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Abstract

Meiosis is a specialized cell division with a central role in the life cycle of all sexually
reproducing organisms. It relies on a coordinated series of events, which results
in recombination of homologous chromosomes and ensures the formation of
gametes with half of the DNA content of the progenitor cell. In plants, aberration
of meiosis can result in the production of aneuploid progeny, reduced fertility and
thus, decreased yield. Therefore, understanding the mechanisms that regulate
meiosis is of crucial importance for plant breeding and for meeting the increasing
food demand.

In this dissertation, I investigated the molecular mechanisms which control
chromosome axis remodeling during meiosis in Arabidopsis thaliana and 1
established the basis of a live cell imaging technique to investigate meiotic
chromosome dynamics in maize (Zea mays).

The chromosome axis is a meiosis-specific protein assembly, built along the
entire length of each homolog. HORMA domain proteins (HORMADs) are key
components of the chromosome axis and their chromosomal association is
dynamic, e.g., ASY1 in Arabidopsis is recruited to the axis at early prophase and
later largely removed when homologous chromosomes synapse. However, how the
dynamics of meiotic HORMADs are brought about is poorly understood. In this
study, I identified COMET, the Arabidopsis homolog of human p31<™et, which is
known for its function in the Spindle Assembly Checkpoint (SAC), to be a central
regulator of ASY1 dynamics in meiosis. I showed that COMET mediates the nuclear
targeting of ASY1 in early prophase and later also promotes the release of ASY1
from the chromosome axes to allow full synapsis. Additionally, evidence is
provided that COMET regulates ASY1 by serving as an adaptor for the AAA+
ATPase PCH2.

In the second part of my thesis, I focused on developing a live cell imaging
approach for studying meiosis in the crop model organism maize. So far, most
studies on meiosis have relied on the analysis of fixed material, which, despite
informative, can capture the underlying cellular dynamics only to a small degree.
Conversely, live cell imaging represents a unique tool to investigate the temporal
and spatial aspects and allows the observation of individual cells over time. For
this purpose, I generated stable reporter lines for different genes of interest, which



highlight hallmarks of meiosis, e.g., for DSY2, a component of the chromosome
axis and for ZYP1, marking the central element of the synaptonemal complex. In
total, 21 genomic constructs were cloned and have been transformed into maize.
In addition, a live cell imaging protocol from Arabidopsis was adapted to maize,
i.e., living anthers of maize were isolated, cultured on a suitable medium and
imaged by confocal microscopy. The first live cell imaging data are based on the
observation of DSY2 in living maize anthers, which could be kept alive for a period
of 50 hours and allowed gaining insights into chromosome dynamics during
prophase I. In combination with the other reporters, it will now be possible to
investigate the dynamics of key meiotic events, such as pairing and synapsis,
which numerous studies have demonstrated to be dependent on intense
chromosome movements. Thus, this approach will allow studying maize meiosis
from a spatio-temporal perspective, allowing new insights into this fundamental

process in a monocotyledonous crop.



Zusammenfassung

Meiose ist eine spezielle Form der Zellteilung mit einer zentralen Rolle im
Lebenszyklus aller sich sexuell reproduzierenden Organismen. Es beruht auf einer
koordinierten Abfolge von Ereignissen, die zur Rekombination homologer
Chromosomen fuhren und die die Bildung von Gameten mit der Halfte des DNA-
Gehalts der Vorlauferzelle sicherstellen. In Pflanzen kann eine Aberration der
Meiose zur Produktion aneuploider Nachkommen, einer verringerten Fruchtbarkeit
und damit zu einem verringerten Ertrag fuhren. Daher ist das Verstandnis der
Mechanismen, die die Meiose regulieren, fir die Pflanzenziichtung und somit auch
fur die Deckung des steigenden Nahrungsbedarfs von entscheidender Bedeutung.

In dieser Dissertation wurden die molekularen Mechanismen untersucht,
die den Umbau der Chromosomenachse wahrend der Meiose in Arabidopsis
thaliana steuern. Dariber hinaus wurde die Grundlage zur Untersuchung der
Dynamik meiotischer Chromosomen in Mais (Zea mays) mit Hilfe der
Lebendzellbeobachtung (,Live Cell Imaging™) gelegt.

Die Chromosomenachse besteht aus einer Meiose-spezifischen
Proteinanordnung, die sich Uber die gesamte Lange jedes homologen Chromosoms
erstreckt. HORMA-Domanenproteine (HORMADS) sind Schllisselkomponenten der
Chromosomenachse und ihre chromosomale Assoziation ist dynamisch. So wird
z.B. ASY1 in Arabidopsis in der frihen Prophase auf der Achse rekrutiert und
spater, wenn homologe Chromosomen den synaptomenalen Komplex ausbilden,
weitestgehend entfernt. Wie die Dynamik meiotischer HORMAD Proteine reguliert
wird, ist jedoch kaum bekannt. In dieser Studie wurde COMET, das Arabidopsis-
Homolog des menschlichen p31<°™, das fiir seine Funktion im Spindle Assembly
Checkpoint (SAC) bekannt ist, als zentraler Regulator der ASY1-Dynamik wahrend
der Meiose identifiziert. Es konnte gezeigt werden, dass COMET das nukleare
Targeting von ASY1l in der frihen Prophase vermittelt und spater auch die
Freisetzung von ASY1 aus den Chromosomenachsen férdert, um eine vollstandige
Synapse zu ermdglichen. Zusatzlich wurde der Nachweis erbracht, dass COMET
ASY1 reguliert, indem es als Adapter fur die AAA + ATPase PCH2 dient.

Im zweiten Teil meines Projekts konzentrierte ich mich auf die Entwicklung
eines ,Live cell imaging" Ansatzes zur Untersuchung der Meiose im Mais als

weiteren Pflanzenmodellorganismus. Bisher stitzten sich die meisten Studien zur



Meiose auf die Analyse von fixiertem Material. Trotz vieler dabei gewonnener
Informationen kann dabei die zugrunde liegende Zelldynamik nur in geringem
MaBe erfassen werden. Im Gegensatz dazu stellt das ,Live Cell Imaging" ein
einzigartiges Werkzeug dar, um zeitliche und raumliche Aspekte zu untersuchen
und die Beobachtung einzelner Zellen zu ermdglichen. Zu diesem Zweck wurden
Reporterlinien flr verschiedene Gene hergestellt, die unterschiedliche
Komponenten der Meiose hervorheben, z.B. fir DSY2, eine Komponente der
Chromosomenachse, und fir ZYP1l, dass das zentrale Element des
synaptonemalen Komplexes markiert. Zusatzlich wurde ein ,Live Cell Imaging"
Protokoll fir lebende Zellen von Arabidopsis an Mais angepasst. Dazu wurden
lebende Antheren von Mais isoliert, auf einem geeigneten Medium kultiviert und
durch konfokale Lasermikroskopie analysiert. Die ersten ,Live Cell Imaging" Daten
basieren auf der Beobachtung von DSY2 in Mais-Antheren, die Uber einen Zeitraum
von 50 Stunden am Leben gehalten werden konnten und Einblicke in die
Chromosomendynamik wahrend der Prophase I ermdéglichten. In Kombination mit
den anderen Reportern wird es nun mdglich sein, die Dynamik wichtiger
meiotischer Prozesse wie Paarung und Synapsis zu untersuchen, von denen
zahlreiche Studien gezeigt haben, dass sie von intensiven
Chromosomenbewegungen abhdngen. Dieser Ansatz ermdglicht es daher, die
Meiose von Mais aus einer raumlich-zeitlichen Perspektive zu untersuchen und
neue Einblicke in diesen grundlegenden Prozess in einer Monokotylen

Pflanzenspezies zu erhalten.
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1. Introduction

1.1 Meiosis, a special kind of division

Meiosis is a specialized cell division characteristic for eukaryotes and essential for
sexual reproduction. The function of meiosis is to generate cells that contain half
of the genetic material of the parental cells and which develop into germ cells.
Subsequently, the fusion of germ cells (fertilization) can restore the original ploidy
level in the offspring. Thus, meiosis allows the formation of haploid gametes from
a diploid organism. Moreover, meiosis drives genetic diversity as homologous
chromosomes of different parental origin recombine, giving rise to a new
assortment of genetic alleles [1].

In Angiosperms, such as the model organism Arabidopsis thaliana, meiosis
occurs within reproductive tissues of the flower, the anther and the ovule, while
they are still enclosed in the immature, developing flower bud. Compared to
animals, the establishment of a germline occurs at late stages of development,
after the transition from a vegetative to a floral meristem, and it relies on an
intricate regulation at transcriptional, translational and post-translational level [2].

In meiosis, a single round of DNA replication is followed by two rounds of
chromosome segregation: meiosis I, in which the pairs of homologous
chromosomes segregate (reductional cell division) and meiosis II, where the sister
chromatids are separated (equational cell division). Failure in the proper execution
of chromosome and/or chromatid segregation leads to the formation of unbalanced
gametes and aneuploid or polyploid progeny. To ensure the correct completion of
the meiotic division program, several coordinated events must take place.

First, the success of the reductional division depends on correct pairing and
synapsis, i.e., homolog juxtaposition and interaction, and on crossover (CO)
formation between the homologs, which creates a physical link. The presence of
at least one CO per bivalent (a pair of homologous chromosomes) is known as CO-
insurance and is an absolute requirement for proper segregation.

Second, an accurate deposition and removal of cohesin, the protein complex
responsible for establishing cohesion between sister chromatids, which also

influences synapsis and recombination [3].
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Third, there is a requirement for co-orientation of sister chromatids during meiosis
I, so that sister kinetochores (proteinaceous complexes that assemble on each
chromosome and mediate their interaction with microtubules) are captured by
microtubules emanating from the same pole, and bi-orientation of sister
chromatids in the following meiosis II, when sister chromatids separate and move
to opposite poles [4].

Last, the mitotic rules of the cell cycle, where each DNA replication is followed by
nuclear division, need to be modified to prevent an intervening replication step
between the two meiotic divisions [5].

1.2 Overview of meiosis

The meiotic cell cycle consists of a series of consecutive phases, i.e., meiotic
interphase, which comprises the G1, S and G2 sub-phases, followed by meiosis I
and meiosis II (Figure 1). During S-phase the DNA is duplicated and several
important events occur, e.g., chromatin modifications and the expression of many
meiotic genes, to ensure a successful entry, progression and completion of meiosis
[6-8]. Thus, the S-phase separates the G1 phase with unreplicated chromosomes
from the G2 phase in which all chromosomes consist of two chromatids [6]. Both
meiosis I and meiosis II are divided into four substages: prophase, metaphase,
anaphase and telophase.

Meiotic prophase I is a long and complex process and has been further
subdivided into five sub-stages according to cytological features of the
chromosomes: leptotene, zygotene, pachytene, diplotene, and diakinesis [9].

Early in prophase I chromosomes start to condense and become visible as
thin and unsynapsed threads, organized by the formation of the chromosome axis
(leptotene stage). Concomitantly, meiotic recombination is initiated by the
occurrence of double-strand breaks (DSBs) on the chromosomes.

In order to achieve the ploidy reduction in meiosis I, homologs must recognize
each other and pair, preparing for separation afterwards. The term “pairing”
describes the transient interaction at localized regions of homologs and in most
organisms, it depends on DNA homology to verify that the interacting
chromosomes are indeed homologous, however, the exact mechanism remains
poorly understood [10]. Chromosome movements and temporary chromosome
arrangements, like the telomere bouquet, are thought to contribute to the search
of homologs [11-14]. Local pairing progresses to homolog juxtaposition, which is
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also homology-dependent and refers to the coming together of homologs after the
initial transient interactions [10], and eventually evolves into synapsis.

Synapsis is initiated at zygotene and consists of an extensive and stable interaction
between the homologs, which involves the formation of a complex proteinaceous
structure called the synaptonemal complex (SC). During this stage parts of
homologs can be detected as “fused” together (synaptic region) by microscopic
analysis. When the homologs are fully synapsed (pachytene), the SC mediates the
intimate connection along their length and each pair of synapsed homologs
appears as a thick thread-like structure. A large proportion of the DSBs has by
now been repaired by the recombination machinery and this results in the
formation of crossovers (COs) and non-crossovers (NCOs).

After pachytene, the SC is disassembled and homologs partially separate,
except at the chiasmata, the cytological manifestation of a CO. This substage is
recognized as diplotene. Subsequent chromosome condensation results in highly
compacted bivalents (attached pairs of homologs), reaching diakinesis at the end
of prophase I.

The bivalents move to the center of the cell and align at the equatorial plane

at metaphase I, with each bivalent displaying one to three chiasmata [6]. The
spindle, a microtubule-based structure, is formed and the homologs are captured
by microtubules that emanate from opposite poles, whereas sister kinetochores by
microtubules emanating from the same pole (co-orientation).
Homologs are pulled towards the two opposite poles of the cells (anaphase I) and
cohesion is cleaved from the chromosome arms, but not at centromeres in order
to avoid premature separation of sister chromatids. At telophase I, meiocytes
present two distinct clusters of decondensed chromosomes at each pole; the
nuclear envelope (NE) is reformed. Interkinesis is a short stage between meiosis
I and meiosis II, in which chromosomes decondense.

The second meiotic division (meiosis II) begins with prophase II, when
chromosomes re-condense. The two groups of chromosomes are aligned
separately at two division planes in metaphase II and two spindles are formed. At
the onset of anaphase II, all cohesion associated with chromatin is cleaved and
sister kinetochores are captured by microtubules emanating from opposite poles
(bi-orientation), thereby promoting sister chromatids segregation to opposite

poles and the formation of four clusters of chromosomes.
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Chromosomes decondense, the nuclear envelope reforms at telophase II and
cytokinesis concludes the formation of four haploid daughter cells. Notably, in
Arabidopsis a simultaneous cytokinesis takes place at the end of meiosis II in male
meiosis [15], whereas cytokinesis in female meiocytes is executed twice, at the
end of meiosis I and II (successive cytokinesis), similarly to other plants such as
maize and rice [16].

In Arabidopsis, meiosis takes approximately 33 hours, most of which (at least 26
hours) is dedicated to prophase I [7, 17]. Then, the time-span from metaphase I
to the onset of meiosis II is only 2 hours, while meiosis II takes another 4 hours
to complete [17].
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Figure 1: Schematic overview of meiosis in Arabidopsis thaliana

Cytoplasm is depicted in green, nucleus in yellow, homologous chromosomes in blue and
light blue, cytoskeleton in red.

At leptotene, the chromosome axes are formed and recombination initiates (A). During
zygotene, homologous chromosomes start pairing and eventually synapsis takes place
through the polymerization of the synaptonemal complex and recombination progresses
(B). At pachytene, synapsis is completed and recombination further progresses (C). At
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diplotene, the synaptonemal complex disassembles and homologs partially separate,
except at the chiasmata (D). At diakinesis, chromosome condense and bivalents are visible
I. At metaphase I the spindle forms and aligns the bivalents at the metaphase plate (F).
The release of arm sister chromatid cohesion allows the migration of chromosomes to the
two poles at anaphase I, while pericentromeric cohesion is specifically protected (G). At
interkinesis, two nuclei are formed, chromosomes experience a significant decondensation
and meiosis II is prepared (this stage encompasses telophase I and prophase II) (H). At
metaphase II, two spindles form and align chromosomes on two metaphase plates (I). At
anaphase II, sister chromatids separate following centromeric cohesion release (J). At
telophase II, four nuclei are formed and cytokinesis initiate (K). At the end of meiosis, four
haploid spores are released after cytokinesis (L).

1.3 The chromosome axis

The emergence of meiosis during evolution required major innovations in
chromosome organization. A hallmark feature of meiosis is the formation of the
chromosome axis.

The chromosome axis assembles in early meiotic prophase and fulfills
important functions in meiosis. First, it provides a scaffold for the organization of
the replicated chromosomes into linear arrays of DNA loops, with one axis per
chromosome, i.e., sister chromatids are anchored to the same proteinaceous core
[10, 18]. Second, it orchestrates the formation of DSBs and their repair as inter-
homolog crossovers [1, 19-27] and third it serves as a structural element of the
synaptonemal complex (SC), as the chromosome axes of each homolog pair
become integrated into the SC as lateral elements and linked by coiled-coil
transverse filaments along their entire length [10, 28].

Upon early axis assembly chromosomes become microscopically visible as
“thin threads”, a feature after which the leptotene stage is named. As cells
progress through zygotene and pachytene, chromosomes undergo significant
linear compaction without disruption of the chromosome axes. The composition of
the chromosome axis is highly conserved in eukaryotes and its components include
DNA-binding and organizing cohesin complexes, axis core proteins and HORMA
domain proteins (HORMADSs) (Figure 2).
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DNA loops
Axis core proteins
HORMADs

Figure 2: The chromosome axis

Schematic representation of the architecture of the meiotic chromosome axis.
Chromosomes are organized in linear array of DNA loops (depicted in black), which
emanate outward from the axis. Components of the chromosome axis include DNA-binding
cohesin complexes, axis core proteins (in green) and HORMA domain proteins (in blue).

1.3.1 The axis core proteins

The axis core proteins associate with cohesin complexes — protein complexes which
mediate sister chromatid cohesion (see paragraph 1.6) - and then form bundles
to assemble a flexible scaffold on which meiotic recombination takes place [29].
The first identified axis core protein was the coiled-coil protein Redl in budding
yeast [30] and orthologs have been identified in mammals such as SYCP2 and
SYCP3 [31, 32]. In Arabidopsis thaliana, despite low sequence similarity, ASY3 has
been proposed to be the functional homolog of Redl [33], based on phenotypic
similarities of the respective mutants and the presence of a conserved C-terminus
with predicted coiled-coil character [33]. In addition, ASY4, a short protein with
high homology to the ASY3 coiled-coil domain and able to interact with ASY3, was
recently described to be part of the chromosome axis as well [34, 35]. Also in
other plants, Redl orthologs have been identified, e.g., PAIR3 in rice [36] and
DSY2 in maize [37].

A key conserved function of the axis core proteins is to recruit another
important class of proteins to the chromosomal axes, the meiotic HORMADs. Thus,
loss of ASY3 in Arabidopsis disrupts the axial assembly of the Arabidopsis HORMAD
protein ASY1 and the subsequent formation of the synaptonemal complex (SC)

[33], resulting in a reduced number of COs.
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1.3.2 The meiotic HORMADs

Meiotic HORMADSs include Hop1 in yeast [38], Hormad1l and Hormad2 in mammals
[39], HIM-3, HTP-1, HTP-2, and HTP-3 in C. elegans [40-42], PAIR2 in rice [43]
and, as mentioned above, ASY1 in Arabidopsis [44].

In early meiotic prophase the meiosis-specific HORMA domain proteins

localize to the chromosome axis and play a crucial role in cross-over (CO)
formation and in directing recombination towards the homolog, i.e., away from the
sister chromatid. HORMADs have been shown to mediate homolog pairing and SC
assembly [25, 45], where the assembly of the SC along each pair of homologs is
coordinated with the removal of the meiotic HORMADs from chromosomes [39,
46-48]. This meiotic HORMAD removal is also thought to constitute a feedback
mechanism suppressing further recombination on chromosomes/regions that have
already obtained COs [46, 49].
The chromosome association of ASY1 was found to be dependent on ASY3 in a
non-reciprocal way, a relationship that seems conserved across the sexually
reproducing organisms, including yeast, plants and animals [33, 36, 37, 50], while
ASY3 localization is reliant on the cohesin complex, suggesting a hierarchical axis
assembly: cohesion -> ASY3 -> ASY1 [33].

Mutants deficient in any of these axial proteins show severe meiotic defects
in recombination such as DSBs formation and repair, interhomolog biased
recombination and CO formation as well as in in chromosome synapsis,
highlighting the indispensable functions of the chromosome axis for those meiotic
events [33, 36, 37, 51, 52].

1.4 The Synaptonemal Complex

The synaptonemal complex (SC) was first discovered by Moses [53] and Fawcett
[54]. This prominent and evolutionarily well-conserved, yet functionally enigmatic,
structure is strictly meiotic.

Establishment of the SC follows the initial alignment and loose pairing of the
homologous chromosomes, and is characterized by the appearance of transverse
filaments (TFs) which span the gap between the chromosome axes (AE, axial
elements), now referred to as lateral elements [10, 55] (Figure 3). The zone

where the TFs meet and interdigitate constitutes the central element that runs
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parallel to and between the lateral elements [55]. Thus, using electron microscopy,
the SC can be seen as a tripartite proteinaceous structure [10].

The establishment of the SC is initiated in zygotene and completed by
pachytene. As meiosis progresses through diplotene and diakinesis the SC
disassembles, so that the homologous chromosomes remain associated only by

chiasmata, the cytologically manifestation of crossover events.

Pachytene

@Ommufm DNA loops @ Axis core proteins

Transverse @» HORMADs
filaments

Figure 3: The synaptonemal complex

Schematic representation of the synaptonemal complex. The establishment of the
synaptonemal complex starts at zygotene and is completed by pachytene, when the
transverse filaments entirely span the gap between the chromosome axes.

TF proteins have been identified in different eukaryotic organisms such as
Zipl in budding yeast [56], SYP1 in C. elegans [57], SCP1 in mammals [58], and
within the plant kingdom ZEP1 in rice [59], ZYP1 in barley [60] and the functionally
indistinguishable ZYPla and ZYP1b in Arabidopsis [55].
Central-element proteins are poorly conserved at the primary sequence level, but
they share similar structural properties which account for the conservation of SC

ultrastructure among eukaryotes. These proteins possess a central coiled-coil
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domain, flanked by globular domains at the N and C termini [61]. Studies in yeast
and in mouse indicate that the TFs form parallel homodimers that are oriented
such that their C termini align along the lateral elements and the N termini of the
proteins in a dimer overlap in the central region of the SC, giving rise to the central
element.

The interplay between SC and recombination varies among eukaryotes. In
Arabidopsis, the initial localization of ZYP1 proteins is dependent upon DSB
formation and occurs when recombination is at an early stage, prior to extensive
strand invasion [55]. Loss of ZYP1a/ZYP1b results in aberrant associations and
recombination between nonhomologous chromosomes [55], suggesting that in
Arabidopsis ZYP1 prevents recombination between nonhomologous chromosomes,
rather than limiting homologous CO formation as in the case of rice, where zep1
mutants show an increase in chiasmata formation [59]. This contrasts with the
function of ZYP1 in promoting CO in barley [60], similar to the role of Zipl in S.
cerevisiae [62].

1.5 Meiotic recombination

Recombination is a prominent feature of meiosis. Meiotic recombination is
responsible for allelic shuffling over generation; thus, it increases genetic diversity
in the offspring. New, possibly advantageous allele combinations can be obtained,
hence forming the basis for plant adaptation to changing environment and for the
breeding of new varieties. This genetic mechanism has also likely contributed to
the success of eukaryotes during evolution.

Homologous recombination occurs during prophase I, starting at leptotene
and is completed by pachytene stage. It is initiated by the formation of
programmed DNA double-strand breaks (DSBs) by Spo11 [63] (Figure 4); Spoll
appears to be universally conserved among eukaryotes that undergo meiosis [64]
and it shares sequence similarity with the A subunit of the archaeal topoisomerase
VI (TopVIA) [63]. Arabidopsis contains three Spoll paralogues, two of which,
AtSPO11-1 and AtSPO11-2, are required for meiosis [65]. The catalytically active
tyrosine residues of both proteins are necessary for DSB formation and the
paralogues probably function as a heterodimer [66]. By contrast, AtSPO11-3 is
involved in somatic endoreduplication and does not play a role in meiosis [5].

In addition to Spol11, DSB formation requires the presence of accessory proteins
such as PRD1, PRD2, PRD3 and DFO in Arabidopsis as well as PAIR1, CRC1, SDS
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and P31°™et in rice [67, 68]. In plants, the responsible genes have been identified
in fertility screens having a similar mutant phenotype, namely an absence of early
recombination markers, like DMC1 foci, no synapsis and no CO formation, leading
to random chromosome segregation at anaphase I [69]. Additionally, these
mutants can suppress the DSB repair defects of meiotic mutants, such as rad51,
indicating that they are required for DSB formation itself, rather than DSB repair.
Rice CRC1, the ortholog of S. cerevisiae PCH2, is a central element component of
the synaptonemal complex (SC) and it is also required for DSB formation [70].
Also P31<met recently identified as interacting partner of CRC1, was shown to be
a component of the SC and involved in DSB formation [71]. However, the situation
is not alike in all plant species. For example rice CRC1 [70] and SDS [72] are
required for DSB formation, whereas the corresponding orthologs in Arabidopsis,
i.e., PCH2 [47] and SDS, [73] are necessary for meiosis, but dispensable for DSB
formation. This suggests a diverse regulation among different species. The
majority of meiotic DSBs is repaired without an exchange of DNA between
homologous chromosomes. These events are called non-crossovers (NCO). In
Arabidopsis, meiotic recombination is initiated by approximately 150-250 DSBs,
as estimated by immunostaining of DSB markers, such as yH2A.X, RAD51, and
DMC1 [68], while the number of cross-overs per nucleus falls in the range between
8 and 12 [45, 74].

Following DSB formation, Spo11 remains covalently attached to the 5 "-ends
of the DNA, until the MRX-N complex [Mrel1-Rad50-Xrs2 (Nbs1)]
and Coml (Sae2) promote its endonucleolytic cleavage and eventually DSB
processing [68]. The 5’ DNA ends are resected to generate 3’ single-stranded DNA
(ssDNA) tails. The 3’ single-strand DNA ends interact with the recombinases DMC1
and RAD51, the homologues of the bacterial RecA, to form a nucleoprotein
filament. In vertebrate animals and plants, the RAD51 gene family is highly
conserved and is involved in both mitotic and meiotic recombination; mutations in
any of the RAD51 genes required for meiotic recombination results in meiotic
chromosome fragmentation, indicating a defect in meiotic DSB repair [67, 68].
Conversely, DMC1 is exclusively active in meiosis. In Arabidopsis, dmcl mutants
exhibit 10 unfragmented univalents instead of 5 bivalents. The lack of chromosome
fragmentation in dmcl suggests that cells lacking DMC1 can repair meiotic DSBs
using sister chromatids as templates [75]. Thus, in wildtype meiocytes, DMC1 has
a role in promoting inter-homologue recombination and RAD51 functions as a
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DMC1 accessory factor. The recombinases DMC1 and RAD51 mediate the 3 “single
strand invasion into the double helix of one of the two non-sister chromatids of
the paired homologous chromosome to form a recombination intermediate, called
a D loop. The invading 3’ end is a target for recombination-associated DNA
synthesis, which extends the D loop to expose sequences that can anneal to the
second 3’ end on the opposite side of the original break in a process called second-
end capture [68]. Additional DNA synthesis using the second 3’ end, followed by
ligation, yields an intermediate called a double Holliday junction (dHJ), which link
the four DNA strands of two homologous chromosomes.

Primarily the resolution of dHJ leads to the formation of COs [76]. Two types
of COs exist, generally referred to as class I and class II COs. The two CO pathways
differ not only in their molecular machinery, but also in the distribution of the
resulting COs. Whereas class I COs are further apart than expected by chance (CO
interference), class II COs are distributed independently of one another [5]. Type
I CO constitute the majority of COs (70-85%) and depend on the ZMM group
proteins (MSH4, MSH5, MER3, HEI10, ZIP4, SHOC1, PTD), as well as in Arabidopsis
on MLH1 and MLH3. Regarding the high degree of protein conservation, this
mechanism of type I CO formation seems to be conserved among plant species
[68]. Much less is known about the molecular players of the non-ZMM CO pathways
in plants, with MUS81 being the only player characterized up to now [77]. In
addition to class I and II CO pathways, an alternative CO pathway may exist, since
double mutants of factors in both classes, such as msh4 mus81, have a residual
5-10% of COs [77]. However, the nature of this pathway remains unclear and it
may be active only when the primary pathways are affected [5].

CO control in Arabidopsis is tightly regulated: each of the five chromosome
pairs gets at least one, a phenomenon called CO assurance, in order to ensure
proper chromosome segregation by creating a physical link between homologs.
Moreover, the fact that only few DSBs are repaired as COs suggests the presence
of inhibitory mechanisms (anticrossover factors) that prevent CO formation.
Recently, molecular genetic studies have identified three types of anticrossover
factors in Arabidopsis: the BTR complex consisting of RECQ4A, RECQ4B DNA
helicases, TOPOISOMERASE3a, and RMI1; the FANCM DNA helicase including the
MHF1 and MHF2 cofactors and the AAA-ATPase FIDGETIN-LIKE1l (FIGL1) in
combination with its FIDGETIN-LIKE-1 INTERACTING PROTEIN (FLIP) [68].
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Figure 4: Model of meiotic recombination mechanisms in Arabidopsis thaliana
Meiotic recombination is initiated by the formation of a large number of double-strand
breaks (DSBs). DSB ends are resected to yield 3’ single-strand tails, which can invade
either the sister chromatid or one of the non-sister chromatids of the homologous
chromosome to form a D loop. DNA synthesis (dashed lines), second-end capture and
ligation lead to the formation of double Holliday junctions (dHJ). Primarily the resolution
of dHJ] leads to the formation of crossovers (COs), although a small number of non-
crossovers (NCOs) might originate from this pathway. The intermediates can be resolved
as class I COs by the ZMM pathway. A portion of intermediates is resolved into class II COs
by a ZMM-independent pathway. Alternatively, the intermediates can be matured into
noncrossovers (NCOs) through dHJ dissolution and other mechanisms.



1.6 Sister chromatid cohesion

In eukaryotes, DNA faithfully duplicates during the S phase of the cell cycle. The
two products of replication of a chromosome are called sister chromatids. The
correct transmission of chromosomes during meiosis requires the establishment of
cohesion between sister chromatids at the time of their synthesis [78] and the
subsequent release in a stepwise manner [3]. At the end of prophase I, cohesion
is released along the chromosome arms to facilitate the resolution of chiasmata
(which hold homologs together), but is maintained at centromeres preventing
precocious sister chromatid segregation [79]. At anaphase II, destruction of
centromeric cohesion allows the separation of sister chromatids.

Moreover, sister chromatid cohesion is required for proper attachment of
chromosomes to the spindle with the same polarity (monopolar attachment)
during the first meiotic division and subsequently, during meiosis II, in a bi-polar
way. Maintenance and regulation of the sister chromatid cohesion (SCC) is
performed by the cohesin protein complex. SCC plays a crucial role not only in
chromosome segregation, but also in DNA recombination repair, chromosome
structure organization and gene expression in eukaryotes [80, 81].

The cohesin complex contains four core subunits: two members of the
structural maintenance of chromosomes (SMC) protein family, named SMC1 and
SMC3; the a-kleisin sister chromatid cohesion protein 1 (SCC1) and the SCC3
subunit [80]. The four core subunits are organized in a ring-like structure which

holds the two sister chromatids together [82] (Figure 5).

Smc3 \b Sme1
Scc1
Scc3
Figure 5: The cohesin complex
Model for the architecture of the cohesin complex on chromatin (adapted from [83]). The
cohesin complex contains four core subunits: SMC1, SMC3, SCC1 and SCC3. According to
the “ring” model, cohesin mediates sister chromatid cohesion by topological embrace, i.e.,

a single cohesin ring encircles the replicated sister chromatids.
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The Arabidopsis genome encodes for single-copy genes of SMC1, SMC3 and

SCC3, which were identified in somatic and meiotic tissue [84, 85] and for four
kleisins genes: SYN1, SYN2, SYN3 and SYN4 also known as REC8, RAD21.1,
RAD21.2, and RAD21.3 [86]. Even though a certain level of redundancy has been
observed, the four complexes, which differ by the kleisin subunit, exert different
functions [86]. REC8 mediates cohesion exclusively during meiosis [79, 87, 88],
RAD21.1 and RAD21.3 are mainly expressed in meristematic tissues and are
predicted to represent mitotic cohesins [89], RAD21.2 is expressed in both somatic
and meiotic cells and has been described as enriched in the nucleolus, which
suggests an additional involvement in controlling rDNA structure and transcription
or in rRNA processing [90]. RAD21.2 seems especially relevant for reproduction,
since knockdown of RAD21.2 results in defects in chromosome synapsis and early
recombination [90, 91]. Four kleisin genes showing different functions in somatic
cells and during meiosis, were also reported for C. elegans [92, 93] and rice [94-
96], while in maize AFD1 was found to be the meiosis specific kleisin [97, 98].
In addition to the core components, three other proteins have been identified that
are associated with cohesin. Precocious dissociation of sisters protein 5 (Pds5),
which assists an acetylation of the SMC3 subunit and is needed to close the cohesin
ring [99], Wings apart-like protein (Wapl), a cohesin dissociation factor [100], and
a WAPL inhibitor, Sororin in vertebrates [101, 102] and SWITCH1/DYAD in
Arabidopsis [103].

Sister chromatid cohesion is released in a stepwise manner [3] (Figure 6).
To prevent a premature release of sister chromatid cohesion, at early meiosis
SWI1 is recruited to chromosomes by interacting with PDS5 proteins. The
maintenance of cohesion is ensured by the binding of SWI1 to PDSS5, thus
preventing a WAPL-PDS5 interaction. Later, SWI1 is released from chromatin by
CDKA;1-dependent phosphorylation and degraded, hence allowing the interaction
between WAPL and PDS5 and activating a removal pathway of cohesion. Cohesion
is removed on the one hand by the non-proteolytic action of WAPL but also
released by a separase-dependent proteolytic cleavage of the kleisin subunit REC8.
The endopeptidase separase recognizes phosphorylated REC8 as a target [104].
However, at anaphase I centromeric cohesin is largely protected by the Shugoshin-
PP2A complex, which binds and dephosphorylates cohesin, preventing its removal
[105, 106]. Additionally, another important protector of REC8, PATRONUS
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(PANS1) has been identified in plants, having a prominent role in guarding

centromere cohesion during interkinesis [107].
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Figure 6: Cohesion dynamics during meiosis

During interphase, cohesin rings are loaded and closed on chromosomes hence establishing
sister chromatid cohesion (SCC). During late prophase I, SCC is largely removed from the
chromosome arms by a WAPL-mediated non-proteolytic prophase pathway. At anaphase I
onset, the cohesin on chromosome arms is cleaved completely by Separase, which
recognizes phosphorylated REC8 as a target, while the centromeric cohesin is protected by
the Shugoshin-PP2A (Sgo-PP2A) complex. Patronus-PP2A (PANS1-PP2A) protect
centromeric cohesion in interkinesis; at anaphase II onset, the remaining cohesin at
centromeres is released by the cleavage of Separase, thus allowing the separation of sister
chromatids.

1.7 Cell cycle regulation

The meiotic sequence of two nuclear divisions without an intervening DNA
replication is a unique bending of the cell cycle rules, which usually ensure the
strict alternation of one replication and one division in mitotic cells. Other

exceptions to this typical cell cycle control are endomitosis and endoreplication,
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where several replications occur without chromosome segregation, leading to
cellular ploidy increase [108].

Hence, special events must exist to specify meiotic cells and to precisely control
the entry, the progression and the exit from the meiotic division program. How the
core cell cycle machinery is modified for the purpose of meiosis is not yet fully
understood. Interestingly, in spite of the differences in the kind of cell division,
mitosis and meiosis are mainly controlled by the same regulators, i.e., cyclins,
cyclin-dependent kinases (CDKs) and the anaphase-promoting
complex/cyclosome (APC/C), a conserved multi-subunit E3 ubiquitin ligase that
triggers the degradation of multiple substrates, including cyclins [109]. This
suggests a difference in the regulation of these control factors between mitosis
and meiosis [110].

In flowering plants meiotic cells are formed late during development. It has
been found that post-transcriptional regulation, i.e., at the RNA level, is important
for germ cell specification in Arabidopsis, maize and rice where small RNAs are
implicated in the repression of a germ cell fate in somatic tissues [111-113];
another example comes from rice, where the loss of MEIOSIS ARRESTED AT
LEPTOTENE 2 (MELZ2), which encodes for a protein with a RNA recognition motif,
results in failure of most meiocytes to enter the meiotic S phase [114]. However,
it is not yet understood how developmental regulators of meiotic cell fate initiate
the meiotic cell division program. Programming of meiosis already starts before or
during the meiotic S phase, as suggested by the observation that meiotic S phase
is much longer than an S phase preceding mitosis [115, 116].

Progression through the cell cycle has been found to rely on quantitative
and qualitative aspects of CDK-cyclin complexes [110, 117] (Figure 7). During
mitosis (Figure 7A), medium levels of CDK activity are required for the induction
of S phase and high levels are necessary to promote onset of M phase. The
oscillations in the activity of CDK-cyclin complexes not only define the different
phases, but also ensure a unidirectional progression in the cell cycle.

In plant meiosis (Figure 7B), during the extended meiotic prophase I, the
activity of CDK-cyclin complexes increases slowly until peaking at the onset of the
first division [110]. This activity drops when cyclins are degraded by the APC/C to
allow the segregation of homologous chromosomes at anaphase I [109]. The
transition from meiosis I to meiosis II through interkinesis requires a fine-tuning

of cyclin-CDK activity. The drop in activity is not complete, however, it must be
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low enough to allow spindle disassembly and exit from meiosis I, but high enough
to avoid complete exit from meiosis, allowing entry into the second division without
another round of DNA replication [110]. CDK-cyclin activity increases again at
meiosis II, followed by a complete abolishment of this activity by the APC/C that
allows sister chromatids to segregate to opposite poles [110]. The mechanisms
that ensure the entry into a second division must be turned off to avoid the entry

into a third division and ensure meiotic exit.
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Figure 7: Cell cycle regulation in mitosis a meiosis

Hypothetical activity levels of CDK and APC/C complexes during mitosis and meiosis
(adapted from [110]). Levels of CDK activity are depicted in black and putative threshold
for S phase in green and for M phase in red; levels of APC/C are depicted in violet.
Progression through mitosis is thought to rely on increasing levels of CDK activity. Medium
levels of CDK activity are required for the induction of S phase, and high levels are
necessary to promote M phase. In order to license the origins of replication for S phase,
CDK activity has to be low; this is largely accomplished by the activity of the APC/C that
mediates the degradation of cyclins at the end of mitosis and thus sets back CDK activity.
The APC/C is kept largely inactive until anaphase; this inhibition is released only if all
chromosomes are attached to the mitotic spindle (A). During meiotic prophase I, the
activity of CDK-cyclin complexes increases slowly until peaking at the onset of the first
division. The activity drops with the degradation of cyclins by the APC/C allowing the
segregation of homologous chromosomes at anaphase I. The transition from meiosis I to
meiosis II requires a fine-tuning of cyclin-CDK activity, with a partial reduction that has to
be low enough to allow spindle disassembly and exit from meiosis I, but high enough to
avoid complete exit from meiosis and entry into the second division without DNA
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replication. CDK-cyclin activity increases again at meiosis II, followed by a complete
abolishment of this activity by the APC/C that allow sister chromatids to segregate to
opposite poles (B).

Arabidopsis has at least five cell cycle controlling CDKs (CDKA;1, CDKB;1,
CDKB1;2, CDKB2;1 and CDKB2;2) and more than 50 cyclins [118, 119]. For full
activity CDKs require the binding of cyclin partners. CDKA;1 has been
characterized as the major cyclin-dependent kinase that drives mitotic and meiotic
progression in plants [48, 120]. Whereas several cyclins have been shown to play
a role during meiosis, the core cyclins that directly regulate meiotic progression
still remain to be fully identified.

According to their sequence similarity to animal cyclins, cyclins have been
classified as A-, B-, C-, D-, H-, and L-type cyclins. In Arabidopsis we find 41 A-
type, nine B-type and four D-type cyclins as well as SDS, an atypical meiosis-
specific cyclin that displays similarities with A- and B-type cyclins [118, 119, 121].
Cyclins contain a conserved 250-amino acid region called “cyclin core” [122],
which comprises the CDK-binding site. In addition, some cyclins contain a
Destruction box (D-box), which is involved in cyclin proteolysis by the ubiquitin-
dependent proteasome pathway [119, 123-125], or another motif called PEST
region, which is rich in Proline (P), Glutamic acid (E), Serine (S) and Threonine (T)
residues, and is a marker for unstable proteins [126]. The presence of these motifs
is consistent with cyclin function, which requires rapid degradation to terminate
CDK activity at a specific point during the cell cycle.

The first cyclins in Arabidopsis that were shown to have a meiotic function
are the A-type cyclin TAM, also called CYCA1;2, essential for the transition from
meiosis I to meiosis I [121, 127], SOLO DANCERS (SDS), whose mutation affects
pairing and recombination level [69, 73] and CYCB3;1, the only B-type cyclin that
was found to be expressed in meiosis, and specifically accumulated in metaphase
I and metaphase II localizing to the spindle [128]. Additionally, TDM1/MS5 (THREE
DIVISION MUTANT1/MALE STERILE 5) which is required for meiotic exit — tdm1
mutant fails to terminate meiosis after meiosis II and go through an aberrant third
division [129-131]. The turnover of cyclins is regulated by the APC/C and mutants
in an APC/C inhibitor protein called OMISSION OF SECOND DIVISION 1 (OSD1)/
GIGAS CELL (GIG) exit meiosis after the first division [132, 133].
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Research aim

Meiosis is a specialized cell division, essential for most reproducing organisms to
reduce the genome by half through two consecutive chromosome separation
events, thereby enabling the restoration of ploidy levels during fertilization.
However, despite of its importance, many crucial steps in meiosis are not well
understood yet.

In the first chapter of this dissertation, I investigated the regulation of the
chromosome axis in meiosis. The chromosome axis is a ubiquitous feature of
meiosis, important for homologous pairing, synapsis and recombination, hence it
is fundamental to meiosis. HORMA domain proteins are key components of the
chromosome axis, however, little is known about the mechanisms regulating their
ordered chromosomal assembly and disassembly during meiosis. Proteins from the
AAA+ ATPase family, such as PCH2, are well-known regulators of HORMADSs in
many organisms, however, so far, no direct interaction has been found between
PCH2 and the respective HORMAD substrates in any organism outside of budding
yeast. In this study, the identification and charachterisation of COMET as an
adaptor protein for PCH2 revealed a new regulatory mechanism for the meiotic
HORMAD ASY1 in Arabidopsis, providing new insight into a fundamental
mechanism of meiosis.

The aim of the study presented in the second chapter of this dissertation,
was the establishment of a live cell imaging technique to follow meiosis in living
maize meiocytes. Live cell imaging is a powerful approach to study the spatio-
temporal dynamics of cellular processes and events, such as meiosis. With respect
to plant meiosis, only few attempts have been conducted to date as meiosis has
been traditionally investigated by the analysis of fixed material, which, although
informative, can capture the cellular dynamics only to a small degree. My work
towards the establishment of a robust live cell imaging technique included the
generation of reporter lines highlighting hallmarks of meiosis and the identification
of suitable culturing and imaging condition for maize anthers. This sets the base
for investigating the dynamics of meiotic processes in maize and could ultimately
lead to crop improvement, e.g., through a better understanding of how to control

and modify recombination patterns.
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1 Introduction

1.1 The HORMA domain proteins

The HORMA domain was first identified through sequence similarity among three
functionally unrelated proteins in budding yeast: Hop1l, the meiotic chromosome
axis protein; Rev7, an accessory subunit of the translesion DNA polymerase ¢ and
the spindle assembly checkpoint (SAC) protein Mad2 (HORMA: Hopl/Rev7/Mad?2)
[1]. More recently, three additional HORMA domain proteins (HORMADs) have
been characterized: p31<°™t as a Mad2 regulator [2-7] and the autophagy factors
Atgl3 and Atg101 [8-10]. Despite the radically diverse tasks performed by the
different HORMADSs, the core function of the HORMA domain remains remarkably
constant, occupying key regulatory roles through the controlled assembly and

disassembly of protein complexes.

1.1.1 Mad2

Mad?2 is conserved in all eukaryotes studied so far and is the best-characterized
HORMA domain protein [11]. Through its HORMA domain, Mad2 plays a key role
in the SAC, a conserved surveillance system which monitors whether all
chromosomes are correctly attached via their kinetochore to the spindle to ensure
equal segregation of chromosomes in anaphase [12]. Mad2 contains a HORMA
domain that can adopt two different conformations: an inactive “open”
conformation (O-Mad2), and a “closed” conformation (C-Mad2) that binds short
peptide motifs, called closure motifs, in a binding partner [13].

At unattached kinetochore O-Mad2 is converted into the active C-Mad2
which can be incorporated into the mitotic checkpoint complex MCC [14], along
with BubR1, Bub3 and Cdc20 (Figure 1A). The MCC inhibits the Anaphase-
Promoting Complex/Cyclosome (APC/C), thus delays anaphase onset [11, 15-18].

Once all kinetochores are connected to microtubules and under tension, the
MCC is not assembled anymore, and in addition, the existing complexes are
disassembled, with Mad2 experiencing a conversion from the closed to the inactive
open state (Figure 1B).

These conformational changes in Mad2 are promoted by TRIP13/PCH2, a
member of the AAA+ ATPase protein family. Proteins of this family share a

common architecture with a N-terminal domain responsible for substrate
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recognition and an AAA+ ATPase module that typically assembles into a hexameric
ring. AAA+-ATPase proteins are involved in a wide range of cellular processes and
known to couple ATP binding and/or ATP hydrolysis to induce conformational
changes on target proteins [19-23]. In the SAC, this process requires the presence
of another protein, p31<°™, which directly binds to both Mad2 and TRIP13/PCH2
and acts as an adaptor to recruit TRIP13/PCH2 to Mad2 to promote its
conformational changes [4, 5, 7, 24-26].

A

P31 comet

J,"/ @ TRIP13

— APC/C

- dMa@ APC/C

SAC
|__, Attached §¥__, Unattached
. kinetochore kinetochore

Microtubules Chromosomes

Figure 1: P31<°m¢-TRIP13 mediated changes of HORMAD Mad2 affect MCC
assembly and disassembly

The joint action of p31<©™ and TRIP13 ensures a sufficient supply of O-Mad2,
which at unattached kinetochore is converted into the active C-Mad2 and

incorporated into the mitotic checkpoint complex (MCC), which inhibits the
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anaphase promoting complex/cyclosome (APC/C) (A). When all the kinetochores
are attached to microtubules, p31«™et binds C-Mad2 and serves as an adaptor for
TRIP13 to convert it into the inactive O-Mad2, which destabilizes the MCC, allows
SAC silencing and promotes APC/C activation (B).

1.1.2 The meiotic HORMADs

Meiotic HORMADs have been identified in yeast (Hop1l) [27], mammals (Hormad1
and Hormad?2) [19], C. elegans (HIM-3, HTP-1, HTP-2, and HTP-3) [28-30], rice
(PAIR2) [31] and in Arabidopsis (ASY1) [32] and shown to play an important role
in the tight regulation of chromosome axis assembly and disassembly. However,
despite their wide conservation and fundamental role, it is still largely unknown
how the HORMA domain proteins interact with each other to establish the meiotic
chromosome axis and to govern chromosome dynamics.

In C. elegans, HTP-3 is required for axis localization of the other meiotic
HORMADs [29, 33] which then associate with one another through binding of the
HORMA domain of one HORMAD to the closure motif in the C-terminal tail of
another HORMAD [34]. This results in a hierarchical assembly of HORMA domain
proteins, which are critical for the correct assembly of the chromosome axis,
formation of the SC, proper regulation of CO formation and the faithful segregation
of chromosomes in meiosis [34].

Like the four C. elegans proteins, the mammalian HORMADs harbor in their
C-terminal tail a sequence that can act as a closure motif, suggesting that the
HORMA domain-tail interactions are also conserved in mammals [34].

In S. cerevisiae, the meiotic HORMA domain protein Hop1l also possesses a
short, highly-conserved C-terminal region, whose disruption or mutation affects
its localization and spore viability [35, 36]. Moreover, the initial recruitment of
Hop1 to the meiotic chromosome axis requires its binding partner Red1, which also
contains a closure motif, thus it is mediated by HORMA domain-closure motif
interaction of Hop1l and Red1 [37]. Additional Hop1 recruitment to the axis is then
mediated by head-to-tail oligomerization of Hop1 [37].

Thus, the current model for meiotic HORMAD localization is that their HORMA
domains bind closure motif sequences within cohesin or cohesin-binding axis
proteins, like Redl, to mediate initial recruitment, followed by head-to-tail

assembly of larger complexes on chromosomes.
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With respect to plants, the meiotic HORMAD ASY1 in Arabidopsis also
possesses a closure motif at its C terminus. ASY1 tends to spontaneously fold in a
self-closed state, with the HORMA domain bound by its own closure motif [21, 38].
The chromosomal assembly is subsequent to an active conversion of ASY1 from
the self-closed state to a transient unlocked state at early prophase, which allows
the binding of the HORMA domain of ASY1 to the closure motif of ASY3. This gives
rise to a closed and stably axis-bound form of ASY1, which, differently from other
organisms, does not require a head-to-tail oligomerization for localization along
the axes [38].

During meiosis, the chromosomal localization of meiotic HORMADs is
dynamic: at early prophase they are recruited to and assembled on the axes,
where they localize along their entire length, and later they are largely removed
from the axes upon the formation of the SC. The removal of meiotic HORMADs
from chromosome axes at late prophase is catalyzed by PCH2/TRIP13 and has
been studied in different organisms [19-21, 38], however, the molecular
mechanism is poorly understood as no direct interaction was found between
PCH2/TRIP13 and the presumptive HORMAD substrates in any organisms studied
other than in S. cerevisiae [22]. In fact, only in yeast, Pch2 directly binds Hop1l
and thereby displaces it from the DNA restricting Hopl localization to specific
chromosomal regions and thus setting up a chromosomal organization that
promotes interhomolog repair at CO designation sites [22].

1.1.3 P31comet

P31cmet was initially identified in HeLa cells as a Mad2-interacting protein and
named Caught by MAD two (CMT2) [6]. CMT2 was renamed p31“°™t because of
its comet tail-like localization pattern during mitosis.

In humans, p31%°™e acts to monitor the spindle checkpoint as an interacting
partner of Mad2 and mediates the interaction between this HORMA domain protein
and the remodeler TRIP13 [2-5, 7, 24, 39, 40]. In fact, the joint action of p31cmet
and TRIP13 in the SAC ensures, first, a sufficient supply of O-Mad2 by
counteracting the spontaneous O-Mad2 to C-Mad2 conversion — which would result
in an “empty” C-Mad2 which cannot bind Cdc20 by itself [41] -, thus promoting
MCC assembly and maintaining the SAC active [7, 39]. Second, when the SAC is
satisfied and the MCC needs to be disassembled, p31<™t recognizes C-Mad2 and

serves as an adaptor for TRIP13 to convert Mad2 into the inactive open
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conformation, which destabilizes the MCC, unleashes Cdc20 and allows SAC
silencing, thus APC/C activation and anaphase onset (Figure 1) [4, 5, 7, 24, 39,
40].

Interestingly, the meiotic HORMADs seem to recapitulate Mad2 dynamics as
their dynamic chromosomal localization was recently found to be dependent on
conformational changes in different organisms [34, 37, 38]. In particular, in
Arabidopsis, ASY1 loading onto chromosomes and subsequent removal rely on the
conversion from a closed state into an, albeit transient, open state [38].
Remarkably, these conformational changes are mediated by PCH2, but the
mechanism remains elusive.

Recently, the ortholog of p31%®met was identified in rice: P31™ mutant
plants were sterile, thus suggesting for a meiotic function of p31©°™etas well [42].

These observations led to the hypothesis whether p31<°™et could possibly
mediate the interaction between PCH2 and the meiotic HORMADs.

Hence, in this study, I investigated the presence of a p31«™t-|ike adaptor protein

in Arabidopsis and characterized its function at a molecular level.

47



2 Results

2.1 Generation of a comet mutant in Arabidopsis

To identify a p31%©™ homolog in Arabidopsis, we performed reciprocal BLAST
searches with NCBI's BLASTp tool using the human and rice p31%®™ protein
sequences as initial queries. This search delivered a candidate protein (At1g03180)
of 265 amino acids that shares 22%/39% and 44%/63% identity/similarity with

the human and rice p31<°™t proteins, respectively (Figure 2A).
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Figure 2: Identification of COMET in Arabidopsis thaliana

Alignment of full-length protein sequence of p31®™t (Homo sapiens), P31%°™ (Oryza
sativa) and COMET (Arabidopsis thaliana). The alignment was done with Clustal Omega

48



[43]; conserved residues are highlighted (A). Secondary structure prediction of the COMET
HORMA domain based on the known structure of the human p31<©met ysing the Phyre2

protein structure prediction server (B).

The Phyre2 algorithm [44] predicted for At1g03180 a structure similar to the
human p31<©mt (PDB code: c2qyfD, 100% confidence and 71% coverage),
indicating that At1g03180 adopts a HORMA domain-like fold, which occupies the
largest part of the protein (Figure 2B) [3, 14]. Thus, we named At1g03180
COMET.

To investigate the function of COMET in Arabidopsis, we generated a mutant using
the CRISPR/Cas9 system. Cas9 was targeted to the fourth exon of the COMET
gene by a single guide-RNA of 20 bases (Figure 3A). A T2 plant devoid of Cas9
was recovered that had one nucleotide (Thymine) insertion in the fourth exon at
544bp of the coding sequence of COMET (Figure 3B and 3C). This insertion leads
to a frame shift and a premature stop codon (TAA) at 634bp of the coding sequence
disrupting the translation of the HORMA domain after amino acid 211 and thus
leading very likely to the complete loss of COMET function (Figure 3D).

First, we performed a root growth assay and tested the behavior of
homozygous comet-1 seedlings on media containing the microtubule-destabilizing
drug oryzalin to address a possible function of COMET in the mitotic SAC,
considering that the SAC is especially important for plant growth under
microtubule-destabilizing conditions [45], and consistent with the expression atlas
on The Arabidopsis Information Resource (TAIR) website for COMET. The mad2
mutants were used as a positive control. Our assay revealed that while mad2
mutants (n=39 seedlings analyzed) showed hypersensitivity to the oryzalin
treatment, the root growth of comet-1 (n=39 seedlings analyzed) on oryzalin-
containing media was indistinguishable from the wildtype (n=39 seedlings
analyzed), suggesting that COMET does not play a crucial role in the SAC in
Arabidopsis (Figure 3E and 3F).
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Figure 3: Generation of comet-1 mutants by CRISPR/Cas9 and root growth assay
COMET sequence of the fourth exon, the 20 nt target sequence (protospacer) used as the
guide RNA (highlighted in blue) and the 3 nt protospacer-adjacent motif (PAM; highlighted
in yellow) are indicated. The comet-1 mutation harbors one nucleotide (T) insertion
(highlighted in red) at the position of three base pairs upstream of the PAM (A). Schematic
representation of the COMET gene. Boxes correspond to exons, bars to introns; the red
arrowhead indicates the position of the T insertion (B). The presence of the targeted
CRISPR edit (T insertion) was confirmed by DNA sequencing (C). Prediction of the
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secondary structure of wild-type and mutant COMET protein using the Phyre2 protein
structure prediction server. The T-insertion leads to a frameshift and thus a premature
stop codon (D). Five-day-old seedlings of wildtype, mad2 and comet-1 grown on plates
without and with 100, 150 and 200 nM oryzalin; mad2 is used as positive control. Bar 1
cm (A). Quantification of the root growth assay shown in (E) (F); data are represented as
the mean value + standard deviation (SD) of wild-type (n=39), mad2 (n=39) and comet-
1 (n=39) seedlings. Level of significance is indicated by different letters and it was
determined by one-way ANOVA followed by Tukey-Kramer test for each growth condition.
The figures 3E and 3F are made with the data kindly provided by Dr. Shinichiro Komaki.

Moreover, the vegetative growth of comet-1 plants was indistinguishable from the
wildtype (Figure 4A). However, the mutants displayed reduced fertility. While we
only found on average 0.2 aborted seeds per silique in the wildtype (n=15 siliques
analyzed), homozygous comet-1 mutants showed with 24.5 a significantly larger
number of aborted seeds per silique (n=50 siliques analyzed; p<0.001) (Figure
4B and 4E). Additionally, in comet-1 mutants, 9.7% of pollen grains (from n=9
flowers; 2675 pollen grains analyzed) were dead compared to 1.1% in the wildtype
(from n=9 flowers; 4058 pollen grains analyzed) as revealed by Peterson staining
(p<0.001) (Figure 4C and 4F). Since heterozygous comet-1 mutant plants
(referred to as comet-1 (+/-)) did not show any reduction in fertility compared to
wild-type plants, neither in the seed set (n=25 siliques analyzed) (Figure 4H and
4]) nor in pollen viability (from n=9 flowers) (Figure 4I and 4K), we conclude
that these defects have a sporophytic, e.g., meiotic, and not a gametophytic origin.

Further examination of the fertility defects was conducted by performing
reciprocal crosses between wild-type and homozygous comet-1 plants. We used
pollen form homozygous comet-1 mutant plants to pollinate wild-type pistils and
we found a slightly reduced seed set (n=24 siliques analyzed; p<0.05) from this
cross, compared to the pollination of wild-type plants with wild-type pollen (n=24
siliques analyzed) (Figure 4D and 4G). This suggests that some mutant pollen is
able to reach the female reproductive organs and causes post-fertilization defects
leading to seed abortion.

In the cross between comet-1 and wild-type plants, where wild-type pollen
was used to pollinate homozygous comet-1 pistils, we found a significantly larger
reduction in the number of seeds per silique (n=25 siliques analyzed; p<0.001)
compared to the wild-type control crosses. Notably, the abortion rate in this cross
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is similar to what we observed when homozygous comet-1 plants were pollinated
with pollen from homozygous comet-1 mutants (n=24 silique analyzed) consistent
with the relatively low reduction in fertility through pollen from comet-1 mutants
(Figure 4D and 4G). Taken together, these results suggest that in comet-1
mutants both male and female fertility is affected.
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Figure 4: Mutants in COMET-1 have fertility defects
Main inflorescence of wild-type and comet-1 mutant plants. Bars 1 cm (A). Open siliques
of wild-type and comet-1 plants, red arrowheads indicate aborted seeds. Bars 1 mm (B).
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Peterson staining of pollen of wild-type and comet-1 plants, black arrowheads indicate
aborted pollen. Bars 50 pm (C). Open siliques of reciprocal crosses between wild-type and
comet-1 plants, red arrowheads indicate aborted seeds. Bars 1 mm (D). Quantification of
seed set per silique (E); data are represented as the mean value + standard deviation (SD)
of plump and aborted seeds in the wildtype (n=15 siliques analyzed) and in comet-1 (n=50
siliqgues analyzed). Quantification of pollen viability (F); data are represented as the
percentage values of viable and aborted pollen grains counted for wild-type (from n=9
flowers) and comet-1 plants (from n=9 flowers). Quantification of seed set per silique (G);
data are represented as the mean value + standard deviation (SD) of plump seeds in the
siliques resulting from the pollination of wild-type plants with wild-type pollen (n=24
siliques analyzed), wild-type plants with comet-1 pollen (n=24 siliques analyzed), comet-
1 plants with wild-type pollen (n=25 siliques analyzed) and comet-1 plants with comet-1
pollen (n=24 siliques analyzed). Open siliques of wild-type and heterozygous comet-1
plants (referred to as comet-1(+/-)). Bars 1 mm (H). Peterson staining of pollen of wild-
type and heterozygous comet-1 plants (referred to as comet-1(+/-)). Bars 50 pm (I).
Quantification of seed set per silique (J); data are represented as the mean value *
standard deviation (SD) of plump seeds in the wildtype (n=25 siliques analyzed) and in
comet-1(+/-) (n=25 siliques analyzed). Quantification of pollen viability (K); data are
represented as the percentage values of viable and aborted pollen grains counted for wild-
type (from n=9 flowers) and comet-1(+/-) plants (from n=9 flowers). Level of significance
is determined by Student’s t-test (*p< 0.05; *** p<0.001; n.s. depicts no significant
difference).

To verify whether these fertility defects resulted from the mutation in COMET, four
additional CRISPR/Cas9 alleles were generated (referred to as comet-2, comet-3,
comet-4, and comet-5). Cas9 was targeted to the first exon of the COMET gene
by a single guide-RNA of 20 bases (Figure 5A). These CRISPR edits lead to
premature stop codons at the end of the first exon preventing the translation of
the entire HORMA domain (Figure 5B and 5C). As on the TAIR website several
putative splice variants are annotated for COMET, we made sure in the generation
of the 5 different mutant alleles to target a genomic region which is transcribed in
all splice variants. All mutant lines resembled the phenotype of the comet-1 plants,
i.e., reduced fertility with a significantly larger number of aborted seeds and

aborted pollen grains than the wildtype (Figure 5D, 5E and 5F).
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Figure 5: Four additional comet CRISPR/Cas9 alleles show reduced fertility

COMET sequence of the first exon, the 20 nt target sequence (protospacer) used as the
guide RNA (highlighted in blue) and the 3 nt protospacer-adjacent motif (PAM; highlighted
in yellow) are indicated. The CRISPR edit is highlighted in red for each allele (comet-2,
comet-3, comet-4 and comet-5). Prediction of the secondary structure of COMET in
wildtype and in the four different comet mutants using the Phyre2 protein structure
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prediction server (B). These mutations change the protein sequences (red frame) and lead
to premature stop codons (B). Schematic representation of COMET gene. Boxes correspond
to exons, bars to introns; the red arrowhead indicates the position of the CRISPR edits (C).
Open siliques of wild-type and comet-2, comet-3, comet-4 and comet-5 plants, red
arrowheads indicate aborted seeds. Bar 1 mm (D). Quantification of seed set per silique
(E); data are represented as the mean value + standard deviation (SD) of plump and
aborted seeds in the wildtype (n=15 siliques analyzed), comet-2, comet-3, comet-4 and
comet-5 mutants (n=25 siliques analyzed per each line). Quantification of pollen viability
(F); data are represented as the percentage values of viable and aborted pollen grains
counted for wildtype (from n=9 flowers), comet-2, comet-3, comet-4 and comet-5 mutants
(from n=9 flowers per each line). Level of significance between the wildtype and each
comet mutant is determined by Student’s t-test (p<0.001 ***), The figures 5D, 5E and 5F
are made with the data kindly provided by Jordan Brun.

In addition, homozygous comet-1 plants were transformed with a 5.2 kb
fragment spanning the COMET genomic region in which the ORF of GFP was
introduced at the N- or C-terminus of COMET. However, the N-terminal fusion did
not produce a GFP signal in planta and the C-terminal fusion did not rescue the
comet-1 mutant phenotype (data not shown). Hence, we introduced GFP at two
internal positions, which were predicted to have no ordered secondary structures
(Figure 3D), i.e., after amino acid 73 and 154 with respect to the COMET protein.
The expression of the COMET version with the insertion at amino acid 73 also did
not complement the comet-1 mutant phenotype.

Only the insertion at amino acid 154 (called COMET:GFP) turned out to be
fully functional, suggesting that COMET is a single-domain protein sensible to
structural perturbation; the resulting transgenic plants harboring this construct
were fully fertile corroborating that the mutant phenotype was due to a defective
COMET gene (Figure 6).

All further experiments were performed using comet-1 as the representative

mutant allele, which we refer to in following as comet.
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Figure 6: COMET:GFP is fully functional

Main inflorescence of wildtype and three independent COMET:GFP reporter lines in
homozygous comet background. Bars 1 cm (A). Open siliques of wildtype and three
independent COMET:GFP reporter lines. Bar 1 mm (B). Peterson staining of pollen from
wildtype and three independent COMET:GFP lines. Bar 50 um (C). Quantification of plump
seed in the wildtype (n=15 siliques analyzed) and the three independent COMET:GFP
reporter lines (n=25 siliques analyzed per line) (D); data are represented as the mean
value + standard deviation (SD). Quantification of pollen viability (n=9 flowers per line)
(E); data are represented as the percentage values of viable and aborted pollen grains
counted for wildtype (from n=9 flowers) and the three independent COMET:GFP reporter
lines (from n=9 flowers per line). Level of significance (p<0.05 *; p<0.01 **; p<0.001
**%) is determined by the one-way ANOVA followed by Tukey’s test.
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2.2 Loss of COMET leads to defective synapsis and reduced CO

number

The reduced fertility of comet plants together with a previously reported role in
meiosis of the COMET homolog in rice [42], prompted us to analyze male meiosis
in comet mutants by chromosome spreading of pollen mother cells (PMCs). During
the first meiotic division in the wildtype (Figure 7A), chromosomes start to
condense during early prophase I, the formation of the SC is initiated at zygotene,
and at pachytene, homologous chromosomes appear as a thick thread-like
structure indicative of full synapsis. The SC is then disassembled during diplotene
and homologs separate, remaining connected through chiasmata. Subsequently,
chromosomes fully condense and compacted bivalents become visible at diakinesis
before they align in the metaphase plate prior to segregation.

In contrast, although synapsis was initiated at zygotene, pachytene stages
were not observed in male meiocytes of comet mutants (n=30). Instead, comet
meiocytes at pachytene-like stages showed only partial synapsis and non-
synapsed regions, where the chromosome axes were juxtaposed (Figure 7B and
7C).

To verify this, we introduced a previously generated functional reporter
construct PROzvpig: ZYP1B:GFP, a component of the central region of the SC, in
comet mutants and combined it with a functional reporter PROasy3:ASY3:RFP, an
axis core protein [46]. In wild-type meiocytes, the ZYP1B signal is detectable at
zygotene when it starts to appear in several small nucleation sites and becomes
linear with the progression of synapsis, labeling the entire chromosome axis in
pachytene (Figure 8A). In comet meiocytes, the ZYP1B signal is first detectable
at zygotene similarly as in the wildtype as small foci, however, pachytene-like
meiocytes never show a linear ZYP1B signal labeling whole chromosomes (Figure
8B), suggesting that synapsis is hindered in comet mutants. Compromised
synapsis was further confirmed by immunolocalization of ZYP1 (Figure 8C and
8D).
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Figure 7: Mutants in COMET show defective chromosome behavior in meiosis
Chromosome behavior of pollen mother cells (PMCs) in wildtype (A) and comet (B). Green
arrowheads indicate synapsed chromosomes at zygotene and pachytene-like stages,
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yellow arrowheads point at unsynapsed chromosomes and blue arrowheads at pairing
defects in comet. Magenta arrowheads indicate univalents (B). Close-up of pachytene-like
meiocytes in comet (C). Representative picture of chromosomes at metaphase I in wild-
type and comet meiocytes (D). Blue asterisks depict bivalents bound by a chiasma in one
arm only (rod-like shape) and yellow asterisks depict bivalents with both arms bound by
chiasmata (ring-like shape), in both wild-type and comet meiocytes; pink asterisks depict
univalents in comet meiocytes (D). Quantification of the minimum number of COs in wild-
type (n=78 cells) and comet meiocytes (n=71 cells) (E). Quantification of defects in
chromosome segregation during first and second meiotic division; data are represented as
the percentage of occurrence of balanced and unbalanced pool of chromosomes during
both the first meiotic division in the wildtype (n=71 cells) and comet (n=135 cells) and the
second meiotic division in the wildtype (n=34 cells) and comet (n=54 cells) (F). Bars:
5 pym. Level of significance is determined by Student’s t-test (*** p<0.001).
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Figure 8: Mutants in COMET have defective synapsis
Confocal laser scanning micrographs of co-localization of ASY3 and ZYP1B in wild-type (A)

and comet (B) meiocytes at leptotene, =zygotene and pachytene stages.
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Immunolocalization of ZYP1 in wild-type (C) and comet (D) meiocytes at zygotene and
pachytene stages. Bars: 5 um. The figures 8C and 8D are made with the data kindly
provided by Dr. Chao Yang.

Next, we estimated the minimum number of COs in wild-type (n=78) and
comet meiocytes (n=71). We analyzed cells at metaphase I of spread
chromosomes and recorded the number of chiasmata, the cytological
manifestation of COs. At this stage, bivalents can be connected by a chiasma in
one arm only giving rise to a rod-like shape (Figure 7D blue asterisks) or have
both arms bound by chiasmata resulting in a ring-like configuration (Figure 7D
yellow asterisks); univalents are chromosomes without any chiasma (Figure 7D
pink asterisks).

In wild-type male meiocytes, five bivalents were observed with an average
minimum number of COs of 8.5 (Figure 7E). In contrast, in comet male
meiocytes, univalents were observed in 29 out of 71 cells and the average
minimum number of COs was significantly reduced to 6.3 (p<0.001) (Figure 7E).

In the wildtype, meiosis progresses with the segregation of homologs after
metaphase I, giving rise to two pools of five chromosomes separated by an
organellar band, and subsequently with the segregation of sister chromatids
leading to the formation of four haploid nuclei at the end of the second meiotic
division (Figure 7A). In comet meiocytes, we observed defects in segregation,
i.e., the formation of unbalanced pools of chromosomes at the end of the first
meiotic division (27 cells out of 135) and the second meiotic division (23 cells out
of 54) as expected for mutants with defective CO formation (Figure 7B and 7F).
This unbalanced segregation presumably leads to the formation of aneuploid pollen
grains and is hence likely the reason for the observed dead pollen as described
above and occasionally to aborted seeds if a mutant pollen grain survives.

The results of our chromosome spread analysis are consistent with previous
work in rice that has implicated P31%°™ in homolog pairing and synapsis [42].
Notably, in p31%™e mutants in rice, no DSBs are formed and p31%®™ mutants
suppress the fragmentation defects seen in mutants of RAD51C, which encodes
for a recombinase that binds to DSB sites and is needed for DSB repair. To test
whether this is also the case in Arabidopsis, we performed immuno-localization
studies of RAD51, an interactor of RAD51C, involved in DSB repair, that localizes
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to DSB sites. In contrast to rice, we found that the localization pattern of RAD51
is indistinguishable from that of the wildtype suggesting that DSB formation is not
compromised in comet mutants (108 + 19.2 RAD51-positive foci, n=8 comet
meiocytes analyzed versus 112.4 + 11 RADS51-positive foci, n=7 wild-type
meiocytes; p=0.62) (Figure 9A and 9B).
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Figure 9: DSB formation is not compromised in comet

Immunolocalization of RAD51 in wild-type and comet meiocytes at leptotene stage
(A). Quantification of RAD51-positive foci in wild-type (n=7) and comet (n=8) meiocytes;
data are represented as the mean value + standard deviation (SD) (B). Main inflorescence
of wildtype, rad51c and comet rad51c double mutant. Bars 1 cm (C). Meiotic chromosome
behaviors of pollen mother cells (PMCs) in wildtype, rad51c and comet rad51c double
mutant at metaphase I, anaphase I and metaphase II. Bars: 5 um. Level of significance is
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determined by Student’s t-test; n.s. depicts no significant difference. The figures 9A and
9B are made with the data kindly provided by Dr. Chao Yang.

To further test DSB formation in comet, we constructed a comet rad51c
double mutant, which was highly sterile resembling the fertility defect of rad51c
single mutants (Figure 9C) [47]. Next, we analyzed the meiotic chromosome
behavior of the comet rad51c double mutant in comparison to the wildtype and
rad51c by chromosome spreads (Figure 9D). While in wild-type meiosis, five
bivalents are visible at metaphase I and thereafter homologs segregate at
anaphase I (see also above), rad51c is characterized by the presence of numerous
chromosome fragments due to unrepaired DSBs (Figure 9D). Matching the
sterility of the double mutant, comet rad5ic plants exhibit chromosome
fragmentation to a similar extent as rad51c.

Taken together, loss of COMET cannot suppress the defects of chromosome
fragmentation in rad51c mutants. The difference in the mutant phenotype of comet
between rice and Arabidopsis suggests that COMET plays different roles in different

species and/or that the function of COMET is not completely understood yet.

2.3 Chromosome axis remodeling is affected in comet

To unravel what causes the defective synapsis and reduced chiasma frequency in
comet mutants, we analyzed the formation of the chromosome axis, which plays
pivotal roles in homolog interactions [48, 49]. To assess axis formation, we
introduced the previously generated functional reporter constructs for different
components of the chromosome axis, i.e., PROrecs:REC8:GFP, as a member of the
cohesin complex, PROasy3:ASY3:RFP, as an axis core protein and
PROasy1:ASY1:GFP, as a meiotic HORMA domain protein, into comet mutants [21,
46, 50].

Whereas REC8 and ASY3 showed a localization pattern that was
indistinguishable from the wildtype (Figure 10A and 10B; Figure 10C and 10D,
respectively), several deviations from the wildtype were observed with respect to
the accumulation of ASY1 in comet (Figure 11).
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Figure 10: The localization of the chromosome axis components REC8 and ASY3
is not affected in comet

Confocal laser scanning micrographs of RECS8 in wild-type (A) and comet (B) meiocytes at
leptotene, zygotene and pachytene stages. Confocal laser scanning micrographs of ASY3
in wild-type (C) and comet (D) meiocytes at leptotene, zygotene and pachytene stages.
Bars: 5 pm.

First, while ASY1 in the wildtype strictly accumulates in nuclei and decorates all
chromosomes of male meiocytes from leptotene to pachytene (Figure 11A), ASY1
was present in both the cytoplasm and on chromosomes in comet mutants (Figure
11B), revealing a role of COMET in regulating the nuclear targeting of ASY1.
Second, we also found differences in ASY1 localization with respect to its
chromosome association. In the wildtype, ASY1 is targeted to the nucleus at early
prophase I and is then progressively removed from the synapsed axes (Figure
11A, white arrowheads), starting at zygotene and with the removal process being
completed by pachytene, as revealed by the accumulation of a nucleoplasmic
diffused signal indicative of the removal of ASY1 from the chromosome axis. In
contrast, although a partial nuclear targeting of ASY1 could be observed in comet
mutants, its dynamic localization pattern, i.e., the late removal from
chromosomes, was clearly affected (Figure 11B). This was confirmed by co-
immunolocalization experiments using antibodies against ASY1 and ZYP1 (Figure
11C and 11D, please note that the ASY1 signal is now depicted in magenta while

the ZYP1 signal is shown in green).
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Figure 11: Chromosome axis remodeling is affected in comet
Confocal laser scanning micrographs of co-localization of ASY1 and ASY3 in wild-type (A)

and comet (B) meiocytes at leptotene, zygotene and pachytene stages. White arrowheads
indicate chromosome axis region depleted of ASY1. Co-immunolocalization of ASY1 and
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ZYP1 in wild-type (C) and comet (D) meiocytes at leptotene, zygotene and pachytene
stages. Close-up of regions highlighted in the dashed white boxes shown in (C) and (D)
for the wildtype and comet; white and yellow arrowheads indicate the non-synapsed and
synapsed chromosome axes, respectively (E). Quantification of ASY1 fluorescence intensity
on synapsed and non-synapsed regions; data are represented as the ratio between ASY1
fluorescence intensity on synapsed and non-synapsed regions in wild-type (n=9) and
comet (n=9) meiocytes (H). Level of significance is determined by Student’s t-test (***
p<0.001). Bars: 5 um. The figures 11C, 11D and 11E are made with the data kindly
provided by Dr. Chao Yang.

In the wildtype, the removal of ASY1 from the synapsed chromosome
regions leads to a large difference in ASY1 signal intensities between the synapsed
and the non-synapsed regions (Figure 11C and 11E, yellow and white
arrowheads respectively). In contrast, the ASY1 signal appeared not reduced on
the synapsed regions compared to the non-synapsed domains at pachytene-like
stage in comet meiocytes (Figure 11D and 11E, yellow and white arrowheads
respectively).

To further investigate this aspect, we quantified the ASY1 fluorescence
intensity at synapsed and non-synapsed regions and calculated the relative ratio,
in wild-type (n=9) and comet meiocytes (n=9). While the ASY1 signal intensity on
synapsed regions was lower than at the non-synapsed regions in wild-type
meiocytes, the signal intensity at synapsed chromosomes appeared even stronger
than at non-synapsed regions in comet meiocytes (Figure 11F). This suggests
that COMET is required for ASY1 removal from the chromosome axis.

The alterations in the localization dynamics of ASY1 observed in comet
mutants plus the defective synapsis and chiasma formation are reminiscent of the
meiotic phenotypes induced by the loss of PCH2 [20], giving rise to the hypothesis
that COMET functions in the same pathway as PCH2. To explore this possibility,
we first determined the subcellular localization of COMET during meiosis. To this
end, the functional PROcomer: COMET:GFP reporter line was combined with plants
containing the chromosome axis marker PROasy3:ASY3:RFP that is expressed
during prophase I and can be used for staging of meiosis. Observing these two
reporters simultaneously by confocal microscopy, we found that COMET
accumulated in both the cytoplasm and nucleus of male meiocytes, supporting the
finding that COMET regulates ASY1 in both cell compartments (Figure 12A).
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Specifically, in nuclei of male meiocytes, COMET formed numerous dot-like signals
at leptotene that co-localized with the ASY3 thread-like signal, suggesting that
COMET was recruited onto the axes at early meiosis. As meiosis progressed, the
COMET signal increased and became more linear along with the ASY3 axial signal
at zygotene. At pachytene, the COMET signal fully overlapped with the thicker
thread-like ASY3 signal highlighting the paired axes.

This localization pattern largely resembled the distribution of PCH2 as revealed
here (Figure 12B) and reported previously [21], i.e., both COMET and PCH2
accumulate in the cytoplasm and in the nucleus and at late stages of prophase I
both are present on the synapsed chromosomes.

A WT B WT

Leptotene Zygotene Pachytene Leptotene Zygotene Pachytene

COMET

ASY3
ASY3 PCH2

Merge

Merge

Figure 12: COMET and PCH2 accumulate in the cytoplasm and in the nucleus
during prophase I

Confocal laser scanning micrographs of COMET and ASY3 (A) and PCH2 and ASY3 (B) in
wild-type meiocytes at leptotene, zygotene and pachytene stages. Bars: 5 pm.

The similarities between COMET and PCH2 were further supported by the
analysis of the localization of a mutant of ASY1 protein in which two presumptive
CDK phosphorylation sites are mutated into non-phosphorylatable amino acids
(ASY1T142ViT184V: GFP), These mutations result in a reduced affinity of ASY1 to ASY3
and hence resulted in a failure of ASY1 to localize on the axes in wild-type

meiocytes (Figure 13A) [21]. We previously found that the chromosome
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association of ASY1Ti42ViTi84V:GFP was largely restored in the absence of PCH2
(Figure 13C) [21]. Remarkably, its chromosome association was also recovered
in comet mutants supporting that COMET also plays a role in regulating the
chromosomal assembly of ASY1 at early prophase I (Figure 13B).

Finally, we constructed the double mutant comet pch2 and found that ASY1
dynamics in male meiocytes was indistinguishable between the double mutant
(Figure 13E) and both single mutants (Figure 11B and 13D). Taken together,
these data suggest that COMET and PCH2 function in the same pathway with
regard to the regulation of ASY1 dynamics.
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Figure 13: COMET regulates ASY1 chromosome association together with PCH2

Confocal laser scanning micrographs of the non-phosphorylatable ASY1T142ViT184V and ASY3
in wild-type (A), comet (B), and pch2 asy1 (C) meiocytes at leptotene and zygotene stages.
Confocal laser scanning micrographs of co-localization of ASY1 and ASY3 in pch2 (D) and
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comet pch2 double mutants (E) meiocytes at leptotene, zygotene and pachytene stages.
Bars: 5 pm.

2.4 COMET functions as a cofactor for the action of PCH2

Given the function of p31®™e in SAC signaling and the results described in the
previous section, we next asked whether COMET could mediate the interaction
between PCH2 and ASY1. To address this, we tested their interaction in a Yeast-
2-Hybrid (Y2H) assay (Figure 14).

Consistent with previous reports, we could not detect any interaction
between PCH2 and ASY1f- as well as its N- and C-terminal domains (ASY11-3% or
ASY1301-593) (Figure 14A). However, when we tested for interaction between
COMET and ASY1 and COMET and PCH2, we found that COMET' strongly interacts
with PCH2f- and ASY1™ (Figure 14B). We next asked which domain of ASY1 is
involved in the interaction with COMET. COMET™ interacts with ASY113%, which
contains the HORMA domain, but not with ASY13%1-5%3 jn which the HORMA domain
is missing (Figure 14C). Since we found that yeast cells harboring COMET™ and
ASY11-200 or ASY11-190 did not grow as a sign of lacking interaction, we conclude
that the entire N-terminal HORMA domain of ASY1 is necessary for the interaction
with COMET (Figure 14C).

Conversely, we asked whether there is a specific domain in COMET
responsible for HORMA recognition. However, since we did not find evidence for
an interaction between COMET?!1>° or COMET!>1-265 with ASY1!-3% in our Y2H assay,
we conclude that the entire or at least large parts of the COMET protein are needed
for the interaction with ASY1 consistent with the predication that COMET is a
single-domain protein (Figure 14C).

Next, we dissected the COMET-PCH2 interaction and found that COMET™
only interacted with PCH2'130 and not with PCH2!31-467, Interestingly, both the N-
and the C-terminal part of COMET, COMET!*>° and COMET!"1-265  interacted with
PCH2130 " possibly arguing for two interaction interfaces between these two
proteins (Figure 14D).

The interaction of COMET with ASY1 and PCH2 was further investigated by
Ni2* pull-down assay using recombinant proteins purified from E. coli (Figure 14).
To this end, we used a GST fusion to COMET, a His-MBP fusion to ASY1 and two
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independent fusions of PCH2, one to a His-tag and one to a His-MBP tag, revealing
that COMET can directly interact with ASY1 and PCH?2.
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Figure 14: COMET interacts with both PCH2 and ASY1

Yeast Two-Hybrid interaction assay between PCH2 and ASY1 (A), COMET, PCH2 and ASY1
(B), COMET and ASY1 (C), COMET and PCH2 (D). Full length (FL) and truncated versions
of the relevant proteins were used for the assay. Monomeric GFP (mGFP) was used as a
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negative control. Yeasts were spotted on SD plates without leucine and tryptophan (L/W)
as growth control and on plates without leucine, tryptophan, and histidine (L/W/H) for
interaction evaluation. Ni?* pull down assay of COMET with PCH2 and ASY1 (E). The input
and pull-down fractions were analyzed by immuno-blotting with the anti-GST (COMET),
anti-His (PCH2 and ASY1l) and anti-MBP (PCH2) antibodies. The results shown are
representative of two independent experiments. The figure 14 is made with the data kindly
provided by Dr. Chao Yang.

Finally, to explore the functional relevance of these interactions in planta,
we investigated the localization pattern of COMET in pch2 and PCH2 in comet as
well as the accumulation pattern of both proteins in asyl mutants (Figure 15).
To this end, we used the functional reporter for COMET described here and a
previously generated functional reporter for PCH2 [21] and combined them with
ASY3:RFP for staging. In early prophase I of the wildtype, PCH2 starts to
accumulate in the cytoplasm and in the nucleus, where it associates with the
chromosome axis on the synapsed areas from zygotene stage onwards (Figure
12B). When we analyzed the localization of COMET and PCH2 in asy1 mutants, we
found that the association of both proteins with the chromosome axis, labeled by
ASY3:RFP, is abolished in this mutant (Figure 15B and 15D).

Next, we asked whether COMET localization would be affected in pch2

mutants and vice versa. COMET properly localized and associated with the
chromosome axis in pch2 mutants indistinguishably from the wildtype, as shown
by the co-localization of ASY3, which labels the chromosome axis (Figure 15A;
please note the localization of COMET and ASY3 in wild-type meiocytes in Figure
12A). Strikingly, PCH2 localization was severely affected in comet mutants, and
only short stretches of the chromosome axis were decorated by PCH2 in pachytene
(Figure 15C).
These results are consistent with the idea that COMET serves as an adaptor protein
that mediates PCH2 and ASY1 interaction during prophase I. Moreover, these
localization patterns suggested a hierarchical organization, i.e., COMET first binds
to ASY1 and then PCH2 is recruited to the axis via interaction with COMET.
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Figure 15: Mutual dependency of COMET, PCH2 and ASY1 localization

Confocal laser scanning micrographs of COMET and ASY3 in pch2 (A) and asyl (B)
meiocytes at leptotene, zygotene and pachytene stages. Confocal laser scanning
micrographs of PCH2 and ASY3 in comet (C) and asy1 (D) meiocytes at leptotene, zygotene
and pachytene stages. (Please note the localization of COMET and ASY3 and PCH2 and
ASY3 in wild-type meiocytes in Figure 12). Bars: 5 ym.
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3 Discussion

During cell division, many macromolecular complexes are assembled, change in
their composition and are subsequently disassembled, with the chromosome axis
in meiosis being a paradigm for this dynamic behavior. Specific domain folds seem
to be particularly useful to facilitate protein-protein or protein-DNA interactions.
For example, the constitution of several functionally unrelated complexes relies on
HORMA domain proteins, such as Mad2 in the spindle assembly checkpoint and
Rev7 as part of the translesion DNA polymerase ¢ [14]. Likewise, the HORMA
domain protein Hop1 in yeast and its homologs, such as ASY1 in Arabidopsis, show
dynamic association with the chromosome axis and are of key importance for
meiotic recombination [14]. How the dynamics of these multi-protein complexes
is brought about is often poorly understood. Here, we have demonstrated that the
Arabidopsis homolog of p31%™et called COMET, acts as an adaptor for the AAA+
ATPase PCH2 to first mediate nuclear targeting of ASY1 and later to promote the
release of ASY1 from the chromosome axes to allow full synapsis. Interestingly,
this resembles the role of p31%©™ and PCH2 in regulating Mad2 in the context of
the SAC in mammals [5, 7, 24, 40, 51]. Thus, the regulation of HORMA domain
proteins by the p31«°™t-PCH2 pair represents a regulatory module that is used in

diverse biological processes.

3.1 Multiple roles of COMET-PCH2

One of the best-studied HORMA domain proteins is Mad2, which functions in the
SAC. Mad2 can adopt two distinct, stably folded conformations, referred to as
‘open’ (O-Mad2) and ‘closed’” (C-Mad2). O-Mad2 is converted into C-Mad2 at
kinetochores to which spindle fibers have not yet been attached, and is
subsequently incorporated in the MCC complex that inhibits the APC/C [14]. To
shut down the SAC action after all kinetochores are correctly attached to spindle
fibers, the MCC is disassembled by the action of p31<°™tand PCH2. It was observed
that O-MAD2 spontaneously converts to C-MAD2 at physiological temperatures
[7]. The joint action of p31<°™tand PCH2 counteracts this spontaneous conversion
[7, 39, 51, 52]. Therefore, the p31©°™t-PCH2 pair has two roles in the SAC, early
in ensuring a sufficient supply of O-MAD?2 for kinetochore recruitment and late in
shutting down the SAC.
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Previous work has shown that the meiotic HORMA domain proteins also
adopt a stable closed conformation by interacting with the ‘closure motifs’ in
partner proteins and wrapping their C-terminal ‘safety belt’ region entirely around
this motif [14, 34, 37]. A recent study in Arabidopsis has suggested that the
meiotic HORMAD ASY1 intrinsically tends to fold into a stable self-closed state with
its HORMA domain being bound by ASY1’s own closure motif. Furthermore, PCH2
was found to promote the conversion to an, albeit transient, open state of ASY1,
thus allowing its binding to the axis protein ASY3 [38].

We show here that COMET together with PCH2 is needed to release ASY1
from the chromosome axis. Thus, it is tempting to speculate that COMET, by
mediating the interaction between PCH2 and ASY1, promotes the conversion of
the closed state of ASY1 into the transient open state, which eventually leads to
the removal from the chromosome axis.

In addition, we found that ASY1 accumulates not only in the nucleus, but
also in the cytoplasm in comet mutants, similar to the situation in pch2 mutants,
indicating that the import of ASY1 to the nucleus is also affected by the loss of
COMET function. Hence, it seems likely that at early prophase the COMET-PCH2
pair counteracts the spontaneous self-closing of ASY1 in the cytoplasm, which
would preclude its nuclear import. Thus, the combination of a p31<©°™et-type protein
with PCH2 appears to function in regulating early and late phases of SAC signaling
as well as early and late events of meiotic chromosome axis formation.

Moreover, as we have shown here, COMET also counteracts a less stable
association of ASY1 with the chromosome axis as documented by the observation
that an ASY1l phospho-mutant, which is not strongly associated with the
chromosome axis, regains its chromosome localization in comet mutants. Thus,
COMET and PCH2 appear to have at least three roles in meiosis (Figure 16). In
analogy, it is tempting to speculate that p31°™-PCH2 could also have a third role
in the SAC by assuring that the formed MCC is really in a stable and biologically

active conformation.
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COMET controls chromosome axis remodeling

A Facilitate the import of B Removal of non-phosphorylated ASY1
ASY1 to the nucleus from the chromosome axis

z ’ASY1 - i
@ M ASY1 (non - P) -
PCH2 P & ASY1 (non-P)
Early prophase | Early prophase |
C Removal of ASY1 from the synaptic chromosome axes

Zygotene Pachytene
ﬂﬁ’m-‘}lﬁ /| Chromatin loops @Woooo@  Transverse filaments
‘ ASY3 COMET
o ASY1 (phosphorylated) €& roH2

Lo ASY1 (non-phosphorylated)

Figure 16: A model of COMET's role in controlling chromosome axis remodeling
during meiosis

At early prophase, COMET together with PCH2 facilitates the nuclear import of ASY1 (A).
In the nucleus, the joint action of COMET and PCH2 at early prophase promotes the
removal of non-phosphorylated ASY1 (purple) from the chromosome axis (B), while a
phosphorylated ASY1 (blue) is assembled onto the axis. During zygotene, COMET and PCH2
promote the removal of phosphorylated ASY1 from the synaptic chromosome axis to allow
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the deposition of the transverse filament and the completion of the SC by the end of
pachytene (C).

It is interesting to understand how the early and late functions of COMET-
PCH2 become separated in both systems. In other words, how are an early release
of ASY1 from the axis and the premature disassembly of the MCC prevented? One
out of possibly more mechanisms appears to be the phosphorylation of ASY1 by
CDKA;1, the Arabidopsis Cdkl and Cdk2 homolog. Previous work indicated that
phosphorylated ASY1 has a higher affinity towards ASY3 than non-phosphorylated
ASY1 [21]. Notably, the respective phosphorylation sites are conserved in human
HORMADSs but not in yeast (see below). However, a phosphorylation-mimic version
of ASY1 could still be removed from the axis in late prophase with no apparent
differences to the wild-type version, indicating that additional factors and/or
posttranslational mechanisms might work to activate the ASY1-releasing forces of
COMET-PCH2 at late prophase in Arabidopsis [21]. Interestingly, it was recently
shown that phosphorylation of human p31%™et decreases its affinity for Mad2 [53].
Whether COMET is also regulated by phosphorylation in plants, is not clear at the
moment and further work is required to explore the regulation of COMET-PCH2
activity.

It is also not clear whether COMET functions in the SAC in Arabidopsis.
Arabidopsis has a Mad2 homolog and likely a mobile MCC is formed as in other
organisms [45, 54]. Here, we have shown that comet mutants are not
hypersensitive to oryzalin as the roots of comet mutants grow as much as the
wildtype when treated with this microtubule-destabilizing drug. Since p31<°™ has
both positive and negative effects on the SAC, it is also not easy to formulate a
clear hypothesis how comet mutants, if COMET were to regulate the SAC in
Arabidopsis, would affect the growth of roots under activated checkpoint
conditions. On the one hand, the checkpoint could be less active due to the
absence of COMET since presumably fewer MCC complexes are formed resulting
possibly in enhanced root growth. On the other hand, active MCC might be more
slowly dissolved, slowing down root growth. It seems even possible that both
effects could compensate for each other resulting in no net growth changes. Recent
data indicated that the SAC in Arabidopsis is per se not very strong and even under
severe microtubule destabilizing conditions, the SAC was only active for about 1.5
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hours [45]. Thus, the MCC might be anyway less stable in plants in comparison to
other species and/or the APC/C might be activated irrespective of an MCC being
formed. With several reporter lines being recently generated [45, 55] it might be
possible now to carefully monitor SAC activity and MCC composition in comet and

pch2 mutants.

3.2 COMET in meiosis outside of Arabidopsis

A role of P31®™t in meiosis was first described in rice. Mutant plants were
completely sterile and P31<°™t was found to be required for homolog pairing,
synapsis and DSB formation [42]. This is partly in contrast to what we have
described here for Arabidopsis since we did not find any alterations in DSB number
as judged by the amount of RAD51-positive foci and the fact that comet rad51c
were completely sterile as a consequence of the severe chromosome
fragmentation, similarly to rad51c. Moreover, comet mutants in Arabidopsis are
only partially sterile resembling the reduction in fertility observed in pch2 mutants
[20]. Thus, COMET may play a different role in meiosis in different species.

However, we favor a model in which COMET has the same function in
Arabidopsis and rice. A first hint for this comes from the fact that in both species
synapsis fails and P31°™ in rice and COMET in Arabidopsis both localize to
synapsed regions. Moreover, p31%°™ mutants also resemble mutants in CRC1, the
homolog of PCHZ2 in rice [56], including the requirement for DSB formation, being
consistent with the assumption that P31«°™¢t and CRC1 likely act in one pathway.
Whether the association of PAIR2, the ortholog of ASY1 in rice, with the axis is
affected and whether PAIR2 is present in a prolonged manner in p31%°™ mutants,
as we reported here for ASY1 in comet, is not clear at the moment but will be
instrumental to judge functional conservation.

The difference in the mutant phenotypes between Arabidopsis and rice could
possibly be explained by a difference in the timing/dependency of DSB formation
with respect to ASY1 loading onto the axis, i.e., in Arabidopsis DSB formation
would precede ASY1 loading or would be largely independent of it while in rice,
DSB formation would depend on the presence of PAIR2, the ASY1 homolog in rice,
on the axis. Evidence for this comes from the observation that ASY1 is not required
for DSBs in Arabidopsis [57]. In contrast, PAIR2 appears to be required for DSB
formation in rice since RAD51C and DMC1, both involved in recombination repair,

fail to localize to chromatin in pair2 mutants [58-60]. At the same time, pair2
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mutants do not have fragmented chromatin typically seen in mutants with
compromised recombination repair activity indicating the absence of DSBs in pair2
[61]. Consequently, anything that affects the dynamics of PAIR2 in rice will likely
compromise DSB formation.

A discrepancy in terms of DSB formation between Arabidopsis and rice has
also been found in the function of the meiotic cyclin SOLO DANCERS (SDS). In
Arabidopsis, SDS is required for homolog pairing and synapsis, but not for DSB
formation [62]. In contrast, the rice SDS homolog has been described to be
required for DSB formation, too [63]. Interestingly, SDS, in complex with CDKA;1,
was found to phosphorylate, at least in vitro, ASY1 in Arabidopsis resulting in an
increased affinity towards ASY3 [21]. If a similar CDK-phosphorylation-dependent
mechanism were at work in rice and required for PAIR2 association with the axis,
this could explain the difference in the mutant phenotypes for sds in both species
along the lines that PAIR2 loading would be required for DSB formation in rice.

PCH2-type proteins often function together with adaptor proteins which
target them to specific substrates, an example being Xrs2, a member of the MRX
complex, whose interaction with PCH2 at DSB sites regulates interhomolog bias
and the meiotic recombination checkpoint in budding yeast [64]; or Orcl which
together with PCH2 plays a role in controlling meiotic DSBs formation within
repetitive ribosomal DNA (rDNA) in budding yeast [65].

Notably, no p31%®™ homolog has been identified up to now in budding
yeast. However, a direct interaction between Hopl and Pch2 has been found in
yeast in contrast to all other organisms studied so far [22]. Thus, yeast Pch2 might
have circumvented the requirement of an adaptor protein for regulating Hopl
dynamics. It will now be interesting to see whether mammals and other metazoan
use COMET-like proteins to target PCH2-type proteins to the meiotic HORMADs or

whether they follow other mechanisms as likely present in yeast.
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4 Material and methods

4.1 Plant material

Arabidopsis thaliana accession Col-0 was used as wild-type reference in this study
and for the generation of transgenic lines. comet-1 mutant line was generated by
CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats
CRISPR-Associated Proteins 9) [66] with Cas9 from Streptococcus pyogenes;
comet-2, comet-3, comet-4 and comet-5 were generated by CRISPR/Cas9 with
Cas9 from Staphylococcus aureus. The T-DNA insertion lines SALK_046272 (asy1-
4) [67], SALK_031449 (pch2-2) [20], SALK_ 02196 (rad51c) [47] and
SAIL_191G06 (madZ2) [68] were obtained from the T-DNA mutant collection at the
Salk Institute Genomics Analysis Laboratory (SIGnAL, http://signal.salk.edu/cgi-
bin/tdnaexpress) via NASC (http://arabidopsis.info/). ASY3:RFP and ZYP1B:GFP
reporters [46], ASY1:GFP, ASY1Tt42ViT18V:GFP and PCH2:GFP reporters [21] and

REC8:GFP reporter [50] were previously described. All genotypes were determined

by PCR, using the primer pairs listed in Table 1 and the PCR conditions listed in
Table 2 and 3.

4.2 Plant growth conditions
All seeds were surface-sterilized with chloride gas, sown on 1% agar plates (2
Murashige and Skoog (MS), see Table 4) and stored 3 days at 4°C in the dark for
stratification. Antibiotics were added for seed selection when required. For seed
germination, plates were transferred to long-day conditions (16 h day/8 h night
regime at 21°C/18°C). After germination, plants were transferred to soil and
grown under long-day conditions until seed production.

For the crosses, flowers of the female parent were emasculated 1 day before
anthesis under a dissecting microscope and hand-pollinated 1 to 2 days later.

4.3 Plasmid construction

To generate the COMET reporter, a 5.2 Kb genomic fragment of the COMET gene
(At1g03180) was amplified by PCR and cloned into pENTR2B vector by SLIiCE
reaction [69]. A Smal restriction site was introduced between the 154-155 aa of
COMET by PCR. The construct was linearized by Smal digestion and ligated with

the GFP fragment also restricted by Smal. The resulting entry construct was
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integrated into the destination vector pGWB501 via LR gateway reaction. COMET
reporter was established by floral dipping transformation of comet homozygous
plants. Primers used for plasmid construction are shown in Table 1; PCR
conditions are shown in Table 2 and 3.

4.4 Plant transformation

The floral dip method was used for the transformation of Arabidopsis thaliana [70].
Plants were grown under long day conditions until bolting. Before transformation,
siliques and opened flowers were cut off. Agrobacterium tumefaciens carrying the
construct of interested was cultured overnight at 28 °C in 3 ml of LB (see Table
4) supplemented with 30 mg/L gentamycin and 100 mg/L spectinomycin. The
bacterial suspension was centrifuged at 4000 rpm for 3 min, the supernatant was
removed and the pellet was dissolved in 3 ml of transformation medium (see Table
4). Closed flowers were coated with Agrobacterium suspension by using a pipette.
Transformed plants were covered in plastic bags and incubated for 2 days in the
dark. Finally, plants were grown under long-day conditions until seed production.
T1 plants were selected on 2 MS agar plates supplemented with 25 mg/L
Hygromycin. T2 seeds from individual T1 plants were germinated on 2> MS agar
plates supplemented with 25 mg/L Hygromycin.

4.5 CRISPR/Cas9 genome editing

Mutant in COMET were generated by CRISPR/Cas9, comet-1 with cas9 from
Streptococcus pyogenes and comet-2, comet-3, comet-4 and comet-5 with cas9
from Staphylococcus aureus [66]. Oligo DNAs the for comet-1 target site were
annealed and inserted into the entry vector pEn-Chimera. Oligo DNAs for comet-
2, comet-3, comet-4 and comet-5 target sites were annealed and inserted into the
entry vector pEn-Sa-Chimera. All entry clones were then introduced into the
destination vector pDe-CAS9 and pDe-Sa-CAS9, respectively, by LR gateway
reaction. Constructs were subsequently transformed into Arabidopsis thaliana by
floral dipping. T1 plants transformed with pDe-CAS9 were selected on 2 MS agar
plates supplemented with 10 mg/L Basta and T1 plants transformed with pDe-Sa-
CAS9 were selected on 2 MS agar plates supplemented with 30 mg/L Kanamycin.
To check the CRISPR edits, the genomic DNA of T1 plants encompassing the

targeting regions was amplified by PCR and then subjected to sequencing. T2
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plants devoid of the CRISPR/Cas9 constructs were confirmed again for the
mutations via sequencing, and the T3 stable mutant lines were used for the
experimental analyses. Primer pairs used are described in Table 1; PCR conditions
are shown in Table 2 and 3.

4.6 Genotyping

A small leaf of Arabidopsis plants at rosette stage was collected and placed into a
well of a 96 deep-well polypropylene block, beforehand prepared with one metal
bead and 250 pl of magic buffer (see Table 4) in each necessary well. The block
was shacked for three minutes (MM300, Retsch, Haan) and then centrifuged at
2500 rpm for 1 minute. 100 ul of DNA in magic buffer were aliquoted and stored
at -20°C. 1 pl of the extracted DNA was used as template for PCR amplification

with the primers and PCR conditions indicated in Table 1, 2 and 3, respectively.

4.7 Phenotype evaluation

Pollen viability was determined by Peterson staining [71]. A mature flower bud
containing dehiscent anthers was dipped in 15 pl of Peterson staining solution (see
Table 4) for 10 s on a microscopy slide that was then covered by a cover-slip.
Slides were heated at 80°C for 10 min prior to light microscope observation. Three
different mature flower buds per plant were analyzed. Seed sets were determined
by quantifying plump and aborted seeds of mature siliques; 5 siliques per plant

were analyzed.

4.8 Root growth assay and oryzalin treatment

A stock solution of oryzalin in dimethyl sulfoxide (DMSO) was prepared and kept
at -20°C. 2 MS plates were prepared by adding the oryzalin to the final
concentration of 100, 150, and 200 nM. The final concentration of DMSO in the
medium was 0.05% and the plates containing only DMSO were used as the non-
treatment control. For quantification of root growth, five-day-old seedlings grown
on plates with and without oryzalin were photographed and the primary root

lengths were measured by the Image] software.
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4.9 Chromosome spread analysis

Meiotic progression at a cytological level was analyzed via cell spreads as
previously described [72]. In brief, fresh flower buds were fixed in 3:1
Ethanol:Acetic Acid (fixative solution) for at least 48h at 4°C, washed twice with
fresh fixative solution and stored for further use in 70% ethanol at 4°C. Prior to
chromosome spreading, the entire flower buds were digested in 10mM citrate
buffer (see Table 4) for 3h at 37°C. Single flower buds were transferred onto a
glass slide and squashed with a bended needle for 1min in 12 pl of 45% acetic
acid. Spreading was performed on a 46°C hot plate for 1 min. Afterwards the slide
was washed with the fixative solution and mounted in Vectashield with DAPI

(Vector Laboratories).

4.10 Confocal microscopy

Young anthers harboring the reporters of interest were dissected and immediately
imaged using a Leica TCS SP8 inverted confocal microscope and a Zeiss LSM 880
confocal microscope. The meiotic stages of male meiocytes were determined by
the cell shape of meiocytes, the position of the nucleolus and the chromosome
morphology [21, 50].

To quantify ASY1 fluorescence intensity, a region of interest (ROI) of the
same size was defined on synapsed and non-synapsed region. The fluorescence
intensity was calculated and the background was subtracted to obtain the
corrected fluorescence intensity (CFI). Thereafter, the ratio between the CFI of the
synapsed and non-synapsed regions was calculated.

4.11 Yeast two-hybrid assay

The ASY1-FL, ASY11-3%0 and ASY1391->9¢ constructs were generated previously [21].
To generate the full-length constructs of PCH2 and COMET, their coding sequences
were amplified by PCR with primers flanked by attB recombination sites and
subcloned into pDONR223 vector by gateway BP reactions creating the entry
clones. To generate the truncated versions of PCH2, COMET, ASY111%0 and ASY1'!
200 the PCR-based deletion was first performed using either PCH2-FL/pDONR223,
COMET-FL/pDONR223 or ASY11399/pDONR223 as templates, and subsequently the
PCR fragments were re-ligated, producing the entry clones of the truncated
constructs. The resulting entry constructs were subsequently integrated into the
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PGADT7-GW or pGBKT7-GW vectors by gateway LR reactions. Primers used for
generating all constructs mentioned above are shown in Table 1. Yeast two-hybrid
assays were performed according to the Matchmaker Gold Yeast two-hybrid
system manual (Clontech). Different combinations of constructs were co-
transformed into yeast strain AH109 using the polyethylene glycol/lithium acetate
method as described in the manual of Clontech. Yeast cells harboring the relevant
constructs were grown on the SD/-Leu-Trp and SD/-Leu-Trp-His plates to test

protein—protein interactions.

4.12 Protein expression and purification

To generate the GST-COMET, HisMBP-PCH2 and His-PCH2 constructs, the
corresponding coding sequences were amplified by PCR using primers with attB1/2
flanking sequences and subcloned into pDONR223 vector by gateway BP reactions.
The resulting constructs were integrated by gateway LR reactions into pGGWK (for
GST-COMET), pHMGWA (for HisMBP-PCH2) and pHGWA (for His-PCH2) vectors.
HisMBP-ASY11-3%0 construct was previously generated [21]. For heterologous
expression, the constructs were transformed into the E. coli BL21(DE3) pLysS
cells, which were first grown at 37°C until the ODsgo of 0.6 and then incubated at
16°C after adding the IPTG to the final concentration of 0.2 mM for overnight
growth. All proteins were purified under native conditions according to the
manufactures’ manuals by using the Ni-NTA (Qiagen) and GST-binding resin

(Novagen).

4.13 Pull down assay

For the Ni?* pull down assay, 10 ug of the bait proteins (HisMBP-PCH2, His-PCH2
and HisMBP-ASY11-300) plus 20 ug of prey protein (GST-COMET) were incubated at
4°C for 90 mins in the 200 ul binding buffer (see Table 4). Subsequently, 15 ul
Ni-NTA beads pre-incubated with 10% BSA for reducing unspecific binding, were
mixed with the samples and further incubated for 30 mins. The beads were washed
three times using the binding buffer and eluted with 50 pl 2X SDS-PAGE sample
buffer by boiling. The eluate was subjected to SDS-PAGE followed by western blot
analysis using antibodies against His (Qiagen) and GST (Santa Cruz). Two

independent pull down experiments were performed showing the same result.
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4.14 Immunolocalization

Freshly harvested young flower buds were sorted by size and the intact anthers
were macerated in 10 pl enzyme mix (see Table 4) for 5 min in a moisture
chamber at 37 °C followed by squashing. Subsequently, 10 ul enzyme mix was
added onto the Poly-Prep slides (Sigma) that were incubated for further 7 min in
a moisture chamber. Afterwards, a fine smashing of the anthers was performed in
20 ul 1% Lipsol for 2 min. Cell fixation was then performed by incubating 35 pl
4% (w/v) paraformaldehyde for 2-3 h until dry. After three times washing with
PBST buffer (PBS with 1% Triton X-100), slides were then blocked in PBS buffer
with 1% BSA (PBSA) for 30 min at 37°C in a moisture chamber followed by an
incubation with anti-ASY1 (1:400 dilution), anti-ZYP1 (1:500 dilution) or anti-
RADS51 (1:500 dilution) antibodies (see key resources table) at 4 °C for 48 h. After
three times of washing (10 min each) in PBST, fluorescein-conjugated secondaries
anti-bodies were added onto the slides followed by 24 h incubation at 4 °C in a
moisture chamber. After three times washing in PBST, the chromosomes were
counterstained with anti-fade DAPI solution (Vector Laboratories). The images

were captured using the Leica SP8 laser scanning microscope.

4.15 Quantification and statistical analysis

Student’s t-test (two-tailed) was used to evaluate the significance of the difference
between two groups. The significance of differences between more than two
groups was calculated using the ANOVA one-way, followed by Turkey’s test. *
denotes p < 0.05, ** denotes p < 0.01 and *** p<0.001. The numbers of samples

are indicated in the figure legends.
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Table 1: Primer used in the research

Purpose

Primer name

Sequence

COMET:GFP reporter

gCOMET-F
gCOMET-R
pENTR2B-COMET-F

pENTR2B-COMET-R

COMET-Smal-F
COMET-Smal-R

AATATGTGGTACGTACAACGGCCACATG
CTTCTTCCTCCTACCTAGAAATCGAAATTG
TCGATTTCTAGGTAGGAGGAAGAAGGCGGC
CGCACTCGAGATATCTAG
GTGGCCGTTGTACGTACCACATATTGGATCC
AGTCGACTGAATTGGTTC
GGGGGCTACGAAGGTGACTTTGCTAAATC

GGGTAGAACATGGTCTCTGCGTTGTGTG

Oligos for CRISPR

COMET-oligoCRISPR-F
COMET-o0ligoCRISPR-R

ATTGGCACTGATCTCGACGGGTGC
AAACGCACCCGTCGAGATCAGTGC

ATTGTCTGCTGGTGCATATAGAGG
AAACCCTCTATATGCACCAGCAGA

editing COMET-o0ligoCRISPR-Sa-F

COMET-oligoCRISPR-Sa-R

COMET-CRISPR-check-F
COMET-CRISPR-check-R

AGTAGAAAGAGAGAGGTGAAGAATGAG

Genotyping of comet-1 GAACCAATATGAAGAGCCTCATTGGAC

Genotyping of comet-2;, COMET-CRISPR-Sa-check-F  GTTGGGTGATTTTCTTCTCTGG
Comeg-? comet-4; COMET-CRISPR-Sa-check-R  CACTAATCCATCCAGAATCC
comet-5;

Genotyping for CAS9 CAS9-aureus-F ACATCCTCGGACTCGATATC
(S. aureus) CAS9-aureus-R TAAGCCTTCTGCACCTTGAG

Genotyping of asy1

N546272L
N546272U
SALK LBb1.3

AGGTGGCTCGTAATCTGGTGGCTGC
TCTATGTTTGTTACGCGTTAATCAG
ATTTTGCCGATTTCGGAAC

Genotyping of pch2

Salk_031449 LP
Salk_031449 RP
SALK LBb1.3

CAATCCGGTGCAACTCCAGGTC
CCATCTTCCTCCACCATCTCTTGG
ATTTTGCCGATTTCGGAAC

Yeast two-hybrid and
protein expression

PCH2-attB1-F

PCH2-attB2-R

PCH2-130aa-R
PCH2-131aa-F
COMET-attB1-F

COMET-attB2-R

COMET-150aa-R
COMET-151aa-F
ASY1 100aa-R
ASY1 200aa-R
attL1-R2
TGA-attL2-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTT
CATGGTGGAGGACCCGATTCCTCTTC
GGGGACCACTTTGTACAAGAAAGCTGGGTT
TCATTCAGGTTGTTCAGACTTCTCT
GTGCACAACTGGCTTCACTTGCCAGAACAAG
ACCTTTCAGCTCATTGAAGAAGGACCATGTG
GGGGACAAGTTTGTACAAAAAAGCAGGCTT
CATGGAAATGGCGGAAGGGGAA
GGGGACCACTTTGTACAAGAAAGCTGGGTT
TTATTCTTCAACTGGTTGATGGA
TCTGCGTTGTGTGAATAACAACTCATAAGC
GACCATGTTCTAGGCTACGAAGGTGACTTTG
CGGACCATCAACAGTTTCACATATG
TTCGTCTTCTGTACAGCCTCTGAAG
GAAGCCTGCTTTTTTGTACAAAGTTGG
TGAAACCCAGCTTTCTTGTACAAAGT
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Table 2: PCR reaction mix used in the research

Purpose PCR reaction mix Volume/reaction
PrimeSTAR Max Premix 25 pl
Plasmid Primer F 1.5 ul
construction Primer R 1.5 pl
Nuclease Free Water 21 pl
DreamTaq Green PCR mastermix 7.5 ul
. Primer F 0.5 pl
Genotyping  pier R 0.5 ul
Nuclease Free Water 5.5 pl

Table 3: PCR conditions used in the research

Purpose PCR conditions Temperature Time
Initial denaturation 94 °C 30s
Denaturation 98 °C 10 s
Plasmid Annealing 55°C 5s }x 30
construction Elongation 72 °C 5 s/Kb
Final elongation 72 °C 2 min
Hold 16 °C o0
Initial denaturation 95 °C 5 min
Denaturation 95 °C 30s
Genotyping Annealing 55 ¢°C 30s }x 30
Elongation 72 °C 1 min/Kb
Final elongation 72 °C 5 min
Hold 16 °C o0
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Table 4: Resources table

REAGENT or RESOURCE SOURCE
Antibodies

Rat polycolonal anti-ASY1 [73]
Rabbit polycolonal anti-ZYP1 [74]

Rat polycolonal anti-RAD51 [75]

Mouse monoclonal anti-GST

Santa Cruz; Cat# sc-138,
RRID: AB_627677

Mouse monoclonal anti-His

Qiagen; Cat# 34660, RRID:
AB_2619735

Bacterial and Virus Strains

E. coli Topl0

Thermo Fisher Scientific;
C404010

Agrobacterium tumefaciens strain GV3101

N/A

S. cerevisiae AH109

Clontech; Cat# K1612-1

E. coli BL21 (DE3) pLysS

Thermo Fisher Scientific;
Cat#C606003

Buffers and media

Binding buffer (pull down assay)

50 mM NaH2PO4
100 mM NaCl
10% glycerol

25 mM imidazole
1 mMDTT

0.1% Triton X-100
pH 8.0

Citrate buffer (chromosome spreads)

1.5% cellulose
1.5% pectolyase
1.5% cytohelicase

Enzyme mix (immunolocalization)

0.4% cytohelicase
1% polyvinylpyrrolidone

LB

1% Tryptone

0.5% Yeast Extract
0.5% NaCl

0.8% agar (for solid medium)

Magic Buffer

50 mM Tris-HCI (pH 7.5)
300 mM NacCl
300 mM sucrose

Murashige and Skoog (/2 MS)

0.2% MS basal powder
1% sucrose

1% agar

pH 5.8
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Peterson staining

10% ethanol

0.01% malachite green
25% glycerol

0.05% acid fuchsin
0.005% orange G

4% glacial acetic acid

Transformation medium

5% sucrose
0.05% silwet-77

Commercial Assays

Gateway BP Clonase II Enzyme mix

Thermo Fisher Scientific;
Cat# 11789020

Gateway LR Clonase II Enzyme mix

Thermo Fisher Scientific;
Cat# 11791020

Presto™ Mini Plasmid Kit

Geneaid; Cat#PDH300

NucleoSpin® Gel and PCRClean-up

MACHEREY-NAGEL; Cat#
740609.250

PrimeSTAR® Max DNA Polymerase

TAKARA BIO INC®;Cat#
RO45A

DreamTaq Green PCR Master Mix (2X)

Thermo Scientific™; Cat#
K1081

Ligation mix

TAKARA BIO INC©; Cat#
6023

Experimental Models: Organisms/Strains

Arabidopsis thaliana: asy1-4

SALK_046272; [67]

Arabidopsis thaliana: pch2-2

SALK_031449; [20]

Arabidopsis thaliana: comet-1 This study
Arabidopsis thaliana: comet-2 This study
Arabidopsis thaliana: comet-3 This study
Arabidopsis thaliana: comet-4 This study
Arabidopsis thaliana: comet-5 This study
Arabidopsis thaliana: rad51c SALK_021960; [47]
Arabidopsis thaliana: comet rad51c This study
Arabidopsis thaliana: mad2 SAIL_191G06; [68]
Arabidopsis thaliana: PROCOMET: COMET:GFP #1  This study
in comet

Arabidopsis thaliana: PROCOMET: COMET:GFP #2  This study
in comet

Arabidopsis thaliana: PROCOMET: COMET:GFP #3  This study
in comet

Arabidopsis thaliana: PROCOMET: COMET:GFP + This study
PROASY3: ASY3:RFP in Col-0

Arabidopsis thaliana: PROCOMET: COMET:GFP + This study
PROASY3: ASY3:RFP in pch2-2

Arabidopsis thaliana: PROCOMET: COMET:GFP + This study
PROASY3: ASY3:RFP in asy1-4

Arabidopsis thaliana: PROPCH2: PCH2:GFP + This study

PROASY3: ASY3:RFP in Col-0
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Arabidopsis thaliana: PROPCH2: PCH2:GFP +
PROASY3: ASY3:RFP in comet

This study

Arabidopsis thaliana: PROPCH2: PCH2:GFP + This study
PROASY3: ASY3:RFP in asy1-4

Arabidopsis thaliana: PROASY1: ASY1:GFP + [21]
PROASY3: ASY3:RFP in Col-0

Arabidopsis thaliana: PROASY1: ASY1:GFP + This study
PROASY3: ASY3:RFP in comet

Arabidopsis thaliana: PROASY1: ASY1:GFP + This study
PROASY3: ASY3:RFP in pch2-2

Arabidopsis thaliana: PROASY1: ASY1:GFP + This study
PROASY3: ASY3:RFP in comet pch2-2

Arabidopsis thaliana: PROASY1: ASY1T142V [21]
T184V:GFP + PROASY3: ASY3:RFP in Col-0

Arabidopsis thaliana: PROASY1: ASY1T142V This study
T184V:GFP + PROASY3: ASY3:RFP in comet

Arabidopsis thaliana: PROASY1: ASY1T142V This study
T184V.GFP + PROASY3: ASY3:RFP in pch2-2-

asyl-4

Arabidopsis thaliana: PROASY3: ASY3:RFP + [46]
PROZYP1B: ZYP1B:GFP in Col-0

Arabidopsis thaliana: PROASY3: ASY3:RFP + This study
PROZYP1B: ZYP1B:GFP in comet

Arabidopsis thaliana: PROASY3: ASY3:RFP in Col-0 [46]
Arabidopsis thaliana: PROASY3: ASY3:RFP in This study
comet

Arabidopsis thaliana: PROREC8: REC8:GFP + This study
PROASY3: ASY3:RFP in Col-0

Arabidopsis thaliana: PROREC8: REC8:GFP + This study
PROASY3: ASY3:RFP in comet

Yeast: pGADT7/ASY1-FL in AH109 [21]
Yeast: pGADT7/ASY1301-5% jn AH109 [21]
Yeast: pGBKT7/ASY1-FL in AH109 [21]
Yeast: pGBKT7/ASY1301-5% in AH109 [21]
Yeast: pGBKT7/ASY113%0 in AH109 [21]
Yeast: pGBKT7/ASY11190 in AH109 This study
Yeast: pGBKT7/ASY11290 in AH109 This study
Yeast: pGADT7/PCH2-FL in AH109 This study
Yeast: pGBKT7/PCH2-FL in AH109 This study
Yeast: pGBKT7/PCH21-130 in AH109 This study
Yeast: pGBKT7/PCH2131-467 in AH109 This study
Yeast: pGADT7/COMET-FL in AH109 This study
Yeast: pGADT7/COMET!*>0 in AH109 This study
Yeast: pGADT7/COMET!51-265 in AH109 This study
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Recombinant DNA

PROASY1: ASY1:GFP [21]
PROASY1: ASY1T142V T184V:GFp [21]
PROASY3: ASY3:RFP [46]
PROPCH2: PCH2:GFP [21]
PROzyp18:ZYP1B:GFP [46]
PROCOMET: COMET:GFP This study
PRORECS8: REC8:GFP [50]
PGADT7/ASY1-FL [21]
PGADT7/ASY1301-5% [21]
PGBKT7/ASY1-FL [21]
PGBKT7/ASY1301-5% [21]
PGBKT7/ASY11-300 [21]
pGBKT7/ASY11-100 This study
pGBKT7/ASY11-200 This study
pGADT7/PCH2-FL This study
pGBKT7/PCH2-FL This study
pGBKT7/PCH21-130 This study
pGBKT7/PCH2131-467 This study
pGADT7/COMET-FL This study
pGADT7/COMET?-1>0 This study
pGADT7/COMET?51-265 This study
pPHMGWA/HisMBP-ASY11-300 [21]
pHMGWA/HisMBP-PCH2 This study
pHGWA/His-PCH2 This study
pPGGWK/COMET This study
Software and Algorithms

Fiji https://imagej.net/Fiji; [76]
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1 Introduction

1.1 Maize as a crop model system

Maize (Zea mays) is a large grain plant that evolved from its wild-grass ancestors
by the direct intervention of human agriculture. Since then maize became one of
the most important crops in the world: it is an excellent source of food, feed and
fuel; moreover, its by-products are used in the production of various commercial
materials, such as biodegradable foams, plastics and adhesives.

In addition to its economic value, maize has been a keystone model organism for
biological research for over 100 years. Many scientific discoveries have first been
made in maize, such as the identification of transposable elements by Barbara
McClintock [1], the correlation between cytological and genetic crossing over [2]
and the discovery of epigenetic phenomena [3].

Several scientific advantages of the maize plant, including a vast collection
of mutant stocks, its large chromosomes and a sequenced genome, have
positioned it as a centrepiece for studies in crop plant genetics, cytogenetics,
genomics, physiology and development. Other characteristics that make maize an
attractive system include the ease to culture it on any scale, from a few plants in
pots to many acres, the fact that it is quite hardy and can be grown outdoors under
a range of conditions, from tropical to temperate climates [4] or that it can be
successfully grown all year round in greenhouses. In addition, maize plants
produce separate male and female inflorescences, which facilitates experimentally
controlled crosses; moreover the vast amount of pollen produced by a single plant
(107 pollen grains) [5] allows many crosses to be performed with one pollen donor.

Despite the ease of growing and crossing maize, there are some drawbacks
when working with this model system. Maize has a relatively long life-cycle (13
weeks) compared to the model system Arabidopsis thaliana (8 weeks), i.e., it can
be crossed only 60 days after planting and requires another 30-45 days post-
pollination for seed maturation.

Maize has a large genome that is 2.5 Gb in total and it is organized into 10
chromosomes (2N = 20); a full maize genome sequence of the B73 inbred line
was assembled by a BAC-by-BAC Sanger-based method in 2009 [6] and is publicly

available.
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The ability to produce maize transgenics and the development of new
genome editing technologies advanced maize research in both fundamental
studies and breeding. The primary method nowadays used for maize
transformation is the Agrobacterium-mediated transformation. Key factors for a
successful transformation include the selection of suitable plant material for
infection (in maize, the preferred tissue is immature embryos) , choice of vectors,
choice of strains of A. tumefaciens and optimization of tissue culture techniques
[7]. However, despite all optimization attempts only a limited number of genotypes
have been so far efficiently transformed, i.e., A188.

A new transformation approach involving overexpression of the maize Baby
boom (Bbm) and maize Wuschel2 (Wus2) genes was recently presented [8]. The
overexpression of Bbm and Wus2 after transformation of immature embryos
resulted in a growth stimulation of embryogenic tissue [8]; although there are still
wide margins for improvement in this protocol, it successfully led to high
transformation frequencies in numerous previously non-transformable maize
inbred lines. Furthermore, the system has also been tested on other target tissues,
such as mature seed-derived embryo axes or leaf segments without an intervening
callus or meristem culture step, avoiding the need of intensive labor and
greenhouse space required to supply sufficient immature embryos [8].

Alternatively, the biolistic method can be used for stable transformation [9].
This technique relies on the use of fine particles coated with DNA in various forms
- i.e., plasmids, linear molecules, PCR products — to directly deliver transgenes
into immature embryos. Multiple transgenes can be introduced at once by biolistic
transformation and the size of the constructs is not a major limiting factor.
However, this method is not as heavily used as T-DNA transformation because it
yields high incidences of multiple transgene insertions per genome, frequent
structural rearrangements of the transgene and it can result in unstable transgene

expression [10].

1.2 Meiosis in maize

Maize is one of the first model organisms used for studying meiosis because of its
large, well defined chromosomes and the ease in which meiotic stages can be
identified cytologically and in combination with genetic, molecular and biochemical

techniques [11].
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The male and female reproductive organs in maize are accessible and
separable (Figure 1). Microsporogenesis in maize occurs within the anthers of
male flowers on the tassel, the terminal inflorescence. From one tassel, it is
possible to harvest large amounts of anthers (i.e., hundreds of anthers) in near-
synchronous sub-stages of meiosis. The female germ cells are located in the ears,
which grow from the base of leaves in the midsection of the plant. An ear generally
contains several hundred egg cells that develop into kernels after fertilization. Both
male and female meiocytes are visually distinctive because of their larger size and
position in the anther or ovary. The ease to access large amounts of meiocytes
makes genomics-scale experiments and proteomic studies possible.
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Figure 1: Maize plant morphology

Schematic representation of a maize plant (adapted from [12]). At the reproductive
stage the male and female inflorescences, the tassel and the ears respectively, develop
on a maize plant. Microsporogenesis occurs within the anthers of the tassel, while
megasporogenesis in the ovules, within the ovary. After fertilization, a mature ear

harbours several kernels.

In maize, the analysis of meiosis at the cytological level has been very successful

for more than 70 years. Over 50 meiotic mutants, which were found in forward
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genetic screens for male sterility, are now available and for some the defective
gene has been identified [11]. Maize meiotic mutants have been grouped based
on their phenotypes: meiotic commitment mutants (including differentiation of
meiocytes and the switch to the meiotic cell cycle), desynaptic mutants (one or
more prophase I events are affected, e.g., telomere bouquet, homologous
synapsis, homology search, recombination), sister chromatid cohesion and
chromosome segregation mutants (including monopolar centromere attachment,
meiotic cytoskeleton/spindle, sister chromatid cohesion and condensation
mutants) and meiotic exit mutants [11]. Several maize mutants have phenotypes
not yet found in any other organism, such as ami-pral, which is arrested at the
leptotene to zygotene transition [13] and therefore might be pivotal for our general
understanding of meiosis.

While much has been learnt in the recent years, some questions remain still
unanswered, especially concerning the temporal aspect of meiosis, including the
dynamics of meiotic proteins. In fact, studies of meiosis in plants have been
traditionally conducted using genetic and cytological approaches, which rely on the
analysis of fixed material. Although these reconstructions provide information on
the general patterns of chromosome behaviour, microscopic images collected from
fixed cells have clear shortcomings in accurately portraying the dynamics of
meiotic processes, as the temporal and spatial aspects remain vastly understudied.

Interestingly, the cellular events that occur in meiosis are evolutionarily
conserved as are many of the proteins associated with meiosis, but the duration
of meiosis itself is one of the most variable aspects of this developmental process,
ranging from less than 6 hours in yeast to more than 40 years in the human female
[14].

With regards to maize, studies investigating this aspect date back to 1988
[15]. 30 different corn strains have been analysed; the spikelets were sampled at
or near the onset of meiosis until anther dehiscence and analysed by acetocarmine
staining. The time of each meiotic step was calculated as an estimation of the
distribution of the meiotic stages over the samples, after a certain interval of times.
This led to the estimation of the relative duration of the different stages during
microsporogenesis, suggesting that meiosis in maize takes several days (Figure
2). In particular, from leptotene onset to tetrad formation the time estimated was

of almost 5 days, followed by 36 hours for tetrad maturation till the production of
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microspores and eventually by the maturation of microspores into trinucleate

pollen grains (roughly 16 days).
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Figure 2: Time course of male meiosis in maize
Each stage is represented by a different colour, from leptotene onset till microspores
formation. The duration is indicated in number of days (based on [15]).

A common feature that emerged from the description of the temporal
aspects of meiosis in different plants species is that prophase I is always the most
extended phase compared to the other meiotic stages [14]. During early stages of
meiotic prophase chromosomes undergo dramatic changes in behaviour and
morphology, resulting in a major spatial reorganization in the nucleus. In most
eukaryotes, this chromosome repositioning includes clustering of telomeres at the
nuclear envelope during zygotene while centromeres generally point into the other
direction, an assembly known as the telomere bouquet [16, 17]. A first step to
better understand such intricate chromosome movements in maize would be a
more precise temporal and spatial description, which could be achieved by a live
cell imaging approach.

1.3 Studying meiosis: a live cell imaging approach

Live cell imaging represents a unique tool to investigate the dynamics of
developmental cellular processes and responses to environmental and genetic
perturbations. Moreover, live cell imaging allows the observation of these

processes on the scale of individual cells over time.

101



Plants are sensitive to changes in light, temperature, osmolality and
humidity amongst other variables [18]; hence, when performing a live cell imaging
experiment, it is crucial to keep proper environmental conditions to maintain tissue
viability without altering the speed of growth and its development. With respect to
meiosis, some attempts of live cell imaging have already been conducted, using
different kinds of microscopes, different cellular markers and a variety of sample
types, i.e., isolated cells (e.g., meiocytes), cultured reproductive organs (e.g.,
anthers) or whole flower buds.

1.3.1 Previous experimental set-ups for live cell imaging of meiosis
The adaptation of methods used to culture lily and rye meiocytes to a genetically
amenable system such as maize was an important advance for research in meiosis.
Living maize meiocytes were successfully cultured and could be kept viable from
pachytene to telophase II, so that chromosome segregation could be successfully
monitored using epifluorescence microscopy [19]. Two environmental factors were
described as crucial for culturing maize meiocytes: the osmotic strength of the
medium, in particular the sucrose concentration (0.28 M to 0.34 M) [19] and the
temperature - maize meiocytes cannot be cultured at temperatures lower than
25°C without showing abnormal chromosome segregation [20].

Further experiments on isolated meiocytes have been conducted only in
maize and culturing of meiocytes was based on the same White 's solution [21],
with few adjustments. Meiocytes extruded into this medium were viable for 9 hours
and were followed undergoing meiosis II [20]. The same medium was used to
support growth of maize male meiocytes while imaging live-cell division during
meiosis I and meiosis II by using fluorescence microscopy [22, 23]. The cells are
cultured in liquid medium, thus they can be easily treated with dyes, such as
Sytol2, to label the chromosomes, while other cellular components such as
microtubules can be visualized by making use of stable fluorescent reporter lines.
While this set-up is easily applicable, it can only be used to study short meiotic
phases, failing to provide information on the extended meiotic prophase.
Nonetheless, the applications of this technique gave important contribution in
understanding the regulation of meiotic spindles, which could not be revealed by
fixed specimen [22, 23].

A different approach relies on the use of multiphoton microscopy; exploiting
its great focus depth of roughly 200 pm allows observing meiocytes inside intact
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living anthers. This set-up has been successfully applied in maize [24]; fresh
anthers were cultured in a microscope chamber slide containing Artificial Pond
Water (APW) medium, a minimal medium which allows to maintain tissue viability
without inducing major alterations to the size or morphology of the anthers [25].
This set-up ensured a viability for over 30 hours and allowed examining
chromosome dynamics in meiotic prophase I, revealing that maize chromosomes
are extremely dynamic and that different movement patterns characterize
zygotene and pachytene [24]. This approach counts only few attempts to date. On
the one hand, imagining the anthers in their integrity have the advantage of
keeping the developmental context as close as possible to the native environment,
thus limiting the impact of in vitro culturing on meiocytes. On the other hand, it
requires the availability of advanced microscope technology, such as multiphoton
excitation microscopy, with the potential to reach and resolve meiotic cells which
are located at a depth of more than 100 um from the anther surface [24, 25].

Finally, a different strategy relies on the imaging of the whole flower organ.
This has been performed, to date, only in Arabidopsis. In the first attempts
dissected apexes were used, harbouring young flower primordia, devoid of sepals
(removed either by laser ablation or manually) and embedded in a medium, e.g.,
apex growth medium [26]. This allowed imaging the development of emerging
floral buds with an upright or an inverted microscope for five days [26]. In another
attempt, addressing methylation changes during Arabidopsis sporogenesis and
gametogenesis, the inflorescences were embedded in a solid in vitro culture
medium (Nitsch medium), dissected with a vibratome and observed by
multiphoton microscopy [27]. However, as the aim was to follow the complete
sexual development of the plant, meiosis was considered a single unit, without the
distinction of the different sub-phases. Additionally, an approach using light sheet
fluorescence microscopy has been developed for live imaging of the germ cell
lineage, both male and female, embedded within the floral organs. Flower buds in
the stage of interest were detached from inflorescences and the dissected buds
were put into capillaries containing medium with 1% low melting point agarose
[28]. Exploiting the fast image acquisition, low phototoxicity and little
photobleaching of light sheet fluorescence microscopy allowed long term imaging,
up to several days, but with less subcellular resolution compared to confocal
microscopy.
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Recently, a protocol for live cell imaging of Arabidopsis flower buds to follow
the whole duration of meiosis using confocal microscopy was established [29] and
allowed the observation of meiotic sub-phases with high temporal resolution as
well as the description of new aspects of a known meiotic mutant [30]. The
inflorescences were harvested and all but one young flower primordium, containing
meiotic stages, were removed. Whereas the petals are shorter than the anthers
when the flower buds undergo meiosis and therefore do not cover the tissue of
interest, it was necessary to remove the upper sepal to gain access to two of the
six anthers. Finally, the remaining bud along with the pedicel and few millimetres
of the stem was embedded in Arabidopsis Apex Culture Medium (ACM), stabilized
with a drop of agarose, submerged in water and imaged with an up-right confocal
laser scanning microscope, equipped with a water immersion objective [30].
Importantly, with this method samples were kept alive for up to several days
allowing the analysis of meiosis in its entirety [30].

Hence, in this study, I focused on establishing a robust live cell imaging
technique for studying meiosis in a crop model system such as maize, translating
the knowledge and the technique from Arabidopsis. My work included the
determination of the correct developmental stage for sample harvesting, the
generation of reporter lines highlighting hallmarks of meiosis and the identification
of suitable culturing and imaging conditions for maize anthers by confocal

microscopy.
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2 Results

2.1 Determination of the developmental stage for sample
harvesting

Maize has defined stages of growth leading to its eventual maturity. The growth
stages comprise the vegetative and the reproductive stages. Maize is a monoecious
plant that produces male flowers on a terminal tassel (Figure 1 and Figure 3A)
and female flowers on lateral ears (Figure 1 and Figure 3B). Male flowers have
been used throughout this study because the developmental timing of male
meiocytes is synchronized within anthers and it is less variable than on the female
side. Moreover, there are more male meiocytes than female meiocytes on a plant
and, finally, the dissection of male flowers has less potential to damage the
meiocytes.

In maize, immature flowers that contain cells undergoing meiosis are not visible
without dissection as, at the time of meiosis, the immature tassel is still inside the
stalk. The presence of the immature tassel can be felt by gentle squeezing the leaf
whorl below the top node of the plant. To reach the immature tassel, a small
incision is made with a razor blade cutting a window (Figure 3C) into the leaves
surrounding the immature tassel (Figure 3D). The individual reproductive units
on the tassel are spikelets (Figure 3E), which occur in pairs: one pedicellate and
the other sessile (Figure 3F, depicted by “p” and “s”, respectively). There are two
florets in each spikelet, enclosed within palea and lemma, and each floret contains
three large anthers (Figure 3G), which develop synchronously and contain cells
undergoing meiosis, the meiocytes (Figure 3H).
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Figure 3: Maize inflorescences architecture

A maize plant produces two inflorescences, a tassel at the apex of the plant (a mature
tassel, with dehiscent anthers releasing pollen grains is shown in (A)) and the ear in the
axil of a leaf (B). The immature tassel containing cells undergoing meiosis is still enclosed
within the stalk; an incision is made into the stalk (C) to collect samples from the immature
tassel (D). The individual reproductive units on the tassel are spikelets, which occur in
pairs (E): one pedicellate and the other sessile (F, depicted by “p” and “s”, respectively).
There are two florets in each spikelet and each floret harbours 3 anthers (G) which contain

cells undergoing meiosis, the meiocytes (H).

A simple and effective way to check meiotic progression along the tassel is
to perform acetocarmine staining. Spikelets are progressively collected, dissected
in order to isolate the anthers which are then placed on a microscope slide with
acetocarmine stain (Figure 4). Meiosis progresses gradually, from the top of the
tassel towards the bottom, so spikelets at different locations on the tassel harbour

anthers with meiocytes at different stages.
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Figure 4: Acetocarmine staining of male meiocytes
Chromosome behaviour of wild-type meiocytes during meiosis.

With this method, it was possible to define 6-8 weeks after gemination as the
correct time point at which, with the current greenhouse growing conditions, the
immature tassel can be found in the stalk of A188 maize plants, used in this study

as wild-type reference and for the generation of transgenic lines.

2.2 Identification of candidate genes

Identifying the complete set of meiotic genes is an on-going process. In the well-
studied model dicot plant, Arabidopsis thaliana, around 70 genes involved in
meiosis have been characterized [31-35]. With regards to crops some attempts
have been made in maize, rice, wheat and barley to generate a comprehensive
atlas of meiotic genes corresponding to well-characterized homologs from other

organisms [36, 37].
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In this study, the isolation of candidate genes to further use as live cell
imaging markers for maize meiosis has been performed on the basis of sequence
homology to Arabidopsis genes, on the basis of transcriptome studies e.g., from
isolated meiocytes at early stages of prophase I [38] as well as on previously
published work on mutants.

To identify the maize homolog of each gene of interest, different online databases
have been used: NCBI [39], maizeGDB [40], Phytozome (Phytozome v12) [41]
and Gramene (http://www.gramene.org release52 - November2016) [42].

I employed the BLASTp tool using the respective Arabidopsis protein as the initial
query to search the proteome of Zea mays B73 based on the current reference
genome annotations (assembly B73 RefGen_v3 - aka B73 RefGen_v3, AGPv3 -
and Zm-B73-REFERENCE-GRAMENE-4.0 - aka B73 RefGen_v4, AGPv4). The
results obtained from the different database searches for each gene of interested
were analysed and compared, e.g., for the gene sequence, the gene organization
and the accuracy in the annotation. I further examined the putative maize
homologs regarding their expression levels in reproductive tissues according to the
maize RNA-seq expression atlas on maizeGDB. Moreover, the recently generated
transcriptome data of isolated meiocytes [38] was used as a source of important
information. In fact, a group of genes has been designated as “"meiocyte genes”
based on their expression level in isolated meiocytes compared to other tissues,
i.e., whole anthers and seedlings. This dataset supported the selection of the best
candidates for a role in meiosis when more than one gene was identified in the
initial homology research, possibly as a consequence of a duplication event.

Finally, at a protein level, I investigated the presence of a conserved
secondary structure and of similar domains between the putative maize protein
and the homologs in other species, e.g., Arabidopsis and the more closely related
rice.

Different databases use different IDs for the same gene and protein, thus
the corresponding information for each gene of interest is shown in Table 1. The
selected genes of interest fall into different categories: chromosome markers,
synapsis marker, meiotic entry and progression markers, early meiotic
recombination markers and cytoskeleton markers.

The details for each gene of interest are presented in its respective paragraph
below.
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Table 1: Maize candidate genes

Marker Gene Gene name Reference
GRMZM2G148758
AC210848.3 _FG004 [43]
DESYNAPTIC2 (DSY2) Zm00001d015469
Chromosomes ABSENCE OF FIRST GRMZM2G059037
DIVISION 1 (AFD1) Loc732730 [44]
Zm00001d039132
Centromeric histone H3 GRMZM2G158526 [45]
(CENH3) LOC542500
GRMzZM2G143590
Synapsis ?;\I;Ziijl LOC100500741 [46]
Zm00001d025575
GRMZM5G883855
LOC100271891 [13, 47,
.. AMEIOTICI (AM1) Zm00001d013659 48]
Meiotic entry
and progression GRMZM2G093157
SOLO DANCERS (SDS) LOC100283361
Zm00001d048026
Meiotic recombination GRMZzM2G309109
protein 11 homolog B LOC100125648 [49]
Meiotic (Mre11B) Zm00001d049471
recombination Completion of meiotic GRMZzM2G076617
recorl?')binationl (COM1) LOC100278695 [50]
Zm00001d046761
GRMZM2G152466
. LOC100381303
Tubulin-a-4 (TUA4) Zm00001d013367
Cytoskeleton
GRMZM2G334899
Tubulin-p-2 (TUB2) LOC542380
Zm00001d010275

2.3 Generation of reporter lines

In an attempt to copy the native expression level and the native expression domain
of each gene of interest, its genomic sequence has been used to generate the live
cell imagining markers. The full genomic sequence of each gene of interest plus
the flanking regulatory regions have been subcloned into a gateway entry vector
[51]. The regulatory regions were chosen as ~3 Kb upstream and =1 Kb
downstream of the coding region (Figure 5A). As the maize genome is large and

transposable elements (TEs) are often nested between genes, I carefully checked
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on maizeGDB the regulatory regions of each gene of interest to avoid including a
flanking TE or a flanking gene. Genomic regions of up to 16 Kb could be
successfully sub-cloned.

The sub-cloning of each gene of interest into an entry vector (pDONOR221 or
pENTR2B) (Figure 5B) was followed by the insertion of a fluorescent tag (see
below) (Figure 5C and 5D) and eventually with the recombination into the plant
transformation vector. The choice of the destination vector was dependent on the
choice of the Agrobacterium strain coupled to the maize genotype used for
transformation. The current protocol relies on the use of the Agrobacterium strain
LBA4404 for the infection of immature embryos of the maize line A188.

A LBA4404/A188 compatible destination vector is p7oM-LH, which harbours a bar
gene under the control of the 35S promoter as a plant selection marker, but lacks
the GATEWAY elements. In order to facilitate cloning by the use of the GATEWAY
system, a GATEWAY cassette containing attR recombination sites (attR1 and
attR2), has been transferred from the destination vector pTF101 into the Multiple
Cloning Site (MCS) of p7oM-LH. The nhow GATEWAY compatible destination vector
is referred to as p7oM-LH-GW (Figure 5E).

Agrobacterium mediated transformation of immature maize embryos was
performed at the University of Hamburg (this work was kindly done by Dr. Reinhold
Brettschneider, Dagmar Stang and Katja Miller) and at Crop Genetic Systems
(Hamburg). This protocol relies on several steps of in vitro tissue culture, e.g.,
selection of transformed calli, growth and regeneration of transformed plants (see
details in material and methods).

The putative transgenic plants from tissue culture (TO) were first acclimatize
to the greenhouse condition and thereafter screened for Basta resistance, in order
to ensured that all regenerated plants taken to seed were expressing the
introduced bar transgene, thus the construct of interest. Regenerated plants were
obtained from different transformation events for each gene of interest.

Basta resistant plants were grown in the greenhouse till maturity. When the
plants reached the anthesis stage, the pollen was collected to pollinate A188 plants
and, concurrently, ears were pollinated with A188 pollen. Upon maturation, seeds
were collected. T1 young plantlets were screened for bar-gene expression by
spraying with Basta and T1 resistant plants were analysed for expression of the

reporter construct.
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2.3.1 Fluorescent proteins
Different colour variants and codon optimized fluorescent proteins (FPs) for maize
have been recently developed [52, 53]. In this study, Citrine FP, a YFP variant
which is brighter and more resistant to photobleaching than EYFP, and the red FP
mMRFP1 have been selected. This choice allows combining two different live cell
imaging markers because of the different excitation and emission spectra of YFP
and mRPF1.

The FP insert is flanked by linker peptides to minimize folding interference
between the FP and tagged protein. The FPs are either fused as N-terminal, C-
terminal or internal tags, respecting the location and ensuring the integrity of

known functional domains.
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Figure 5: Overview of the cloning steps

Schematic representation of the genomic region of a gene of interest (GOI), blue boxes
corresponds to exons, bars to introns, grey boxes represent the regulatory region
subcloned upstream the start codon (ATG) and downstream the stop codon (TAA, TAG or
TGA) (A). The GOI is subcloned into an entry vector (B), pENTR2B is shown as the
representative entry vector; the fluorescent tag, subcloned in the entry vector pHSG399
(©), is amplified and integrated into the entry vector with the GOI (D). Integration of the
gateway cassette into the destination vector p70M-LH (E). p70M-LH-GW carrying the GOI
is transformed into Agrobacterium strain LBA4404 for plant transformation (F).
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2.3.2 Chromosome markers
One of my first goals in the set-up of the live cell imaging technique was to be able
to clearly visualize and follow chromosomes during meiosis.

Previously, a transgenic maize line expressing a fluorescent histone fusion
protein, H2B-mCherry, was characterized [54]. As the nucleosome constitutes a
fundamental structural unit of chromatin (Figure 6A), histone proteins can be
good candidates for visualizing chromatin structure. However, when analysing this
H2B-mCherry transgenic line, I observed a low germination rate and the plants
harboured smaller and shorter tassels when compared to the wild-type plants. Due
to these phenotypic defects, I decided to not make use of this line as a live cell
imaging marker.

A second line harbouring a Histone-marker was identified via the MAIZE
CELLGENOMICS database (http://maize.jcvi.org/cellgenomics), i.e., histone H1B
(GRMZM2G164020) fused to YFP. When analysed by confocal microscopy a bright
staining of nuclei, with some detectable chromatin structure and no signal in the
cytoplasm was observed in root tissue (Figure 6B). Young leaves were also
analysed and, similarly to what observed in root cells, the signal was exclusively
localized in the nucleus (Figure 6C). Seedlings with confirmed H1B-YFP signal in
the roots and leaves were also checked for H1B-YFP expression in anthers. While
the signal of H1B-YFP was present in the outer layer (Figure 6D), no signal was
detected from nuclei of meiocytes (Figure 6E, as representative picture of

different lines analysed).
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Figure 6: Histone H1B localization

Schematic representation of the organization of histone proteins (A). Histone H1B-YFP
localization in root (B), leaf (C), anther (D) and meiocytes (E) in combination with
autofluorescence (AF, in blue) and the bright field (BF). Bars 10 um.

Considering these results, I proceeded with the identification of alternative genes
which could be used as chromosome markers in meiosis in order to generate stable

genomic reporter lines.

2.3.2.1 DSY2

The first candidate protein which I selected as putative chromosome marker was
DSY2, a meiosis specific coiled-coil protein of the chromosome axis (Figure 7A).
The gene (AC210848.3_FG004 in B73) is located on chromosome 5 and consists
of 12 exons and 11 introns, spanning a genomic region of 5,3 Kb [43]. In order to
generate a genomic reporter line, the presumptive regulatory regions of 2,3 Kb
upstream ATG and 950 bp after the stop codon were included (Figure 7B). AttB
sites were added by PCR using the BAC AC210848 as template and the resulting
fragment was integrated by BP reaction into the entry vector pDONOR221. Then,
a unique restriction site (Smal) was inserted by PCR directly in front of the stop
codon, to later insert the fluorescent tag. Since DSY2 shares similarity with
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Arabidopsis ASY3, for which a functional C-terminally tagged genomic reporter line
has already been generated [55], the same FP insertion site was chosen for the
maize DSY2. YFP and mRFP1 were selected as fluorescent tags (Figure 7B).
Young spikelets of BASTA resistant T1 plants were collected from the immature
tassel, the anthers were dissected and mounted on a microscope slide for analysis
with the confocal microscope.

In order to collect spikelets at the correct developmental stage for DSY2
observation, spikelets located close to the bottom of the tassel were collected first
and then sampling proceeded towards the top of the tassel following the
developmental gradient of meiosis. In very young and small anthers, no signal was
observed - presumably, because meiocytes in these anthers are in a pre-meiotic
stage (Figure 7C, panel I). The first signal was discovered in slightly older
anthers exclusively in the nucleus and as discontinuous stretches (Figure 7C,
panel II and III), which became more linear and continuous in later samples
(Figure 7C, panel IV), highlighting the formation of the chromosome axes.
Thereafter, the signal became more intense and thicker, likely reflecting changes
in chromosomes morphology, e.g., condensation and synapsis (Figure 7C, panel
V and VI) and chromosome shapes could be discerned. In samples of even older
anthers, the DSY2 signal decreased and was no longer visible as chromosome
threads (Figure 7C, panel VII), likely reflecting the disassembly of the
synaptonemal complex. DSY2 signal is not detectable anymore when cells have
undergone cytokinesis (Figure 7C, panel VIII).
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Figure 7: DSY2, a maize axis core component

Schematic representation of the chromosome axis organization (A). Illustration of the
DSY2 locus, blue boxes corresponds to exons, bars to introns; grey boxes represent the
regulatory region subcloned upstream the start codon and downstream the stop codon.
The position of the fluorescent tag (mRFP1 or YFP) is indicated. Localization pattern of the
reporter line DSY2-mRFP1 in maize meiocytes (C) at pre-meiotic stage (panel I), early
(panel II and III), mid- (panel IV, V and VI) and late (panel VII) prophase I, and during
meiosis II (panel VIII). Bar 10 pm.

The localization pattern observed was consistent with previous observations of
DSY2 localization in maize meiocytes, based on fixed material, i.e.,
immunolocalization studies [43], as well as with the observation of a genomic
reporter line for the Arabidopsis ortholog ASY3 [55]. However, further work is
required to validate the functionality of the DSY2 reporter.

In addition to the change in DSY2 localization, I could observe morphological
changes, i.e., changes in the shape of the meiocytes, during the progression of
prophase I. Young and small anthers harbour square, small meiocytes, in close
proximity to each other. With the progression of meiosis, the cell shape changes
from squared to trapezoidal, thereafter becoming oval and eventually round, right
before cytokinesis (Figure 8).

Prophase |
Pre-meiosis early late

BF +
DSY2-mRFP1

Figure 8: The cell shape of meiocytes changes with the progression of prophase
Localization pattern of DSY2-mRFP1 in combination with the bright field (BF) during pre-
meiosis and prophase I. A single representative cell for each stage is depicted, cell shape
is highlighted with a dashed blue line.
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Interestingly, changes in cell morphology have also been previously observed in
Arabidopsis; in particular, specific cell features such as the cell shape, the nucleus
and the nucleolus position contributed to a reliable landmark system to determine
the meiotic stage and temporally dissect meiotic phases [30]. Additional
experiments and a profound statistical analysis are needed to corroborate these
first observations in maize. However, it will be interesting to define, similarly to
Arabidopsis, specific cell features of maize meiocytes and possibly use them to set

up a landmark system subdividing maize meiosis.

2.3.2.2 AFD1

AFD1 (absence of first divisionl) was identified as the meiotic a-kleisin cohesion
protein in maize [44] (Figure 9A), required for meiotic chromosome formation
and sister chromatid cohesion (SCC). The role of a-kleisin subunits in cohesion,
e.g., REC8 in yeast and Arabidopsis, is conserved across kingdoms [56-58]. AFD1
localization in meiosis has been previously revealed by immunolocalization studies.
The AFD1 signal was detected along the chromosome axis at leptotene, zygotene
and pachytene [44] corresponding to what observed in Arabidopsis for RECS,
which serves as an excellent chromosome marker during prophase I [30].

The AFD1 gene (GRMZM2G059037) is located on chromosome 6, spanning a
genomic region of 31,8 Kb in the B73 reference genome; it contains 20 exons and
19 introns and it encodes a predicted protein of 602 amino acids. A genomic size
of 31,8 Kb goes beyond the limit imposed to ensure good cloning efficiency,
therefore I excluded the genomic region in correspondence of the annotated
transposable elements located in the introns 6 and 10 of AFD1. Two different
versions have been constructed, which differ in the length of the region excluded
from intron 10. This allowed reducing the genomic size of the constructs to 10,5
Kb and 14,2 Kb (referred to as AFD1-I and AFD1-II, respectively) both including
2,4 Kb upstream the start codon and 1,5 Kb downstream the stop codon as
potential regulatory regions (Figure 9B, AFD1-II is shown as representative
illustration). Based on a functional genomic reporter line for Arabidopsis which
carries a C terminal tag [30], I chose the same site for the YFP insertion for both
versions of the maize AFD1. The YFP was inserted by SLiCE reaction. Different TO
plants were obtained for both versions of the reporter and crossed to and by A188
plants. Meiocytes of Basta resistant T1 plants need to be analysed by confocal

microscopy.
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Figure 9: AFD1, the meiotic a-kleisin in maize

Schematic representation of the cohesin complex on chromatin (A), adapted from [59].
Illustration of the AFD1 locus, blue boxes corresponds to exons, bars to introns, dashed
bars to genomic regions in intron 6 and 10 which have been included in generating AFD1-
IT reporter line; grey boxes represent the upstream and downstream regulatory region
used. The position of the fluorescent tag (YFP) is indicated.

2.3.2.3 CENH3

The centromeric histone H3 (CENH3) substitutes histone H3 within the
nucleosomes of active centromeres in all eukaryotes (Figure 10A). CENH3
deposition at centromeres is needed to assemble the kinetochore, a complex of
conserved proteins responsible for correct chromosome movement and
segregation. In addition, not only telomeres but also centromere interactions play
a key role in facilitating the initiation of homologous chromosome pairing [60, 61].
Thus, CENH3 appears to be an interesting candidate to explore the dynamics of
chromosome pairing and synapsis.

The maize gene encoding for CENH3 (GRMZM2G158526) is located on
chromosome 6, it consists of 7 exons and 6 introns, and it encodes for a protein
of 157 amino acids. In order to generate a genomic reporter line comprising the
native regulatory elements, 2 Kb upstream of the start codon and 680 bp after the
stop codon have been subcloned along with the CENH3 locus (Figure 10B). The
fragment was amplified from BAC AC209457_3, adding attB sites by PCR and
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integrated by BP reaction into the entry vector pDONOR221. In a second PCR a
unique restriction site (Nael) was inserted after the start codon, to later insert the
fluorescent tag.

CENH3 proteins share a common histone H3 core sequence and display a highly
variable N-terminal and C-terminal part [45, 62]. In Arabidopsis the C-terminal
portion was found to be responsible to direct CENH3 to centromere [63], hence a
tag position at the N terminal region of the protein was chosen for maize.

As CENH3 was expected to be expressed in both somatic and meiotic cells,
at first the root tip of Basta resistant T1 young plantlets was collected and imaged
by confocal microscopy. Several dots were detected exclusively in the nuclei of the
root cells (Figure 10C), as expected from a centromere marker line. When
meiocytes from plants with confirmed mRFP1-CENH3 signal in roots were analysed
by confocal microscopy, a distinct CENH3 signal was clearly visible in the nuclei
(Figure 10D and 10E).
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Figure 10: CENH3, the centromeric Histone H3

Schematic representation of the nucleosome at the centromeres (A). Illustration of the
CENH3 locus, blue boxes corresponds to exons, bars to introns; grey boxes represent the
upstream and downstream regulatory region used. The position of the fluorescent tag
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(mRFP1) is indicated. CENH3 localization in root cells (C) and in meiocytes (D). Maximum
intensity projection image of CENH3 localization in maize anther (E). Bars 10 pm.

2.3.3 Marker for synapsis

Synapsis is an extensive and stable interaction between chromosomes that
involves the formation of a complex tripartite proteinaceous structure called the
synaptonemal complex (SC). The establishment of the SC is characterized by the
appearance of transverse filaments (TFs) which span the gap between the
chromosome axes and constitute the central region of the SC.

2.3.3.1 ZYP1

ZYP1 was identified as the transverse filament protein of the SC in maize [46] and
thus it has been selected as candidate for a live cell imaging marker to follow
synapsis. Previous studies based on different techniques, such as TEM of silver-
stained chromosome spreads and immunolocalization studies in maize [46, 64],
revealed the localization of ZYP1 between the chromosome axes, highlighting the
synapsed regions.

The maize gene encoding for ZYP1 (GRMZM2G143590) is located on
chromosome 10 and encodes for a protein of 867 amino acids. The full genomic
region of 10 Kb along with 2,2 Kb upstream the start codon and 500 bp after the
stop codon have been subcloned into the entry vector pENTR2B by SLIiCE (Figure
11B). The fragments covering the genomic region have been obtained by PCR
amplification using the BAC AC204395.5 as template. When choosing the insertion
site for the fluorescent tag, a few considerations were made. First, the TF proteins
of the SC share similar structural properties that account for the high degree of
conservation of the SC ultrastructure among eukaryotes [64]. In fact, a central
domain - mainly comprised of coiled-coil structure - is flanked at the N and C
termini by globular domains [65, 66]; TFs form parallel homodimers that are
oriented such that their C termini align along the lateral elements while the N
termini of opposing dimers overlap in the central region of the SC, giving rise to
the central element [64] (Figure 11A).
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Figure 11: ZYP1, a transverse filament protein of the synaptonemal complex
Schematic representation of the transverse filament protein ZYP1, spanning the gap
between the chromosome axes (A). Illustration of the ZYP1 locus, blue boxes corresponds
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to exons, bars to introns; grey boxes represent the upstream and downstream regulatory
region used. The position of the fluorescent tag (mRFP1 or YFP) is indicated. Secondary
structure prediction of ZYP1 protein (46-861 amino acids) using the Phyre2 server (C); a-
helixes are displayed in red, B-strand in green. The asterisks depict the insertion sites for
the internal tag.

Since previously, a functional reporter line for Arabidopsis has been generated
[55], which carries the fluorescent tag internally, an alignment between the amino
acid sequences of the two Arabidopsis proteins ZYP1A and ZYP1B, along with the
rice ZEP1 and the maize ZYP1 was made. The amino acids alignment revealed that
Arabidopsis, maize and rice proteins are conserved to a high extent (Figure 12).
In addition, I used the Phyre2 algorithm to investigate the predicted secondary
structure of maize ZYP1 protein (PDB: c6yvuB; 99.7% confidence and 94%
coverage) and this revealed the presence of numerous o helixes (Figure 11C)
covering most of the maize protein sequence.

Two different internal insertion sites have been previously tested in Arabidopsis -
depicted by asterisks in Figure 12. Looking at the same sites within the maize
sequence, revealed that, according to the secondary structure prediction, they are
likely located in a loop region rather than in an ordered secondary structure
(Figure 11C, the corresponding insertion sites are depicted by asterisks). Hence,
both positions have been selected to generate two different reporter lines with the
internal insertion site, referred to in follow as ZYP1-Intl and ZYP1-IntlI; for both,
mRFP1 and YFP have been used as alternative fluorescent tags. Several
regenerated plants (TO) were obtained for both versions of ZYP1-Intl and ZYP1-
Intll (mRFP1 and YFP).
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Figure 12: Alignment of the TF protein sequence of the SC

Alignment of full-length protein sequence of ZYP1A and ZYP1B (Arabidopsis thaliana), ZEP1
(Oryza sativa) and ZYP1 (Zea mays). The alignment was done with Clustal Omega [67];
conserved residues are highlighted. Asterisks depict the insertion sites for the internal tag.
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With respect to the reporter line ZYP1-IntI-mRFP1, meiocytes of several
Basta resistant T1 plants have already been screened for expression. In very
young and small anthers, no signal for ZYP1 was observed (Figure 13A, panel
I), this is likely because the meiocytes are before synapsis. When proceeding with
sampling towards later stages, the ZYP1 signal first appeared as small and bright
foci in the nuclei of meiocytes - at the same time a diffuse signal was also detected
both in the cytoplasm and in the nucleus (Figure 13A, panel II). The foci
developed into stretches (Figure 13A, panel III) that progressively formed a
more linear signal. At later stages the signal became more extended, presumably
labelling the entire length of the synapsed chromosomes (Figure 13A, panel 1IV).
A single representative cell is depicted in Figure 13B, at different stages of mid-
and late prophase I (Figure 13B, panel I-III and IV-VI, respectively), following
the development of the ZYP1 signal.

The localization pattern of ZYP1-IntI-mRFP1 resembled what was previously
observed via immunolocalization experiments [46]. Now, further experiments are
required to confirm the functionality of the here-generated reporter, i.e., the
introgression into the zypl mutant. Moreover, further screening of T1 plants for
ZYP1-IntI-YFP, ZYP1-IntII-mRFP1 and ZYP1-IntII-YFP needs to be performed.
Additionally, for a more thorough investigation of the dynamics of synapsis, the
ZYP1 reporter will be combined with other markers, e.g., the axis component
DSY2.
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Localization pattern of ZYP1-IntI-mRFP1 in meiocytes at early (panel I), mid- (panel II and

IIT) and late (panel IV) prophase I (A). ZYP1-IntI-mRFP1 localization in a single

representative meiocyte at mid- (panel I-II) and late (panel IV-VI) prophase I (B). Bar 10
gm.

Figure 13: Overview of ZYP1 localization
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2.3.4 Meiosis initiation and progression
In maize, the product of AM1 gene is important for the irreversible commitment of
cells to meiosis and for marking the passage from premeiotic interphase into
prophase I (Figure 14A). It is the earliest acting meiotic gene identified so far
and all initial meiotic processes require AM1, including expression of meiosis-
specific genes, establishment of the meiotic chromosome structure, meiosis-
specific telomere behaviour, meiotic recombination, pairing, synapsis, and
installation of the meiosis-specific cytoskeleton [11, 13, 47]. Additionally, unlike
the genes involved in initiating meiosis in yeast and mouse, AM1 also has a second
downstream function as it regulates the transition from leptotene to zygotene.
With respect to meiotic progression, nhumerous studies have been conducted
to understand the molecular control of it, e.g., cyclins and cyclin dependent
kinases have been identified and play central roles in regulating the meiotic cell
cycle [68, 69]. In this study, the putative maize SDS ortholog has been selected
as a candidate to monitor meiotic progression and to unravel its relation to

homolog interactions, such as pairing and synapsis in maize meiosis.

2.3.4.1 AM1

The maize AMEIOTIC1 gene (AM1; GRMZM5G883855) is located on chromosome
5 and encodes a plant-specific protein of 780 amino acids with yet unknown
biochemical function. The whole genomic sequence along with 2,7 Kb upstream
the start codon and 900 bp downstream the stop codon has been subcloned in the
entry vector pENTR2B by SLIiCE (Figure 14B). The two fragments covering the
genomic region were obtained by PCR amplification using the B73 genome as
template.

The AM1 protein does not exhibit significant similarity to any protein with a known
biochemical function [47] and no information on where the best insertion site for
the fluorescent tag is could be extracted from structure predictions or experiments
done in other organisms. Thus, two different insertion sites were chosen, one with
the fluorescent tag at the N terminal position and one at the C terminus. Both
mRFP1 and YFP have been used as fluorescent tag for each position. Basta
resistant T1 plants need to be screened for the expression of each construct in
meiocytes. Furthermore, the functionality of the reporter lines will be assessed by
their introgression in the mutant background (5 different mutants are available for
the AM1 locus [11]). If the constructs are expressed and functional, it will now be

127



possible to explore the dynamics of AM1 localization and especially elucidate the
relation with other meiotic processes, i.e., the formation of the chromosome axis

and of the synaptonemal complex to ensure proper synapsis.
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Figure 14: AM1 in maize

Schematic representation of the putative time frame of AM1 activity with respect to the
cell cycle (A). Illustration of the AM1 locus, blue boxes corresponds to exons, bars to
introns; grey boxes represent the upstream and downstream regulatory regions used. The
position of the fluorescent tag (mRFP1 or YFP) is indicated (B).

2.3.4.2 SDS

The SOLO DANCERS (SDS) gene encodes for a cyclin like protein that is important
for male meiosis, as shown in Arabidopsis as well as in the monocot rice [70-72].
BLASTP searches using the amino acid sequences of the Arabidopsis and rice SDS
proteins as queries identified two putative maize homologs (GRMZM2G093157 and
GRMZM2G344416), suggesting that in maize there could be two putative SDS
cyclin-like proteins. The maize proteins share the highest sequence similarity to
Arabidopsis and rice SDS in the C-terminal portion, which corresponds to the cyclin
domain (Figure 15, the maize proteins GRMZM2G093157 and GRMZM2G344416
are referred to as ZmSDS57 and ZmSDS16, respectively; blue boxes highlight the

sequence corresponding to the predicted cyclin domain).
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Figure 15: SDS proteins alignment

Alignment of full-length protein sequence of AtSDS (Arabidopsis thaliana), OsSDS (Oryza
sativa) and the two putative maize (Zea mays) SDS proteins (GRMZM2G093157 and
GRMZM2G344416 are referred to as ZmSDS57 and ZmSDS16). The alignment was done
with Clustal Omega [67]; conserved residues are highlighted, blue boxes enclose the
predicted cyclin domain.
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When the maize RNA-seq expression data on MaizeGDB was consulted for both
candidates, higher expression levels were seen for GRMZM2G093157 than for
GRMzZM2G344416 in the meiotic tassel and within the anther. Likewise, the
recently generated transcriptomic data on isolated meiocytes [38] indicated that
the expression level of GRMZM2G093157 is more than three times higher than the
one of GRMZM2G344416. Hence, GRMZM2G093157 was selected as the first SDS
candidate gene in maize and it is referred to in following as SDS. It is located on
chromosome 9 and comprises 7 exons and 6 introns (Figure 16B). For the SDS
reporter construct the whole genomic sequence along with the native regulatory
elements (2 Kb upstream the start codon and 550 bp after the stop codon) was
amplified by PCR using the BAC AC205249.4 as template and integrated into the
entry vector pENTR2B by SLIiCE. A unique restriction site (Smal) was inserted by
PCR directly before the stop codon to add mRFP1 or YFP as fluorescent tag.
Different TO plants were obtained for both versions of the reporter and crossed to
and by A188 plants. Meiocytes of Basta resistant T1 plants harbouring the SDS-
mMRFP1 construct have already been analysed by confocal microscopy.

In very young and small anthers, no signal was observed - presumably, as
meiocytes are still in a pre-meiotic stage (Figure 16C, panel I). The SDS signal
starts to be detected when meiocytes still have a squared shape, hence likely at
an early stage of prophase I (Figure 16C, panel II). The SDS signal is confined
exclusively to the nucleus, diffused with some detectable bright foci. This kind of
signal was detected also in meiocytes at mid- prophase (Figure 16C, panel II1I,
IV and V). At later stages, the signal decreased in its intensity and disappeared
by the end of prophase I (Figure 16C, panel VI). In later stages, no signal could
be detected (Figure 16C, panel VII). This suggests that SDS localization is
confined to early-mid- prophase I, hence SDS might be exclusively active during
this time frame in maize meiosis (Figure 16A). In future, it will be interesting to
investigate whether the distinct foci of the maize SDS reporter are located on
chromosomes; further, if they associate with recombination sites, which would be
consistent with the sds mutant phenotype in Arabidopsis where defective

recombination has been observed [73].
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Figure 16: SDS in maize
Schematic representation of the putative time frame of SDS activity with respect to the
cell cycle (A). Illustration of the SDS locus, blue boxes corresponds to exons, bars to
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introns; grey boxes represent the upstream and downstream regulatory regions used. The
position of the fluorescent tag (mRFP1 or YFP) is indicated (B). SDS localization in
meiocytes (C) at pre-meiotic stage (panel I), early (panel II), mid- (panel III, IV and V)
and late (panel VI) prophase I, and at tetrad stage (panel VII). Bar 10 pm.

2.3.5 Marker for meiotic recombination

Meiotic recombination is initiated by the formation of programmed DNA double-
strand breaks (DSBs) by Spoll [74]; thereafter, Spoll remains covalently
attached to the 5 -ends of the DNA, until the MRN complex (Mrel11-Rad50-Nbs)
and Com1l (Figure 17A) promote its endonucleolytic cleavage, removal and
eventually DSB processing [75], a prerequisite to the generation of COs. Hence,
MRE11 and COM1 were selected as markers for the early steps of the
recombination pathway (see paragraph 1.5 of introduction, for details on the

recombination pathway).

2.3.5.1 MRE1ll1

On the MAIZE CELLGENOMICS database (http://maize.jcvi.org/cellgenomics), a
reporter line for MRE11b fused to YFP was available. When the anthers of this
reporter line were analysed by confocal microscopy, the sighal was detected in the
outside layer of the anther (Figure 17B), exclusively in the nucleus. However, no
signal was visible in meiocytes at any stage of prophase I (Figure 17C).

An explanation for this could be the fact that maize genome encodes for two
distinct MRE11 genes, MRE11a (GRMZM2G106056) and MRE11b
(GRMZM2G309109) respectively. The MRN complex is known to be involved in
many aspects of chromosome metabolism in both somatic and meiotic cells [76].
Hence, in maize MRE11A and MRE11B could be differentially involved in these
processes. This is not only supported by the fact that MRE11B was detected in
somatic cells and not in meiocytes, but also by the RNA-seq expression data
available on MaizeGDB (Figure 17D). MRE11A and MRE11B show very different
expression pattern and strength in the tissues analysed, with MRE11A having a
generally higher expression, also in the flowers (Figure 17D, in orange). Finally,
based on transcriptomic data generated on isolated meiocytes, only MRE11A is

listed as meiotic candidate gene, with the highest humber of reads in meiocytes
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compared to anthers and seedlings [38]. Thus, in future a reporter construct for
MRE11A should be generated.
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Figure 17: MRE11 in maize

Schematic representation of the MRN complex (adapted from [77]), grey arrowhead
indicates MRE11 (in green) (A). MRE11B-YFP localization in somatic (B) and meiotic cells
at early, mid- and late prophase I (C). Bars 10 um. RNA seq expression data available on
MaizeGDB for MRE11A and MRE11B in root, leaves, stem, flowers and seeds. FPKM
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(fragments per kilobase of exon model per million reads mapped) is the normalized
estimation of gene expression based on RNA-seq data; the x axis represents different
samples analysed for each tissue (D).

2.3.5.2 COM1

COM1/SAE2 is a highly conserved protein from yeast to higher eukaryotes, known
to cooperate with the MRN complex and required for DNA double-strand break
repair through homologous recombination (Figure 18A).

BLASTp searches using the amino acid sequence of the previously

characterized rice and Arabidopsis COM1 proteins, resulted in the identification of
a putative COM1 homolog in maize (GRMZM2G076617), which was subsequently
confirmed as the maize ortholog by a recent publication [50].
The gene GRMZM2G076617 is located on chromosome 9 and consists of two exons
and one intron (Figure 18B); it encodes for a protein of 555 amino acids, which
shares 35% identity and 48% similarity with the Arabidopsis COM1 and 62%
identity and 72% similarity with the rice COM1. In order to generate a reporter
line, the genomic sequence of COM1, including 3.2 Kb upstream the start codon
and 900 bp downstream the stop codon, was subcloned into the entry vector
pENTR2B by SLiCE (Figure 18B) using the B73 gDNA as template. A unique
restriction site (Smal) was inserted by PCR either directly after the start codon to
generate a N terminal tagged version of COM1 or right before the stop codon for
a C-terminal fusion. In both positions, mRFP1 and YFP have been used as
fluorescent tag, resulting in four different constructs which have been transformed
into maize.

As yet, only the reporter construct for COM1 with a C-terminal YFP tag has
been checked in meiocytes. In a preliminary screening, COM1 signal was detected
in the nuclei of meiocytes at early, mid- and late prophase I (Figure 18C). The
signal was located in the nucleus and did not show a completely homogenous
pattern, as occasionally some brighter dots and short stretches could be observed
(Figure 18C, white arrowheads). Further experiments are needed to see if the
brighter dots and stretches represent chromosomes, to observe their dynamic
evolution and to analyse if there is an association with other meiotic players.
Additionally, a screening of the N-terminal tagged COM1 lines need to be

performed to see, if a more distinct localization pattern can be obtained. Moreover,
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as two independent Mutator transposon insertion lines are now available, the
introgression of the N-terminally and C-terminally tagged constructs into this
mutant background will be instrumental to judge their functionality.
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Figure 18: COM1 in maize

Schematic representation of COM1 in association with the MRN complex (adapted from
[77]), grey arrowhead indicates COM1 (in yellow) (A). Illustration of the COM1 locus, blue
boxes corresponds to exons, bars to introns; grey boxes represent the upstream and
downstream regulatory region used. The positions of the fluorescent tag (mRFP1 or YFP)
are indicated (B). COM1-YFP localization in meiocytes at early, mid- and late prophase I;
grey arrowheads depict brighter dots and short stretches (C). Bars 10 ym.
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2.3.6 Cytoskeleton marker

Plant cells possess highly dynamic cytoskeletal networks of microtubules and actin
microfilaments, which constantly undergo remodelling to fulfil their roles in
supporting several cellular events, such as cell division. Hence, fluorescent
reporters of cytoskeletal elements are of key importance to study meiotic
progression in living cells.

Via the MAIZE CELLGENOMICS database (http://maize.jcvi.org/cellgenomics),
several reporter lines for tubulin were available, i.e., YFP-Tubulin-a (tual;
GRMZM2G153292), CFP-Tubulin-p and RFP-Tubulin-p (tubl; GRMZM2G164696).
Hence, I tested if those already available reporter lines could be used as markers
in meiosis. Since the expression of these reporters is not restricted to meiocytes,
root cells of young plantlets were analysed in a first screening to identify good
expressing plants from a segregating population.

The YFP-tubulin-a signal was detected in root cells, labelling the cortical
microtubules and the mitotic spindle (Figure 19A and 19B). The spindle
dynamics could be followed in living root cells and a time laps experiment (Figure
19C) revealed the formation of the spindle (Figure 19C, panel I, II and III),
the anaphase onset (Figure 19C, panel IV) and, after completion of anaphase
(Figure 19C, anaphase progression and completion, panel V-IX) the
development of the phragmoplast (Figure 19C, panel X, XI and XII).

Concomitantly, I proceeded with the screening of the tubulin-p reporters in
root cells. Although some CFP-tubulin-p signal could be detected, microtubule
structures were not well recognizable, whereas the observation of the RFP-tagged
version distinctly labelled cortical microtubules (Figure 19D) and marked the
spindle (Figure 19E) as well as the formation of the phragmoplast (Figure 19F)
in root cells.

However, no signal could be detected in meiocytes for any of the lines analysed,
neither for the tubulin-a nor the tubulin-B constructs (Figure 19G as

representative picture).
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Figure 19: Tubulin-a and a tubulin-p localization in somatic and meiotic cells
Localization pattern of YFP-Tubulin-a reporter line in root cells (A and B). Pictures from
time-lapse imaging of microtubule dynamics in root cells (C). Localization pattern of RFP-
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Tubulin-B in root cells labelling cortical microtubules (D), the mitotic spindle (E), the
phragmoplast (F) and in the anther (G). Bars 10 um.

The annotated B73 maize genome encodes for six tubulin-a, eight tubulin-g and
three tubulin-y genes. The information regarding their relative RNA-seq expression
data was integrated with the transcriptomic data on seedlings, anthers and isolated
meiocytes [38] and guided the choice of new candidate genes. First,
GRMZM2G152466 was selected; it encodes for a tubulin-a protein (tubuling; tua4)
and it was found to be strongly expressed in all tissues. Second, GRMZM2G334899
which instead encodes for a tubulin-p protein (tubulin2; tub2) and, interestingly,
was defined as a meiocyte gene [38], hence being a promising candidate as
cytoskeleton marker in meiotic cells.

The genomic sequence of TUA4, including 2.9 Kb upstream the start codon and 1
Kb downstream the stop codon, was subcloned into the entry vector pENTR2B by
SLICE. mRFP1 was used as fluorescent tag and added at the N-terminal position
by SLIiCE (Figure 20A). For TUB2, the genomic sequence spanning from 2.2 Kb
upstream the start codon to 1 Kb downstream the stop codon, was subcloned in
pENTR2B by SLICE. A unique restriction site (Smal) was inserted by PCR directly
after the start codon for the insertion of mRFP1 (Figure 20B). Basta resistant T1

plants need to be screened for their expression in meiocytes.
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Figure 20: Tuad4 and Tub2 as new microtubule reporter constructs

Illustration of the Tua4 (A) and Tub2 (B) locus, blue boxes corresponds to exons, bars to
introns; grey boxes represent the upstream and downstream regulatory region used. The
positions of the fluorescent tag (mRFP1) is indicated.
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2.4 Overview of the generated and analysed reporter lines
In this study, I generated 21 genomic constructs for different genes of interest
which highlight hallmarks of meiosis, as reported in Table 2, and which have been

successfully transformed into maize.

Table 2: Reporter lines generated in this study

Marker Reporter line
PRODSY2: DSY2:mRFP1
PRODSY2: DSY2:YFP
Chromosomes PROAFD1: AFD1-I:YFP
PROAFD1: AFD1-II:YFP
PROCENH3: mRFP1:CENH3
PROZYP1 ZYP1-Intl:mRFP1
PROZYP1 ZYP1-IntI:YFP
PROZYP1 ZYP1-IntII:mRFP1
PROZYP1 ZYP1-IntII:YFP
PROAM1: YFP:AM1
PROAM1: mRFP1:AM1
Meiotic entry and PROAM1: AM1:YFP
progression PROAM1: AM1:mRFP1
PROSDS: SDS:mRFP1
PROSDS: SDS:YFP
PROCOM1: YFP:COM1
Meiotic PROCOM1: mRFP1:COM1
recombination PROCOM1: COML1:YFP
PROCOM1: COM1:mRFP1
PROTubulin-a4: mRFP1-Tubulin-a4
PROTubulin-p2: mRFP1-Tubulin-f2

Synapsis

Cytoskeleton

The result of the screening performed up to now for the expression in meiocytes
of the here-generated reporter constructs along with already available reporter
lines is summarized in Table 3. Each generated construct and especially the
combination of two different reporter lines will allow investigating the dynamics of
key meiotic events by live cell imaging and studying maize meiosis from a spatio-
temporal perspective.
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Table 3: Analysed reporter lines

Expression

Reporter line . . Source
in meiocytes

PROH1B: H1B:YFP no http://maize.jcvi.org/cellgenomics
PRODSY2: DSY2:mRFP1 yes This study

PROCENH3: CENH3:mRFP1 yes This study

PROZYP1 ZYP1-IntI:mRFP1 yes This study

PROSDS: SDS:mRFP1 yes This study

PROMRE11B: MRE11B:YFP no http://maize.jcvi.org/cellgenomics
PROCOM1: COM1:YFP yes This study

PROTubulin-a: YFP-Tubulin-a no http://maize.jcvi.org/cellgenomics
PROTubulin-p: CFP-Tubulin-p no http://maize.jcvi.org/cellgenomics
PROTubulin-p: RFP-Tubulin-B no http://maize.jcvi.org/cellgenomics

2.5 Experimental set-up for maize live cell imaging

The method established in this study is based on a previously published protocol
for live cell imaging of Arabidopsis flower buds [30]. The technique relies on
confocal laser scanning microscope equipped with water dipping objectives and it

has been adapted to support the culturing and imaging of maize anthers.

2.5.1 Sample isolation and mounting

Plants harbouring the construct of interest were grown in the greenhouse; 6-week-
old plants were checked for the presence of the immature tassel by cutting a small
window into the leaves of the last internode. If the tassel was not yet sufficiently
developed, the incision was taped over with surgical tape and the plants were
checked again one day or two later. If the immature tassel was visible, young
spikelets were collected and positioned into a petri dish containing 1% agarose
dissolved in MilliQ water under a stereo dissecting microscope.

Since maize meiocytes develop in the centre of the anthers, which during prophase
I lies roughly 70 pum below the anther surface, spikelets needed to be carefully
dissected to isolate the three primary anthers. Hence, spikelets were opened and
the secondary florets removed, as were lemma and palea of the main floret, to
expose the anthers. The three anthers along with the short pedicel have been
positioned on a petri dish containing 0.8% agarose dissolved in the culturing
medium APW (Artificial Pond Water) and were eventually stabilized by a drop of
2% agarose dissolved in MilliQ water. APW (Artificial Pond Water) medium was
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selected as culturing medium, since it has been previously reported to support the
growth of maize anthers in liquid medium for over 30 hours [78]. I also tested half
strength MS and full MS medium, but anthers were viable for a shorter time than
when cultured on APW medium with 0.8% agarose. Several anthers collected from
different spikelets can be positioned in the same petri dish, allowing the

concomitant observation of several specimens.

2.5.2 Microscope set-up

The upright confocal microscope used in this study was equipped with water
dipping objectives, which are particularly suitable for live cell imaging experiments
as they can be submerged into water, bypassing the use of a cover glass.
Therefore, the specimen had been mounted on solid medium in a small petri dish
as described, which was then filled with autoclaved water. Such set-up allows
sample growth without constraints in the vertical direction, but at the same time
offers an anchoring system to avoid flotation.

2.6 Live cell imaging of DSY2 in maize anthers

Different attempts have been performed in order to identify the most suitable
imaging conditions for maize meiosis, using the DSY2-mRFP1 reporter line as a
test case. Images were acquired as a series of 9 z-stack, with 80 um distance; this
allowed the buffering of small vertical movement of the sample, assuring that the
same meiocytes would be followed during the whole data acquisition. The interval
time between the acquisition of different z-stacks was set as 20 minutes.

The observation of the first set of time-lapses revealed a few interesting
aspects. First, the accumulation pattern of DSY2 is dynamic. At early stages, a
faint signal was detectable in the nucleus in the form of short stretches (Figure
21A). Thereafter the signal became more continues and longer stretches
appeared, concomitantly with an increase in the signal intensity. Finally, the
chromosomes could be seen as bright threads (Figure 21A), which in later
samples decreased in signal intensity (Figure 21B). The gradual disappearance
of the DSY2 signal from the chromosomes (Figure 21C), likely reflects changes
in chromosome morphology, such as the disassembly of the synaptonemal

complex, hence highlighting a late stage of prophase I.
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Figure 21: DSY2 localization in living maize meiocytes

DSY2 localization pictures from a time-lapse experiment showing the progression through
early-mid- (A), mid-late (B) and late (C) prophase I; the interval time (hh:mm) from the
beginning of the acquisition is indicated in the top left corner.

Furthermore, also the chromosomes themselves were highly dynamic. This is
consistent with a previous maize study which showed that chromosome mobility
was especially prominent during prophase I and thought to drive the search of
homologs [24].

Although preliminary, these observations revealed that keeping meiocytes
in their native environment inside the intact anther allows imaging over an
extended period of time. In fact, with this approach, it was possible to follow the
dynamics of meiotic chromosomes for a period of up to 50 hours, which is longer

than achieved in any previous studies on maize meiosis.
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3 Discussion

Understanding the spatial and temporal complexity of biological pathways requires
knowledge on the dynamics of the proteins involved. The use of live cell imaging
has revolutionized the analysis of the spatial and temporal organization of plant
cells and has been widely developed in the model plant Arabidopsis thaliana, while
studies in maize have not advanced so rapidly.

As maize is one of the most important food crops worldwide, the establishment of
such technique represents a unique opportunity to more precisely study meiosis
in a crop model system and ultimately could provide guiding information for crop
improvement. Hence, my work aims to expand and improve our knowledge of
meiosis in crops.

Here I discuss, first, the key aspects of establishing a technique to perform
live cell imaging of meiosis in maize - i.e., how to visualize meiotic players in living
cells, the choice of the specimen as well as the culturing medium along with the
imaging conditions. Second, I describe which aspects of chromosome dynamics in
meiosis could be explored with the here-generated material and the developed

method.

3.1 Live cell imaging: technique development

The here-presented live cell imaging set-up relies on the use of reporter lines
highlighting hallmarks of meiosis combined with a suitable culturing system for
living maize anthers in order to monitor the dynamics of proteins in living
meiocytes embedded in their native environment. This method allows fulfilling the
main requirements of a live cell imaging experiment, i.e., the visualization of
cellular components, such as chromosomes and microtubules, and the

maintenance of sample viability for an extended period of time, i.e., days.

3.1.1 How to visualize meiotic players in living cells

A typical set-up for live cell imaging of meiosis relies on the visualization of
chromosomes. Early attempts made use of different stains, e.g., the vital
chromatin stain SYTO [19, 20, 22] and 4’,6-diamidino-2-phenylindole (DAPI) [78].
These are fast methods, as directly after a short incubation time, the specimen

can be observed and the whole chromosomes visualized at the microscope.
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However, ideal vital chromatin stains need to effectively penetrate the tissue,
produce an adequate staining, while neither altering chromosome dynamics nor
affecting the viability of meiocytes, and should be resistant to photobleaching.
SYTOs staining were suitable for isolated meiocytes, but could not adequately
penetrate maize anthers, hence the use of DAPI [78]. DAPI is usually applied to
fixed material, but at higher concentrations it can be used to stain living cells, as
it can pass through membranes.

Outside of maize, the visualization of chromosomes in live cell imaging
experiments has largely relied on the use of fluorescent reporter constructs,
especially in Arabidopsis [28, 30, 55, 79], which could be successfully visualized
for an extended period of time, i.e., days. The use of such a fluorescent protein
approach gives the possibility to visualize, at least theoretically, any kind of
proteins in meiosis, allowing a more detailed analysis compared to the staining of
the whole chromosomal DNA with dyes. As the capacity for and quality of maize
transformation has recently improved, it has become possible to make use of
fluorescent tagged lines also in maize.

Previously, a comprehensive set of maize marker lines, which highlights
different cellular components, has been developed
(http://maize.jcvi.org/cellgenomics), including a line for Histone H1 and several
tubulin reporter lines. However, no signal could be detected in meiocytes for any
of the lines tested. Therefore, I started with the generation of new genomic
reporter lines for 9 meiotic genes of interest.

The generation of a genomic reporter construct relies on the cloning of significant
upstream (=3 Kb) and downstream (=1 Kb) sequences - sizes previously reported
to be sufficient for correct expression of a gene of interest [52] - along with the
genomic region of the gene of interest, namely exons and introns. On the one hand
this implies the cloning of large genomic fragments, challenging the size limit for
good cloning efficiency, in contrast to a reporter construct based on only the coding
sequence (CDS) of a gene. On the other hand, a genomic construct is meant to
include all native regulatory regions to ensure a faithful representation of the
native expression pattern of the protein of interest. Thus, all the reporter lines
generated in this study are based on the genomic locus, along with some
surrounding sequence to include associated native regulatory regions.

Moreover, careful considerations were made with respect to the choice of the

fluorescent tag and its insertion site. For this purpose, I searched for fluorescent
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tags suitable for maize. Several fluorescent protein variants have been previously
tested to ensure proper expression in maize cells, and some have been maize
codon optimized [52]. The first choice was Citrine YFP, a YFP variant which is
brighter and more resistant to photobleaching, acidic pH, and other environmental
effects than EYFP [80]. With the aim to observe two different reporters
concomitantly in living anthers, mRFP1 was selected as a second fluorescent tag.
In fact, the separated excitation and emission spectra of the two fluorochromes
allows the reliable and concomitant detection of two differently tagged proteins
and permits to maximize the information gained in a live cell imaging experiment.
Additionally, to prevent the fluorescent tag from disrupting the native protein
folding and function, the tags are flanked by linker peptides. Also, the insertion
site (N terminal, C terminal or internal) has been selected based on functional
domain analysis and sequence conservation, trying to keep domains and highly

conserved regions undisrupted.

3.1.2 Sample mounting and imaging
Live cell imaging of isolated meiocytes requires laborious handling of the sample;
as previously reported, damages inflicted during the steps of extraction severely
affect the survival of the cells in vitro [20, 81] and in addition, isolated meiocytes
could be so far cultured for a maximum of 9 hours, i.e., could only be used to
study short phases of meiosis, such as metaphase I and anaphase I and have been
failing to provide information on the extended meiotic prophase I [22]. Instead,
imaging the anthers in their integrity limits the impact of in vitro culturing on
meiocytes and has the advantage of keeping the developmental context as close
as possible to the native environment, which allows longer image acquisition [24].
The method applied in this study, with respect to sample mounting and
imaging, is based on a protocol for live cell imaging of Arabidopsis flower buds,
previously established in the lab [30]. Nonetheless, several changes were made to
adapt it to maize since meiosis in maize takes longer than in Arabidopsis (5 days
from leptotene onset to telophase II [15] vs 26 hours from late leptotene to
telophase II in Arabidopsis [30]) and maize anthers require a different medium to
be kept alive. Revisiting the culturing conditions previously described for maize
anthers [78], I decided to test the same culturing medium and to use APW as the
main component of the solid medium supporting sample growth and development
during imaging. Such set up allowed imaging maize anthers for a period of 50
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hours, which is, so far, longer than any previous live cell imaging experiment in
maize meiosis. However, considering that meiosis lasts for a few days in maize,
this technique requires further improvements to extend the time window for which
maize anthers can be cultivated in vitro.

Such improvements could be achieved by changing the composition of the current
medium. The APW medium is a minimal medium and as such it lacks a carbon
source. On the one hand such medium is less likely to be contaminated over the
course of an experiment - which was considered to be an important aspect
regarding the final goal of a long-term imaging. On the other hand, a source of
sugar, e.g., sucrose, was previously reported to support meiocytes and spikelet
growth, but only in a very narrow concentration range (0.28 M to 0.34 M) [19,
82]. Nonetheless, addition of sucrose within this concentration range to the APW
medium could be tested also for isolated anthers. Other studies also aimed to
culture the whole maize male inflorescence, the tassel [82], or only the spikelets
[83] from an immature stage till pollen production. Even though this was not done
for imaging purposes, it could be interesting to explore the culturing conditions
used. For example, a component which appeared to be relevant for proper tassel
growth was the presence of kinetin [82]. Hence, the supplement of kinetin or other
cytokinins to the medium could be tested. Also the optimal pH value for the
medium needs to be tested, in order to keep the value similar to the anther locule,
which is approximately 7 [83].

An environmental aspect to further take into consideration is the
temperature. Maize plants are grown in the greenhouse at 25°C, hence such a
temperature might also be best during culturing and imaging. This is supported by
the fact that culturing maize meiocytes at temperatures lower than 25°C was
previously reported to cause abnormal chromosome segregation [20]. As all the
previous studies were performed on different maize varieties, it will be important
to test if the same holds true for A188, which has been used here.

Finally, another observation was that when culturing plant explants, either
isolated meiocytes [20, 81], the entire spikelet [19, 81] or isolated anthers as
done in this study, the rate of success depended on the initial developmental stage
of the explant with younger samples being harder to cultivate. It will be necessary
to test whether this is the consequence of physical damage incurred during the

preparation of the sample and, if so, to which extent this could be prevented or
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whether this is due to a lack of nutrients which are needed to support the growth
of maize sample at earlier stages, such as pre-meiosis or early prophase I.

To validate each culturing condition, it will be instrumental to compare the
temporal progression of development between cultured anthers and anthers
collected from greenhouse-grown plants at regular intervals, e.g., by performing
acetocarmine staining.

Finding the optimal culturing condition will be necessary to perform long term
imaging, e.g., for following the cellular events that characterize prophase I, where

many important processes take place, such as paring, synapsis and recombination.

3.2 Future experiments

The localization pattern of my reporter constructs was by and large consistent with
what was observed in previous experiments, such as immunolocalization studies,
and with results on homologous proteins in Arabidopsis. This suggests, but does
not determine the functionality of the generated reporter constructs. A next
experiment could be a phenotypic analysis of all meiotic stages by acetocarmine
staining to evaluate the presence of any dominant negative effect due to the
introgression of the fluorescently tagged gene.

Moreover, for some genes mutant lines are available, e.g., for DSY2 (dsy2-1 and
dsy2-2), ZYP1 (zyp1l), AM1 (am1-1, aml1-2, am1-485, am1-489 and am1l-pral)
and AFD1 (afd1-1, afd1-2, afd1-3, afd1-4). Thus, it will be mandatory to introgress
each reporter in the respective mutant background and analyze if the mutant
phenotype can be rescued, which would prove full functionality of the fusion
protein. Additionally, one could screen a recently established collection of maize
mutants obtained by insertional mutagenesis, BonnMu, or generate CRISPR/Cas
mutants for those genes, where no mutant has been described yet, e.g., SDS, and
then perform the respective complementation studies.

With the generated reporter lines, it will be possible to directly monitor the
progression of meiosis by live cell imaging within the same cell and not estimate
the duration of different stages from a mean of all cells prepared at a certain time
point. This will provide a more precise estimation of the meiotic time-course
compared to previous studies based on fixed material [15]. A first indication comes
from a recent live cell imaging study analyzing chromosome segregation during

meiosis I and II in maize [22]. This study revealed a significantly shorter duration
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for both anaphase I and II than previously reported in studies on fixed material
(roughly 15 min for each vs 1.6 and 2.1 hours, respectively).

Using an optimized imaging procedure and the material generated in this
study, a first goal would be a precise time-course of prophase I. A combination of
different markers and their concomitant observation along with transmitting light
images to evaluate changes in cell morphology could be used. This will provide the
identification of specific cell features which will define a landmark system for maize
meiosis, similarly to what previously described for Arabidopsis with such approach
[30].

A first combination of markers which could be instrumental to temporally
dissect prophase I consists of the reporter line for the axis protein DSY2 along with
ZYP1. DSY2 appears in the form of numerous foci already at late interphase, as
previously detected by immunolocalizations studies [43] and subsequently it
begins to form discontinuous stretches at leptotene stage, as also reported here
(see paragraph 2.3.2.1 and 2.6 of results). Hence, this first change in the
distribution of DSY2 could be used as a first reference point to determine the onset
of leptotene. Subsequently, in zygotene, the homologous chromosomes start to
synapse. As the establishment of the SC is characterized by the appearance of
transverse filament proteins, such as ZYP1, the observation of the ZYP1 reporter
would be informative with respect to synapsis. Hence, the detection of the first foci
coming from the ZYP1 reporter would mark the zygotene stage. The concomitant
observation of DSY2 and ZYP1 allows the visualization of the chromosome axes in
its integrity and of the synapsed regions. Therefore, it will be possible to judge
when synapsis is completed and pachytene is reached. By then, the signal coming
from ZYP1 should entirely span the gap between the chromosome axes, labeled
by DSY2. Similarly, the disassembly of the SC could be monitored by the
progressive reduction of ZYP1 and DSY2 signal along the axes defining diplotene.

Alternatively, the plant specific protein AM1 could be used to monitor early
stages of meiosis and especially meiosis onset. Previous immunolocalization
studies revealed that AM1 is diffuse in the nucleus during premeiotic interphase
and after meiotic entry it binds to chromatin during leptotene and zygotene [47].
The combination with the ZYP1 marker, which starts accumulating from zygotene
on, could additionally provide important information in the time dissection of the

substages of prophase I.
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Furthermore, the visualization of a marker which covers the complete
division and with a distinct accumulation pattern, such as a cytoskeleton marker,
e.g., tubulin-a and a tubulin-B reporter lines generated in this study, will allow to
resolve meiosis in its integrity. This marker could be combined with a chromosome
marker, such as DSY2 to maximize the information gained, at least during
prophase I, and would also allow comparing the length of meiotic phases in maize
with the previous time course experiment [22].

In addition, the introgression of reporter constructs in a mutant background
could promote the understanding of the mutant phenotype and thus meiotic
progression in general. For example, such approach could be helpful to precisely
re-analyze maize mutants which show a phenotype not found yet in any other
organism, such as aml-pral, which is arrested at the leptotene to zygotene
transition, but also to characterize new meiotic mutants found in forward genetic
screens for male sterility or in the BonnMu collection, which provides insertion
mutants for nearly 50% of all maize genes.

Other applications of the live cell imaging technique with the here-generated
material could be addressed to investigate different aspects of meiosis, such as
the formation of the chromosome axis.

How chromosomes are organized with respect to axial element organization is not
yet completely known in maize. This is an important question to answer since
appropriate chromosome architecture is required for homologous pairing,
recombination and synapsis.

Live cell imaging using the AFD1 and DSY2 reporters can be used to look at
changes in axial element establishment and organization and will allow following
them in individual cells throughout prophase I. Changes could be further
investigated in relation with the establishment of the synaptonemal complex, when
the chromosome axes of both homologs are integrated into the synaptonemal
complex (SC) as lateral elements. The availability of a reporter line for the
transverse filament protein ZYP1 will allow to monitor synapsis.

Furthermore, it will also be interesting to investigate the relation between
AM1, which upon meiotic entry localizes to chromatin, and the chromosome axis.
AM1 was found to be required for the transition to meiosis and progression through
the early stages of prophase I [47], i.e., essentially all meiotic processes, including
the establishment of the meiotic chromosome structure, require AM1.
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Finally, a better understanding of chromosome architecture could also give
new insight into how the loading of the recombination machinery is controlled,
namely how chromosome architecture creates a favorable environment for the
recombination machinery. For this, additional reporter constructs, such as RAD51
and MLH1 will have to be created and combined with the here-generated set.
Understanding the frequency and placement of recombination events in maize
could help developing new breeding strategies and eventually contribute to crop

improvement.
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4 Material and methods

4.1 Plant material and growth conditions

The maize inbred line A188 was used as wild-type reference in this study and for
the generation of transgenic lines. Plants were grown in the greenhouse at 25°C,
with 16 h day/8 h night regime and 50% humidity. Seeds were initially planted ~3
cm deep in soil in small pots (8 cm diameter).

To screen for transgenic plants carrying the construct of interest, plantlets
(10-14 days after germination) were sprayed with Basta (final concentration of
250 mg/L), as the transgenes carry the Basta resistance gene (bar) as selectable
marker. After 4 days, sensitive plants have discoloured, wilted and/or leaves died,
while resistant plants (with the transgene) are healthy and with green leaves.
14-20 days after germination, plantlets are transferred to larger pots (7.5 L, 24.5
cm diameter) containing soil supplemented with fertilizer (10 gr Plantosan
Compact per pot).

Controlled crosses are made by placing a bag over the tassel and shaking
gently to collect the pollen, which is then sprinkled onto silks. The ears are covered

before silks emerge to prevent contamination.

4.2 Generation of reporter lines

The genomic sequence of AFD1, AM1, COM1, Tubulin « and Tubulin s have been
obtained by PCR amplification using the gDNA from B73 as template. The genomic
sequence of DSY2, CENH3, SDS and ZYP1 was obtained by PCR amplification using
the corresponding BAC as template, respectively BAC AC210848 for DSY2, BAC
AC209457_3 for CENH3, BAC AC205249.4 for SDS and AC204395.5 for ZYP1. The
primer pairs used for PCR amplification are listed in Table 4; PCR conditions used
in Table 5 and 6. The PCR fragment spanning the genomic region of DSY2 and
CENH3 has been integrated by BP reaction into the entry vector pDONOR221.
AFD1, AM1, COM1, Tubulin « and B, SDS and ZYP1 have been cloned into pENTR2B
by SLICE [84]. A Smal restriction site was introduced by PCR after the start codon
of Tubulin « and g, in front of the stop codon of DSY2 and SDS, and after the start
codon and before the stop codon of COM1. A Nael insertion site was introduced by
PCR after the start codon of CENH3. The constructs were linearized by Smal or
Nael restriction and ligated to YFP or mRFP1 fragments. The YFP and/or mRFP1
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fragments were integrated by SLIiCE into the entry vector carrying the gene of
interest as follow: after the start codon and before the stop codon of AM1, before
the stop codon of AFD1, internally in ZYP1, between the 460-461 and 752-753
amino acids with respect to ZYP1 protein. Each entry clone with the fluorescent
tag was fully confirmed by sequencing and then integrated into the destination
vector p7oM-LH-GW by LR reaction. All constructs were transformed into
Agrobacterium strain LBA4404 and positive Agrobacterium clones were selected
for plant transformation (see below). All constructs generated are listed in Table
7.

4.3 Plant transformation
Agrobacterium tumefaciens strain LBA4404 containing the destination vector
(p70M-LH-GW) with each gene of interest was cultivated on YEB medium
containing 100 mg/L Spectinomycin (for p7oM-LH-GW selection) and 10 mg/L
Tetracycline (for LBA4404 selection). Bacterial cultures are initiated from stock
plates. One full loop of bacteria culture is scraped from the three-day old plate and
suspended in 5 mL of liquid infection medium (see Table 7) supplemented with
acetosyringone in a 50 mL centrifuge tube. The tube is fixed horizontally to a
bench-top shake and shaken at 100 rpm at RT for 1-4 hours.
Immature embryos in the size of 1.8 - 2.1 mm of the maize A188 genotype are
dissected from greenhouse-grown ears harvested 10 days after self-pollination.
Ears are stored up to three days at 4°C before dissection. For dissection, each ear
is divided in two halves and sterilized in a beaker with 3% NaOCI + 0.1% Labosol
solution for 25 min; thereafter, rinsed with approx. 1.5 | of sterile water. Embryos
are dissected and collected into a tube with 2 ml infection medium supplemented
with acetosyringone. Afterwards the embryos are washed twice with fresh infection
medium. The final wash is removed and 1 ml of Agrobacterium suspension (OD600
= 0.4) is added to the embryos. Embryo infection is accomplished by gently
inverting the tube 20 times before resting it upright with embryos submerged for
five minutes at room temperature. Embryos are transferred to the surface of co-
cultivation medium (scutellum side up) and excess Agrobacterium suspension is
pipetted off the medium surface (see Table 7).

Plates are incubated for 3 days at 22°C in the dark. Afterwards, embryos
are transferred to as follow: resting medium (7 days at 28°C, in the dark),
selection medium I (14 days at 28°C, in the dark), selection medium II (14 days
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at 28°C, in the dark), selection medium III (14 days at 28°C, in the dark),
regeneration medium I (21 days at 26°C, in the dark), regeneration medium II
(21 days at 26°C, in the light) (see Table 7 for all media composition).
Regenerated plantlets are transferred to magenta boxes with regeneration
medium II for one week and thereafter transferred to the greenhouse.

This work was kindly performed at the University of Hamburg by Dr. Reinhold
Brettschneider, Dagmar Stang and Katja Miller and at Crop Genetic Systems
(Hamburg).

4.4 Chromosome spreads (acetocarmine staining)

Fresh spikelets were collected and fixed in 3:1 Ethanol:Acetic Acid (fixative
solution) for at least 24h at 4°C, washed twice with fresh fixative solution and
stored in 70% ethanol at 4°C. The spikelts are dissected under a stereo dissecting
microscope; the anthers are positioned on a microscope slide, squashed and
stained with acetocarmine (see Table 7). After adding a coverslip, slides are
heated until the colour of the stain turns from deep red to purple. The stage of
meiosis is determined under a wide-field light microscope.

4.5 Confocal microscopy

4.5.1 Localization analysis

Young anthers harbouring the reporters of interest were dissected under a stereo
dissecting microscope, transferred into a drop of tap water on a microscope slide,
covered with a cover slide and immediately imaged using a Leica TCS SP8 inverted
confocal microscope or a Zeiss LSM 880 confocal microscope. Pictures were
captured with a 40X water immersion objective. YFP was excited at A 488 nm or
at A 514 nm and detected at A between 510 and 560; mRFP1 was excited at A 561
nm and detected at A between 578-650 nm. Autofluorescence from chloroplasts
was highlighted in blue using excitation at A 488 and detection at A between 680-
750 nm.

4.5.2 Live cell imaging
Time-lapses were acquired using a Zeiss LSM 880 confocal microscope. Spikelets

were dissected and isolated anthers positioned on the petri dish with APW solid
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medium (see Table 7). During image acquisition the petri dish was filled with
autoclaved water and placed under a W-plan-Apochromat 40X/1.0 DIC objective.
mRFP1 was excited at A 561 nm and detected at A between 578-650 nm. Time
lapses were acquired as series of Z-stacks (9 planes, 80 um distance) with an

interval time of 20 minutes between the acquisitions.

4.5.3 Live cell imaging data processing

Time lapses obtained in the .czi format were converted into sequential images by
Imagel [85] and opened with MetaMorph software (Version 7.8.0.0; Molecular
devices LLC., San Jose, CA, USA). One focal plane was selected from the all Z-
stacks acquired for each time point using the function “"Review Multi-Dimensional
Data” and the file was exported as .tiff stack file. Image drift on XY plane was
corrected using the “Stack Reg” plugin (Rigid Body option) of Imagel, with “Solid
Body” as transformation parameter. Brightness and contrast were adjusted and
the file was converted into an RGB file in Imagel.
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Table 4: Primer used in the research

Reporter Primer name Sequence
gDSY2-F CAAAAAAGCAGGCTGCGTGTACTGCTGCTG
CGTTTGTTTGC
DSY2 gDSY2-R CGTTTGCAAAAGCGACGGTTGAAGTGCG
DSY2-Smal-F GGGTGACTGATCGAAGTTGCTTCAC
DSY2-Smal-R GGGATCAACAGTCTCTGTGATAAGC
gAFD1-F1 GACTGGATCCCCGAGGCCAGCCATGATGAG
TAAGTAGC
gAFD1-R1 ATGCCACATCTATCACCGGTTCATATCCACT
CCATGC
gAFD1-F2 ACCGGTGATAGATGTGGCATGCTTATCTGAC
AGCCG
gAFD1-R2-I ATATATCAGGAATCACCTAAGCCTACTCCTC
ATCT
AFD1 gAFD1-R2-II ATATATCAGGTCACGCGCTCCGAAGGGGTT
CAATACCG
gAFD1-F3 GAGCGCGTGACCTGATATATTACAAACTGGC
TGC
gAFD1-R3 GTGCGGCCGCGTGACCAGATGAAGCACACG
CTAG
pENTR2B-AFD1-F GCTTCATCTGGTCACGCGGCCGCACTCGAG
ATATCTAG
pENTR2B-AFD1-R CATGGCTGGCCTCGGGGATCCAGTCGACTG
AATTGGTTC
AFD1-YFP-F1 GCGGCCGCTGGGGCCTGACTTGGTGATGTT
GGAAACAATT
AFD1-YFP-R1 CTCCAGGCCGGCCCATCATCTTTAATCCTCT
GGAGATCAAG
gCENH3-F TTTGTACAAAAAAGCAGGCTTGGAGGAGCAT
AATGGCCTGATC
CENH3 gCENH3-R ACTTTGTACAAGAAAGCTGGGTTCCAACTTT
GAATATATGGGTAC
Nael-CENH3-F GGCATGGCTCGAACCAAGCACCAGGC
Nael-CENH3-R GGCCGCGGTGGGCGCCTCGCACTGCTCTC
gZYP1-F1 GACTGGATCCCGTGCGTACGTTGTACGTCAC
ATAGG
gZYP1-R1 GTTGCAGAAAGCAATGCTTCGACCTGGGC
gZYP1-F2 CATAAGTCCATAACAGTCTTTTGAATCC
gZYP1-R2 GTGCGGCCGCGTTCCAGAATTCGTCATCGT
GCTTGC
pENTR2B-ZYP1-F GACGAATTCTGGAACGCGGCCGCACTCGAG
ATATCTAGAC
ZYP1 pENTR2B-ZYP1-R CGTACAACGTACGCACGGGATCCAGTCGAC
TGAATTGGTTC
ZYP1-intI-F GCGGCCGCTGGGGCCCCTATGGAAGAGAAA
TCAAATAATG
ZYP1-intI-R TCCAGGCCGGCCCATCCTAATGGACTGCATT
TGTCCTAGG
ZYP1-intII-F GCGGCCGCTGGGGCCCCTAATCGGAAGGTA
AGATGCC
ZYP1-intII-R TCCAGGCCGGCCCATCCTGGTCTCCGGACT
TACCAACTGG
gAM1-F1 GACTGGATCCGAGTGTTACTGTGTCAGGTG
CATGTGC
gAM1-R1 CTGCTATGACTACTGCTCGTCTTC
AM1 gAM1-F2 GCCACAGGTGAAGAAGTACTACTTC
gAM1-R2 GTGCGGCCGCCCGGTCTGCACTCTATGCAA

TCAGGATTGG



pENTR2B-AM1-F

pENTR2B-AM1-R

TAGAGTGCAGACCGGGCGGCCGCACTCGAG
ATATCTAGAC
GACACAGTAACACTCGGATCCAGTCGACTGA
ATTGGTTCC

gSDS-F1 CGCTTGACTGTCTCGCTTTCTAC
gSDS-R1 AGATTCCCCGGATAGAGACTGCT
PENTR2B-SDS-F AAAGCAGTCTCTATCCGGGGAATCTGCGGC
DS CGCACTCGAGATATCTAG
PENTR2B-SDS-R TTGTAGAAAGCGAGACAGTCAAGCGGGATC
CAGTCGACTGAATTGGTTC
SDS-Smal-F GGGTGATACCCAGAGCTCCCAGGTG
SDS-Smal-R GGGCGAGACGTACTTGATCAGCCACTC
gCOM1-F1 TTGCCAAAACCTGCATCACA
gCOM1-R1 CCTCCCTCCTCCCATTTAGC
gCOM1-F2 GCTAAATGGGAGGAGGGAGG
gCOM1-R2 TCAATCAAGTCCCTCCGCTT
gCOM1-F3 AAGCGGAGGGACTTGATTGA
gCOM1-R3 TCGCCTACCCCTAAATCGAC
COM1 PENTR2B-COM1-F GTCGATTTAGGGGTAGGCGAGCGGCCGCAC
TCGAGATATCTAG
PENTR2B-COM1-R TGTGATGCAGGTTTTGGCAAGGATCCAGTC
GACTGAATTGGTTC
Smal-COM1-F GGGATGGAGGGGAAGGCGGTAGCCG
Smal-COM1-R GGGCTATACATTAAAGAACAGAATCGC
COM1-Smal-F GGGTAGCACTACATCAAGTAGCAGG
COM1-Smal-R GGGCATTTCTGATTCGAAACCAATG
gTUA4-F GACTGGATCCCCCGGCTTTGATTTGAGAAGA
GAAGCTC
gTUA4-R GCGGCCGCCCCTTTTATCGTTTTGTTTCCTA
AT
PENTR2B-TUA4-F CAAAACGATAAAAGGGGCGGCCGCACTCGA
Tubulin-o4 GATATCTAG
PENTR2B-TUA4-R CAAATCAAAGCCGGGGGATCCAGTCGACTG
AATTGGTTC
TUA4-mRFP1-F CGCTGGGGCCATGAGGGAGTGCATCTCGAT
CCACA
TUA4-mRFP1-R CGGCCCATGGTGTTGTTGAACGGGGGGAGC
GGC
gTUB2-F GACTGGATCCCCAAGCATATGGTCAACATTA
AGTC
g TUB2-R GTGCGGCCGCCTCAAGCTTTTCTTCTGCTAC
ATTG
Tubulin-p2 PENTR2B-TUB2-F GAAGAAAAGCTTGAGGCGGCCGCACTCGAG

pENTR2B- TUB2-R

Smal-TUB2-F
Smal-TUB2-R

ATATCTAG
GTTGACCATATGCTTGGGGATCCAGTCGACT
GAATTGGTTC
GGGATGAGGGAGATCCTGCATATCC

GGGCTTACTCTCACCTGTAAACACC
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Table 5: PCR reaction mix used in the research

Purpose PCR reaction mix Volume/reaction
PrimeSTAR Max Premix 25 pl
Plasmid Primer F 1.5 ul
construction (I) Primer R 1.5 pl
Nuclease Free Water 21 pl
5x Phusion GC buffer 16 pl
Phusion DNA Polymerase 1l
Plasmid dNTPs (10 mM) 1.6 pl
construction (II) DMSO 2.4 4l
Primer F 4 ul
Primer R 4 ul
Nuclease Free Water Up to 80 pl
DreamTaq Green PCR mastermix 7.5 ul
Primer F 0.5 pl
Colony PCR Primer R 0.5 ul
Nuclease Free Water 5.5 pl
Table 6: PCR conditions used in the research
Purpose PCR conditions Temperature Time
Initial denaturation 94 °C 30s
) Denaturation 98 °C 10 s
Plasmid )
construction ~nnealing 2> °C > S }X 30
(I) Elongation 72 °C 5 s/Kb
Final elongation 72 °C 2 min
Hold 16 °C o0
Initial denaturation 98 °C 30s
Plasmid Denatu.ration 98 °C 10 s
construction Anneallhg i 30's } x 30
(11) Elongation 72 °C 30 sec/Kb
Final elongation 72 °C 10 min
Hold 16 °C o0
Initial denaturation 95 °C 5 min
Denaturation 95 °C 30s
Annealing 55°C 30s } x 30
Colony PCR Elongation 72 °C 1 min/Kb
Final elongation 72 °C 5 min
Hold 16 °C o0
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Table 7: Resources table

REAGENT or RESOURCE

SOURCE

Bacterial and Virus Strains

E. coli Topl0

Thermo Fisher Scientific; C404010

Agrobacterium tumefaciens strain LBA4404

N/A

Buffers and media

LB

1% Tryptone

0.5% Yeast Extract

0.5% NaCl

0.8% agar (for solid medium)

YEB

1% Peptone

0.5% Yeast Extract

0.5% NaCl

0.8% agar (for solid medium)
pH 6.8

Infection-Medium (1X)

For 1L

100 mL Ne-Macro-Salts
1 ml Ns-Micro-Salts

1 ml Ns-Vitamine

2 ml NaFe-EDTA

0,7 g Proline

1,5 ml 2,4-D (1mg/ml)
68.4 g Sucrose

36 g Glucose

pH 5.2

acetosyringone (100 pM) is added
prior to use

Co-cultivation medium (2X)

For 1L

8.6 MS basal powder

2 ml MS Vitaminstock (1000X; 100
ml with 200 mg glycine, 50 mg
Thiamin HCL, 50 mg Pyridoxin, 5
mg Nicotinic acid)

60 g Sucrose

4 ml myo-Inositol (50 mg/ml)
200 mg cas-Aminoacids

1.4 g Proline

1 ml Dicamba (30 mM dissolved in
50% EtOH)

pH 5.8

+ Silvernitrate (50 mM)

+ L-Cysteine (15mg7ml)

+ Acetosyringone (100 mM)
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Resting and Selection medium (2X)

For 2L

17.2 MS basal powder

4 ml MS Vitaminstock (see above)
2 ml Dicamba (30 mM)

120 g Sucrose

2 g MES

400 mg myo-Inositol (50 mg/ml)
400 mg cas-Aminoacids

2.8 g Proline

pH 5.8

+ Silvernitrate (50 mM)

+ Carbenicillin (250 mg/ml)

+ Basta (20 mg/ml) 37,5 ul for
Selection I; 75 pl for Selection II;
125 for Selection III

Regeneration medium I (2X)

For 2L

17.2 MS basal powder

4 ml MS Vitaminstock (see above)
240 g Sucrose

8 ml myo-Inositol (50 mg/ml)

pH 5.8

+ Cefotaxim (250 mg/ml)

+ Basta (20 mg/ml)

Regeneration medium II

For 500 ml

250 ml 2XMS

250 ml Phytagel (1.5 g/250 ml)
1 ml myo-Inositol (50 mg/ml)
+ Basta

Murashige and Skoog (2 MS)

0.2% MS basal powder
1% sucrose

1% agar

pH 5.8

Artificial Pond Water (APW)

0.1 M NacCl

0.1 M CaClz

0.1 M KCI

0.8% agar (for solid medium)

Acetocarmine staining

0.5 g carmine in 45% acetic acid

Commercial Assays

Gateway BP Clonase II Enzyme mix

Thermo Fisher Scientific; Cat#
11789020

Gateway LR Clonase II Enzyme mix

Thermo Fisher Scientific; Cat#
11791020

Presto™ Mini Plasmid Kit

Geneaid; Cat#PDH300

NucleoSpin® Gel and PCRClean-up

MACHEREY-NAGEL; Cat#
740609.250

PrimeSTAR® Max DNA Polymerase

TAKARA BIO INC®;Cat# R045A

DreamTaq Green PCR Master Mix (2X)

Thermo Scientific™; Cat# K1081
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Phusion® High-Fidelity DNA Polymerase

Thermo Fisher Scientific; Cat# F-
530XL

Ligation mix

TAKARA BIO INC©,; Cat# 6023

Experimental Models: Organisms/Strains

Zea mays: PROH1B: H1B:YFP http://maize.jcvi.org/cellgenomics
Zea mays: PRODSY2: DSY2:mRFP1 This study
Zea mays: PROCENH3: CENH3:mRFP1 This study
Zea mays: PROzYP1 ZYP1-Intl:mRFP1 This study
Zea mays: PROSDS: SDS:mRFP1 This study
Zea mays: PROMRE11B: MRE11B:YFP http://maize.jcvi.org/cellgenomics
Zea mays: PROCOM1: COM1:YFP This study
Zea mays: PROTubulin-a: YFP-Tubulin-a http://maize.jcvi.org/cellgenomics

Zea mays: PROTubulin-p: CFP-Tubulin-f

http://maize.jcvi.org/cellgenomics

Zea mays: PROTubulin-p: RFP-Tubulin-f

http://maize.jcvi.org/cellgenomics

Recombinant DNA

PRODSY2: DSY2:mRFP1 This study
PRODSY2: DSY2:YFP This study
PROAFD1: AFD1-I:YFP This study
PROAFD1: AFD1-II:YFP This study
PROCENH3: mRFP1:CENH3 This study
PROzYP1 ZYP1-IntI:mRFP1 This study
PROZzYP1 ZYP1-IntI:YFP This study
PROZzYP1 ZYP1-IntIl:mRFP1 This study
PROzYP1 ZYP1-IntII:YFP This study
PROAM1: YFP:AM1 This study
PROAM1: mRFP1:AM1 This study
PROAM1: AM1:YFP This study
PROAM1: AM1:mRFP1 This study
PROSDS: SDS:mRFP1 This study
PROSDS: SDS:YFP This study
PROCOM1: YFP:COM1 This study
PROCOM1: mRFP1:COM1 This study
PROCOM1: COM1:YFP This study
PROCOM1: COM1:mRFP1 This study
PROTubulin-a4: mRFP1-Tubulin-a4 This study
PROTubulin-p2: mRFP1-Tubulin-p2 This study

Software and Algorithms

Fiji

https://imagej.net/Fiji; [85]
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