regulation. To date, the only known cytoskeletal CDK substrates
were MAP65-1 and EDE1 from in vitro assays and the NACK1 kinesin studies in vivo
(Vavrdova et al, 2019; Pignocchi et al, 2009). A covalent capture of CDK
phosphopeptides, as developed previously by Blethrow et al, 2008, is an useful tool for
the identification of CDK substrates. In this study, human Cdk1 was engineered to use
an analog of ATP that contains two distinct modifications. First, this ATP was modified in
the adenine moiety, allowing binding to an engineered CDK; second, this ATP had a
modified y-phosphate that allowed the transfer of a tag to the substrates by the kinase.
This tag is a phosphate mimetic called triophosphate. Peptides containing this tag were
subsequently purified and phosphosites were identified by mass spectrometry. This
technique could be adapted to plants and used to expand our knowledge of plant CDK

substrates.
On the other hand, dissecting the regulation of different substrates by B1-type cyclins
and the effect of phosphorylation on single proteins may be difficult, as seen by the lack

of a clear phenotype of gip1 gip2 expressing the GIP1T65A.T66AT67A dephosphomutant. The
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relative lack of available information on post-translational modifications in vivo is another
complication for a study of phosphorylation regulation. For instance, in the PhosPhAt
database, S8, S13, S27, T28, S66 and S104 of EDE1 were identified to be
phosphorylated experimentally. Out of these sites, only S13 and S66 were mutated into
Ala in the dephosphomutant GFP-EDE18Aversion here-presented. Therefore, it might be
necessary to submit substrates individually to in vitro kinase assays to identify all the
phosphorylation sites. Protein expression and purification, however, is often laborious
and time-consuming. E. coli is still the most used organism for protein expression with
high yield; nevertheless, many proteins are known to be expressed in an insoluble state
in this system (Gutiérrez-Gonzélez et al, 2019). Purification of insoluble proteins and
their refolding is another challenge (Singh et al, 2015). The emergence of other
expression systems, such as the wheat germ cell-free system, may accelerate the
expression of soluble eukaryotic proteins in vitro and allow for further advancement of

our understanding of post-translational modifications (Harbers, 2014).

Here, | have been able to find a direct role of CDK phosphorylation in EDE1 function and,
hence, in microtubule-based microtubule nucleation. Further experiments are necessary
to narrow down the mechanism by which phosphorylation of EDE1 enables its proper
functioning. Furthermore, it still remains to be seen if other CYCB members in addition
to CYCBH1, such as CYCB3;1 which is known to localize to spindle microtubules (Sofroni
et al, 2020), may be responsible for phosphorylation and therefore regulation of EDE1

function.
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2.4. Appendix

. Position Localization Peptide and phosphorylation
Protein with tag probability probability
AT4G09550IHisGST-  T313 0.996576 ESIPDSVTTT(0.996)PSIH
GIP1
AT2G44190IHisGST-  S254 0.921394 S(0.921)MEHPS(0.039)T(0.039)PA
EDE1 INAPAPVPPPSTR
AT2G44190IHisGST-  S259 0.864029 S(0.268)MEHPS(0.864)T(0.864)PA
EDE1 INAPAPVPPPS(0.002)T(0.002)R
AT2G44190IHisGST-  T260 0.877179 S(0.012)MEHPS(0.111)T(0.877)PA
EDE1 INAPAPVPPPS(0.833)T(0.167)R
AT2G44190IHisGST-  S273 0.833355 S(0.012)MEHPS(0.111)T(0.877)PA
EDE1 INAPAPVPPPS(0.833)T(0.167)R
AT2G44190IHisGST-  S288 1 FMS(1)PISSSSSSSSSSSAGDLHQ
EDEH1 LT(0.034)S(0.627)NS(0.34)PR
AT2G44190IHisGST-  S291 0.75965 FMS(0.391)PIS(0.76)S(0.52)S(0.19
EDE1 2)S(0.062)S(0.021)S(0.009)S(0.009
)S(0.009)S(0.009)S(0.009)S(0.009)
AGDLHQLTSNSPR
AT2G44190IHisGST-  S292 0.521608 FMS(0.08)PI1S(0.09)S(0.522)S(0.08
EDEH1 6)S(0.086)S(0.086)S(0.015)S(0.015
)S(0.015)S(0.003)S(0.003)S(0.001)
AGDLHQLTSNSPR
AT2G44190IHisGST-  S293 0.242021 FMS(0.074)P1S(0.242)S(0.242)S(0.
EDE1 242)S(0.074)S(0.074)S(0.012)S(0.0
12)S(0.012)S(0.012)S(0.002)SAGD
LHQLTSNSPR
AT2G44190IHisGST-  S294 0.173804 FMS(0.174)PIS(0.174)S(0.174)S(0.
EDE1 174)S(0.174)S(0.025)S(0.025)S(0.0
25)S(0.025)S(0.025)S(0.004)S(0.00
4)AGDLHQLTSNSPR
AT2G44190IHisGST-  S295 0.158049 FMS(0.024)P1S(0.158)S(0.158)S(0.
EDEH1 158)S(0.158)S(0.158)S(0.158)S(0.0
22)S(0.004)S(0.001)SSAGDLHQLT
SNSPR
AT2G44190IHisGST-  S296 0.158049 FMS(0.024)P1S(0.158)S(0.158)S(0.

EDEH1

158)S(0.158)S(0.158)S(0.158)S(0.0
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AT2G44190IHisGST-
EDE1

AT2G44190IHisGST-
EDE1

AT2G44190IHisGST-
EDE1

AT2G44190IHisGST-
EDE1
AT2G44190IHisGST-
EDE1

AT2G44190IHisGST-
EDE1

AT2G44190IHisGST-
EDE1
AT2G44190IHisGST-
EDE1
AT2G44190IHisGST-
EDE1
AT2G44190IHisGST-
EDE1
AT2G44190IHisGST-
EDE1
AT2G44190IHisGST-
EDE1
AT2G44190IHisGST-
EDE1
AT2G44190IHisGST-
EDE1

S297

S298

S299

S300

S301

T309

S310

S312

S345

T347

S350

S353

T384

T405

0.0833301

0.0833301

0.232524

0.573221

0.956855

0.742757

0.626894

0.994151

0.912222

0.976782

0.533145

0.999917

0.997364

22)S(0.004)S(0.001)SSAGDLHQLT
SNSPR
FMS(0.083)P1S(0.083)S(0.083)S(0.
083)S(0.083)S(0.083)S(0.083)S(0.0
83)S(0.083)S(0.083)S(0.083)S(0.08
3)AGDLHQLTSNSPR
FMS(0.083)P1S(0.083)S(0.083)S(0.
083)S(0.083)S(0.083)S(0.083)S(0.0
83)S(0.083)S(0.083)S(0.083)S(0.08
3)AGDLHQLTSNSPR
FMS(0.998)P1S(0.001)S(0.003)S(0.
007)S(0.007)S(0.021)S(0.073)S(0.0
69)S(0.065)S(0.233)S(0.218)S(0.20
5)AGDLHQLT(0.065)S(0.018)NS(0.
017)PR
FMSPISSSSSSSSS(0.107)S(0.573
)S(0.319)AGDLHQLTSNSPR
FMSPISSSSSSSSS(0.001)S(0.036
)S(0.957)AGDLHQLT(0.005)S(0.00
1)NSPR
FMS(1)PISSSSSSSS(0.001)S(0.00
1)S(0.001)S(0.001)AGDLHQLT(0.7
43)S(0.202)NS(0.051)PR
FMS(1)PISSSSSSSSSSSAGDLHQ
LT(0.034)S(0.627)NS(0.34)PR
FMS(1)PISSSSSSSSSSSAGDLHQ
LTS(0.005)NS(0.994)PR
MQEGDENRPS(0.912)ET(0.088)A
R
MQEGDENRPS(0.023)ET(0.977)A
R
S(0.533)LDS(0.467)PFPLQQVDG
GK

SLDS(1)PFPLQQVDGGK

LDT(1)PTTAMLPPPSR

LLT(0.997)AS(0.002)AATR
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AT2G44190IHisGST-  S407 0.993578 LLT(0.003)AS(0.994)AAT(0.004)R
EDE1

AT2G44190IHisGST-  S460 0.994449 AFNTPT(0.001)AS(0.994)PLS(0.00
EDE1 5)R

AT2G44190IHisGST-  S472 0.998365 SLSS(0.002)DDAS(0.998)MFR

EDEH1

Table S1. Mass spectrometry results of HisGST-GIP1 and HisGST-EDE1 proteins
submitted to in vitro kinase assays. The identification of the phosphorylation sites was obtained

in collaboration with the Nakagami group at the Max Planck Institute for Plant Breeding Research

and analyzed by Dr. Sara Stolze, who analyzed in vitro kinase assays performed by me.
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Chapter 3. Towards live cell imaging of meiosis in Arabidopsis

lyrata and Arabidopsis arenosa auto- and allopolyploids
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3.1. Introduction

3.1.1. Overview of meiosis

Sexual reproduction is pervasively associated with a special kind of cell division called
meiosis (Fig 1A-N; Mercier et al, 2015). In meiosis, the genetic material is duplicated
once and cells undergo two rounds of division named meiosis | and Il to form haploid
gametes. The homologous maternal and paternal chromosomes pair in meiosis | and
exchange physical chromosomal DNA segments, which is a process known as meiotic
recombination or crossover. Recombination is widely regarded to promote genetic
diversity by generating new allele combinations between the maternal and paternal allelic

sets.

Meiosis | starts with prophase |, which is subdivided in several substages and is by far
the longest meiotic stage (Prusicki et al, 2019). The first substage is leptotene, when
chromosome axes assemble and the process of recombination starts. At zygotene,
synapsis, which is a kind of pairing between the homologous chromosomes that is
characterized by the polymerization of the synaptonemal complex (see below for details),
starts. At pachytene, chromosomes are fully synapsed and recombination proceeds
further. At diplotene, the synaptonemal complex dismantles, whereas chromosomes
remain connected by crossovers, which will be visible in the next stage by the so-called
chiasmata. Finally, at diakinesis, chromosomes condense and bivalent pairs, i.e.,

homologous chromosomes associated two by two, can be clearly identified.

After prophase |, homologous chromosomes align at the metaphase plate in metaphase
I, still connected by chiasmata, and subsequently separate in anaphase I. In interkinesis,
which includes telophase | and prophase Il, two nuclei are generated and chromosomes
quickly decondense. In dicotyledonous species, there is no cytokinesis at the end of
meiosis |. Instead, a simultaneous cytokinesis, that is, the simultaneous formation of four
cell walls between the daughter cells, takes place at the end of meiosis Il (Sofroni et al,
2020).

In metaphase IlI, chromosomes align once more at the metaphase plate. This time,
however, sister chromatids separate in anaphase Il. In telophase I, four daughter nuclei
form. Hence, by the end of meiosis, four haploid spores (in the male side, microspores;

in the female side, megaspores) will form each with half of the original nuclear DNA
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content. It is important to notice that sister kinetochores are fused and have a monopolar
orientation in metaphase I, whereas, in metaphase I, sister kinetochores have a bipolar

orientation (Hofstatter et al, 2021; Mercier et al, 2015).

Anaphase |

Diakinesis

Prophasel

Interkinesis
(includes telophase | .’
and prophase Il)

Leptotene

Anaphase Il

Telophase ll

Figure 1. A complete view of meiosis. The figure was taken from Mercier et al, 2015.

A. Premeiosis includes the differentiation of cells into meiocytes and the duplication of genetic

material (S-phase).

B. At leptotene, the proteinaceous chromosome axes assemble and recombination starts.

C. At zygotene, synapsis of the homologous chromosomes starts and recombination advances.
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D. At pachytene, homologous chromosomes are fully synapsed, together with the further
progression of recombination.

E. At diplotene, the synaptonemal complex is fully disassembled, but homologous chromosomes
remain physically connected by chiasmata, which are the visible outcomes of crossover events.
F. At diakinesis, chromosomes are highly condensed and are seen as pairs or bivalents
connected by chiasmata.

G. After prophase I, the nuclear envelope breakdown takes place.

H. Metaphase | is characterized by the alignment of homologous chromosomes at the metaphase
plate.

I. In anaphase |, homologous chromosomes separate each towards one pole of the cell.

J. Interkinesis is composed of telophase | and prophase Il and comprises the formation of two
daughter nuclei together with the quick decondensation of chromosomes.

K. In metaphase Il, chromosomes align once more at the metaphase plate; this time,
chromosomes align individually.

L. In anaphase II, sister chromatids separate into four daughter nuclei.

M. In telophase I, four nuclei are established.

N. At the end of meiosis, simultaneous cytokinesis takes place in the case of dicots, which

generates four haploid spores.

3.1.2. The axial element and the synaptonemal complex

During early meiosis, sister chromatids organize into chromatin loops connected to a
protein axis, which is called the chromosome axis or axial element (Fig 2). This axial
element is, in turn, comprised of cohesion factors, i.e., the proteins that keep sister
chromatids connected throughout meiosis until anaphase Il (see below for details), and
other proteins that are specific to meiosis. For instance, ASY1 (ASYNAPTIC 1) and
ASY3 (ASYNAPTIC 3) are well known components of the axial element in plants
(Armstrong et al, 2002; Ferdous et al, 2012). Mutations in either of those components
greatly reduce or abolish synapsis between homologous chromosomes, which impacts
plant fertility (Ross et al, 1997; Ferdous et al, 2012). Interestingly, mutations in ASY1 or
ASY3 also affect recombination, emphasizing the fact that many recombination steps

are dependent on the axial element (Sanchez-Moran et al, 2008).

The synaptonemal complex (SC; Fig 2) is a large proteinaceous structure that forms
between paired homologous chromosomes in mid-prophase | of meiosis, linking the
chromosomes physically from beginning to end (Page & Hawley, 2004). It is mainly
composed of the previously assembled axial element and the central elements (CEs),

resembling a zip structure. The CEs polymerize between the two axial elements (from
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now on referred to as lateral elements or LEs) of the homologous chromosomes. The
main CE component is ZYP1, for which two homologs, ZYP1a and ZYP1b, have been
identified in Arabidopsis. The Arabidopsis ZYP1 homologs have been recently described
to, first, play a role in crossover assurance, i.e., the maintenance of at least one obligate
crossover per bivalent for proper chromosome segregation; second, restrict the number
of crossovers; third, regulate crossover interference, i.e., the observation that crossovers
do not happen randomly along the chromosome length but rather influence the position

of the next crossover-sensitive event (France et al, 2021).

/ @ Asvy1
Homologous m M @ Asys
chromosomes RECS

S | zvP1

Chromatin

Figure 2. A representation of the synaptonemal complex.

The synaptonemal complex is a proteinaceous structure that forms in mid-prophase | and is
characterized by the polymerization of central elements (for instance, ZYP1) between the two
chromosome axes (mainly composed of ASY1, ASY3 and REC8) of homologous chromosomes,

which are in these late stages known as the lateral elements.
3.1.3. The stepwise removal of cohesion in meiosis

As described above, homologous chromosomes separate in meiosis |, whereas sister
chromatids separate in meiosis Il. Hence, sister chromatids must be maintained together
in meiosis | but not in meiosis Il. This is enabled by a process of step-wise cohesion
release: in meiosis |, sister chromatid cohesion is lost only along chromosome arms in
anaphase |, whereas, in meiosis Il, pericentromeric cohesion is lost in anaphase lI,

allowing sister chromatids to be separated (Mercier et al, 2015).

An important player in meiotic cohesion is RECOMBINATION 8 (RECS8), which is a
kleisin subunit of the cohesin complex (Cai et al, 2003; Chelysheva et al, 2005). Among

others, mutations in REC8 cause a total loss of cohesion between sister chromatids as
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well as a bipolar orientation of the kinetochores in metaphase | (Cai et al, 2003). REC8
acts together with STRUCTURAL MAINTENANCE OF CHROMOSOME 1 and 3 (SMC1
and SMC3; Fig 3) to form the core cohesin ring complex in meiosis (Liu et al, 2002).
Another essential component of the cohesin complex is SISTER CHROMATID
COHESION 3 (SCC3), since null mutants for this protein are embryonic lethal (Bolafios-
Villegas et al, 2017). The precise nature of SCC3 function, however, is unknown. SCC3
is presumably interacting with REC8 to form the core cohesin complex, since its
localization is affected in rec8 mutants (Chelysheva et al, 2005). In mitosis, SCC1 takes
over the role of REC8 to keep the cohesin ring complex closed and interacts with the
other previously mentioned components SMC1 and SMC3 (Bolafios-Villegas et al, 2017;
Haering et al, 2002).

Kleisin (REC8/SYN1)

SCC3 subunit

Figure 3. The meiotic cohesin complex in Arabidopsis. The figure was modified from Bolafios-
Villegas et al, 2017.

The three core members of the cohesin ring complex In meiosis are REC8, SMC1, SMC3 and
SCC3. SMC1 and SMC3 represent the hinges of the ring complex, whereas RECS8 is a kleisin
that keeps the whole ring closed. The SCC3 subunit may interact with the kleisin RECS.
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3.1.4. The challenge for chromosome segregation in polyploid meiosis

Polyploidy arises as a result of whole genome duplication (WGD) events (Doyle et al,
2008) and can be classified in auto- and allopolyploidy. Autopolyploids contain several
sets of chromosomes coming from the same species, whereas allopolyploids contain

several sets of chromosomes coming from different species as a result of hybridization.

A WGD event, either in auto- or allopolyploids, provides organisms with material for
evolution to happen, since it produces at least two copies of the same gene that can now
evolve to perform different functions (Bomblies & Madlung, 2014). Known changes as a
result of polyploidization, i.e., the process of becoming polyploid, include increases in
cell size and organ size as well as increased resistance to pathogens and pests
(Stebbins, 1940; Levin, 1983). Moreover, flowering plants have undergone several WGD
events and many of these have been linked to an increase in diversification rate (Soltis
& Soltis, 2016).

However, there are not only advantages to becoming polyploid. Many challenges to
polyploid organisms begin immediately after WGD. For instance, the increase in cell size
brings about dimensional problems: doubling the genome presumably doubles the space
occupied by chromatin, but produces an increase of only 1.6-fold in nuclear envelope
surface (Comai, 2005). This difference in dimensions may affect the interaction of
chromatin and envelope-bound components because of the disproportionate changes in
volume and area. Additionally, polyploidization is accompanied by major changes in
gene expression, including transposon activation and duplicate gene silencing (Adams
& Wendel, 2005).

Another major challenge polyploids face is chromosome segregation, both in mitosis and
meiosis. For instance, polyploidy in yeast was associated with increased chromosome
loss in mitosis — 30 times more often in triploid and 1000 times more often in tetraploid
yeast compared to the diploid counterpart (Mayer & Aguilera, 1990). In meiosis,
specifically the chromosome pairing that happens in prophase | is greatly affected by

polyploidy (Bomblies et al, 2016).

Auto- and allopolyploids have related, but different challenges in meiosis. Both auto- and
allopolyploids often have multivalent chromosome configurations in meiosis, which is the
association of more than two chromosomes, as opposed to bivalent chromosome

configurations (Fig 4; Hollister, 2015). This poses a problem since it is known that
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multivalent formation often leads to an imbalanced chromosome segregation and
aneuploid daughter cells or gametes. Allopolyploids must mainly avoid homeolog pairing,
i.e., pairing between chromosomes of different species, whereas autopolyploids must
ensure a balanced (mostly two-by-two) segregation. In allopolyploids, homology
between homologous chromosomes is used to favor homolog bivalent formation and
balanced segregation as opposed to homeolog pairing and missegregation (usually
accompanied by chromosomal translocations and gene loss). In autopolyploids, this
problem becomes more pronounced since multiple copies of the same homologous
chromosome can be very similar or almost indistinguishable in terms of sequence and

provide no specific cue for proper pairing and segregation (Bomblies et al, 2016).

A. arenosa, an outcrossing self-incompatible relative of A. thaliana, has been extensively
used as a model to study meiotic adaptation to polyploidization. Established
autotetraploid A. arenosa has a reduced number of crossovers per bivalent in
comparison to diploids, which is thought to act in promoting a diploid-like segregation of
the chromosomes in meiosis (Fig 4; Yant et al, 2013). Established tetraploids have more
rod bivalents (one crossover per chromosome pair) and fewer ring bivalents (two
crossovers per chromosome pair) in comparison to diploids. Thus, with a simple

modulation of crossover rate, autotetraploids can presumably favor bivalent formation.

3.1.5. The adaptations to polyploid meiosis

It is possible to generate polyploids (so-called neopolyploids) in the lab with the use of
drugs such as colchicine, which binds to microtubules and promotes their disassembly.
These neopolyploids often exhibit missegregation of chromosomes in meiosis (Yant et
al, 2013). Nevertheless, autopolyploids with a stable meiosis and balanced chromosome
segregation are pervasively found in nature (from here on referred to as established
tetraploids or autopolyploids). Hence, established autopolyploids are assumed to have
acquired adaptations to polyploid chromosome segregation that were not present in their
diploid ancestors. Indeed, recent efforts to uncover these molecular adaptations in
meiosis have revealed a strong differentiation of a specific set of genes in established
tetraploid A. arenosa compared to diploid populations (Yant et al, 2013; Wright et al,
2015; Morgan et al, 2020). Interestingly, this set of genes includes many meiotic factors
involved in axis formation, synapsis and recombination, such as ASY1, ASY3,
REC8/SYN1 and ZYP1 (Wright et al, 2015). The changes in gene sequence included,
for instance, a total of 13 unique amino acid polymorphisms for ASY3 in tetraploids, i.e.,
these amino acid changes were never identified in diploid populations of A. arenosa.
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RECS8/SYNT1 exhibited 5 unique amino acid polymorphisms in tetraploids, of which one
(D454G) was predicted to cause a loss of phosphorylation of the protein at S458.

A recent study characterized derived alleles for ASY7 and ASY3 that were initially
identified in A. arenosa stable tetraploids (Morgan et al, 2020). These derived alleles
were shown to be linked with reduced multivalent formation, reduced chromosome axis
length and a larger proportion of rod-shaped bivalents in metaphase |. Hence, we are
starting to understand how neopolyploids can eventually evolve to stabilize meiosis and

promote balanced chromosome segregation.
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Figure 4. Stabilization of meiosis in auto- and allopolyploids. The picture was taken from
Hollister, 2015.

Diploid plants (leftmost panel) contain two copies of each chromosome that pair and segregate
in a balanced manner in meiosis, generating gametes each with one chromosome copy.
Allopolyploids (central panel) contain both homolog (intra-specific) and homeolog (inter-specific)
chromosomes. Stable allopolyploids exhibit a diploid-like segregation of chromosomes (avoiding

pairing between homeologs) for balanced segregation. When homeolog chromosomes pair,
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chromosomal translocations and gene loss can happen, which can lead to aneuploid gametes.
Stable autopolyploids (rightmost panel) segregate chromosomes two-by-two in a diploid-like
behavior, whereas neopolyploids present multivalent formation that can lead to gamete

aneuploidy.

3.1.6. A. lyrata and A. arenosa: outcrossing relatives of A. thaliana as models for

auto- and allopolyploidy

In contrast to A. thaliana, A. lyrata and A. arenosa are both mainly self-incompatible
outcrossing species from the Arabidopsis genus (Fig 5). The two species have both
diploid and tetraploid populations. In the case of A. lyrata, diploids are present in central
and northern Europe in addition to northern America, while tetraploids are present mainly
in eastern Austria (Schmickl & Koch, 2011). In the case of A. arenosa, diploids colonized
the Carpathians and southeastern Europe, while the tetraploids are present in central
and northern Europe (Schmickl & Koch, 2011; Kolaf et al, 2016; Arnold et al, 2015).
There is no recent gene flow between diploid A. lyrata and diploid A. arenosa and the
two are considered well-defined species (Lafon-Placette et al, 2017). On the other hand,
there are two known zones for hybridization between tetraploid A. lyrata and tetraploid
A. arenosa (Schmickl & Koch, 2011).

A. thaliana (2N = 2X = 10)
~~- A.suecica (2N = 4X = 26)

———— A.arenosa (2N = 4X = 32)
A. arenosa (2N = 2X = 16)
———— A.neglecta (2N = 2X = 16)

> A. lyrata ssp. petraea (2N = 4X = 32)
| E A. lyrata ssp. petraea (2N = 2X = 16)
A. lyrata ssp. lyrata (2N = 2X = 16)

v>- - A. kamchatica ssp. kawasakiana (2N = 4X = 32)
+">-- A. kamchatica ssp. kamchatica (2N = 4X = 32)
—“—— A. halleri ssp. halleri (2N = 2X = 16)

A. halleri ssp. gemmifera (2N = 2X = 16)

A. halleri ssp. ovirensis (2N = 2X = 16)

A. croatica (2N = 2X = 16)

A. cebennensis (2N = 2X = 16)

Figure 5. Phylogenetic tree of the known Arabidopsis species. This figure was taken from
Bomblies & Madlung, 2014.

In gray, species that have polyploid populations are indicated. Allopolyploid species are indicated
with dotted lines connecting to their parental species. Gray arrows indicate potential gene flow.

Ploidy and chromosome numbers are indicated between parentheses.
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A study of hybridization between A. lyrata and A. arenosa has clarified that the diploids
are largely unable to produce viable hybrid seeds in both cross directions. Crosses using
diploid A. arenosa as a female donor generated a great proportion of non-collapsed
seeds; nevertheless, most of these seeds failed to germinate (Lafon-Placette et al,
2017). Interestingly, when tetraploid A. lyrata was crossed with diploid A. arenosa in both
cross directions, seeds were fully viable. In contrast, crossing tetraploid A. arenosa with
diploid A. lyrata produced largely inviable seeds. Crosses between the tetraploid
populations produced mostly viable seeds as expected since the tetraploid forms are
known to hybridize in nature. Hence, it is assumed that the tetraploidization of A. lyrata
allowed gene flow between the two species and the bypass of the endosperm-based

hybridization barrier between A. lyrata and A. arenosa.

3.1.7. State of the art of A. lyrata and A. arenosa transformation

Up until this point, there were two studies reporting Agrobacterium-mediated
transformation of A. lyrata. One study used floral dipping in A. lyrata (Indriolo et al, 2012);
the second was a root-based transformation of A. lyrata plants in tissue culture followed
by callus induction and whole plant regeneration (Fobis-Loisy et al, 2007). For A.
arenosa, there was no report of transformation in the literature. Most of the studies in A.
arenosa made use of genetic variation in the wild (autotetraploid derived alleles, see
above) to study adaptation to polyploid meiosis and protein function (Wright et al, 2015;
Morgan et al, 2020; Yant et al, 2013). In addition, the authors have made extensive use
of immunolocalization and chromosome spreads to study meiosis in A. arenosa, which
don’t require stable transformation of those plants. Hence, one of the main challenges of
this thesis was to confirm if A. arenosa plants can also be transformed by Agrobacterium-

mediated transformation protocols and how efficient the transformation of A. lyrata is.
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Research aim

A complete description of the dynamics of male meiosis in A. thaliana has recently been
produced (Prusicki et al, 2019). The authors followed meiosis using a reporter for
microtubules (TagRFP-TUAS5) and a reporter for chromosomes (REC8-GFP). Flower
buds 0.4-0.6 mm in length were isolated, mounted in rich media (for details, see Prusicki
et al, 2019) and, next, the uppermost sepal of these flower buds was removed. After that,
the samples were submerged in water and observed with a confocal laser scanning
microscope throughout the course of meiosis. Five parameters were analyzed in the
movies: shape of the cells, microtubule conformation, nucleus position, nucleolus
position, and chromosome configuration. With these parameters, 11 landmarks, i.e.,
pervasive meiotic cell states with a specific combination of the analyzed parameters,

were identified.

By applying the above-mentioned live cell imaging technique of male meiocytes, we
would like to understand the dynamics of meiosis in auto- and allopolyploids using A.
lyrata and A. arenosa as models. The two species are particularly interesting for this
analysis since both diploid and tetraploid populations can be found for both species and
their hybridization (mainly between the tetraploids) is known to occur in nature.
Furthermore, the two species possess a similar genome and chromosome number (8
chromosomes for both species), unlike other Arabidopsis hybrids between species that
are further apart genetically. A. suecica, for instance, is a hybrid of A. thaliana and A.
arenosa that have 5 and 8 chromosomes respectively (for more details on the
phylogenetic relationships in the Arabidopsis genus, see Fig 5 above). As mentioned
previously, homology can be used as a cue for proper chromosome pairing and
segregation in meiosis. Hence, more problems in chromosome segregation would be
expected in hybrids of A. lyrata and A. arenosa since homeolog chromosomes would be

more similar and more likely to pair.

To follow meiotic divisions in male meiocytes of A. lyrata and A. arenosa, | generated
genomic reporters using A. lyrata sequences to mark chromosomes and microtubules.
For the tagging of chromosomes, | generated ASY1, ASY3, REC8 and ZYP1 reporter
constructs. For the tagging of microtubules, | used a previously generated reporter
construct (RPS5Apro:TagRFP-TUAS). Additionally, | generated CRISPR-Cas9
constructs targeting those same meiotic genes. Next, | attempted transformation of A.

lyrata and A. arenosa with limited success.
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3.2. Results

3.2.1. Cloning of reporter constructs

Meiosis in auto- and allopolyploids, as explained above, presents specific challenges for
recombination and faithful segregation of chromosomes. Hence, describing the
dynamics of meiotic progression in these organisms could help us understand the
specific adaptations to polyploidy in this special division. In order to follow meiosis in
diploid and polyploid A. lyrata and A. arenosa and their hybrid counterparts, | generated
reporter constructs for A. lyrata, which has a fully sequenced and annotated genome. To
date, there is no sequenced genome for A. arenosa. Since A. lyrata and A.arenosa are
closely related species, | expected that reporters for A. lyrata proteins would also be able

to properly localize in A. arenosa.

| amplified A. lyrata genomic sequences using primers based on the reference genome
for A. lyrata (Table 1 and S1). Most of these sequences, however, exhibited several types
of polymorphism, including single nucleotide polymorphisms (SNPs) and bigger
deletions and insertions (Fig 6). The SNPs occurred mainly in exons, whereas deletions
and insertions were often found in introns or other non-coding regions. To overcome this
problem, | performed independent PCRs followed by independent cloning reactions.
After that, individual clones were sequenced and compared. With this, | was able to
detect if those differences in sequence originated as a result of faulty PCRs or were part
of the native genomic sequences. This second scenario was highly likely, since there is
no established homozygous line for A. lyrata and the plants from which genomic DNA

was extracted derived from crosses between wild plants.
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Figure 6. A snapshot of an alignment of cloned ASY7 genomic sequences with the
reference genomic sequence.

At the top, the reference sequence for A. lyrata’s ASY1 can be seen (ARALYDRAFT_894472).
Exons together with their amino acid sequences are represented in magenta, whereas introns
are represented by dashed lines. At the bottom, sequences obtained from cloned ASY7 genomic
sequences are aligned. Sequences of two clones (1.5 and 2.3) can be seen in the figure. A range
of SNPs and deletions are highlighted in red. The purple box indicates a substitution of a Thymine
(T) into a Cytosine (C) without a change in amino acid composition, since both ATT and ATC
codons code for Isoleucine (lle). The green box indicates three nucleotides that have been deleted

in the two represented clones in an intronic region.

Reporter constructs were then generated using the amplified genomic sequences of
ASY1, ASY3, REC8 and ZYP1 from A. lyrata (Table 1). In the case of ASY1, ASY3 and
RECS8, a GFP tag was inserted at the C-terminus of the protein right before the genomic
sequence encoding for a stop codon. This was chosen based on previous studies in A.
thaliana which have shown that C-terminally-tagged reporters for these proteins are able
to rescue the specific mutant phenotypes (Yang et al, 2020; Prusicki et al, 2019; Yang
et al, 2019). ZYP1, on the other hand, was tagged internally, since other members of our
research group have found that this protein is not completely functional when tagged at
either the C- or N-terminus (S. Komaki, personal communication; Yang et al, 2019).
Indeed, the C-terminus of ZYP1 has recently been shown to be involved in an interaction
with the lateral elements of the SC, while the N-terminus is lying in the central region of
the SC and may also form crucial interactions with other SC components (Capilla-Pérez
et al, 2021).

‘ Gene of interest Tag Promoter Terminator
1.723 kb 751 bp
ASY1 (genomic) C-terminal mEGFP
upstream downstream
2.987 kb 1.111 kb
ASY3 (genomic) C-terminal mEGFP
upstream downstream
REC8/SYN1 371 bp 355 bp
C-terminal mEGFP
(genomic) upstream downstream
1.373 kb 1.140 kb
ZYP1 (genomic) Internal mMEGFP
upstream downstream

Table 1. Overview of genes of interest chosen to track meiosis in A. lyrata and A. arenosa.
Only A. lyrata sequences are shown and were cloned, since there is a fully sequenced and
annotated genome for this species.

Data information: kb = kilobases, bp = base pairs.
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The generated reporter constructs were combined with a previously published
microtubule reporter, RPS5Apro:TagRFP-TUAS5 (Prusicki et al, 2019; Komaki &
Schnittger, 2017), since the protein sequence of this a-tubulin member from A. thaliana
was identical to the sequence of an A. lyrata orthologue (TUAS3). The ribosomal protein
(RPS5a) promoter for this reporter construct, on the other hand, was specific to A.
thaliana and was shown to be active in both mitosis and meiosis in that species (Prusicki
et al, 2019; Komaki & Schnittger, 2017). Hence, | assumed that this promoter would also
be able to drive the expression of this gene successfully in cell divisions of A. lyrata and

A. arenosa.

3.2.2. Cloning of CRISPR-Cas9 constructs

A. lyrata and A. arenosa mutants could be useful to assess the importance of specific
meiotic factors in the adaptation to polyploid meiosis. Additionally, testing the
functionality of the generated reporter constructs in their mutant backgrounds, e.g.,
ASY1-GFP in an asy? background, is common practice to validate the protein
localization of the produced recombinant proteins. Therefore, | first selected suitable
targets in the coding sequences of ASY1, ASY3, SYN1 and ZYP1 for the CRISPR-Cas9
system (Doudna & Charpentier, 2014) with the help of CRISPR-P v2.0
(http://crispr.hzau.edu.cn/CRISPR2/; Table 2). Based on the information provided by the

CRISPR-P platform, | chose protospacer sequences with a good combination of on-
score (generally above 0.8) and a small number of off-targets as well as a small off-target

on-score.

With the exception of ZYP1, all protospacer sequences were conserved between the
coding sequences of A. lyrata and A. arenosa. Hence, only one construct was designed
to target individually ASY1, ASY3 and SYNT1 in both species (Table 2). In the case of
ZYP1, an additional target sequence was designed for A. arenosa (Table 2). Since ZYP1
is represented by two copies in both species, which are called ZYP1a and ZYP1b in A.
thaliana, | also selected protospacer sequences that could target both copies for both A.

lyrata and A. arenosa.
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‘ Gene Protospacer sequence On-score Exon

AIASY1 AATCTCGCCGATTAATTGAT 0.5522 3
AIASY3 AAAGTGGGACTAATATTCCG 0.8425 1
AISYN1/RECS8 GATCTTCGCGTGCAACGTAG 0.8149 2
AlZYP1 TTAGCTTCTCAAGTTCAGGA 0.7226 3
AaZYP1 GAAACTGGTGAAGGATCAGG 0.7923 2

Table 2. CRISPR-Cas9 target sequences using the coding sequences of A. lyrata and A.
arenosa as a reference for exon position. The protospacer sequences are shown without the
protospacer-adjacent motif (PAM). The on-score was provided by the CRISPR-P v2.0 platform.

Targets were chosen taking into consideration the location and score of possible off-targets.

3.2.3. Floral dipping of A. lyrata and A. arenosa

After generating the CRISPR-Cas9 and reporter constructs, | proceeded with plant
transformations. First, | performed transformations of A. lyrata and A. arenosa using a
protocol described previously by Indriolo et al, 2012. It is important to mention that the
two species are self-incompatible and, therefore, unable to produce seeds without
pollination, unlike A. thaliana. Hence, the compatibility of the pollen between different
plants was tested in advance before floral dipping. The procedure consisted of a
standard floral dipping protocol modified with the addition of vacuum infiltration for 5 min
and manually pollinating the plants with cross-compatible for one week after dipping.

However, this adapted floral dipping protocol did not yield any transformants.

After a first round of unsuccessful transformation of these species, | tried to modify the
floral dipping protocol and extend the time of pollination of the open flower buds to
increase the occurrence of transformation events (Fig 7). This was based on findings
that Agrobacterium specifically transforms the female reproductive tissue of A. thaliana
in flower buds that are a minimum of 6 and a maximum of 11 days away from anthesis,
i.e., the opening of flower buds (Desfeux et al, 2000). This is due to an opening at the
top of the pistil that presumably facilitates the access of Agrobacterium to developing

ovules and megaspores and that closes off roughly three days prior to anthesis.

In this modified protocol, I first clipped all open flower buds. Next, | performed dipping of
the immature closed flower buds with identical solutions to the floral dipping protocol of
A. thaliana (for details, see the material and methods section). Vacuum infiltration at this

step was found to be unessential. Following that, plants were covered and unexposed to
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sunlight for 16 to 24 hours. After 5 days, | clipped all open flower buds, since these were
not at the right stage for Agrobacterium transformation. From 6 days after dipping
onwards, open flowers were hand-pollinated with cross-compatible pollen every other

day for two weeks.

Removing open flower buds

v

Floral dipping with GV3101
| 5 days

Removing open flower buds

|
A

Manual pollination with cross-compatible
pollen every other day from day 6

Figure 7. The pipeline of a modified floral dipping protocol adapted to self-incompatible A.

lyrata and A. arenosa.

Initially, | performed floral dipping using the above-mentioned meiotic reporter
constructs, since the screening of these transformants can be done directly by checking
the signal of the labelled proteins. Indeed, | was able to recover several A. lyrata
tetraploid transformants that contained the REC8-GFP, ASY1-GFP and ZYP1-GFP
constructs combined with TagRFP-TUAS (Fig 8). However, no diploid A. lyrata or diploid
and tetraploid A. arenosa transformants were ever recovered. | first screened the roots
of the tetraploid A. lyrata transformants (Fig 8) and successfully detected the expression
of the TagRFP-TUA5 marker in root mitotic divisions, similarly to what is known for A.

thaliana (Komaki & Schnittger, 2017).
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REC8-GFP/RPS5Apro:RFP-TUAS ZYP1-GFP/RPS5Apro:RFP-TUAS ASY1-GFP/RPS5Apro:RFP-TUAS

Figure 8. A. lyrata (4X) transformants showed a consistent signal in the root apical
meristem for microtubules (red) in mitotic divisions.

Fluorescence stereomicroscope images of roots of A. lyrata seedlings. The RFP signal coincides
with the root apical meristem region where mitosis is happening at a high rate. Scale bar = 50

pm.

Next, | proceeded to check meiotic cell divisions in anthers of the tetraploid A. lyrata
transformants (Fig 9A-D). First, the meiotic reporters REC8-GFP and ZYP1-GFP
seemed not to be expressed in the meiocytes of the recovered transformants, since no
signal was detected in those cells (data not shown). On the other hand, a weak signal
for ASY1-GFP was successfully identified in meiocytes (Fig 9A, 9C and 9D).
Furthermore, the reporter for ASY1-GFP appeared to correctly label chromosomes in
early meiosis. The TagRFP-TUAS5 reporter was found to be expressed in the connective
tissue surrounding the meiocytes and to label spindle microtubules in mitosis (Fig 9B),

but was not active in the meiocytes themselves.
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ASY1-GFP RPS5Apro:RFP-TUAS BF Merge

4X A. lyrata

4X A. lyrata

N B
D-

Figure 9. Anthers of tetraploid A. lyrata showed chromosomes labeled by ASY1-GFP
(green) and microtubules labeled by TagRFP-TUA5 (magenta).

A. A single anther lobe is shown with meiocytes at prophase I. Tapetum cells are labeled by
TagRFP-TUAS, while no signal for microtubules was found specifically in meiocytes. A dashed
black square indicates a forming spindle in tapetum cells labeled by TagRFP-TUAS5 and is shown
in detail in (B). Scale bar = 10 um.

B. An early spindle stage in mitosis of a tapetum cell is shown in detail. Scale bar =5 pm.

C. A single anther lobe is shown with meiocytes at prophase I. Tapetum cells are labeled by
TagRFP-TUAS, while no signal for microtubules was found specifically in meiocytes. A dashed
yellow square indicates a meiocyte at zygotene of prophase | and is shown in detail in (D). Scale
bar =10 um.

D. A meiocyte at prophase | (zygotene) is shown in detail. Scale bar = 5 pm.

BF = bright field.

Based on the finding that only a weak signal for ASY1-GFP was identified in A. lyrata
and no signal was found for REC8-GFP, | next checked the functionality of the generated
ASY1-GFP and REC8-GFP reporters in A. thaliana mutants (Fig 10A-B and 11A-B). In
A. thaliana, a strong and specific localization of those two reporters to chromosomes was

identified in meiosis of asy1 and rec8 mutants (Fig 10B and 11B). In addition, the sterility
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of those mutants was successfully restored by the A. lyrata proteins as judged by pollen
viability and seed production (data not shown). Therefore, the generated reporters were

likely fully functional.

A

Figure 10. The chromosomal marker ASY1-GFP construct from A. lyratain the asy1 mutant
from A. thaliana showed a strong signal and appropriate localization.

A. Confocal microscope image of two lobes of an anther from A. thaliana showing the
chromosomal marker ASY1-GFP (green). Scale bar = 10 um.

B. A detail of a single meiocyte is shown (marked with a magenta dashed square in A). Scale bar

=5 pum.
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Figure 11. The chromosomal marker REC8-GFP construct from A. lyratain the rec8 mutant
from A. thaliana showed a strong signal and appropriate localization.

A. Confocal microscope image of two lobes of an anther from A. thaliana showing the
chromosomal marker REC8-GFP (green). Scale bar = 10 pum.

B. A detail of a single meiocyte is shown (marked with a magenta dashed square in A). Scale bar

=5 pum.
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3.3. Discussion

Here, | have described the successful cloning of reporter and CRISPR-Cas9 constructs
and transformation of tetraploid A. lyrata, although at a reduced efficiency. Since no
reporter lines in diploid A. lyrata were recovered, no comparison between meiosis in
diploid and autotetraploid A. lyrata was possible. Additionally, | did not achieve
transformation of A. arenosa. Thus, meiosis in A. lyrata and A. arenosa hybrids could
not be followed with the proper parental species controls. Therefore, with this
transformation bottleneck in mind, the project was not carried out in full. With my
experience as a starting point, a few changes in the reporters constructs and

transformation protocol could be made.

3.3.1. Self-incompatibility: a challenge for studies in A. lyrata and A. arenosa

As described above, the A. lyrata and A. arenosa plants that were used in this study
were self-incompatible. This resulted in a laborious floral dipping protocol, in which plants
with cross-compatible pollen had to be selected in advance to manually pollinate and
generate seeds from dipped plants. However, there are known self-compatible tetraploid
populations, for instance the Arabidopsis lyrata ssp kawasakiana from Japan (Mable et
al, 2004). Self-compatible diploid A. lyrata populations have also been found (Mable,
2004). Thus, it would be of interest to use such self-compatible populations for

transformation in the future.

The fact that a widely used inbred A. lyrata ecotype is inexistent also makes genetic
studies more complicated, as seen with a wide variation in genomic sequences of wild
plants in relation to the reference genome. Therefore, generating a self-compatible highly

inbred ecotype would be desirable.

3.3.2. Selecting a specific A. lyrata promoter could promote expression of the

microtubule reporter construct in meiocytes

A reduction in the number of functional copies of meiotic genes in allopolyploids is
associated with a stabilization of meiosis and prevention of non-homologous
recombination (Gonzalo et al, 2019). Additionally, epigenetic silencing of duplicate genes
has been described in allopolyploids (Adams & Wendel, 2005). Hence, the fact that |

often found meiotic reporters to be inactive or weak in meiocytes could be partly due to
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the polyploid background of the transformed plants, since only autotetraploid A. lyrata
plants were recovered. There is presumably a fine regulation of meiotic gene expression
in these tetraploid plants to perform stable meiotic divisions, which could include

silencing of the meiotic transgenes.

Another challenge | found was the inactivity of the RPS5Apro:TagRFP-TUAS5 promoter
in meiocytes. A different promoter could be used to drive expression of the microtubule
reporter in meiocytes. For instance, the promoter of ARABIDOPSIS SKP1-LIKE1 (ASKT,
Wang & Yang, 2006) could be used, which is known to be expressed predominantly in
meiosis. A second option would be the promoter of CDKA; 1, which is known to be active
in meiocytes (Sofroni et al, 2020). Additionally, other a-tubulin homologs could be used
instead of TUA5/TUAS3, which for unknown reasons might be repressed or silenced in
the meiocytes of A. lyrata. The selective usage of tubulin isoforms depending on the type
of division is not unheard of. In maize, for instance, f2-tubulin is found only in male
meiocytes, but not in roots or leaves (Eun & Wick, 1998). A lack of tissue-specific gene
expression information from A. lyrata, however, complicates this selection for new tubulin

homologs.

3.3.3. A low transformation efficiency can be associated with the plant ecotype

In the modified floral dipping protocol | have developed, | used the GV3101::pMP90RK
Agrobacterium strain in the C58 chromosomal background, which is routinely used for
A. thaliana transformation. It has been previously shown that the C24 ecotype of A.
thaliana is highly resistant to Agrobacterium transformation in comparison to Col-0, with
a transformation efficiency that is as low as 0—0.33% and is not dependent on bacterial
strain (Ghedira et al, 2013). Hence, it is possible that the plants that were used here for
transformation are naturally resistant to Agrobacterium transformation. A possible
solution would be to sample A. lyrata and A. arenosa from different locations and test

their specific susceptibility to Agrobacterium transformation.

Furthermore, A. lyrata and A. arenosa produce fewer seeds per silique compared to A.
thaliana. For A. lyrata, this number has been shown to be as little as 46.4 + 4.4 seeds
per silique (Yamamoto et al, 2019), whereas, in A. thaliana, there can be as many as 60
seeds in a silique (data not shown). Transforming a larger number of plants and

pollinating more flowers can result in a successful transformation of both A. lyrata and A.
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arenosa (R. Alling, personal communication), although this may be laborious and time-

consuming.

3.3.4. Progression of meiosis in auto- and allopolyploids

A detailed report of meiosis in diploid A. thaliana has been recently produced (Prusicki
et al, 2019). Comparing the dynamics of meiosis between A. lyrata diploids and
established or newly generated tetraploids, for example, could potentially contribute to
our knowledge of adaptation to polyploid meiosis. Efforts to uncover the molecular
mechanism of adaptation to polyploid meiosis in A. arenosa have revealed specific

selection acting on a number of meiotic genes (Yant et al, 2013; Wright et al, 2015).

Derived alleles for ASY1 and ASYS3, for instance, have been identified in wild tetraploid
A. arenosa (Morgan et al, 2020). These alleles were shown to act finely in modulating
multivalent chromosome formation rates, promoting a trend toward rod-shaped bivalents
and regulating chromosome axis length. Hence, it would be interesting to be able to
compare the localization and timing of these derived tetraploid synaptonemal complex

components in comparison to their ancestral diploid counterparts.

3.3.5. Outlook

The stable transformation of A. lyrata and A. arenosa by floral dipping has proven difficult
as reported above. On the other hand, meiotic progression could still be analyzed in
allopolyploids of A. lyrata and A. arenosa with the use of immunolocalization techniques
of fixed material. Indeed, many protocols are available for the immunostaining of
meiocytes (Chelysheva et al, 2010). Furthermore, the development of super-resolution
microscopy techniques, e.g., stimulated emission depletion (STED) and stochastic
optical reconstruction microscopy (STORM), can allow for a nanoscale resolution of

meiotic processes (Sims et al, 2021).

Alternatively, perhaps a more efficient transformation protocol than floral dipping could
be developed. For instance, the stable genetic transformation of A. lyrata roots followed
by regeneration of whole plants using callus induction and tissue culture has been
reported (Fobis-Loisy et al, 2007). Since A. lyrata and A. arenosa are closely related,

small changes in the root transformation protocol for A. lyrata, for example, could allow
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for stable transformation of A. arenosa roots as well. Nevertheless, this remains to be

tested.
Finally, a detailed description of hybrid meiosis dynamics remains to be produced. It is

possible that other model systems will emerge to help us elucidate the many questions

that remain regarding adaptation to auto- and allopolyploid meiosis.
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Material and Methods

1. Plant methods

1.1. Plant growth conditions

Arabidopsis thaliana seeds were sown on half-strength (¥2) Murashige and Skoog (MS)
medium (basal salt mixture, Duchefa Biochemie) with 0.5% sucrose and 0.8% agar (plant
agar, Duchefa Biochemie) and adjusted to pH 5.8 with KOH. Seeds were surface-
sterilized with chlorine gas or by liquid sterilization. For the first method, 3 mL of HCI 32%
was added to a beaker containing 25 mL of 13% sodium hypochlorite and seeds were
left for gas sterilization between 3 hours and overnight. For the second method, a 2%
bleach, 0.05% Triton X-100 solution was added for 5 min, followed by three washing
steps with sterile distilled water and the addition of 0.05% agarose. Seeds were stratified
at 4°C for 2 to 3 days in the dark. Plants were initially grown in vitro at 22°C in a 16-h
light regime and then transferred to soil with a 16-h light/21°C and 8-h/18°C dark regime
with 60% humidity.

1.2. Floral dipping of A. thaliana

A starter culture of Agrobacterium tumefaciens (pPMP90RK) containing the desired
plasmid was initially cultivated at 28°C overnight; always with gentamycin and additional
antibiotics depending on the plasmid. The following day, this culture was centrifuged at
4000 xg for 10 min and resuspended in 5% sucrose with 0.02% Silwett L-77. This mixture
was carefully pipetted on immature flower buds of A. thaliana. Plants were then bagged
in a humid environment and kept away from light for 16 to 24 hours. After harvesting the

seeds, they were sown on %2 MS media containing the appropriate selection.

1.3. DNA extraction and genotyping of mutant plants

For the genotyping of T-DNA insertion lines, genomic DNA was extracted using magic
buffer (50 mM Tris-HCI, pH 7.5, 300 mM NaCl and 300 mM sucrose). Small leaf
fragments were cut and added to 400 puL magic buffer containing two metal beads and
subsequently shaken in a TissueLyser (QIAGEN) at 25 Hz for 2 min. After one cycle of

shaking, the plates were rotated and shaken for another 2 min at 25 Hz. Next, samples
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were centrifuged at 2500 xg for 5 min and 100 uL were aliquoted to fresh tubes. Samples

were then diluted 10x with magic buffer before use in PCR reactions.

The genotyping was performed either using DreamTaq Green or Terra PCR Direct

Polymerase. PCR reactions were assembled as the following for the first case:

Reagent Volume
DreamTaq Green PCR Master Mix (2x) 6.25 uL
Primer 1 (10 uM) 0.625 uL
Primer 2 (10 uM) 0.625 uL
Template gDNA 1.0 uL
Water 4.0 uL
Total volume 12.5 pL
Temperature Duration
95°C 3 min
95°C 30s
55°C 30 s :| 30-35 cycles
72°C 1 min*
72°C 5 min

*1 min is recommended for fragments up to 2 kb. For longer products, the extension

time was prolonged by 1 min/kb.

For PCRs using Terra PCR Direct Polymerase, reactions were assembled following

these conditions:

Reagent Volume

Terra PCR Direct Buffer (2x) 6.25 uL

Primer 1 (10 uM) 0.375 uL

Primer 2 (10 uM) 0.375 uL
Template gDNA 1.0 yL
Water 4.5 uL

Total volume 12.5 pL
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Temperature Duration

98°C 2 min

98°C 10s

55°C 15 s 30-35 cycles
68°C 1 min/kb

68°C 2 min

1.4. Flow cytometry assay

Ten seven-day old seedlings per genotype were chopped with a fresh razorblade in
homogenization buffer (45 mM MgClz, 20 mM MOPS, 30 mM sodium citrate, 0.1% Triton
X-100, pH 7.0) followed by filtration through a 15-um nylon mesh. Next, propidium iodide
(Sigma) and RNase A (Sigma) were added to final concentrations of 50 ug/mL and 10
pg/mL respectively. Samples were incubated on ice for 5 min and then analyzed in a
S3e Cell Sorter (Bio-Rad) with laser excitation at 488 nm. The FlowJo software was used

to analyze and process the scatterplots generated by the machine.

1.5. Endosperm nuclei proliferation analysis

First, flower buds were emasculated before the visible maturation and release of pollen.
Then, emasculated flowers were pollinated with pollen from the corresponding genotype
after 2 to 3 days. Three days after pollination, siliques were dissected and fixed in a
solution of 4% glutaraldehyde in 12.5 mM cacodylate buffer, pH 6.8, followed by
application of vacuum for 20 min and storage at 4°C overnight. The next day, seeds were
individually mounted on microscope slides containing a 1:8:2 glycerol:chloral
hydrate:water clearing solution and stored at 4°C overnight. Imaging of the slides was
performed with a Zeiss LSM 780 or 880 confocal microscope with excitation at 488 nm

and detection between 498 and 586 nm. Z-stacks were analyzed using the Fiji software.

1.6. Root growth assays

For the oryzalin root growth assays, plants were sown on %2 MS containing either 0.5%
DMSO or oryzalin. Oryzalin stocks were prepared at a 100 mM concentration in DMSO
and stored at -20°C. Oryzalin was further diluted to 150 nM and 200 nM for the root
growth measurements. After two days of stratification at 4°C, the plates containing the

seeds were transferred to the growth chamber and root growth was recorded daily up
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until five days after germination. At this timepoint, the plates were scanned and the root
length was measured using the Fiji software. For the graphs, three biological replicates
with at least 10 plants per genotype were measured. The average root length was
measured for each single experiment and then averaged again for the final shown

values.

2. Cloning methods

2.1. Amplification of genomic and coding sequence fragments

For the cloning of genomic and coding sequences, PCRs were performed using the

PrimeSTAR Max DNA Polymerase (TaKaRa). Reactions were assembled as the

following:

Reagent Volume

PrimeSTAR Max Premix (2x) 25 uL

Primer 1 (10 uM) 1.5puL

Primer 2 (10 uM) 1.5puL

Template DNA 1.0 uL
Water 21.0 uL

Total volume 50 pL

Amplification of the fragments was achieved using the following PCR program:

Temperature Duration
98°C 5 min
98°C 10s
55°C 55 :| 30-35 cycles
72°C 5 s/kb
72°C 3 min
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2.2. Classical restriction-based cloning

Site-directed mutagenesis was performed by PCRs with phosphorylated primers
containing the desired mutations followed by self-ligation of the modified product.
Phosphorylation of the primers was performed at 37°C for 20 min and the reactions were

assembled as the following:

Reagent Volume
Oligonucleotide (100 uM) 2.0 uL
10x reaction buffer A 2.0 puL
ATP (10 mM) 2.0 uL
T4 Polynucleotide Kinase 1.0 uL
Water to 20 pL

After the appropriate PCR with the phosphorylated primers, self-circularization of the

PCR products was performed at 22°C for 1 hour with the following conditions:

Reagent Volume
Linear DNA 10-50 ng
10x T4 DNA Ligase Buffer 5.0 uL
T4 DNA Ligase 5u
Water to 50 pL

Restriction digests were performed simultaneously with the dephosphorylation of
plasmid DNA in order to linearize the vector and avoid self-circularization of the product

in subsequent ligations. This was performed at 37°C for 15 min as following:

Reagent Volume
Plasmid DNA 2 ug
10x Thermo Scientific FastDigest Buffer 2.0 uL
FastDigest Restriction Enzyme 1.0 uL
FastAP Thermosensitive Alkaline 1.0 uL
Phosphatase
Water to 20 pL
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Blunt-ended ligation of an insert into a linearized vector was performed at 16°C overnight

with the following conditions:

Reagent Volume
Linear vector DNA 20-100 ng
Insert DNA 1:1 to 5:1 molar ratio over vector
10x T4 DNA Ligase buffer 2.0 uL
50% PEG 4000 solution 2.0 uL
T4 DNA Ligase 5u
Water to 20 pL

Sticky-ended ligation of an insert into a linearized vector was performed at 22°C for 1

hour with the following conditions:

Reagent Volume
Linear vector DNA 20-100 ng
Insert DNA 1:1 to 5:1 molar ratio over vector
10x T4 DNA Ligase buffer 2.0 uL
T4 DNA Ligase 1u
Water to 20 uL

2.3. Gateway cloning

First, flanking attB1 and attB2 recombination sites were added to the desired PCR
products by reamplification of the fragments. Next, the BP reaction was performed to

insert the desired fragment in an entry vector (either pPDONR221 or pDONR223) as

following:
Reagent Quantity
PCR product with attB sites 25 fmol
pDONR vector 25 fmol
Water to4 pL
BP Clonase Il 1L
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BP reactions were incubated at room temperature for a minimum of 3 hours or overnight.

After clones were confirmed and sequenced, the LR reaction was performed as the

following:
Reagent Quantity
pDONR vector containing desired 25 ng
fragment
Destination vector 50 ng
Water to4 pL
LR Clonase lI 1L

LR reactions were incubated at room temperature for a minimum of 1 hour or overnight.

2.4. Seamless ligation cloning extract (SLiCE)

The SLIiCE reagents were prepared according to Zhang et al, 2014. Initially, vector DNA
and insert DNA were designed to have an overlap of 25 bp at the 5’ and 3’ regions. Then,

SLiCE reactions were set up as the following:

Reagent Quantity
Vector DNA 50-200 ng
Insert DNA 1:1 to 10:1 in relation to vector DNA
10x SLiCE Buffer (500 mM Tris-HCI, pH 1L
7.5, 100 mM MgCl,, 10 mM ATP, 10 mM
DTT)
PPY SLIiCE extract 1L
Water to 10 pL

SLiCE reactions were incubated between 15 min and 1 hour at 37°C.

3. Microbiological methods

3.1. Heath shock transformation of Escherichia coli chemically competent cells

First, chemically competent E. coli cells were thawed on ice for 20 to 30 min. After that,

plasmid DNA was added (10 pg to 100 ng) and again this mixture was incubated on ice
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for 20 to 30 min. Heat shock was then performed at 42°C for 45 s followed by putting the
cells on ice for 2 min. Next, 200 uL of liquid LB (10 g/L tryptone, 10 g/L NaCl and 5 g/L
yeast extract) was added and the cells were allowed to recover for 45 min to 1 hour at
37°C. After recovery, cells were plated on solid LB containing the appropriate antibiotics

for selection and incubated at 37°C overnight.

3.2. Heat shock transformation of Agrobacterium tumefaciens

First, chemically competent cells were thawed on ice. After that, plasmid DNA was added
(0.1 to 1 ug) and the tubes were gently flicked to mix the samples. Cells were frozen at
—80°C for 10 min and subsequently thawed by incubation at 37°C in a water bath for 5
min. Next, the cells were placed on ice for 30 min. Following that, 200 pL of LB was
added and the cells were either allowed to recover at 28°C for 2 hours or immediately
plated on LB plates containing the appropriate antibiotics. Plates were incubated for 2

days at 28°C before colonies appeared.

3.3. Heath shock transformation of Saccharomyces cerevisiae

This section was written based on a protocol by Gietz & Schiestl, 2007. Initially, a single
colony of the yeast AH109 strain was inoculated into 5 mL of liquid YPDA medium (10
g/L yeast extract, 20 g/L peptone, 20 g/L glucose monohydrate and 40 mg/L adenine
hemisulfate) and grown at 28°C and 160 rpm overnight. The next day, the titer of the
yeast culture was determined and the appropriate amount of yeast culture was added to
fresh 2X YPDA medium (20 g/L yeast extract, 40 g/L peptone, 4% glucose, 80 mg/L
adenine hemisulfate, pH 6.5) for an ODeoo Of 0.5. The new culture was further incubated
at 28°C for about 4 h until the ODeoo reached 2.0. The cells were harvested by
centrifugation at 3,000 xg for 5 min and resuspended in 25 mL of sterile water. Next,
another centrifugation step at 3,000 xg for 5 min was performed to pellet the cells.
Another 25 mL of sterile water was used to resuspend the pellet and centrifugation
followed with the same previous conditions. Next, the cells were resuspended in 1.0 mL
of sterile water. The cell suspension was transferred to a 1.5 mL microcentrifuge tube,
centrifuged for 30 s at 13,000 xg and the supernatant was then discarded. Finally, the
cells were then resuspended in 1.0 mL of sterile water and 100 pL aliquots were made
into 1.5 mL microcentrifuge tubes, one for each desired transformation. Centrifugation at
13,000 xg for 30 s followed and the supernatant was removed. A transformation mix for

one reaction was assembled as the following table and scaled up as needed:
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Reagent Quantity

PEG 3350 50% 240 pL
LiAc1.0M 36 uL

Carrier DNA (10.0 mg/mL)* 10 L
Water 40 pL

Total volume 326 L

*A sample of carrier DNA was denatured in a boiling water bath for 5 min and chilled
immediately on ice. Alternatively, a pre-denatured carrier DNA sample was stored at -

20°C, thawed and kept on ice.

326 L of transformation mix were added to each transformation tube containing the cell
pellet. The desired plasmid DNA was then added to each of the tubes plus water to a
final volume of 34 pL. After that, the cell pellets were resuspended by vigorous vortexing.
The tubes were then placed in a water bath at 42°C and incubated for 40 min. Next, the
tubes were placed on ice for 90 s, followed by centrifugation at 13,000 xg and removal
of the supernatant. Finally, the cells were resuspended in 100 pL sterile water by
vortexing and plated on the appropriate droupout plates. The plates were incubated at

30°C for 3 to 4 days before colonies were visible.

3.4. Yeast two-hybrid

After successful transformation of the desired plasmid combinations in the yeast strain
and plating on double dropout media (-Leu and -Trp amino acid supplements, 6.8 g/L
yeast nitrogen base, pH 5.7) for selection, three colonies per combination were dissolved
in 500 pL of sterile water and serially diluted to 10-', 102 and 10-3. 12 pL of the different
samples, undiluted and diluted, were then dropped on double, triple (-Leu, -Trp and -His
amino acid supplements, 6.8 g/L yeast nitrogen base, pH 5.7) and quadruple (-Leu, -Trp,
-His and -Ade amino acid supplements, 6.8 g/L yeast nitrogen base, pH 5.7) dropout

media. Growth was monitored daily and recorded when desired.
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4. Biochemical methods

4.1. SDS-PAGE

Running gels were prepared at a standard 10% polyacrylamide concentration (3.2 mL
water, 2.67 mL of 30% acrylamide/bis solution, 29:1, 2 mL of 1.5 M Tris pH 8.8, 80 L of
10% SDS, 80 pL of 10% APS and 8 pL of TEMED per single gel). The stacking gels
were prepared at a 6% polyacrylamide concentration (3.4 mL water, 1 mL of 30%
acrylamide/bis solution, 29:1, 417 pL of 1.5 M Tris pH 6.8, 50 pL of 10% SDS, 50 pL of
10% APS, 5 uL of TEMED per single gel). The SDS-PAGE running buffer was prepared
at a 10x concentration (30 g/L of Tris base, 144 g/L of glycine and 10 g/L SDS) and
further diluted to 1x before use. 5x sample buffer (0.25% bromophenol blue, 0.5 M DTT,
50% glycerol, 10% SDS and 0.25 M Tris-HCI, pH 6.8) was diluted to a 1x concentration

for loading of protein samples on the gel.

4.2. Coomassie Brilliant Blue (CBB) staining and destaining

After SDS-PAGE was performed, the polyacrylamide gels were stained with CBB (1 g/L
Coomassie Brilliant Blue, 50% methanol and 10% glacial acetic acid) and destained with

a conventional destaining solution (10% methanol and 10% glacial acetic acid).

4.3. Western blotting

If protein purity or the identity of a tagged protein was to be assessed, western blots were
performed. For the blotting of the proteins on a PVDF membrane, the PVDF membrane
was initially wetted in methanol for 15 s, then placed in water for 2 min and finally placed
in anode buffer Il (25 mM Tris, 20% methanol, pH 10.4) for 5 min. A semi-dry transfer
stack was assembled as the following: two pieces of filter paper were placed on anode
buffer | (300 mM Tris, 20% methanol, pH 10.4) and assembled on the anode plate of a
semi-dry electrophoretic transfer cell, followed by one piece of filter paper that was
wetted in anode buffer Il, the transfer membrane, the SDS-PAGE gel and three pieces
of filter paper that were placed in cathode buffer (25 mM Tris, 20% methanol, 40 mM 6-
aminocaproic acid, pH not adjusted). After that, the cathode plate of the semi-dry
electrophoretic transfer cell was placed on top of the transfer stack and the blotting was
subsequently performed with a constant current of 1.9 — 2.5 mA per cm? of gel area for

30 to 60 min. After blotting was completed, blocking of the membrane was performed
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with a 5% milk powder solution in TBST buffer (20 mM Tris, 150 mM NaCl, 0.1% Tween
20, pH 7.4) for 1 to 2 hours at room temperature. Next, the blocking buffer was poured
off and the primary antibody solution (5% milk powder in TBST together with the
appropriate antibody) was applied at 4°C overnight or at room temperature for 1 h with
gentle rocking. After that, the membrane was rinsed twice with distilled water and then
washed twice for 15 min with TBST. The secondary HRP-conjugated antibody solution
(5% milk powder in TBST together with the appropriate antibody) was then applied and
incubated on a rocker at room temperature for 30 min. After rinsing the membrane twice
with distilled water, two washing steps with TBST for 20 min were performed. Finally, the
SuperSignal™ West Pico PLUS Chemiluminescent substrate was used to detect the

desired bands on the membrane.

4.4. Protein expression

After the desired vectors for protein expression were transformed in BL21 (DE3) E. coli
cells, an overnight culture of the positive colonies with the appropriate antibiotics was
used to inoculate an expression culture at a dilution of 1:100. This culture was incubated
at 37°C until ODsoo between 0.4 and 0.6. Unless stated otherwise, at this point, IPTG
was added at a concentration of 0.2 mM to induce protein expression and expression
continued at 16°C overnight. The following day, the cultures were centrifuged at 5,000
xg at 4°C for 20 min and the cells pellets were frozen in liquid nitrogen and subsequently

stored at -80°C until protein purification.

4.5. Cell lysis and protein purification

Cell pellets were initially thawed on ice for 15 min and resuspended in lysis buffer. 15-20
mL of lysis buffer were added per 100 mL of expression culture. Lysozyme was added
at a concentration of 1 mg/mL and the samples were incubated with gentle rocking for
30 min at 4°C. After this step, Triton X-100 was added to a concentration of 0.2% and
the samples were further incubated for 20 min at 4°C. Next, five to eight cycles of 30 s
of sonication until cells were fully lysed and 20 s of rest on ice were performed. The
samples were then centrifuged at 5,000 xg for 20 to 30 min at 4°C to pellet the cellular
debris. The supernatant was then used for incubation with the desired affinity

chromatography matrix.
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For His-tagged proteins, the following protocol was employed. Initially, 100 uL of a Ni-
NTA matrix was pipetted to a 1.5 mL Eppendorf tube and briefly centrifuged at 1,200 xg
for 2 min. The supernatant was removed and 500 L of lysis buffer (PBS, pH 7.4, with
10% glycerol and 25 mM imidazole) was added. The agarose was gently mixed by
inverting the tube, followed by another centrifugation step and supernatant removal. After
that, the cleared lysate obtained previously was incubated with the equilibrated matrix
with gentle rocking at 4°C for 60 min. Next, the agarose was washed three to five times
with 500 pL of lysis buffer. 200 to 300 L of elution buffer (PBS, pH 7.4, with 10% glycerol
and 250 mM imidazole) was added and the samples were mixed by inversion. After 15
min of incubation on ice, samples were briefly centrifuged at 1,200 xg for 2 min and the
supernatant containing the purified protein was collected. The protein was further
cleaned by using PD MiniTrap G-25 desalting columns and exchanged into a desired

buffer composition.

For GST-tagged proteins, a similar protocol was followed. Instead of a Ni-NTA matrix,
Pierce™ Glutathione Agarose was used. In addition, the composition of the lysis buffer
(PBS, pH 7.4, with 10% glycerol) and the elution buffer (PBS, pH 7.4, with 10% glycerol
and 10 mM L-glutathione reduced) differed.

For Strep-tagged proteins, buffer W (100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM
EDTA) was used for lysis and the washing steps and the elution buffer had the same

composition of buffer W with 2.5 mM added desthiobiotin.

For the Cyclin-CDK complexes, where the cyclins were tagged with His and MBP and
the CDKs were tagged with Strep, the two vectors were co-transformed in BL21 and the
complexes were expressed and pulled down using a Ni-NTA matrix. In that case, the

His-MBP-tagged cyclins served as a bait.

4.6. In vitro kinase assays
For identifying the phosphorylation sites of selected substrates, in vitro kinase assays

were assembled in kinase reaction buffer (50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 0.5
mM ATP and 5 mM DTT) according to the following table:
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Reagent Quantity
Substrate 1t0 1.5 ug
Kinase complex 10 to 30 ng/pL
Kinase reaction buffer to 50 pL

Kinase reactions were incubated at 30°C for 1 h, frozen in liquid nitrogen and

subsequently sent for mass spectrometry analysis.

5. Resources table

5.1. General resources table

Reagent or resource

Source

Microbiological strains

E. coliTOP10

Thermo Fisher Scientific; C404010

Agrobacterium tumefaciens GV3101

DNA Cloning Service

S. cerevisiae AH109

Clontech; K1612-1

E. coliBL21 (DES3) pLysS

Thermo Fisher Scientific; C606003

Commercial cloning enzymes

Gateway BP Clonase Il enzyme mix

Thermo Fisher Scientific; 11789020

Gateway LR Clonase Il enzyme mix

Thermo Fisher Scientific; 11791020

Presto™ Mini Plasmid kit

Geneaid; PDH300

NucleoSpin® Gel and PCR Clean-up

MACHEREY-NAGEL; 740609.250

PrimeSTAR® Max DNA Polymerase

TAKARA BIO; R045A

Terra™ PCR Direct Polymerase Mix

TAKARA BIO; 639270

DreamTaq Green PCR Master Mix (2x)

Thermo Scientific™; K1081

T4 DNA Ligase

Thermo Scientific™; ELO011

T4 Polynucleotide Kinase

Thermo Scientific™; EKO031

FastAP Thermosensitive Alkaline

Phosphatase

Thermo Scientific™; EF0651

FastDigest Smal

Thermo Scientific™; FD0663

Software
Fiji https://imagej.net/Fiji
FlowJo https://www.flowjo.com
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5.2. Resources table from Chapter 2

Constructs for expression in plants

pGWB501 PROgir1:GFP-GIP1

Dr. Shinichiro Komaki

pGWB501 PROgip1:GFP-GIP 17674

Dr. Shinichiro Komaki

pGWB501 PROgip1:GFP-GIP 17654,T66A;T67A

This thesis

pGWB501 PROepe1:GFP-EDET

Muzaffer Emre Gl

pGWB501 PROepe1:GFP-EDE 184 This thesis
R4pGWB501 PROepe1:GFP-EDE1

This thesis
PROgpssa:TagRFP-TUAS
R4pGWB501 PROepe1:GFP-EDE 184

This thesis
PROgpssa:TagRFP-TUAS
Constructs for expression in bacteria
pHGGWA HisGST:GIP1 This thesis
pHGGWA HisGST:GIP2 This thesis
pHGGWA HisGST:EDE1 This thesis

pHMGWA HisMBP:CYCB1;1

Dr. Hirofumi Harashima

pHMGWA HisMBP:CYCB1,2

Dr. Hirofumi Harashima

pHMGWA HisMBP:CYCB1,3

Dr. Hirofumi Harashima

pHMGWA HisMBP:CYCB1,;4

Dr. Hirofumi Harashima

pCDFDuet Streplll-CDKB2,2

Dr. Hirofumi Harashima

Constructs for expression in yeast

pGAD424 GIP1

This thesis

pGA D424 G|P1T65A;T66A;T67A

This thesis

pGBT9 GCP3

Muzaffer Emre Gl

Plant material

edel-1 NASC; CS9868 Pignocchi et al, 2009
gip1 Dr. Shinichiro Komaki; GABI_213D01
gip2 Dr. Shinichiro Komaki; SALK_094257
gip1~"- gip2+- Dr. Shinichiro Komaki

gip1 gip2 pGWB501 PROgr1:GFP-GIP1

Dr. Shinichiro Komaki

gip1 gip2 pGWB501 PROgr1:GFP-
GIP1Te7A

Dr. Shinichiro Komaki

gip1 gip2 pGWB501 PROgr1:GFP-

GIP1T65A:T66AT67A

This thesis
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ede1-1 pGWB501 PROepe1:GFP-EDE1 This thesis
ede1-1 pGWB501 PROepe1:GFP-EDE18A  This thesis
ede1-1 R4pGWB501 PROgpe1:GFP-
EDE1 This thesis
PROgrpssa:TagRFP-TUAS
ede1-1 R4pGWB501 PROgpe1:GFP-
EDE18A This thesis
PROgrpssa:TagRFP-TUAS
Primers used in the research
Purpose Primer name Sequence
Amplification of
EDE? genomic gEDE1_F-2 caagaacacacgaaagagacca
gEDE1_R ccccttcttgttcagaaacttc
fragment
Insertion of Smal gEDE1_Smal_F GGGatggaggcgagaatcgg
site in EDE1 gEDE1_Smal_R GGGttcaatcaaatttcticga
Amplification of GIP1_CDS_F GGATGGATGAGGAGGCATCTCGG
GIP1CDS GIP1_CDS_R TCAGTGTATAGATGGTGTGGTTGTG
Amplification of GIP2_CDS_F GGATGAATCAGGAAGCAGCTGAAACAG
GIP2 CDS GIP2_CDS_R TTAATCAACCGTAGTTGTTGTTGT
Amplification of EDE1_CDS_F GGATGGAGGCGAGAATCGGC
EDE1CDS EDE1_CDS_R TCAAACAGAAGTTGTGCACTCTTGC
GABI_213D01_LP2 TCGTCTCCCACTTCTCACTTCACTCTG
Genotyping of
_ HIRO749 ACAACAGTAGCTAGACTTCAGGG
g1 GABI_LB ATATTGACCATCATACTCATTGC

Genotyping of
gip2

SALK_094257_LP
SALK_094257_RP

SALK_LB1-3

ATGAATCAGGAAGCAGCTGAAACAG
GGATTGAGTGGGGATGACTC
ATTTTGCCGATTTCGGAAC
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5.3. Resources table from Chapter 3

Constructs for expression in plants

R4pGWB501 PROasy1:ASY1-GFP

This thesis
PROgpssa: TagRFP-TUAS
R4pGWB501 PROasy3:ASY3-GFP

This thesis
PROgpssa: TagRFP-TUAS
R4pGWB501 PROgecs:REC8-GFP

This thesis
PROgpssa: TagRFP-TUAS
R4pWGB501 PROzyp1:ZYP1-GFP

This thesis
PROgpssa: TagRFP-TUAS
pDe-Cas9 AIASY'1 This thesis
pDe-Cas9 AIASY3 This thesis
pDe-Cas9 AIRECS8 This thesis
pDe-Cas9 AlIZYP1 This thesis
pDe-Cas9 AaZYP1 This thesis

Plant material

asy1-

Dr. Chao Yang; SALK_046272

rec8+-

Dr. Chao Yang; SAIL_807B08

Primers used in the research

Purpose

Primer name

Sequence

Amplification of A.

lyrata ASY1 genomic

fragment

pattB1 ASY1-lyF 2

pattB2 ASY1-lyR 2

ttcgacttgtagactaagagagatt

ctacacgaaagacgatgagatcacg

Insertion of Smal site in

ASY1

ASY1-C-term-lyF
Smal
ASY1-C-term-lyR

Smal

GGGTGAAGATACCACCTCTATCAGACA
C
GGGATTAGCCTGAGATTTCTGACGCTT
G

Amplification of A.

lyrata ASY3 genomic

fragment

pattB1 ASY3-lyF 2

pattB2 ASY3-lyR 2

AAAAAGCAGGCTTATTTCAGTTTGGAA
AAGGTGGACTTAG
AGAAAGCTGGGTTGTTCATAATAGAAG
CGAAGAGTTTCTG
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Insertion of Smal site in
ASY3

ASY3-C-term-lyF
Smal
ASY3-C-term-lyR

Smal

GGGTGACACTGGAGTCTCAGAATTAAT
C
GGGATCATCCCTCAAACATTCTGCGAC
A

Amplification of A.
lyrata REC8/SYN1

genomic fragment

SYN1-IyF

SYN1-lyR

AGTTGTGACAGTGTGGGGAC

GGGCAGTTGCGGCTTATTAC

Insertion of Smal site in
REC8/SYN1

SYN1-C-term-lyF
Smal
SYN1-C-term-lyR

Smal

GGGTAAGGTTTGATTTCTAAATTATAAA

GGGCATGTTGGGTCCTCTTGCAATGA
GA

Amplification of A.
lyrata ZYP1 genomic

fragment

ZYP1-lyF

ZYP1-lyR

TTTGTGATGTGAACCTTTAGTGAGTAT
G
AAGTAATGAATGTTTCGTTTTCACACA
G

Insertion of Smal site in
ZYP1

ZYP1b-middle-lyF
Smal
ZYP1b-middle-lyR

Smal

GGGGCACATAGACATGTTGGGGAACT
AG
GGGATCTGCCTGCAGTGTCTCGTACTT
C

ASY1 CRISPR Il
ATTGAATCTCGCCGATTAATTGAT
ASY1 CRISPR-Cas9 lyF
construct ASY1 CRISPR Il
VR AAACATCAATTAATCGGCGAGATT
y
ASY3 CRISPR I
ATTGAAAGTGGGACTAATATTCCG
ASY3 CRISPR-Cas9 lyF
construct ASY3 CRISPR I
VR AAACCGGAATATTAGTCCCACTTT
y
SYN1 CRISPR | ATTGGATCTTCGCGTGCAACGTAG
areF
REC8/SYN1 CRISPR-
Cas9 construct SYN1 CRISPR | AAACCTACGTTGCACGCGAAGATC
areR
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ZYP1 CRISPR I

ZYP1 CRISPR-Cas9 VE ATTGTTAGCTTCTCAAGTTCAGGA
construct for A. lyrata Y
ZYP1 CRISPR I
VR AAACTCCTGAACTTGAGAAGCTAA
y
ZYP1 CRISPR |

ATTGGAAACTGGTGAAGGATCAGG
ZYP1 CRISPR-Cas9 lyF

construct for A. arenosa ZYP1 CRISPR |
lyR

AAACCCTGATCCTTCACCAGTTTC
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