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1. Introduction

1.1 Polyploidy in plants

Polyploidy is a widespread phenomenon among eukaryotes, considered as a major
speciation and adaptation mechanism. Numerous studies reported on the existence of
polyploid species within fungi and animal kingdoms (Albertin & Marullo, 2012; Dowling &
Secor, 1997; Kellis et al., 2004; McLysaght et al., 2002); however, it is the plant kingdom
that is particularly enriched in polyploids, as up to 70% of angiosperms are estimated to
be polyploid (Bretagnolle & Thompson, 1995). The term "polyploid" refers to a cell or an
organism with more than two complete copies of the genome. Depending on the origin
of the genomes, polyploids are classified as autopolyploids and allopolyploids.
Autopolyploidy results from the genome doubling within or between populations of a
single species (intraspecific), whereas allopolyploidy derives from the hybridization
between different species (interspecific), followed by no reduction of the chromosome

content or fusion of unreduced gametes (Comai, 2005; De Storme & Geelen, 2013).

Plants are strongly benefited from polyploidization in their ancestral lineages. First of all,
polyploids display heterosis that is defined as “the increase in performance displayed by
hybrids compared to their inbred parents” (Comai, 2005). The improvement of vigor is
observed not only in allopolyploids but also in autopolyploids. However, it is worth noting
that some autopolyploid inbreds often show stronger inbreeding depression than the
corresponding diploid inbreds, possibly due to the allelic dosage effect (Birchler et al.,
2003, Kidwell et al., 1994). Heterozygosity is another important feature of polyploids,
which enables the progenies to be more genetically diverse. In allopolyploids,
heterozygosity reaches high levels due to the combination of two different genomes. The
genetic inheritance of homologous chromosomes coming from the same diploid ancestor
fixes heterozygous traits of the progenies (Sattler et al., 2016). Increased heterozygosity
is also expected to occur in autopolyploids due to polysomic inheritance (Moody et al.,
1993). Moreover, heterozygosity positively affects vigor in multiple autotetraploid hybrid
plant species (Katepa-Mupondwa et al., 2002; Mendoza & Haynes, 1974).

Another advantage is that due to gene redundancy, recessive alleles are masked more
often by the dominant wild-type alleles. While a heterozygous diploid organism produces
1/4 of recessive homozygous progenies, heterozygous allotetraploid produces only 1/16
of such progenies, and heterozygous autotetraploid — between 1/36 and 1/22 (Comai,
2005). It is especially important in isolated and bottlenecked populations, which are

forced to save continuity of their lineage by inbreeding, or in the case of deleterious
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recessive mutations spread in a population. Moreover, some redundant genes might
diversify to acquire novel functions since polyploids have multiple genome copies (Adams
& Wendel, 2005).

Polyploids can also utilize asexual reproduction through apomixis, producing embryos
only from maternal tissues without the sexual mate (Bicknell & Koltunow, 2004). By
selecting the asexual means of reproduction, polyploids can bypass the so-called ‘triploid
block’ — the malfunction of the endosperm, observed when a polyploid progeny is
backcrossed to a diploid parent or as a result of meiotic restitution in triploids (Kéhler et
al., 2010). Taken together, the advantages granted by polyploidy resulted in the increased
genomic variation and subsequent chances of more efficient adaptation to new

environments than their diploid ancestors.

The benefits of polyploidy have been utilized in cultivation of many important crops and
ornamental plants. The most well-known allopolyploid crop displaying heterosis is
hexaploid bread wheat (Triticum aestivum), which arose naturally through multiple
hybridizations (Haider, 2013). Moreover, two types of tetraploid cotton, Gossypium
hirsutum and G. barbadense, present fiber quality superior to their diploid parents
(Renny-Byfield & Wendel, 2014). Darwin hybrid tulips, including diploid, triploid, and
tetraploid cultivars, display increased flower size and overall plant vigor (Marasek-
Ciolakowska et al.,, 2012). Autotetraploid rye (Secale cereale) displays stiff straw and
improved quality for baking by induced polyploidization (Schlegel, 2006). The resistance
to root-knot nematodes could be transferred from Nicotiana repanda to Nicotiana
tabacum only through Nicotiana sylvestris, which was capable of hybridizing with both
species and therefore served as a “bridge” (Burk, 1967). A sterile intergeneric hybrid,
Chitalpa taskentensis, gained fertility upon autopolyploidization through oryzalin
treatment (Olsen et al., 2006). More examples are listed in the comprehensive review by

Sattler, Carvalho, and Clarindo (Sattler et al., 2016).

Polypoid generation can be divided into two main categories: natural and artificial.
Artificial methods utilize chemicals such as colchicine, oryzalin, or nitrous oxide to induce
chromosome doubling in somatic tissues. They act by binding to tubulin, the main
component of mitotic and meiotic spindles, thus inhibiting its polymerization and
arresting the dividing cell in metaphase until chromosomes return to their interphase
structure (Ascough et al., 2008; Kitamura et al., 2009; Nebei, 1937). However, this
approach is time-consuming, laborious, and inefficient (Sato et al., 2005). Moreover, the
obtained polyploid plants are often less fit and more variable than naturally generated

polyploids, as shown by McCoy and Rowe in their study on alfalfa (McCoy & Rowe, 1986).



Another disadvantage of artificially induced polyploidy is that treatment with chemicals
can be detrimental to plantlet’s vigor, while yielding higher ploidy levels than anticipated.
Itis thus not surprising, that much effort is put into understanding mechanisms of natural
polyploidization, which can be utilized in breeding without issues linked to usage of
chemicals. Since from the perspective of both evolution and breeding, polyploids capable
of reproduction are of utmost importance, this thesis focuses on the natural mechanisms

which lead to their production.

1.1.1 Natural polyploidization

Whole-genome duplication (WGD) — a transient multiplication of an organism’s entire
genome —is thought to be the basis of the angiosperm species diversification and a driving
force for their evolutionary success. It is believed that all extant angiosperms share two
whole-genome duplications in their lineages — one in the common ancestor of the seed
plants, and one in the common ancestor of the angiosperms themselves (Jiao et al., 2011).
On top of that, many plant species underwent more than two WGD events, i.e. at least
three in maize, soybean, and Arabidopsis thaliana (Blanc et al., 2000, 2003), and most
eudicots are reported to originate from a common hexaploid progenitor (Jaillon et al.,
2007; Jiao et al,, 2011). A change in ploidy usually causes genome instability, such as
substantial gene loss and genomic rearrangement, leaving many genes as a single-copy
locus. On the other hand, if both copies survive, one of them might diverge to adopt a

different function (reviewed in Sémon & Wolfe, 2007).

Polyploids are believed to be continuously generated in nature through the most common
natural route: the defects in meiosis progression (Brownfield & Kdhler, 2011). Meiosis is
a specific type of cell division, that aims to produce gametes. In this process, a single round
of DNA replication is followed by two consecutive rounds of nuclear division, resulting in
the generation of four daughter cells and the reduction of parental DNA content by half.
Meiotic divisions are referred to as reductional (also: first or meiosis |) and equational
(also: second or meiosis Il). During reductional nuclear division, homologous
chromosomes synapse, exchange genetic material, and segregate, whereas sister
chromatids separate during the equational division, which strongly resembles mitosis. In
flowering plants, the products of meiosis are four haploid cells, that undergo subsequent
mitotic divisions to develop into mature gametophytes. Any deviation from the standard
course of meiosis results in the formation of abnormal meiotic products, among which are
unreduced gametes. Unreduced gametes contain the somatic chromosome number and
mature into the unreduced, albeit viable spores capable of reproduction. An example

would be a diploid plant producing diploid pollen instead of the expected, haploid ones.



As a side note, it is worth noting that depending on the plant species, diploid sperm nuclei
can be disadvantaged in the race with the haploid ones to fertilize the ovule. In most
angiosperms, diploid pollen germinates slower than the haploid one (Kang & Zhu, 1997),
or at the same pace but later, as in Citrus grandis (Tuyet et al., 2011). On the other hand,
in Solanum phureja, 2n pollen was proved to be more viable than 1n pollen (Simon &
Peloquin, 1976), while in its relative, Solanum tuberculosum, pollen tubes grew faster on
the stigmata (Van Breukelen, 1982). Therefore, the capability of forming a certain number

of unreduced gametes may not mean producing the equal amount of polyploid offspring.

In order to propagate smoothly, most polyploids need to have an even number of
chromosome sets. The best exampleis a tetraploid plant, which can be generated through
three routes: by self- or cross-fertilization of unreduced gametes, or through an unstable
triploid intermediate, which circumvents the so-called ‘triploid block’. The failure of
endosperm, which causes triploid seed abortion, is the result of excess of either maternal
or paternal genomes, deviating from the ‘2 maternal and 1 paternal genome’ composition
required for correct endosperm development. Under normal conditions, the homodiploid
central cell is fertilized by one of the two haploid sperm nuclei before developing into the
endosperm. The endosperm thus becomes triploid and is capable of providing nutrients
for the developing embryo (Lopes & Larkins, 1993). When reduced and unreduced
gametes are involved in the fertilization process, either during a cross between a diploid
and a tetraploid plant, or during triploid’s self-propagation, the balance of maternal and
paternal genome contribution is disturbed. If the female gametophyte is unreduced, the
proliferation of the endosperm is inhibited. Unreduced male gametophytes yield an
endosperm excess (Haig & Westoby 1991; Scott et al., 1998). Both usually lead to
endosperm failure and subsequently increased seed abortion. The viable offspring is a
triploid plant. Triploids are morphologically normal, and their biomass as well as organ
size is usually greater than those of their diploid and tetraploid relatives (Morgan et al.,
2004; Riddle et al., 2006; Ligin et al., 2019). They are, however, mostly infertile. Their
almost complete sterility upon self-fertilization arises from the random pairing and
imbalanced chromosome segregation of mono-, di and trivalents caused by the presence
of odd-numbered chromosome sets. However, triploids can produce a subset of seeds,
which are capable of germinating. Most of the progenies are aneuploid, i.e., contain more
or less individual chromosomes or large chromosomal segments than the wild type.
Aneuploids usually show severe phenotypic defects, such as disturbed development,
partial sterility and morphological abnormalities (Birchler & Veitia, 2007; Makarevitch et
al., 2008). But more importantly, some of the viable seeds which overcame the ‘triploid

block’ are tetraploid and can successfully self-propagate.



1.1.2 Polyploidization through unreduced gametes as an evolutionary mechanism

The interest in polyploidy eventually led to the question if it is just a meiotic mishap, or
whether it should be considered an important evolutionary mechanism. Mason and Pires
in their review discussed this issue and put forward arguments, that support the latter
belief. According to their observations, a wide range of mechanisms that cause unreduced
gamete formation are present in a variety of species from most eukaryotic kingdoms
(Dowling & Secor, 1997; Wyatt et al., 1988; Wood et al., 2009; Albertin & Marullo, 2012).
These mechanisms are also involved in viable interspecies crosses, as well as crosses
between ploidy levels, which further outline the great role of unreduced gametes in
facilitating polyploidy (reviewed in Kohler et al., 2010). Moreover, unreduced gametes are
regularly produced by many interspecific hybrids, such as the spruce bark beetle (Fihrer,
2004), intergeneric hybrids of the frog genus Xenopus (Bogart, 1980) or hybrid
angiosperm species (Ramsey & Schemske, 1998). Last but not least, many reports show
that unreduced gametes are produced upon environmental stresses. This is especially well
documented in studies on flowering plants subjected to, among others, cold stress, heat
stress, osmotic stress, or nutrient deficiency (Grant, 1953; De Storme & Geelen, 2014).
Nevertheless, it is still unknown whether the initial unreduced gamete formation incident
was an exception that became a heritable, advantageous feature, or an event that
facilitated the course of evolutionary adaptation (Gould & Vrba, 1982). Regardless of the
answer, unreduced gametes production remains to be the most important mechanism of
polyploid formation in plants, which provides a lot of profits for breeding. The ability of
plants to produce unreduced gametes can facilitate crosses between plants with varying
ploidy levels — a process advantageous for transferring beneficial genes between species
or masking the ones with a negative effect on breeding (Ogburia et al., 2002; Carputo et
al., 2000; Ortiz et al., 1997). Unreduced gametes are also utilized to generate new auto-
and allopolyploids of formerly diploid species in order to increase genetic diversity and
make use of heterosis for the enhanced biomass and overall performance (Ogburia et al.,
2002; Consiglio et al., 2004). The prevalence and importance of polyploids, as well as the
important role of the unreduced gamete formation in the facilitation of polyploidy, are

the reasons why the origin of unreduced gametes is the main focus of this study.

1.2 Meiosis in plants

Meiosis is a conserved process among eukaryotes (Dawe, 1998). Upon leaving the
premeiotic S-phase, when the genome content is doubled due to the generation of sister
chromatids in each chromosome, the cell enters prophase | - the first and also the longest

stage of meiosis, which consists of five phases. Leptotene, the first phase of prophase |,



begins with chromosome condensation and the onset of homologous chromosomes
pairing. Each chromosome finds its homolog by zygotene, during which the synaptonemal
complex (SC) polymerizes in order to guide synapsis —the close alignment of maternal and
paternal chromosome axes. Once it is fully reached at pachytene, double-strand breaks
occur, enabling cross-over between non-sister chromatids represented by chiasmata —
tight physical connections between bivalents (homologous chromosomes in each pair).
Crossovers warrant not only genetic diversity in the offspring, but also guarantee — after
equatorial alignment of the bivalents during metaphase | — correct segregation of
homologous chromosomes during anaphase |, resulting in reduced chromosome numbers
in the daughter cells. At diplotene, the SC disassembles and chromosomes further
condense. During diakinesis, chromosomes reach maximal condensation while still being
connected within each pair by chiasmata. At this stage, the nuclear envelope finally breaks
and prophase | is completed. During metaphase |, highly condensed chromosomes move
to the cell equator and align, while spindle microtubules attach to the kinetochores at the
centromeres of both homologs of each bivalent. Anaphase | starts when homologous
chromosomes separate from each other and move along the spindles to opposite poles.
In telophase |, chromosomes reach the poles and briefly decondense, while the nuclear
envelope temporarily re-emerges. The second meiotic division begins with prophase Il, in
which the separated homologous chromosomes condense again as univalent, move
towards the cell equator during prometaphase Il and reach perfect alignment in

metaphase Il, when the meiotic spindles once attach to the sister centromeres.
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Diakinesis

Prophase |

4 Interkinesis
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Figure 1 Overview of meiosis [modified from Mercier et al., 2015].

During anaphase Il, sister chromatids segregate to opposite cell poles, and finally
decondense during telophase I, creating four haploid nuclei (Fig. 1). In Arabidopsis male
meiosis, their spatial organization is tetrahedral, although linear, T-shaped, tetragonal and
rhomboidal configurations can be observed in other plant species (reviewed in De Storme
& Geelen, 2013). This diversity is caused first and foremost by the type of cytokinesis that

occurs in the meiotic cell, which can be either successive or simultaneous. Successive
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cytokinesis can be observed usually in monocotyledonous plants and is characterized by
two rounds of cytokinesis. The first leads to the formation of a cell wall after telophase |,
yielding a "transitory" dyad, which physically separates two groups of chromosomes. Their
sister chromatids segregate during meiosis Il, which ends with the second cytokinesis. On
the other hand, simultaneous cytokinesis is more common in dicotyledonous plants, such
as Arabidopsis. In such plants, cytokinesis occurs only after telophase Il, dividing the

mother cell into four daughter cells at once (Fig. 2).

1.2.1 Roles of the cytoskeleton in meiosis

To produce four reduced gametes from a spore mother cell during meiosis, all cellular
components need to cooperate in an organized manner. One of such components is the
cytoskeleton, which is found in the cytoplasm of every eukaryotic cell and consists mostly
of microtubules and microfilaments. The main roles of the cytoskeleton are maintaining
the shape of the cell and anchoring some organelles in place, while providing movement

for other organelles as well as for the cell itself.

Microtubules are built from a- and B-tubulin heterodimers and have polarized ends —
stable minus ends are at the origin site, while plus ends radiate outwards and elongate. In
animals and algae, the structure at the minus end of microtubules, which is responsible
for their nucleation, is called Microtubule Organizing Centre (MTOC, also known as
centrosome). Its main compound is a pair of centrioles. Interestingly, most higher plants'
cells lack such kind of MTOCs (Ovechkina & Oakley, 2001). Various microscopic analyses
show a more disorganized distribution of nucleation sites, as they appear both in the
cytoplasm and/or the endomembrane system. Shaw et al. showed the dispersed and
migratory plant MTOCs on the example of cortical microtubules (Shaw et al., 2003). The
same findings were presented in spindles (Shimamura et al., 2004). Nonetheless, various
studies on eukaryotic cells show that the common component of eukaryotic microtubule
nucleation centers is y-tubulin in a complex with several proteins at the minus end
(reviewed by Oakley, 2000). y-tubulin does not form heterodimers and, in contrast to a-
and B-tubulin, it is not the main component of microtubular arrays. In plants, it creates a
Tubulin Ring Complex (TuRC) with GCP2 to GCP6 proteins, which acts as a nucleation
center at the spindle poles and alongside the phragmoplast (Miao et al., 2019).

Plants' microtubules are capable of initiating a wide range of arrays, including radial
arrays, cortical arrays, preprophase band, spindles and phragmoplast (Falconer et al.,
1988). The chromosome segregation is guided by the spindles, which form during

metaphase. Their minus ends are bound to a diffused plant MTOC, while plus ends
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elongate towards chromosomes and attach to the centromeres to initiate the segregation
of homologous chromosomes in meiosis | and of sister chromatids in meiosis Il. Another
well-known microtubular array is the phragmoplast — a structure made of two sets of
multiple short, parallel microtubules, whose plus ends overlap at the cell equator. It forms
at the division plane and serves as a track for the transport of Golgi-derived vesicles
carrying membrane components for the growing cell plate (reviewed by Hamada, 2014).
In plants, whose PMCs undergo successive cytokinesis, it appears in late telophase |, but
in contrast to mitotic cytokinesis, the division plane is not established by the cortical
microtubule array arranged into the preprophase band (PPB), but rather by the central
spindle fibers in meiosis I. They remain in the cell midzone after anaphase | and form a
phragmoplast-like structure that expands centrifugally and increases in number of more
and more curved fibers (Shamina et al., 2007). On the other hand, in meiocytes with
simultaneous cytokinesis, no PPB nor phragmoplast is formed. Instead, microtubules
emanating from the nuclear membrane of telophase Il nuclei, together with actin
filaments, form radial microtubule arrays (RMAs), which are responsible for marking the
position of the future cell wall by creating furrows of the callose wall of PMCs. Those
furrows then grow centripetally, not restricted by the pre-determined PPB, but rather by
the spatial organization of the nuclei present in the cell (Brown & Lemmon, 1989, 1992,
2001; Traas et al., 1989) (Fig. 2).

PHRAGMOPLAST CELL PLATE CELL WALL
FORMATION EXPANSION ASSEMBLY
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Figure 2 Microtubule array formation in male meiotic cytokinesis. Upper panel represents the first
cell division and a “transitory dyad” in plants with successive cytokinesis, whereas the lower panel
shows the singular cytokinesis event in plants with simultaneous cytokinesis. Green represents
phragmoplast and RMA microtubules. Blue represents the newly formed cell plate and associated
deposition of callose. Gray represents polar MT bundles [modified from De Storme & Geelen,

2013].
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Less is known about the role of actin during meiotic division. The functional form of actin
is filamentous actin (F-actin), which assembles from globular actin (G-actin) monomers
into a helical structure (Li et al., 2015). Generally, F-actin is present in the cytoplasm of
plant cells throughout their lives, including karyo- and cytokinesis. Moreover, various
studies show a special enrichment of microfilaments in the spindles and/or phragmoplast
of plant cells (Sheldon & Hawes, 1988; Dinis & Mesquita, 1993; Staiger & Cande, 1991;
Van Lammeren et al., 1989). Dinis and Mesquita, upon analysis of F-actin distribution in
microspores of Magnolia soulangeana, described its four main configurations: peripheral
filaments (cortical network), filaments dispersed in the cytoplasm (central cytoplasmic
network), filaments associated with the meiotic spindles and filaments associated with
the phragmoplast. They claim, however, that despite co-distribution of F-actin with
microtubules necessary for correct meiotic progression, actin's role might be limited to
cytoplasmic cleavage during cytokinesis. A study on the effect of cytochalasin-B, the
inhibitor of F-actin polymerization, which also damages the preexisting filaments (Brown
& Spudich, 1979; Hartwig & Stossel, 1979), on microsporangia of Psilotum nudum seems
to corroborate this notion. Upon treatment with cytochalasin-B, meiosis was disturbed as
no typical actin structures were present, organelles did not form the organelle band, and
normally separated nuclei were chaotically dispersed in the cytoplasm, often coming close
together (Dorota Tchorzewska & Bednara, 2011). Another work, which studied the effect
of cold stress on actin distribution in wheat male meiosis, also showed disorganized
phragmoplast and insufficient deposition of callose on the cell plate, pointing towards the
relationship between actin cytoskeleton and the formation of the cell plate (Xu et al.,
2013).

More about cytoskeleton’s role in meiotic progression can be learned through studying
motor proteins. These proteins utilize energy from the hydrolysis of ATP to actively move
along the cytoskeleton filaments and carry out regulatory, reorganizing and transporting
tasks. Although three types of motor proteins can be found in mammals and fungi, plants
possess only two of them: kinesins, which travel on microtubules, and myosins, which

traverse microfilaments.

Kinesins and myosins share structural similarities. All kinesins are made of two (or more)
heavy chains and several light chains which stabilize and regulate them. Heavy chains
consist of four domains: 1) the motor (head) domain, which hydrolyzes ATP to generate
energy for the movement; 2) a neck domain, which is a flexible linker with the stalk; 3) the
stalk — a coiled-coil domain, which can dimerize in order to couple two or more kinesins
to act as a single unit; and 4) a tail domain, responsible for binding cargo. Different

functions of kinesins result from the fourth domain, the variable, non-motor tail,
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depending on what cargo it binds. Similar to kinesins, myosins contain motor domains on
the N-terminus and a cargo-binding domain on their C-terminus. Myosin necks are,
however, longer than those of kinesins, which allow them to take longer “steps” and thus
generate cytoplasmic streaming — the motion of the cytoplasm, caused by myosins

transporting their cargo along microfilaments.

The role of kinesins during both mitosis and meiosis is indispensable, although up to date
the exact function of many kinesin families’ members remains elusive. Kinesins participate
in microtubular spindle assembly, nuclear envelope breakdown, attachment of
microtubules to sister chromatids, parallel positioning of the chromosomes during
metaphase, movement of chromosomes along the spindles and spindle elongation
(reviewed in Lee & Liu, 2007). KCH, a minus-end-directed kinesin, was found to balance
the plus-end-directed motor protein ARK during nuclear positioning (Augustine, 2018),
whereas another minus-end-directed kinesin, KINDR in maize, is responsible for the
motility of heterochromatic knobs during anaphase in meiosis, thus participating in the
chromosome segregation (Dawe et al., 2018). In rice, chromosome dynamics in male
meiosis was discovered to be controlled by PSS1 — a kinesin-1-like protein (Zhou et al.,
2011).

Among kinesin families, two are involved in the regulation of microtubular spindle:
kinesin-14 and kinesin-5 families. In Arabidopsis, the first family has two members
localized to the mitotic and male meiotic spindle poles: ATK1 and ATK5. Both of them are
minus-end-directed, and as such they generate the inward forces that shorten the spindle.
The atkl1-1 mutant is characterized by loss of spindle bipolarity, abnormal chromosome
segregation and eventual reduction in male fertility (Chen et al., 2002). On the other hand,
atk5 mutant displays broader and longer mitotic spindles than those of wild-type
(Ambrose & Cyr, 2007; Ambrose et al., 2005; Marcus et al., 2003; Marcus et al., 2002). The
atkl;atk5 double mutant was found to be unrecoverable, which points towards the
necessity of minus-end-directed kinesins’ function in spindle assembly (Bannigan et al.,
2008). Two other kinesin-14 family members in maize, DV1 (Divergent spindle-1) and
ZmKinll, control the spindle shape by possibly crosslinking microtubules from two
different spindle poles, leading to broader and longer spindles, chromosome lagging in
anaphase and eventually lower pollen viability (Higgins et al., 2016). Kinesin-14’s inward
force is balanced by plus-end-directed kinesin-5’s outward force, which separates the
spindle halves in anaphase. Kinesin-5 proteins function also at the mitotic spindle
midzone, where they stabilize it by crosslinking antiparallel microtubules. In the radially

swollen 7 mutant, with a point mutation in the kinesin-5 gene AtKRP125c, spindles were
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found to be highly deformed as the spindle poles collapsed towards each other, most

likely due to imbalance in the inward/outward forces (Wiedemeier et al., 2002).

Up to date the best described kinesins’ cargo are Golgi-derived vesicles, which are being
delivered by the members of kinesin-10 and kinesin-12 families to the phragmoplast for
the formation of a new cell wall. Arabidopsis PAKRP2, a kinesin-10 family member, was
found to be localized to the phragmoplast midzone most likely upon being activated by
the association with its cargo, the Golgi vesicles (Lee et al., 2001). Although the evidence
was indirect, gathered from i.e. brefeldin A treatment, studies on AtPAKRP2 homologs in
rice and moss corroborated its function in the regulation of phragmoplast organization
(Hiwatashi et al., 2014; Fang et al., 2018).

Myosins are also involved in the phragmoplast formation. In moss and tobacco, myosin
VIl was found to guide phragmoplast expansion possibly by linking its microtubules ends
to the cortical division site with the use of actin filaments (Wu & Bezanilla, 2014).
Moreover, myosin is believed to affect the dynamics and organization of actin through
their movement along the microfilaments. In the triple and quadruple Arabidopsis
mutants of myosin Xl isoforms, thick and parallel bundles of actin in the leaf epidermis
cells were exchanged for the thinner and disorganized ones, possibly by a lack of regular
myosin movement, which in wild-type brings filaments together (Peremyslov et al., 2010;
Ueda et al., 2010).

Myosins transport multiple different cargos within the cell, the main ones being
organelles such as ER, Golgi, mitochondria or peroxisomes. Interestingly, various studies
showed a low specificity of myosin isoforms towards their cargo, as loss of function of
selected isoforms often resulted in decreased movement of more than one type of

organelle (Peremyslov et al., 2008; Ueda et al., 2010).

Growing evidence suggests the existence of a cross-talk between kinesins and actin
filaments, and myosins and microtubules. One example is a bi-functional kinesin KCH of
various plant species, which contains actin- and microtubule-binding domains and most
likely transports microfilaments along microtubules (Xu et al., 2007). Another example is
myosin Xl, which accumulates in the apical dome of growing protonemata, presumably
co-existing with polymerizing plus-ends of microtubules before the accumulation of actin
filaments in the same area (Furt et al., 2013; Nebenfihr & Dixit, 2018). These examples
emphasize the importance of motor proteins for the regulation of cytoskeleton dynamics,

both as positive and negative effectors.
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1.2.2 Organelles’ function during meiosis

Another important aspect regarding meiotic division is the position of organelles during
its course. In 1899, Fullmer observed that karyo- and cytokinesis are accompanied by a
spatial rearrangement of cellular organelles (chondrion), such as mitochondria and
plastids (Fullmer, 1899). Later studies showed that this rearrangement was not random
but highly organized, potentially required for the equal inheritance of organelles by the
dividing cells (Marquette, 1907, 1908; Michaelis, 1955). This mode of organelle
segregation into daughter cells during cell division was termed “chondriokinesis”.
However, chondriokinesis is not only important for proper distribution of organelles, but
it also prevents fusion of karyokinetic spindles, which is especially crucial in meiosis with
simultaneous cytokinesis. Positioning organelles in the equatorial plane of the dividing cell
provides a physical barrier and splits the cell into two compartments, with two separate
chromosome sets on each side of the plate (Fig. 3). This particular localization of
organelles and a proper arrangement of the microtubular cytoskeleton are believed to
hinder the spindles from coming into contact and ensure a proper cell division (Brownfield
et al., 2015; Tchorzewska, 2017; Marciniec et al., 2019).

The first classification of chondriokinesis was based on the organelles’ arrangement
during telophase | and metaphase | (Bakowski, 1938). Four main categories (and their
combinations) were proposed: equatorial, neutral, capsular, and polar. Equatorial
chondriokinesis is characterized by organelles forming aggregates on both sides of the
metaphase | chromosome plate, which gradually disperse to create a band between nuclei
in telophase |I. Neutral type is observed when organelles are evenly dispersed in the
cytoplasm and do not form any identifiable clusters. Capsular chondriokinesis occurs
when organelles surround both nucleus and meiotic spindles from late prophase | to the
end of cytokinesis. In polar type, organelles in metaphase | group on the opposite cell
poles and remain there until the first cell division, upon which they redistribute in the

cytoplasm (Tchorzewska, 2017).

In Arabidopsis, chondriokinesis is neutral and equatorial during meiotic telophase, which
is characteristic for plants with simultaneous cytokinesis (Fig. 3). In this case, organelles
are evenly distributed in the cytoplasm until anaphase |, during which they start moving
to the equatorial plane to form a “plate” at telophase |. This organization persists
throughout prophase Il and metaphase Il, and is referred to as the “organelle band” in
various other publications. The organelle band changes into a cross-like structure during
anaphase ll, to separate the four nuclei in telophase Il and to determine division plane for

subsequent cytokinesis.
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Figure 3 Neutral chondriokinesis equatorial during telophase in cells with simultaneous
cytokinesis, such as Arabidopsis. a — prophase |, b —metaphase |, c —anaphase |, d — telophase |, e

—anaphase I, f—early telophase Il, g — late telophase Il [modified from Tchdrzewska, 2017].

Since mitochondria and plastids contain their own DNA, their localization in the cell during
meiosis can be visualized by DAPI (4',6-diamidino-2-phenylindole) staining,
simultaneously with chromosomal DNA. However, these organelles are not the only ones
present in the plant cell during the meiotic division. Golgi apparatus (GA), endoplasmic
reticulum (ER), plasma membrane (PM), vacuoles, and various vesicles are components of
the endomembrane system, participating in the synthesis and transport of proteins, lipids,
and polysaccharides within the cell (Morita & Shimada, 2014). Compounds are
transported inside vesicles through two main pathways. The first one is the secretory
pathway, which starts at the ER, and leads through GA cisternae to the final destination
at the vacuole or PM. The second one is endocytosis, during which vesicles are formed by
the PM around the extracellular molecule, and carried into an early endosome for
subsequent sorting (Fan et al., 2015). There are few studies on the localization and
behavior of endomembrane system components during plant meiotic divisions. The
studies on morphology and dynamics of the plant endomembrane system using the GFP
and its spectral variants were reviewed by Kim and Brandizzi (Kim & Brandizzi, 2014).
Marker lines for cellular components, in which cellular markers are fused with four
different fluorescent proteins at their N- or C-termini, have been developed and have
since become available for interested scientists (Geldner et al.,, 2009). Additionally,
confocal microscopy can be used for optical sectioning and subsequent 3-D reconstruction
of the imaged organelle (Kutsuna & Hasezawa, 2002). Furthermore, transmission electron
microscopy (TEM) proved helpful in studying the endomembrane system and vesicle

trafficking (reviewed by Liu et al., 2021).

So far, the best-documented cases of the relationship between the endomembrane
system and plant cell division display the role of this systems’ components in cell plate
formation. KNOLLE, the syntaxin required for the membrane fusion, and KEULE, encoding
its interactor, Secl homolog, are partially functionally redundant and necessary for the
plant cytokinesis. Their mutants possess incomplete cell walls, formed by fusion of vesicles
carrying material for cell wall construction, and a subset of unbound vesicles in the

cytoplasm (Assaad et al., 2001; Waizenegger et al., 2000). Inhibition of the vesicle
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trafficking through e.g., the repression of NACK1 and NACK2 (kinesis-like proteins) leads
to defective cytokinesis (Nishihama et al., 2002). High-resolution electron tomography,
performed on endosperm mitosis, showed the abundance of Golgi-derived vesicles in the
close vicinity of the spindles and the phragmoplast, highlighting their role in cell wall
component delivery (Otegui et al., 2001). The use of Brefeldin A, the inhibitor of the
secretory pathway, hinders the formation of the cell plate (Yasuhara et al., 1995; Yasuhara
& Shibaoka, 2000). The endocytic marker FM4-64 was shown to be delivered directly to
the developing cell plate in at least three plant species, suggesting that endocytosis, as
well as the secretory pathway, participate in cell plate formation during plant cytokinesis
(Dhonukshe et al., 2006).

Three lines from the ‘wave line collection” were used to study the male meiotic mutant
jason (Brownfield et al., 2015; Geldner et al., 2009). These authors studied the localization
of the JASON protein in roots and meiocytes and compared it with the localization of
vacuole, GA, and PM markers. Both Golgi- and PM-derived vesicles were observed
predominantly in the organelle band; the Golgi signal was registered at the cell periphery.
Interestingly, no signal from the tonoplast (vacuole’s membrane) was found in meiotic
cells (Fig. 4) (Brownfield et al., 2015).

Plasma
DAPI Tonoplast Golgi membrane

Figure 4 Localization of vacuole, Golgi, and plasma membrane proteins at metaphase IIl. DAPI

staining shows the position of chromosomes and organelles forming the organelle band [modified
from Brownfield et al., 2015].

1.2.3 Unreduced gamete formation

The normal product of male meiosis is a tetrad — four haploid cells enclosed within the
callose wall that later undergo two rounds of mitotic divisions to generate fully developed
haploid pollen grains. The term "unreduced gametes" in this context refers to a situation,
in which meiotic defects lead to incorrect chromosome segregation and the formation of
cells with a diploid (unreduced) chromosome set. If one mother cell gives rise to two
haploid (reduced) daughter cells and one diploid (unreduced), such product is called a

triad. If the only meiotic products are two diploid cells, such product is a dyad. Further
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maturation of triads leads to the development of two haploid pollen grains and a diploid
one, whereas dyads will develop into two diploid pollen grains. In addition to dyads and
triads, other types of unreduced gametes, such as monads, pentads, hexads, or heptads,
can be produced under certain conditions. A wide array of unreduced gametes was
observed e.g., in Brassica interspecific hybrids exposed to cold temperatures (Mason et
al.,2011). Yet another exampleis a polyad —a gamete with more than four nuclei — formed

due to lagging chromosomes, such as the spo-11-1-3 mutant (De Storme & Geelen, 2011).

In general, unreduced gametes result from meiotic nuclear restitution (also called:
“meiotic nonreduction”). Failure at meiosis | is termed First Division Restitution (FDR).
Homologous chromosome separation does not occur (or becomes reversed) after
metaphase |, and the final meiotic products present an increased level of heterozygosity
compared to the parental cell, due to recombination between non-sister chromatids
during prophase I. The corresponding anomaly during meiosis Il is named Second Division
Restitution (SDR). Its meiotic products consist of sister chromatids with complete
homozygosity. There is also an additional mechanism in Lilium interspecific hybrids called
Indeterminate Meiotic Restitution (IMR), which leads to a mix of FDR and SDR gametes
(Lim et al., 2001; Barba-Gonzalez et al., 2006).

The mutants of some genes that play a role in prophase | can produce a subset of viable
unreduced gametes. One of them is the SWITCH(SWI1)/DYAD gene, which encodes a
protein responsible for sister chromatid cohesion and recombination. The swil.2 mutant
variant affects both male and female meiosis, although differently. In male meiosis, sister
chromatid separation occurs already in meiosis |, hindering further meiotic progression,
whereas female meiosis resembles a mitotic-like division, resulting in sterility. On the
other hand, swil.1 allele, also known as the dyad mutant variant, affects only female
gametophyte (Fig. 5) (Mercier et al., 2003; Mercier et al., 2001). Mutants produce only 1
to 10 seeds, and ca. 60% of them are triploid due to diploid ovules pollinated by haploid
pollen (Ravi et al., 2008). Thus, dyad can be considered a mutant generating a low

frequency of unreduced female gametes.

A larger proportion of unreduced gametes can be caused by cell cycle mutants. In
Arabidopsis, the enzyme CDKA;1 (CYCLIN-DEPENDENT KINASE Al) and its activators, the
cyclins of group A and B are responsible for cell cycle progression (Menges et al., 2005).
Tight regulation of the cell cycle during meiosis is indispensable for the transition from
meiosis | to meiosis Il without passing an S-phase, as required for mitotic cycles. The levels
of CDKA;1 need to be thoroughly controlled since a cdka;1 knockout mutant is embryo

lethal, while a hypomorphic mutant allele displays meiotic defects in female and male
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meiosis, resulting in plant sterility (Dissmeyer et al., 2007). Mutations in genes encoding
cyclins lead to the production of viable, unreduced gametes. One cyclin A gene is
CYCA1,;2/TAM (TARDY ASYNCHRONOUS MEIOSIS) (Magnard et al., 2001; Y. Wang et al.,
2004). Homozygous null mutants produce mostly dyads during male meiosis and up to
30% of dyads during female meiosis, because most meiocytes cannot enter meiosis Il and
become arrested after the segregation of homologous chromosomes (Fig. 5). A point
mutation of the same gene leads to hypomorphic activity of the cyclin, and to a delay of
the cell cycle progression resulting in more haploid spores in addition to dyads. Another
protein required for the transition into meiosis Il is OSD1 (OMISSION OF SECOND DIVISION
1), despite its yet unclear function. Meiocytes of the osd1 mutant fail to enter the second
meiotic division, giving rise to 100% of dyads as male and ~85% as female meiotic products
(Fig. 5). These unreduced gametes are viable and produce polyploid offspring (D’Erfurth
et al., 2009).

The documented cases on cytokinesis defects, which lead to the formation of unreduced
gametes, involve the incorrect arrangement of RMAs. Such microtubular disorganization
is found in the final stages of meiosis Il in the tetaspore (tes)/stud mutant and prevents
cytokinesis, yielding four nuclei in a common cytoplasm. The TES/STUD protein is
predicted to be a kinesin based on homology to the tobacco NACK proteins, which are
involved in the positive regulation of cell plate expansion through MAP (mitogen-
activated protein) kinase cascade phosphorylation (Nishihama et al., 2002). The final
meiotic product of the tes/stud mutant is a cell containing all four nuclei, some of which
fuse with each other before the subsequent pollen mitotic division, and some complete
their development into functional tetraploid pollen (Fig. 5). Interestingly, only RMAs seem
to be defected and not spindles. Therefore, two rounds of mitotic divisions during pollen
development occur seamlessly and may lead to the formation of functional sperm cells.
Progenies of self-fertilized tes/stud mutants are thus a population of various ploidy levels,
ranging from triploid to pentaploid (Spielman et al., 1997; Yang et al., 2003). A more
severe phenotype can be observed in the mutant of the MAP kinase, MPK4. Since MAPK
cascade is required for the control of plant cytokinesis, the homozygous mpk4 mutant
exhibits incomplete cell wall formation and enlarged, multinuclear cells, and on the
organismic level: dwarfism, retarded root growth, meager flower development and very
limited seed set (Kosetsu et al., 2010).

Defects in spindle organization may also lead to incorrect chromosome segregation and
unreduced gamete formation. ATK1 is a putative kinesin, and its disruption results in a

broad, multi-axial spindle during the first meiotic division, followed by abnormal
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chromosome alignment in metaphase Il and the occurrence of multiple spindles. atk1-1
produces various microspores, which may contain any number of nuclei between three
and ten. Thus, only few microspores matures into a viable pollen, rendering atk1-1 plants
largely infertile (Chen et al., 2002).

In Arabidopsis, cytokinesis happens simultaneously after the second division, so all four
chromosome sets are within the cytoplasm of one cell. Therefore, a separate and
perpendicular arrangement of both metaphase Il spindles is necessary to ensure that
segregation of chromosomes sets will not interfere with each other. The organelle band
provides a physical barrier between the four chromosome sets. Two male meiotic
mutants: atpsl (Arabidopsis parallel spindle 1) and jason have similar phenotypes,
manifested in the formation of tetrads, triads and dyads in different ratios, due to their
metaphase |l spindles displaying either parallel, fused, or tripolar orientation (Fig. 5). The
arrangement of spindles is random, probably caused by loss of the organelle band in
prometaphase Il (jason) or metaphase Il (atps1). However, they act on different genetic
pathways, as atpsl;jason double mutant shows an even stronger phenotype than the

single mutants (Brownfield et al., 2015).

S phase Meiosis | Meiosis Il
wild - - -
type
dyad Loss of meiosis |
agol04
osdl1 Loss of meiosis |l
tam - -
tes
mkk6
jason
atps1 g — -

Figure 5 Examples of unreduced gamete formation [modified from Brownfield & Kéhler, 2011].



Since this dissertation is focused predominantly on the jason mutant, JASON will be

described in more detail in the next subchapter.

1.2.4 The meiotic mutant jason

JASON (At1g06660) was identified as a meiotic gene through ethyl methanesulfonate
mutagenesis (EMS) on the Arabidopsis Landsberg erecta (Ler) ecotype (Erilova et al.,
2009). EMS treatment generated a premature STOP codon in the fifth exon at position
+1960 (C->T), and this allele was numbered as jas-1. Three further alleles in the Columbia
(Col) accession were found in T-DNA insertion libraries, among which jas-3

(SAIL_813_HO03) is the most commonly used one (Erilova et al., 2009).

The JASON protein has no domains of known functions, butits C-terminus domain is highly
conserved in plants. The only related protein is the JAS-LIKE protein (At2g30820), which
shows 64% similarity, but has a broader expression pattern. JASON is expressed mostly
during reproductive development, consistent with its function during meiosis (Erilova et
al., 2009). However, when fused with a green fluorescent protein (GFP) at the C-terminus,
JASON was found in the roots of 4-6 days old seedlings, predominantly in the
endomembrane system. Also, in meiocytes, JASON co-localizes with Golgi- and plasma

membrane-derived vesicles in the organelle band (Brownfield et al., 2015).

An important characteristic of this gene is an alternative translation initiation site, from
which a shorter form of JASON protein is produced. By mutating two ATGs at the N-
terminus of the JASON gene sequence, the transcript was translated from ATG at the
position +85, thus creating shortJASON (Cabout et al., 2017), while a modification of ATG
at the position +85 ensured that JASON is expressed only in the full, long-form
(longJASON), enabling the comparison between the two forms. Both forms were fused
with GFP and expressed under the native JASON promoter. Their subcellular localization
in roots showed that the longJAS did not co-localize with the plasma membrane marker,
whereas shortJAS did not colocalize with the Golgi apparatus. Moreover, both forms were
detected in meiocytes, but the shorter version was present predominantly in the
organelle band, while the longer version appeared in other parts of the cell as well,
suggesting that this form is more important for JASON function during meiosis (Cabout et
al., 2017).

jason is a male meiotic mutant (Erilova et al., 2009). The jason phenotype, without
organelle band in prometaphase I, enables the spindles to move freely in the cytoplasm
with various abnormal orientations while keeping their structure unaffected. As a result,

the distance between separating chromosome sets becomes shorter, sometimes leading
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to intermingling, which disturbs correct segregation. Therefore, jason produces dyads and
triads (Fig. 6), as well as normal tetrads (if parallel spindle orientation is followed by
flawless cytokinesis). The proportion of the three types of gametes is roughly 33% each,
and thus the ratio between haploid and diploid pollen should be about 2:1. Since the
haploid ovule can be pollinated by either 1n or 2n pollen, jason produces both diploid and
triploid seeds. The latter are lethal or give rise to triploid plants, depending on the ecotype

of the jason mutant (Erilova et al., 2009; Brownfield et al., 2015).

Diakinesis Metaphase | Anaphase | Metaphase I Telophase Il Cytokinesis

0
wild type o [} < gase —
A »

Figure 6 Simplified scheme depicting possibilities of unreduced gamete formation in the jason
mutant. The meiotic products from top to bottom are tetrad, dyad, and triad. Grey dots represent

organelles.

1.3 Aim of the thesis

From the evolutionary perspective, polyploidization is a major drive for plant diversity and
speciation. It also confers various benefits, which, if utilized in breeding agriculturally-
important plants, could improve desired crop features and eliminate (or prevent
expression of) undesirable alleles by combining related species. The most common
natural way of generating polyploids occurs through unreduced gametes, which carry the
somatic DNA content. Unreduced gametes are generated after the meiotic chromosome
segregation fails, e.g., by malfunctioning of cell cycle progression or cytokinesis defects.

However, the genetic basis of most of these pathways is not fully understood.

One of the Arabidopsis male meiotic mutants, jason, produces a large subset of unreduced
gametes through loss of the organelle band in metaphase Il and consequently a random
organization of meiotic spindles. JAS is co-localized with markers for the Golgi and the

plasma membrane in the organelle band at metaphase I, indicating that a subset of the
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Golgi apparatus and endomembrane vesicles are components of the organelle band.
Maintaining the organelle band relies on the function of the JAS protein. To characterize
the mechanism of the JAS function, a suppressor screen was performed to find mutants
that form reduced gametes in the presence of the jas mutation. Further analysis of
identified genes will elucidate novel genetic pathways that govern the formation of
unreduced gametes and influence chromosome segregation during the second meiotic
division. Understanding the intricacies of mechanisms leading to the formation of
polyploids provides an immense agricultural potential, which is indispensable in times of

a worldwide climate crisis.

25



2. Materials and methods

2.1 Plant material and propagation

Seeds of Arabidopsis T-DNA insertional mutants: peleus (SALK_209914C), jas-3
(SAIL_813_HO03), atps1-1 (SALK_078818), ubg-likel (SALK_072154), kiwi (SAIL_693_F01),
and ap4b (SAIL_796_A10) were obtained from the Nottingham Arabidopsis Stock Centre
(NASC). The jas-1 allele in the Ler accession and the tubulin-GFP were kindly provided by
Prof. Claudia Kohler. The seeds from the wave line collection are listed in the
Supplemental table 1. The wild-type Arabidopsis thaliana ecotype used was Col-0, unless

stated otherwise.

Seeds were stratified for 2 days at 4°C, in water and darkness, before being sowed on the
soil. To sow them on MS plates (4MS, 1% sucrose, 0.8% plant agar), seeds were surface-
sterilized with 70% (v/v) ethanol for 10 minutes and rinsed twice with 98% ethanol. Seeds

were kept on plates for two weeks, before being replanted into soil.

Plants were propagated in a phytotron with 16 h light / 8 h dark photoperiod.
Temperature in LD rooms was set to 22°C for day and 19°C for night, light intensity was

115 pmol-m-2-s-1 and humidity was at 70%.

2.2 Bacterial material and propagation

The Escherichia coli strains DH5a and TOP10, as well as Agrobacterium tumefaciens

GV3101 were obtained from Prof. Andreas Houben Group (IPK Gatersleben).

E.coli and Agrobacterium upon transformation were plated on a Petri dish with solid LB
medium (0.8% of micro-agar) containing adequate antibiotics. Liquid cultures were
prepared by dipping a tip in the bacterial colony and transferring it to 5 ml of standard
liquid LB medium with antibiotics. 500 ul of each liquid culture was mixed with 500 ul of
50% glycerol and stored in -80°C as a stock. For growth, E.coli strains were kept in an
incubator (plates) or a shaking incubator (liquid cultures) at 37°C for 17 h. Agrobacterium

was kept in respective incubators at 28°C for 24 h.

2.3 Plant material extraction

DNA for genotyping was extracted from fresh or frozen plant material using Edwards
method (200 mM Tris-HCl pH 7.5, 250 mM NacCl, 25 mM EDTA, 0.5% SDS) (Edwards et al.,
1991 with modification). Plant material was disrupted using polypropylene pestles or steel
balls and Retsch Mill MM400. Upon dissolving in water, DNA pellets were stored at 4°C or

-20°C, for short- or long-term storage respectively. High quality DNA was extracted from
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plant material snap-frozen in liquid nitrogen using a DNeasy® Plant Mini Kit from Qiagen,

according to the provided protocol. DNA was stored at -20°C.

2.4 Phenotyping techniques

2.4.1 Pollen size analysis

2-3 open flowers per plant were dipped in a drop of 1x PBS with 0.1% of Triton X-100. The
pollen suspension was observed under 10x magnification using an optical microscope
(SMZ1500 Nikon). Pollen size was measured using Imagel, where the ‘Area’ category

reflects the 2-D area of a pollen grain.

2.4.2 Seed set analysis

Nearly mature siliques of at least 6 weeks old plants were taped to a microscopic slide and
gently opened with tweezers. Seeds were counted according to their size and color, with
uniformly small, yellow, diploid Col-O seeds as reference. Viable triploid seeds were

bigger, often still green, aborted seeds were shrunk and black.

2.4.3 Root length measurement

Seeds were surface-sterilized and sowed on % MS plates supplemented with 1% sucrose
and 1% plant agar. Petri dishes were placed at 4°C under cover for five days in order to
ensure full stratification and synchronized germination. Following stratification, plates
were transferred to an LD room and placed vertically. To check the germination efficiency,
after 2 days of growth fully developed seedlings with roots and cotyledons were counted
and compared with the total number of sowed seeds. After 6 days of growth, plates were

photographed and each root was measured using Imagel.

2.5 Cytological techniques

2.5.1 Tetrad analysis

Whole inflorescence from ca. 5 weeks old plants were fixed in Carnoy’s fixative
(ethanol:acetic acid, 3:1) for 4h at RT and stored at 4°C in fresh fixative until use. Fixed
buds were washed twice with 1x PBS and viewed under a stereoscope. Flower buds were
separated from the inflorescence, anthers were taken out from the buds and
subsequently dissected. 0.1-0.2% toluidine blue solution was used to stain meiotic

products, which were viewed at 10x magnification.

2.5.2 Chromosome spreading

Inflorescences were prepared as for tetrad formation analysis, but separated flower buds
were digested in 10mM sodium citrate buffer, pH 4.5 in 0.3% cellulase and 0.3% pectinase
for 20 min at 37°C. Buds were then washed three times in 1x PBS and viewed under

stereoscope. Anthers were dissected from the buds, macerated into a homogeneous
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suspension using sharp tweezers, and then shortly incubated in 60% acetic acid on a hot
plate, before being washed with fresh Carnoy’s fixative. Cells were air dried and covered
with 2 um/ml DAPI (Roth®) in antifade solution. Slides were viewed under 63x

magnification using a Zeiss Axioplan 2 Imaging Fluorescent Microscope.

2.6 Microscopic imaging

2.6.1 Whole anther analysis

Inflorescences were prepared as for tetrad formation analysis. Flower buds were
dissected to isolate intact anthers, which were incubated in DAPI buffer (0.4 ul of 2 ug/ml
DAPIin 1x PBS +0.15% Triton X-100) for 20 min and later covered with cover slip. Anthers
were imaged using a confocal microscope (Zeiss LSM780) at 40x magnification. The
excitation channel was chosen depending on the type of material — DAPI channel for
organelle band imaging, EGFP for imaging of meiotic spindles, and mCherry for imaging of

endomembrane system marker lines.

2.6.2 Visualizing cellular organelles

Inflorescences undergoing meiosis were fixed in methanol for 20 min at-20°C and washed
thrice in 1x PBS. Anthers were subsequently removed from the buds and chopped using a
fine needle on a slide and stained with Golgi/ER Staining Kit — Cytopainter (Abcam)
according to the protocol for live, adherent cells. Organelles were imaged using a confocal
microscope with DAPI channel for nuclei, FITC channel for Golgi Apparatus and Texas Red

for Endoplasmic Reticulum.

2.6.3 Visualizing cytoskeleton components

In order to visualize tubulin in meiotic cells, seeds of a tubulin marker line were sowed on
MS plates and 7 days old seedling roots were inspected using a confocal microscope to
check the strength of the signal. Positive plants were transferred to soil and grown until
flowering. Inflorescences undergoing meiosis were fixed in methanol for 20 min at -20°C
and anthers were subsequently removed from flower buds. Intact anthers were treated
with DAPI buffer for 20 min at RT and viewed under confocal microscope using the EGFP

channel.

In order to visualize actin in meiotic cells, inflorescences undergoing meiosis were fixed in
fresh 4% PFA for 20 min at RT and anthers were subsequently removed from the buds.
Intact anthers were stained with an F-actin Staining Kit — Green Fluorescence —
Cytopainter kit from Abcam for up to 1 h at RT and stained with DAPI. Actin was visualized

under a confocal microscope in the FITC channel.
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2.7 Genetic techniques

2.7.1 Molecular cloning

SnapeGene® Viewer was used to visualize gene and plasmid sequences, as well as to check
for enzyme restriction sites. Restriction enzymes from Thermo Fisher Scientific and NEB
were used to cut PCR products and plasmids. PCR for genotyping was done using 2x Taq
Master Mix from Vazyme. PCR for cloning was done using Phusion™ High-Fidelity DNA
Polymerase from Thermo Fisher Scientific or Phanta Max Super-Fidelity DNA Polymerase
from Vazyme. Working concentration of primers was 10 uM. Reaction was performed in
the Eppendorf Mastercycler, with temperatures of consecutive steps adjusted to
polymerase manufacturer’s guidelines. PCR products were purified from 1% agarose gel
using scalpel and purified using FastPure Gel DNA Extraction Mini Kit from Vazyme. All
steps were carried out according to provided protocol and DNA concentration was
measured on NanoDrop™. Ligation was done using T4 ligase from Thermo Fisher
Scientific. In-fusion cloning was carried out using ClonExpress Ultra One Step Cloning kit
from Vazyme according to manufacturer’s protocol. Plasmids were extracted from 5 ml of
overnight culture using FastPure Plasmid Mini Kit from Vazyme. All steps were carried out
according to provided protocol. Plasmid concentration and quality was measured using
NanoDrop™ One from Thermo Fisher Scientific. Primers used in this study were
synthesized by Eurofins Genomics Germany GmbH. The list of primers is provided in the

Supplemental table 2.

2.7.2 DNA library construction

4 ug of high-quality DNA was sonicated using Bioruptor® from Diagenode into 200-300 bp
fragments and the library was prepared according to the protocol of VAHTS Universal DNA
Library Prep Kit for Illumina® from Vazyme. Quantity of the libraries was measured on
Qubit Fluorometer from Thermo Fisher Scientific and quality was measured on the Agilent
2100 Bioanalyzer from Agilent Technologies. Libraries were sequenced at Novogene, UK
and at least 15 million reads were produced for each sample. Reads were mapped to
TAIR10 Col-0 genomes with HISAT2 (Kim et al., 2019).

2.7.3 GUS staining

Ca. 1.5 kb of promoter region of the gene of interest was cloned into destination vector
carrying the GUS gene (pGWB533) and transformed into wild-type Col-0. Positive
transformants were selected on % MS plates with hygromycin. Various organs were
collected at different points of development, stained with GUS staining solution (50 mM
phosphate buffer, 10 mM EDTA, 0.1% Triton X-100, 1 mM potassium ferricyanide lll, 1 mM
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potassium ferrocyanide Il, 1 mg/ml X-Gluc), incubated over night at 37°C in the dark and

washed with 70% ethanol until staining is resolved.

2.8 Microbiological techniques

2.8.1 Bacterial transformation

E. coli was transformed by incubating bacteria with plasmid for 30 min on ice, then
transferring the tube to 42°C for 1.5 min and subsequently to ice for another 2 min. After
adding LB buffer, E.coli was incubated for an hour in a shaker set at 37°C and 200 rpm.
Regenerated bacteria were gently centrifuged and, upon resuspending in a smaller
volume, plated on a selective plate using glass beads. Agrobacterium was transformed
using the heat shock method as well, although upon adding plasmid to bacteria the tube
was submerged in liquid nitrogen for 1 min, and then transferred to 37°C for 5 min.

Regeneration was carried out for 3 h at 28°C and shaking at 200 rpm.

2.8.2 Plant transformation

Ca. 5 weeks old plants were transformed with Agrobacterium using the floral dip method
(Bent & Clough, 1998). Overnight bacterial cultures were centrifuged and resuspended in
buffer (% MS, 50 g/L sucrose) and upon adding 200-250 pl/L (v/v) Silwet L-77 from
PlantMedia, buds were submerged in this bacterial suspension for ca. 1 min. Transformed
plants were kept in darkness overnight and then transferred to LD cultivation room. Seeds

of T1 generation were selected on MS plates supplemented with adequate antibiotics.
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3. Results

3.1 Phenotypic analysis of jason suppressors

3.1.1 jason suppressors have a wild-type-like phenotype

EMS mutagenesis of the jas-3 mutant caused random point mutations throughout the
genome, resulting in a variety of phenotypes in subsequent generations. Special attention
was given to plants, which exhibited wild-type phenotype despite containing mutated
JASON gene. Therefore, the M2 population was screened doubly. Firstly, the seed set of
mature plants was assessed in order to find mutants with no more than 10% of abnormal,
i.e. bigger or collapsed seeds per silique; and secondly, the pollen size of the selected
plants was measured to confirm the predominance of haploid pollen grains (Fig. 7).
Together both features suggest that the meiotic defects of jason were restored to a great
extent by the second, unknown mutation. Seeds of such double mutant plants were

collected, numbered, and stored as the original jason suppressor mutants.
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Figure 7 Scheme depicting generation and phenotypic effects of jason suppressors.

Several jason suppressors were found, varying in the level of phenotype restoration. For
the purpose of this project, three of them received special attention and a name after the

Argonauts from the Greek mythology: peleus, idas, and ankaios.

Pollen size analysis clearly showed that all three double mutants produced predominantly
small, haploid, viable pollen (Fig. 8A). However, since mature pollen is not a direct product
of meiosis, as it is generated after two mitotic divisions of microspores’ nuclei, a tetrad
analysis was performed to validate the presumed reason for this finding. Indeed, each
double mutant produced more tetrads than jason alone (peleus: 80.8%, idas: 92%,
ankaios: 61.1%), although none of them fully suppressed the formation of dyads (peleus:

2.4%, idas: 1.3%, ankaios: 6.1%) (Fig. 8B). Seed set analysis further reaffirmed strong,
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although incomplete suppressing abilities of peleus, idas, and ankaios, as all three mutants

produced less than 10% of abnormal seeds (Table 1).
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Figure 8 Phenotypic analysis of jason suppressors. (A) Distribution of pollen size in the jason
suppressor double mutants. Asterisks mark the diploid pollen grains. Scale is 50 um. (B)

Percentage of meiotic products in jason suppressor lines compared to wild-type and jason.

Table 1 Seed set analysis of Col-0, jason, and jason suppressors. (“Abnormal” means big, viable or

collapsed seeds).

Analyzed line % of abnormal Average seeds Total seeds Standard
seeds set per silique counted deviation
Col-0 0 46 273 0
jas-3 37 39 322 0.07
jas-3;pel 4 40 263 0.01
jas-3;idas 2 50 403 0.02
jas-3;ank 7 41 205 0.03

3.1.2 jason suppressors contain more organelles in the metaphase Il organelle band

The incomplete suppression of jason meiotic phenotype led to the question if the
organelle band was restored in the double mutants, as a reconstitution of correct
organelles’ position would be expected to yield 100% of tetrads. All three double mutants
seemed to display a special enrichment of organelles within the organelle band, with
jas;ank showing the highest abundance of organelle signals in-between chromosomes

(Fig. 9). However, the band structure was never as distinct as in the wild-type and the
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organelles could be found scattered throughout the entire cytoplasm, often close to the
chromosomes. The same was observed regarding the “organelle ring” in metaphase |,

which was not prominent in any mutant (Fig. 9).

Col-0 jas-3 jas-3;pel jas-3;idas jas-3;ank

Metaphase |

Prophase Il

Metaphase Il

Figure 9 Cytological analysis of jason suppressors. Metaphase | and metaphase Il were chosen as
the stages most important for the mutants’ meiotic phenotype. Prophase Il was selected to
portray the stage, in which no apparent differences can be spotted between the mutants and wild-

type. Scale bar is 10 um for all images.

The finding that neither of the suppressors fully restored the organelle band at metaphase
Il raises the question what other mechanisms, independently of the full organelle band
restoration, could cause the correct meiotic progression and significantly increase tetrad
formation in the presence of the JASON mutation. To solve this issue, peleus was chosen

for the further in-depth analysis.

3.1.3 peleus suppresses atpsl meiotic phenotype

Since, peleus suppresses the jason mutant phenotype, it was interesting to know whether
peleus could suppress atpsl, another meiotic mutant characterized by the abnormal
spindle positioning. ATPS1 (ARABIDOPSIS THALIANA PARALLEL SPINDLE 1), as mentioned
in the introduction, is a gene involved in the diploid gamete formation through unknown
mechanisms (D’Erfurth et al., 2008). Mutating this gene causes loss of the organelle band
at metaphase I, which results in uncontrolled spindle movement, a phenotype resembling

jason, although caused by a different mechanism (Brownfield et al., 2015).

The atps1;pel double mutant was generated by crossing jas;pel with atps1 and selecting

relevant plants in the second generation. The double mutant showed a decreased number
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of diploid pollen and only 15.7% of triads and dyads compared to ~70% of abnormal
meiotic products in atps1 itself (Fig. 10A). The occurrence of 84.3% of tetrads in the double
mutant strongly resembled the phenotype of suppressed jason (Fig. 10B), indicating that

peleus suppressed atps1 as well.

In the atpsl mutant, the organelle band is lost at metaphase I, and not already at
prometaphase Il as in jason, and the phenotype is stronger than in jason, as it produces
more dyads and more frequently shows touching chromosome sets at metaphase Il
(Brownfield et al., 2015). In my study, the strength of atpsl and jason mutants was
comparable, with both of them generating only up to 33% of tetrads and often showing
metaphase Il chromosome sets being very close together (Fig. 10B and C). The biggest
difference was observed for the atps1;pel double mutant, which in contrast to jas;pel, in
metaphase || meiocytes sometimes also contained intermingled chromosomes (Fig. 10D),
confirming the higher impact of the atpsl mutation on meiotic spindle organization.

Nevertheless, the atps1,pel double mutant produced predominantly tetrads.
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Figure 20 Phenotype of peleus crosses with the atpsl mutant. (A) Pollen size of atps1;pel, jas-
3;atps1, and jas-3;atps1;pel. (B) Tetrad formation of atpsl;pel, jas-3;atps1, and jas-3;atps1;pel. (C)

Anaphase Il meiocytes of atps1. (D) Anaphase Il meiocytes of atps1;pel. Scale bars are 10 um.
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Upon finding, that peleus suppresses atps1 as well as jas, a triple jas;atps1;pel mutant was
generated to assess the extent of peleus’ suppressing capability, considering the fact that
atps1 and jason produced unreduced gametes through different genetic pathways. The
jas;atps1 double mutant served as a control. According to Brownfield et al. (2015) the
double mutant jas;atps1 displays an additive phenotype. Indeed, the jas;atps1 double
mutant produced only 1% of tetrads and almost 95% of dyads (Fig. 10B). Due to its
severity, this phenotype could not be fully suppressed by introducing peleus into the
double mutant. Albeit, the number of dyads was decreased by ca. 45%, while the number
of tetrads was increased by ca. 25%, resulting in a similar phenotype as jas and atps1
mutants (Fig. 10B). Preliminary analysis of organelle band formation showed intermingled
chromosomes in some metaphase Il meiocytes, which was not observed in the double
mutants, emphasizing that peleus cannot fully reverse the strong meiotic defects of

jas;atps1.
3.2 Elucidating mechanisms of unreduced gamete suppression by peleus

3.2.1 peleus partially restores the organelle band in the jason mutant

Chromosome spreads suggested that peleus may restore the organelle band to some
extent, although not up to the wild-type level. However, during chromosome spreading
cytoplasm is removed, possibly affecting cell component positioning. For this reason, the
cytological analysis was revisited, but this time by imaging meiocytes in the whole anthers,

which preserves the natural position of cellular components.

This method gave much clearer results than the chromosome spread and the organelle
band in metaphase Il of the double mutant seemed to be less disorganized than that of
the jas single mutant. The organelles were often correctly located between the two
chromosome sets, not scattered around the cell periphery, and they rarely touched the
chromosomes, although the structure of organelle band was never fully wild-type-like.
This type of organelle band was called “partial”, in contrast to wild-type’s “complete”
organelle band (without “leakage” of signal in the cytoplasm around chromosomes or
near the cell periphery), and jason’s “absent” type (no organized structure visible,

organelles scattered throughout the cytosol) (Fig. 11A).

Counting the number of metaphase Il organelle band types in different mutant meiocytes
revealed that no mutant cell contained complete organelle band, which in contrast
appeared in all wild-type meiocytes. Instead, organelle bands in both mutants were either
partial or absent. However, the number of partially restored organelle bands in jas;pel

was more than 40% higher than in jas, i.e. reaching almost 60% (Fig. 11B). Furthermore,
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Figure 11 peleus suppresses the jason mutant phenotype. (A) Schemes depicting three types of
organelle band and the corresponding images of metaphase Il meiocytes. Scale bar is 10 um. (B)
Percentage of each metaphase Il organelle band type in different genetic background. (C) Box plot
showing distances between two chromosome sets measured in metaphase Il meiocytes. P value
indicated by asterisks (**** < 0.0001).

many jas metaphase |l meiocytes displayed minimal distance between chromosome sets.
This was never observed in the jas;pel double mutant. All metaphase Il meiocytes of
jas;pel contained fully separated chromosome sets, although occasionally the distance
between them was shorter than in wild-type (Fig. 11C). Nevertheless, there was no
statistically significant difference in the distance of chromosome sets between wild-type

and jas;pel (p =0.091).

The distance of chromosome sets explains the substantial increase in tetrads in the jas;pel
mutant. Even though up to 40% of metaphase Il meiocytes did not contain a partial
organelle band, the chromosome sets in these cells were fully separated from each other,

which in many cases enabled their correct segregation into four daughter cells. Therefore,

36



80% tetrads in the double mutant result from partial organelle band recovery and, in the
case of sporadic absence of partial physical barrier, from normal sister chromatid

separation due to sufficient distance between chromosome sets.

However, the mechanism(s) underlying a partial organelle band re-formation remained
unknown. Therefore, five hypotheses were put forward and subsequently tested to

elucidate the cause of the 80% of tetrads in the jas;pel double mutant.

Figure 12 Schemes depicting four out of five hypotheses regarding the reason(s) of tetrad
restoration in the jas;pel double mutant. (A) Particular vesicle or organelle enrichment in the
organelle band. (B) Bigger cell size. (C) Longer meiotic spindles. Green ovals represent spindle

poles. (D) Additional structure made of cytoskeleton components.

The first hypothesis regarded the involvement of DNA-free organelles in the organelle
band formation (Fig. 12A). DAPI is a blue fluorescent stain that binds to AT-rich regions on
the DNA (Williamson & Fennell, 1975), thus the staining limits its use to cell components
which contain DNA, i.e. the nucleus, chromosomes, mitochondria and chloroplasts.
Different methods need to be utilized in order to uncover the positioning of other
organelles in the meiocyte, such as ER, Golgi vesicles, PM vesicles or vacuole. |
hypothesized that in the jas mutant, all organelles of the cell become randomly scattered
at prometaphase Il, whereas the peleus mutation partially or fully restores the organelles
without DNA in the band.
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The second hypothesis stated that if jas;pel metaphase Il meiocytes are bigger than jas,
the chromosome sets could stay apart from each other in the absence of an organelle
band, as it was found to be the cause of jas suppression by telamon (PhD thesis of Jun Yi,
SLU) (Fig. 12B).

The third hypothesis assumed longer metaphase | spindles (Fig. 12C). | hypothesized that
if the cell size remained the same in the double mutant as in the single mutant, but the
spindle poles in metaphase | were located further away from each other, closer to the cell
periphery, homologs could be pulled on a longer distance. If this distance was kept
throughout the second meiotic division, it would decrease the chance of chromosomes

intermingling in metaphase Il and subsequently lead to observed increase in tetrads.

The fourth hypothesis claimed that the meiosis duration in jas;pel is longer than in jas, as
it was observed in the tam mutant. The TAM gene (TARDY ASYNCHRONOUS MEIOSIS, also
known as CYCA1,2), is a positive regulator of cell cycle progression, similar to OSD1. In the
absence of TAM protein, meiocytes become arrested in meiosis I, which leads to the
production of dyads. Moreover, it was found that in the mutant, meiosis Il tends to
continue even after callose degradation, resulting in “dyad pollen” with two male
gametophytes within the same exine (Magnard et al., 2001). It was thus interesting to
know, whether the duration of meiosis influences peleus’ ability to partially restore the
organelle band. | hypothesized that the initial organelle band disruption in jas
prometaphase Il could possibly not be repaired before the sister chromatid separation in

anaphase I, but this might be done in jas;pel if more time is available.

The fifth hypothesis focused on the involvement of the cytoskeleton in the organelle band
formation, due toits function in providing the scaffold for organelle movement within the
cell. | suggested that in jas;pel the cytoskeleton components — either microtubules or
microfilaments — might polymerize into a new, so far unknown structure during
metaphase Il, acting as a physical barrier between chromosome sets, and complementing
the partially restored organelle band (Fig. 12D). It was also possible that the already
existing cytoskeleton formations, e.g. phragmoplast, were somehow impaired in the jas

single mutant and repaired by the mutation in PELEUS.

3.2.2 Golgi- and ER-derived vesicles are similarly scattered in metaphase Il meiocytes of

both mutants

To test the first hypothesis, | utilized a live-cell staining dye within partially dissected
anthers of Col-0, jas and jas;pel to visualize ER- and Golgi-vesicles in meiocytes. Confocal
imaging showed a specific enrichment of the metaphase Il organelle band with both types

of vesicles in wild-type background, which in the case of Golgi localization had been

38



previously observed (Brownfield et al., 2015). However, in both mutants there was no
such enrichment, and vesicles filled the entire cytoplasm except in the close vicinity of the

chromosomes (Fig. 13).
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Figure 13 Localization of Golgi- and ER-vesicles in metaphase Il meiocytes. Scale bar is 5 um.
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It was observed that peleus affected the localization of organelles, which contain DNA
(mitochondria and chloroplasts), because DAPI staining showed their increased
enrichment within the organelle band in the jas;pel mutant. It is thus possible, that peleus
had a more profound effect only on mitochondria and plastid, whereas little to no effect

on others, such as Golgi- and ER-vesicles.

3.2.3 Meiocytes are not larger in jas;pel than in jas

To test whether mutation in PELEUS resulted in the increased meiocyte size, meiocytes
were stained with DAPI within intact anthers, imaged under the confocal microscope and

the size of metaphase | and Il cells was measured using the ZEN software.

The analysis showed that jas;pel metaphase | meiocytes were slightly bigger than those of
Col-0 and jas (138.27 um?, 124.3 um?, and 134.25 um?, respectively), although the
difference between jas and jas;pel was not statistically significant (p = 0.544). Metaphase
Il meiocytes, which are crucial for tetrad formation, exhibited a significant size difference

only between wild-type and jason (123.91 um?2and 134.52 um?, p =0.00007), not between
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jas and jas;pel (p = 0.066), with jas;pel cells being even smaller than jason cells (127.69
um? versus 134.52 um?) (Fig. 14). This clearly disproved the second hypothesis.
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Figure 14 Metaphase | and metaphase Il meiocytes’ size measurement. P value indicated by
asterisks (*** < 0.001, **** < 0.0001).

3.2.4 Metaphase | spindles are not longer in jas;pel than in jas

To test the third hypothesis, marker line of a-tubulin fused with GFP in the jas;pel
background, was crossed with Col-0 to obtain it in all three necessary backgrounds.
Spindles were then observed in the intact anthers and imaged as Z-stacks to capture both

ends of each spindle. Their length was measured in ZEN software.

For this analysis, metaphase | meiocytes were more important than those of metaphase
Il, because if the hypothesis was correct, longer metaphase | spindles would explain why
two chromosome groups in the jas;pel double mutant were always separated and never
came close together. However, measurement did not show longer metaphase | spindles
injas;pelthanin jas, but interestingly, proved that jason spindles with their average length
of 14.19 um were significantly longer than those of wild-type (11.66 um, p = 0) and of the
double mutant (12.83 um, p = 0.0002) (Fig. 15A). The differences between both mutants
disappeared in metaphase ll, as jason spindles had on average the same length as those
of the double mutant (8.84 um and 8.98 um, respectively), whereas wild-type spindles
were significantly shorter (7.94 um, p = 0 in both comparisons) (Fig. 15B). This disproved
the third hypothesis and left the reason for separated chromosome sets in the double

mutant open for further discussion.
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Figure 15 Spindle length measurements. (A) Metaphase | spindle length. (B) Metaphase Il spindle
length. Each data was collected from 2-4 biological replicates. Only fully visible spindles with
clearly defined poles were measured. P value indicated by asterisks (** < 0.01, *** < 0.001, ****
< 0.0001).

3.2.5 Duration of meiosis is similar in both mutants

To test the fourth hypothesis, the a-tubulin-GFP marker lines were used in collaboration
with Dr. Maria Cuacos (IPK Gatersleben) to perform light-sheet microscopy imaging of the
entire meiotic process. This method enables live-cell imaging of developing tissues by
preserving the fluorescent signal for multiple days without losing its strength. Meiotic
buds at the stage of prophase | had their petals and sepals removed, and were

subsequently placed under the light-sheet fluorescent microscope for observation.
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Figure 16 Selected frames from the timelapse of tubulin-GFP dynamics in analyzed lines. White
rectangles show a single meiocyte undergoing meiosis, from diakinesis (first frame) to tetrad stage
(last frame). Scale bar is 50 um in each image. The time discontinuity in jas;pel was due to loss of
focus on the meiocytes and the need to readjust the objective, which required brief stopping of

the measurement.

The time needed for completing meiotic divisions was measured from the onset of
metaphase |, when tubulin changes its conformation from the “perinuclear ring” structure
present during pachytene, diplotene and diakinesis to the metaphase | spindle. Photos
were taken every five minutes and assembled into a sequence portraying meiotic
progression in living anthers (Fig. 16). Two anthers were assessed for each line (Col-0, jas,
and jas;pel), and the time measured between metaphase | and telophase Il was averaged
within each line, and compared between the lines. The duration of meiosis between
metaphase | and prophase Il was approximately 45-50 min in each line, followed by 40-45
min of prophase Il stage. The second division lasted on average 37.5 minutes in wild-type
and jas;pel, and was slightly longer in jas (ca. 45 min). However, one of jas buds finished
the interkinesis quicker and prolonged the second division, which resulted in total

duration of divisions equal to that of wild-type and jas;pel. Taken together, meiotic
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divisions in each line lasted from 120 to 135 minutes, and the differences resulted from
natural variation. This observation was similar to the recent study on the effect of heat
stress on male meiosis in A. thaliana, in which the average duration of meiotic divisions
was measured to be 145 minutes (De Jaeger-Braet et al., 2021). Since De Jaeger-Braet et
al. proved that elevated temperatures decrease the length of nearly every meiotic stage,
it is likely that the plants used in my study were also subjected to slightly increased
temperature, which led to the moderately faster meiosis. Nevertheless, since the duration
of meiosis was comparable in both mutants, it could not cause the partial organelle band

reparation in jas;pel.

Despite disproving this hypothesis, the time-lapse tracing of tubulin dynamics revealed a
surprising event, which would not have been observed in fixed samples. In jas, once the
prophase Il was finished, two fully separated spindles were created in every meiocyte
(frame captured at 115 min and 140 min). These spindles unexpectedly fused shortly after,
eventually leading to the generation of dyads (frames captured between 140 and 150
min.). Since meiotic spindles do not appear in prophase Il, but only after chromosomes
condense, it is almost certain that the stage captured at 115 min was prometaphase Il.
Thus, the fusion of spindles could coincide with the loss of organelle band. This would
confirm the hypothesis that organelles separate the spindles of the second meiotic
division (Brownfield et al., 2015; Tchérzewska, 2017). However, to clear any doubts, it is
necessary to combine tubulin imaging with DNA visualization in live cells, so that the exact

timepoint of both fusion event and the scattering of organelles can be recorded.

3.2.6 The tubulin dynamics are similar in both mutants, whereas actin structure is

abnormal

The microtubule dynamics was evaluated using an a-tubulin-GFP marker line and light-
sheet microscopy. Due to low resolution of the light-sheet microscope movies, close-up

photos of each stage were taken to further compare possible nuances of the structures.

As expected, the microtubule organization was the same in all tested lines (Fig. 17).
Particular interest was given to the tubulin structure at telophase |, called Interzonal
Microtubule Array (IRA), as it was hypothesized that it is responsible for separating two
groups of homologous chromosomes after anaphase | and thus creating enough space for
the metaphase Il spindles to acquire perpendicular orientation (De Storme & Geelen,
2011). However, no alterations in this structure, e.g. deficient microtubules or their
truncated length, were observed in jas. Moreover, the wild-type-like phragmoplast, which
formed in both mutants during prophase I, successfully separated the two decondensed

nuclei.

43



Metaphase Il Prometaphase |l Prophase Il Telophase | Metaphase |

Telophase |

Figure 17 Microtubule dynamics during meiosis. Green is microtubular cytoskeleton, red (false
color) are chromosomes. Very faint or no red signals in some images come from weak DAPI

staining (most likely due to its usage after expiration date). Scale barsare 5 pum.

The only noticeable difference were metaphase Il spindles, which in jas were often found
to be tripolar or fused, whereas in jas;pel they were predominantly separated. This

feature of jason was already described by Brownfield et al. (2015), while normal spindle
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organization in jas;pel was expected due to the previously discussed behavior of
chromosome sets in metaphase Il. Thus, not the spindle structure, but other reasons lead

to the suppression of jason.

Actin microfilaments were imaged on dissected anthers using phalloidin dye, a bicyclic
peptide with high affinity for F-actin, conjugated with a fluorophore. Since phalloidin
stabilizes F-actin microfilaments and promotes polymerization of the G-actin (Pozhvanov,
2018), 4% paraformaldehyde was used to fix the actin cytoskeleton prior to sample

preparation.

The staining revealed the filamentous network of wild-type actin and a typical enrichment
of actin within the microtubular structures of the metaphase | spindle and the RMAs in
telophase Il. Interestingly, in areas with a high density of organelles and vesicles, such as
in the metaphase | organelle ring or the metaphase Il organelle band, actin seemed to be

less abundant, because the staining was much weaker in these regions (Fig. 18).

Metaphase | Telophase | Prophase Il Prometaphase Il Telophase I
CID . . ‘ .
3 - <
U .
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'g & g §
3, ;

jas-3;pel

Figure 18 F-actin organization during meiosis. Actin was stained with phalloidin-based dye (green),

and nuclei with DAPI (false red). No red signal in jas-3 telophase Il comes from poor DAPI staining.

Scale bars are 10 um.

In contrast to clearly visible microfilaments in wild-type, jas and jas;pel meiocytes often
contained what looked like shorter filaments, dispersed actin and even speckles instead
of strands. Actin was sometimes found within the microtubular structures, although its

appearance was not consistent. In both mutants some meiocytes showed actin

45



enrichment, while others did not. Most noticeable was lack of actin enrichment within
RMA:s in jas and in the not fully developed RMAs in jas,pel, despite their fully functional
microtubular network in this stage (Fig. 17 for comparison). Moreover, in some cells of
both mutants a particular, abnormal polymerization of actin occurred, best displayed by

jas;pel prophase Il photo (Fig. 18).

The most noticeable difference was observed at prophase Il. In the jason mutant, many
meiocytes showed actin signal within its decondensed nuclei. Such patterns were
observed in multiple meiocytes coming from different anthers, but not in wild-type nor
jas;pel samples. This would imply that the jason mutation affected the actin network
structure by causing its partial depolymerization. Actin enrichment within the nuclei was
previously observed to be a response to latrunculin B treatment in rat peritoneal mast

cells (Pendleton et al., 2003), further indicating its abnormal origin.

These results suggest that loss of JASON disrupts the structure of the actin cytoskeleton.
Since actin microfilaments are known to be the scaffold for the transport of organelles
and vesicles within the cell, it is likely that altered actin network leads to the organelle
dispersion observed in the jas mutant. Although the integrity of actin cytoskeleton in
jas;pel is not repaired, very rare events of actin presence in the prophase Il nuclei suggest
that the actin deformation progresses slower or is less severe in the jas;pel mutant than
in the jas mutant, which would explain only partial loss of organelles from the organelle

band of the double mutant.

3.3 Identification of PELEUS

3.3.1 Sequencing peleus reveals three candidate genes

In order to analyze the mechanisms of unreduced gamete suppression caused by peleus,
a forward genetics approach was followed to establish the identity of the gene. For this
purpose, a mapping population was generated. jason has alleles in both Col (jas-3) and
Ler (jas-1) ecotypes, which were used to produce a cross that would utilize the Col/Ler
polymorphisms to map the mutation. Therefore, a cross was made between jas-3;pel and
jas-1 and propagated until F2, so that the suppressor mutation was segregating in jason
homozygous background (Fig. 19A). In the meantime, the F1 generation of this cross was
analyzed for pollen size, revealing that peleus mutation was recessive (Fig. 19B). This was
later confirmed by the 3:1 ratio of jason to jas;pel phenotype in the F2 generation. The
recessive nature of the mutant allele means that loss of its function causes the

suppression of the jason phenotype.
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Figure 19 Mapping population of jason;peleus. (A) Scheme depicting the process of generating
peleus mapping population. “X” in a circle symbolizes self-fertilization. (B) Dominancy analysis of
the peleus point mutation. Plants used for the analysis were the F1 generation (see: A). At least

10 plants of each line were analyzed and the obtained data were merged.

Mapping population of peleus (ca. 200 plants) was screened for pollen size, seed set and
tetrad formation. Twenty of the strongest suppressors were utilized for positional cloning,
which aimed to establish chromosomes containing the polymorphism and narrow down
the region of the point mutation. With the use of markers detecting short Col/Ler
polymorphisms (Lukowitz et al., 2000), the peleus mutation was mapped on the top arm

of chromosome 5, between marker CTR1 at 0.98 Mbp and ciw8 at 7.5 Mbp.

39 plants were used to construct DNA library, which was sent to New-Generation
Sequencing (Novogene, UK) with jason as a control. According to the obtained results,
peleus DNA library contained the Col-0 specific non-recombinant region on the top arm
of chromosome 5, spanning the area between 2.6 and 3.8 Mbp, which was consistent with
the rough mapping result. By limiting the analysis to point mutations found within this
region, and setting the discordant chastity to 0.65 to make up for the potential mistakes
in the F2 homozygotes assembly, three PELEUS candidate genes were revealed: KIWI
(At5g09250), AP4B (At5g11490) and ephrin type-B receptor (AT5G11700, latter referred

to by the gene ID for the convenience) (Table 2).
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Table 2 Summary of the PELEUS gene candidates [modified based on the results of Next-

Generation EMS mutation mapping from bar.utoronto.ca/ngm/index.html].

Chrom.  Position Ref. SNP Discordant Accession Strand Ref. SNP AA BLOSUM
base base chastity codon codon change 100
5 2876358 C T 0.74 At5G09250.1 - AGA AAA R>K 3
5 3674314 C T 0.73 At5G11490.1 + CcTT 7T L>F 0
5 3765154 C T 0.68 At5G11700.1 - TGG TAG W > * -10

The point mutation in KIWI was expected to have little significance on the phenotype
(BLOSUM 100 = 3), as it changed the basic arginine into basic lysine. The point mutation
in AP4B transformed hydrophobic leucine into an aromatic phenylalanine, yet the effect
on the peptide was assessed to be insignificant by the algorithm, as the BLOSUM score
was equal to 0. Especially promising was the point mutation in AT5G11700, as it
substituted a tryptophan code with a premature STOP codon, thus truncating the protein
and possibly disrupting its functionality. Nevertheless, all three genes were considered

candidates and were subsequently tested.

3.3.2 Co-segregation analysis and phenotypic analysis prove that KIWI and AP4B are not
PELEUS

The analysis of the candidate genes began with confirming the point mutation in the
original jas;pel mutant with CAPS analysis (Fig. 20A). Jason DNA served as a control to rule
out the possibility that the mutation originated in the jason background. Additional Sanger
sequencing analysis for each point mutation was carried out to ensure correctness of the
genotyping result (Fig. 20B-D). Indeed, all three candidate genes were mutated at the

expected position in the jas;pel double mutant, but not in the jas single mutant.
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Figure 20 Confirmation of point mutations in three PELEUS candidate genes. (A) CAPS and dCAPS
analysis for point mutations in jas-3 and jas-3;pel. (B) PCR product sequencing, confirming the
point mutation in KIWI. The presented sequence is on the forward strand, whereas the KIWI gene
lies on the reverse strand. (C) Point mutation in AP4B. (D) Point mutation in the ephrin type-B

receptor gene.

In order to proceed with the PELEUS identification, seeds of 50 F1 plants from the mapping
population of the jas;pel x jas cross were sowed and the obtained F2 plants were analyzed
for pollen size. After phenotyping, all plants were genotyped for each candidate’s point
mutation. Based on the expected segregation ratio of 25% homozygous mutants, 50%
heterozygotes and 25% wild-type plants, and the recessive nature of peleus mutation, the
expected ratio should be 25% WT-like plants (jas;pel double mutant phenotype) and 75%
plants of jason phenotype. Indeed, among 79 analyzed plants, 23 showed suppressed
phenotype, which amounted to ca. 29.1% suppressors. All plants homozygous for the
mutation in AP4B or AT5G11700 were phenotypically jason suppressors. However, this
was not the case for the point mutation in KIWI. Figure 21 shows only the first seventeen
screened plants, as this subset represents the obtained results (Fig. 21A). In this group,
plants numbered 4, 5, 10, 12 and 14 were unequivocally jason suppressors, but plant nr
10 showed heterozygosity for the KIWI point mutation (third asterisk on Fig. 21B).
Replicated genotyping confirmed that plant nr 10 was indeed heterozygous for KIWI (Fig.
21C). Therefore, co-segregation analysis ruled out the possibility that KIW/ was PELEUS,
while indicating that PELEUS was located in the vicinity of the other two tested genes.
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Figure 21 Co-segregation analysis of three PELEUS candidates. (A) Pollen size analysis of a
representative population of jas-3;pel x jas-3 F2 plants. Teal color of the box plot marks plants
with suppressed phenotype, characterized by short body of the plots and relatively few dots
ranging above the upper whisker, which is equivalent to the abundance of haploid pollen (main
body) versus diploid pollen (area above the main body). Plant nr 8 was genotyped, but did not
survive until flowering. (B) Genotyping results for the point mutation of KIWI in the jas-3;pel x jas-
3 F2 population. Asterisks mark the plants which had suppressor phenotype in the pollen analysis.

(C) Confirmation of the genotyping results of the crucial plants.

AP4B is a subunit of AP-4 complex, responsible for the vacuolar sorting of storage proteins
and for plant defense against pathogens associated with the hypersensitive cell death
(Hatsugai et al., 2018). Moreover, the ap4b mutant presents obvious developmental
defects, making it possible to use this characteristic for direct comparison with the pel
single mutant’s phenotype. The plants with the peleus mutation under the WT
background were identified from a jas;pel x Col-0 F2 population. As indicated by the co-
segregation analysis, PELEUS gene was located either in the close vicinity of AP4B and
AT5G11700 genes, or was one of those genes, thus CAPS analysis for any of these two
mutations could act as a pel genotyping method. Therefore, 40 F2 plants from the

aforementioned cross were genotyped, and two putative pel mutants had their
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morphology compared with ap4b mutant. None of them showed any developmental
issues, which lead to conclusion that AP4B could not be PELEUS.

333 Analysis of the jas-3 x at5g11700 T-DNA mutant F2 population leads to
identification of PELEUS

The last candidate gene, AT5G11700, had not been previously analyzed, therefore no
phenotypic comparison between pel and at5g11700 mutant could have been conducted.
In order to confirm or reject this candidate, a cross between jas-3 and AT5G11700 T-DNA
insertion mutant (SALK_209914C) was established (Fig. 22). If this putative gene was

PELEUS, double homozygous mutant obtained in the second generation should imitate

jas;pel phenotype.
P: F1: F2:
% d
\/ \/ \/ \/
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jas-3 pel candidate jas-3/+; pel Jjas/-; pel

candidate/+ candidate/-

Figure 22 Scheme of a cross between a T-DNA insertion mutant of the PELEUS candidate gene and

jas-3, aimed to replicate the jas-3;pel phenotype in the second generation.

A total of ca. 220 F2 seeds was sowed and genotyped for both jas mutation and
AT5G11700 T-DNA insertion. 15 double mutants were found and subjected to pollen size
analysis (Fig. 23A). Even though there was predominantly haploid pollen characteristic for
jas;pel, for safer conclusion the tetrad formation had to be analyzed. The results showed
that all plants produced at least 75% of tetrads and only up to 10% of dyads (Fig. 23B).
Taken both analyses together, | concluded that PELEUS was most likely AT5G11700.
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Figure 23 Phenotypic analysis of jas-3;at5g11700 double mutant plants. (A) Pollen size analysis of
two representative jas-3;at5g11700 double mutants. (B) Tetrad formation analysis of six

representative jas-3;at5g11700 double mutants.

3.3.4 AT5G11700 complements the jas;pel phenotype
In order to ensure the correct identification of PELEUS, the WT version of AT5G11700

needed to be introduced into jas;pel to check if the mutant phenotype was
complemented. If PELEUS was AT5G11700, transformed plants would exhibit the jason
phenotype.

A genomic version of AT5G11700 under its native promoter (1.5 kb sequence upstream
of the START codon) and with a full 5 UTR sequence, adding up to a total of 10590 base
pairs, was cloned into the pGWB510 destination vector. The correct construct was then
transformed using the Agrobacterium tumefaciens strain GV3101 strain into 20 jas;pel
plants. Positive transformants were selected on a hygromycin plate and later genotyped
for hygromycin resistance sequence. 16 plants were considered T1 transformants after
additional pollen size and tetrad analysis. 8 of them were propagated and the T2
generation was phenotyped again. Results obtained from representative transformants

are listed in the Table 3.
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Table 3 Complementation analysis data for representative jas-3;pel plants transformed with the
pGWB510-pPEL-gPEL construct.

T1 Pollen size % of dyads among Hygromycin signal Pollen size analysis in % of dyads among
plant analysis in T1 meiotic products in T1 in T2 generation T2 generation meiotic products in

nr generation generation T2 generation

6 Complemented 75.1% (n = 241) 11/ 12 plants Complemented: 10 / 10 29.3% (n =297)

8 Complemented 38.7% (n = 75) 12/ 12 plants Complemented: 12/ 12 29.3% (n = 198)

9 Complemented n/a 7/ 10 plants Complemented: 5/ 6 40.4% (n = 166)

10 n/a n/a 8/ 10 plants Complemented: 7/ 8 26.2% (n = 122)

12 Complemented 39.9% (n =173) 7/ 10 plants Complemented: 5/ 7 20.1% (n = 209)

14 n/a n/a 8/ 9 plants Complemented: 7/ 8 19.2% (n =172)

The vast majority of the analyzed plants displayed the typical jason pollen phenotype with
a highly increased number of unreduced, diploid pollen, referred to as “complemented”.
Moreover, tetrad formation analysis of these plants showed a significant increase in dyads
(at least 19.2%) in comparison to 5.3% present on average in jas;pel. These results
confirmed the conclusion that PELEUS was indeed AT5G11700.

3.4 Characterization of PELEUS

3.4.1 PELEUS gene and protein characteristics

AT5G11700 is a protein coding gene located on the top arm of chromosome 5, at ca. 3.77
Mbp. Its genomic version lies on the reverse strand and comprises 9059 nucleotides
(including UTRs), and its CDS: 4362 bp. Translated into protein, PELEUS consists of 1453
amino acids and has a mass of ca. 156.5 kDa. It is often referred to as glycine-rich protein,
but some databases annotated it specifically as an ephrin type-B receptor due to the
presence of a cysteine rich domain of six cysteines within a region of 40 amino acids,
creating 3 di-sulfide bonds. Such a domain is found in the third class of plant receptor-like
protein kinases (RLKs) — a class with epidermal growth factor-like repeats. Other RLKs
classes have no similarity with PELEUS. Moreover, no typical receptor kinase domains are
predicted based on the PELEUS protein sequence. Online sources, such as SMART (embl-
heidelberg.de) suggest that PELEUS contains ephrin rec-like domain, but BLASTing against
non-redundant protein sequences did not corroborate this suggestion. BLAST analysis of
the entire PELEUS sequence shows that although it has homologs across multiple
flowering plant species, the vast majority of them is described as “unnamed”,
“hypothetical”, “predicted” and “uncharacterized”. The ephrin type-B receptor is

annotated predominantly within the Arabidopsis genus.

PELEUS has homologs in a variety of flowering plant families, although homologs with
more than 75% protein sequence similarity can be found also in mosses (Fig. 24). The most

closely related homologs belong to the Brassicaceae family, but they are also present in
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e.g. cotton (Gossypium hirsutum L.), cassava (Manihot esculenta Crantz.), purple willow
(Salix purpurea L.), cacao (Theobroma cacao L.), trifoliate orange (Poncirus trifoliata L.),
and eastern cottonwood (Populus deltoides W.Bartram ex Marshall). Homologs with at
least 77% of sequence similarity occur also in monocots, such as rice (Oryza sativa L.),
wheat (Triticum aestivum L.) and maize (Zea mays L.). Meiosis in monocots differs from
that of dicots by successive cytokinesis instead of simultaneous. This means that after first
meiotic division, the spore mother cell divides into a dyad and the second meiotic division
progresses in each cell individually, thus eliminating the necessity of an organelle band to
separate meiotic spindles. The fact, that PELEUS homologs can be found in monocots as

well, suggests another unrelated function of PELEUS in these plants.

100 | Capsellagrandiflora

88 Capsellarubella
4L Boechera stricta
21 Malcolmia maritima
i . Descurainia sophioides
56 Lepidium sativum
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100 Arabidopsis thaliana
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Figure 24 Phylogenetic tree of PELEUS protein homologs. The tree was prepared from protein

sequences provided by Phytozome database and analyzed using the MEGA7 software.
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The same protein databases imply that PELEUS is a protein with multiple transmembrane
domains (Fig. 25). Depending on the program used for the prediction, the number differs
from 3 to 10. Moreover, UniProt gathered data from various proteomic studies, which
revealed that PELEUS might be localized in plasma membrane, vacuole, and
plasmodesmata. The most probable localization seems to be the vacuole, as two
independent research papers found it to be localized in the tonoplast and annotated it as
a putative multi-transmembrane tonoplast protein of unknown function (Endler et al.,
2006; Shimaoka et al., 2004). Almost all prediction programs agree that PELEUS belongs
to the secretory pathway, because its N-terminus contains a signaling peptide (although
there is no consensus whether it is made of the first 19 amino acids or the SSS-YR motif at
position 22-26). This could mean that PELEUS is transported through the secretory

pathway to the plasma membrane or the vacuole.

Predicted signaling T-DNA Transmembrane W1097 =2 * Transmembrane
peptide insertion site domain domains
Putatetively non-cytoplasmic Putatetively non-cytoplasmic
N-terminus C-terminus

Figure 25 Schematic representation of the PELEUS protein structure. The scheme includes the T-
DNA insertion site and most commonly predicted features, such as four transmembrane domains
and the cleavable signal peptide at the N-terminus. The amino acid with point mutation in the
peleus mutant is indicated by the lightning mark.

3.4.2 PELEUS isinvolved in root development

To search for its potential function in wild-type plants, a peleus single mutant (pel) was
generated by backcrossing jas;pel with Col-0 and selecting F2 plants with wild-type JASON
gene. The T-DNA insertion line SALK_209914C was simultaneously used to support the

results from the point mutated single mutant.

Pollen size analysis showed neither diploid nor collapsed pollen, suggesting that
reproductive system was unaffected by the mutations (Fig. 26A). Subsequent analysis of
meiotic products further confirmed wild-type-like phenotype of pel, with nearly 100% of
tetrads and 0% of dyads (observed triads were most likely tetrads mistaken for triads due
to overlapping cell positions, Fig. 26B). Cytological analysis revealed no chromosome
defects, but a fully functional, complete organelle band (Fig. 26C). Therefore, it became
obvious that peleus is not a meiotic mutant itself. Moreover, morphologically both types
of pel mutant resembled Col-0, jas and, jas;pel plants as no developmental defects were
observed. To further test this observation, root length of wild-type (control), jas, jas;pel,
and pel were measured under standard LD growth conditions, 6 days after sowing on

vertical plates.
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Figure 26 Phenotypic analysis of the peleus single mutant. (A) Distribution of pollen size in the
peleus single mutant and three control lines. Scale bar on pollen photos is 50 um. (B) Percentage
of meiotic products in pel and controls. (C) Meiotic stages of pel; from left to right: diakinesis,
metaphase |, anaphase |, prophase I, prometaphase Il, metaphase Il, anaphase Il, telophase Il and
four nuclei stage, respectively. Scale bar is 10 um for all images. (D) Root length of 6-days old

seedling. (E) Images of representative 6-days old seedlings. Scale bar is 10 mm.

Interestingly, pel roots with an average length of 5.37 mm were shorter than those of
wild-type (8.24 mm), jason (9.77 mm) and jas;pel (7.85 mm) (Fig. 26D and E). This was not
caused by the delay in germination, as the growth rate of pel was similar to that of wild-
type and the double mutant (pel: 97.9% germinated seedlings, n=137; jas;pel: 99.3%,
n=137; wild-type: 94.5%, n=165, counted after 50 hours of germination). Two conclusions
could thus be reached from this analysis: 1) PELEUS is required for the correct root

development; 2) loss of JASON results in upregulation of root development.

3.4.3 PELEUS co-localizes with vacuolar markers in tissues and somatic cells

To uncover the localization of PELEUS in cells and tissues, a vector carrying the PELEUS

gene, fused with GFP as a fluorescent tag, was constructed. Additionally, a second
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construct carrying the B-Glucuronidase gene under the native PELEUS promoter was
created to check the pattern of PELEUS expression in the entire plant using the GUS

reporter system.

According to the PELEUS gene expression profile (Klepikova et al., 2016), the protein is
constitutively expressed in almost all plant organs (Fig. 27). The GUS staining assay
confirmed this, as the blue staining indicating PELEUS expression could be noticed in
whole 7 days old seedlings (Fig. 28A and B), 14 days old seedlings (Fig. 28C), mature leaves
(Fig. 28D, E and F), inflorescence (Fig. 28G and H) and the husks of mature siliques (Fig.
28l andJ). Importantly, both the Klepikova atlas and the GUS staining assay demonstrated

the presence of PELEUS in meiotic buds.
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Figure 27 The Klepikova atlas, portraying expression of PELEUS in all developmental stages of A.

thaliana [modified from arabidopsis.org, based on Klepikova et al., 2016].
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Figure 28 Histochemical GUS staining in tissues of Pro:PELEUS-GUS plants. (A) 7-days old seedling.
(B) 7-days old seedling, with more visible staining in root. (C) 14-days old seedling. (D) Top of the
leaf of a 4-weeks old plant. (E) Bottom of the leaf of a 4-weeks old plants. (F) Cauline leaf of a 5-
weeks old plant. (G) Inflorescence of 5-weeks old plant with strong expression. (H) Inflorescence
of a 5-weeks old plant with weaker expression of the promoter. Meiotic buds in (G) and (H) are
indicated by arrows. (I) Mature silique. (J) Mature silique with seeds visible through the husks.

Scale bars are 1 mm.

Since GUS staining assay showed high expression of PELEUS in roots, this organ was
chosen to visualize expression of the GFP fusion construct. Moreover, roots are easy to
handle, provide clear images and enable fast analysis. Roots of ca. 5 days old Col-0 and
jason seedlings transformed with pH7FWGO0-gPEL-GFP were placed in a drop of water on

a microscope slide and imaged under confocal microscope.

Inspecting entire roots confirmed that PELEUS was indeed abundantly expressed in this
organ, and that the genetic background of the plant did not affect its localization (Fig.
29A). Moreover, it seemed that PELEUS has two main positions. In old, elongated cells
PELEUS was located closely to the plasma membrane, although the irregular signal shape
suggests that it was not part of the PM itself. This led to the idea that PELEUS might be
located to the tonoplast of the vacuole, as such old cells tend to contain large vacuoles
within their cytosols (Fig. 29B). In younger cells, closer to the root tip, PELEUS was located
on the surface of a large, circular organelle, likely the vacuole (Fig. 29C) and in a small

organelle of which the identity remained elusive. Depending on the viewed fragment of
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the root, the GFP signal was observed to be either part of the vacuole or contained within

cytoplasm as an individual structure.
A B C

Figure 29 PELEUS's cellular localization, imaged in roots of 5-days old jason seedlings. Only jason
seedlings are shown, as the localization in Col-0 roots is identical (as shown in Fig. 30). (A) A view
on the whole root tip, portraying the abundance of signal. Scale bar is 100 um. (B) Root section
with old, vacuolated cells. Scale bar is 50 um. (C) A zoomed in photo of young root cells. Scale bar

is 10 um.

To confirm PELEUS’s cellular localization, a cross between PELEUS-GFP and various marker
lines from the wave lines collection (Geldner et al., 2009) was established. All markers
were fused with mCherry to easily distinguish their red signal from PELEUS’s green signal,
and to enable the possible use of DAPI for chromosome staining. The signals were imaged
in 4-6 days old roots, in the layers of cells beneath the surface. Chosen marker lines are

listed in the Supplemental Table 1.

It quickly became apparent, that the large, circular structures visualized by PELEUS-GFP
overlapped with the signal generated by RabG3F, which is a GTPase essential for
trafficking between late endosome and vacuole (Cui et al., 2014), as well as with the
vacuolar marker VAMP711 (Fig. 30). Interestingly, there was no overlap between PELEUS-
GFP and RabF2a, which is another GTPase involved in the trafficking of soluble proteins
between the pre-vacuolar compartment (PVC, also known as multivesicular body, MVB)
and the central vacuole (Jung et al.,, 2011). Thus, colocalization analysis confirmed
vacuolar localization of PELEUS and, in agreement with the aforementioned proteomic
analyses by Endler et al., and Shimaoka et al., strongly suggested that PELEUS was
localized on the vacuolar membrane, tonoplast. However, colocalization analysis did not
uncover the identity of the bright signal spots. It was excluded that they belong to the
Golgi apparatus or to MVBs, since PELEUS-GFP did not colocalize with any of them.
Furthermore, they could not have been related to plasma membrane nor ER, which are
structurally different. Although this signal was abundant in roots, its origin remained

elusive.
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Figure 30 Co-localization analysis of genomic PELEUS fused with GFP (gPEL-GFP, green signal) and
marker lines from the wave lines collection (red signal), imaged in 4-6 days old wild-type roots.

Scale bar is 10 um. The upper line profile from each pair includes the bright spot.
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3.4.4 PELEUS partially maintains the vacuolar localization in meiocytes

Upon discovering that PELEUS localized to the vacuole in somatic tissues, the question
was whether PELEUS shared the same localization during meiosis. To assess that, selected
seedlings used for co-localization analysis in roots were propagated until flowering, and

the intact anthers were stained with DAPI for confocal imaging.

A
wave5_mCherry gPEL-GFP DAPI merge
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Figure 31 Co-localization of vacuole markers with PELEUS-GFP in wild-type meiocytes. (A) RabG3F

2N

Prophase Il

PRI YN Wt

Metaphase Il

Prophase I

Metaphase I

(wave5_mCherry, red signal) and gPEL-GFP (green signal). (B) VAMP711 (wave9 _mCherry, red
signal) and PELEUS-GFP (green signal). Scale bars are 5 um. The upper line profile from each pair

always includes the chromosomes, whereas the lower one — the organelle band.

At prophase I, RabG3F localized to the phragmoplast and the nuclear envelope, while
PELEUS did not share phragmoplast localization, but occurred at the nuclear envelope.
PELEUS remained partially overlapped with RabG3F at metaphase Il, as both signals were
detected on the rim of the organelle band and the chromosomes (Fig. 31A). However,
RabG3F was observed within the organelle band, whereas PELEUS was not. The co-

localization of VAMP711 and PELEUS around prophase Il nuclei and metaphase Il organelle
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band further supported the vacuolar localization of PELEUS (Fig. 31B). Taken together,

PELEUS partially co-localizes with vacuole not only in roots, but also in meiocytes.

Since the co-localization analysis was performed under the wild-type background, it was
important to assess the PELEUS localization in jason meiocytes. Therefore, jason plants
transformed with the gPEL-GFP construct were prepared for the whole anther analysis
and metaphase Il meiocytes inside intact anthers were inspected with a confocal

microscope.

As observed in the co-localization analysis, in wild-type metaphase Il PELEUS surrounded
both chromosomes and the organelle band, creating a distinct, previously not observed
structure (Fig. 32). Knowing that the JASON protein maintains the organelle band in
metaphase Il and belongs to it, as it co-localized with both Golgi- and PM-derived vesicles
(Brownfield et al., 2015), it was surprising to note that PELEUS was not a part of that same
structure, despite impacting it. Moreover, PELEUS’s metaphase Il distribution in jason
background was significantly affected by the loss of JASON protein. Upon disruption of
the organelle band, PELEUS scattered in the cytoplasm in the disorganized manner,
similarly to how organelles and vesicles disperse in the jason mutant (Fig. 32). This finding
shows that the localization of PELEUS during meiosis depends on the functional JASON

protein.

DAPI PELEUS-GFP merge

Figure 32 Localization of PELEUS in metaphase Il meiocytes under wild-type and jason

Col-0

jas-3

backgrounds. Chromosomes were stained with DAPI (false red) and PELEUS is visible in green.

Scale bar is 5 um.

62



3.4.5 PELEUS acts upstream of UBQ-LIKE1 as its negative regulator
It was reported that AT5G11700 interacts with the ubiquitin-like protein 1 (UBQ-likel,

AT5G42220) in a proteome-wide binary protein-protein interaction map for A. thaliana
(Dreze et al., 2011). UBQ-likel consists of 879 amino acids, is found in the cytosol and
presumably also in the nucleus, and is annotated as part of the BAT3 complex. In
mammals, this complex is responsible for transferring tail-anchored proteins from the
SGTA (Small glutamine-rich tetratricopeptide repeat-containing protein alpha) onto GET3
(Guided entry of tail-anchored proteins factor 3) ATPase, in order to target them to the
endoplasmic reticulum (ER). The BAT3 complex also functions as a chaperone for
polypeptides targeted to the proteasome for degradation in the ER-associated protein
degradation pathway (ERAD) (Leznicki et al., 2010). Unsurprisingly, UBQ-likel was
annotated to be involved in this process as well. Moreover, it putatively binds mRNA,
misfolded protein and polyubiquitinylated protein (Gaudet et al., 2011) and interacts with
PUB22 —an E3 ubiquitin-protein ligase (Stegmann et al., 2012). Interaction between UBQ-
likel and AT5G11700 would mean that PELEUS is either involved in the protein

degradation process, or is degraded in this process itself.

Protein degradation is an important process aimed at keeping homeostasis in the cell by
removing misfolded proteins. This process is ongoing also during meiosis, since many
important regulatory proteins, such as cyclins or CDK inhibitors, need to be recycled in
order to progress through the divisions. Thus, it was interesting to know, whether the
involvement of PELEUS in the protein degradation process is the cause of its suppressing
function. To address this question, jas;pel was crossed with the ubg-like1 single mutant to
generate jas;ubg-likel and jas;pel;ubg-likel mutants. Pollen size analysis of the ubg-like1
single mutant displayed its wild-type-like pollen phenotype and revealed the typical jason
phenotype of the new jas;ubqg-likel double mutant, making it clear that UBQ-likel itself
was not involved in the meiosis regulation (Fig. 33A). However, the increased amount of
diploid pollenin the jas;pel;ubg-like1 triple mutant, especially very large pollen grains with
the area bigger than 800 um?, suggested that upon ubg-likel mutation, peleus was no
longer able to suppress jason as efficiently as in the jas;pel double mutant (Fig. 33B).
Meiotic products of four different triple mutants were subsequently tested to confirm this
finding. Indeed, all triple mutant plants displayed nearly as many dyads and triads as the
jas single mutant and clearly more than the jas;pel double mutant [percentage of dyads
in each triple mutant: 24.5% (n=106), 42.6% (n=115), 28.6% (n=329) and 22.5% (n=191)].
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Figure 33 Phenotypic analysis of jas;pel;ubg-likel triple mutant. (A) Pollen size analysis. (B) Tetrad

formation analysis. In both cases the results are the averaged data from 4-5 plants.

This finding implies that suppression of jason by peleus relies on UBQ1-mediated protein
degradation and that defects in this process may enhance abnormal meiotic progression

in meiosis Il.
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4. Discussion

My aim is to elucidate the mechanisms of unreduced gamete formation by uncovering the
genetic mechanisms governing this process. This was performed by analyzing the
Arabidopsis thaliana male meiotic mutant jason and its suppressor: peleus. The jason
mutant produces a mix of normal and abnormal meiotic products, the latter correlating
with the loss of the organelle band at metaphase I, a subsequent disorganized movement
of meiotic spindles and eventual mis-segregation of sister chromatids (Erilova et al., 2009,
Brownfield et al., 2015). Suppressors of the jason mutant are genes, which upon mutation,
revert the jason phenotype to wild-type. Such suppressors were found by screening an
EMS-mutagenized population of jason plants. During this PhD study, a forward genetics
approach was utilized to identify peleus as one of these suppressors that was further
characterized. PELEUS encodes an unknown protein localized in the vacuolar membrane,
the tonoplast, and is expressed almost constitutively in all organs throughout plant
development. The mutation of PELEUS does not interfere with meiotic progression, but
mutating this gene in the jason mutant caused partial organelle band recovery, leading to
the significant increase in correct meiotic products. Interestingly, the same peleus
mutation suppressed also atpsl — another male meiotic mutant which disrupts the
organelle band at metaphase Il similar to jason (D’Erfurth et al., 2008; Brownfield et al.,
2015). An in-depth analysis of the causes underlying this phenotype ruled out several
hypothetical explanations, leaving one convincing model: loss of PELEUS leads to the
enrichment of a particular type of vesicles within the organelle band, eventually partially

restoring its function.

4.1 PELEUS negatively regulates JASON and ATPS1

The most important characteristics of PELEUS is its function during male meiosis. The
peleus single mutant did not exhibit any meiotic phenotype, unless the mutation was
caused under the jason or atpsl background. The latter two mutants cause disruption in
the organelle band after prophase Il, which is believed to be the primary reason for the
spindles to move freely within the cytoplasm. Depending on the random positioning of
the spindles during metaphase Il, chromosome segregation can yield either dyads, triads,
or tetrads (D’Erfurth et al., 2008; Erilova et al., 2009; Brownfield et al., 2015). Mutation of
PELEUS did not fully restore the organelle band, but often led to a decreased loss of
organelles from the band, which, if sufficiently established, physically prevented
chromosome sets and spindles from coming into contact with each other. So far, this

finding was made predominantly for the organelles which contain DNA (mitochondria and
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chloroplasts), while Golgi- and ER-derived vesicles were proved not to be affected by

mutation of PELEUS, because they remained dispersed in the cell just as in jason (Fig. 13).

Another important observation regarding the meiotic phenotypes of both jas and jas;pel
mutants was the lack of polyads among the abnormal gametes. Polyads are meiotic
products consisting of more than four nuclei and usually the result of lagging
chromosomes, which do not merge with the remaining chromosomes of their sets before
cytokinesis. Absence of polyads indicates that separation of sister chromatids was correct,
and emphasizes that the observed dyads and triads in mutant meiocytes were caused by
incorrect (fused or tripolar) spindle orientation in the jas mutant. However, those two
abnormal types of spindles were never observed in the jas;pel mutant, the parallel spindle
being the only one noted in the double mutant, which suggests that some other factor
must have influenced the generation of triads and dyads. The most likely explanation is
the occasionally detected closer distance between the metaphase Il chromosome sets
(Fig. 11C), indicating the closer distance between the meiotic spindles. If this was caused
by the absence of the organelle band, the segregated sister chromatids may be pulled too
close to another set of sister chromatids at telophase Il, preventing the division plane to

be established between them and thus forming one nucleus instead of two.

The fact that peleus suppressed both jason and atps1 through efficient distancing of the
homolog sets and/or spindles at metaphase I, despite both meiotic mutants presumably
acting through different genetic pathways (Brownfield et al.,, 2015) suggests that the
PELEUS protein acts downstream of JASON and ATPS1 as their negative regulator.

4.2 peleus suppresses jason by mediating actin cytoskeleton rearrangement

In the jason mutant meiocytes, actin cytoskeleton was discovered to be altered. The
filamentous actin was first observed at metaphase |, but gradually depolymerized during
meiotic progression and formed a mix of thicker bundles and short specks (Fig. 18).
Moreover, actin was located in the decondensed nuclei in both prophase Il and telophase
Il nuclei, which is indicative of the microfilaments’ abnormal characteristics (Pendleton et
al., 2003). Actin depolymerization was also found in the jas;pel meiocytes, although the
progression of this process was visibly slower. There was no enrichment of actin within
prophase Il nuclei and the density of filamentous actin in many metaphase Il meiocytes
was higher than in the jas meiocytes. Additional abnormal polymerization of actin within
the organelle band was spotted in both mutants, although it was usually more
pronounced in the double mutant. Moreover, telophase Il meiocytes of the double
mutant often retained the actin structures observed in wild-type, despite the general

depolymerization of the cytoskeleton at this stage.
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In plants, actin cytoskeleton (rather than the microtubules) is considered to be more
important for the intracellular transport of the organelles such as ER, Golgi, mitochondria
or peroxisomes (Verchot-Lubicz & Goldstein, 2010). This movement is mediated by
myosins — motor proteins, which utilize energy from the hydrolysis of ATP to walk on the
microfilaments. There are three models representing the transport of the organelles
induced by the cytoskeleton: 1) active transport by myosins binding individual organelles
and carrying them along the microfilaments, which generates cytoplasmic streaming; 2)
in-direct transport, in which the ER is transported by myosins, and other organelles are
associated with the ER surface; 3) passive movement, in which some organelles are
carried by the hydrodynamic flow generated by the cytoplasmic streaming (reviewed in
Geitmann & Nebenfiihr, 2015; Nebenfiihr & Dixit, 2018). Although it is unknown which
model is valid in the case of chondriokinesis (the rearrangement of organelles during cell
division; Bakowski, 1938), the actin cytoskeleton is believed to play an important role in
the positioning of organelles during cell division (Sheahan et al., 2004; Tchorzewska &
Bednara, 2011). Nevertheless, the involvement of microtubules should not be omitted, as
in some species microtubules were found to encapsulate the organelles, forcing them into

a specific configuration (Tchérzewska et al., 2008).

The only abnormal characteristic of the microtubular cytoskeleton of the jas mutant is the
presence of fused, parallel and tripolar spindles. Since the actin microfilaments are mostly
depolymerized, it prevents the myosins from travelling along them and generating the
cytoplasmic streaming. As such, the dispersion of the organelles in prometaphase Il
cannot be caused by the active process of redistributing organelles in the cytoplasm by
myosins, but rather through a passive process of diffusion. This may be possible due to
the observable low density of actin strands in the cytoplasm (Fig. 18). The peleus mutation
was observed to slow down the depolymerization process and often trigger the abnormal
polymerization within the organelle band, which could act as an additional scaffold for the
organelles in the cell equator. Both of those occurrences are likely to be responsible for
the partial organelle band reformation at metaphase Il. More so, since chloroplasts
(visualized with DAPI staining) may be less mobile and less prone to diffuse outside of the

cell center due to their large size than the small Golgi- and ER-derived vesicles.

The denser actin cytoskeleton in the jas;pel mutant also explains the maintained
chromosome distance at metaphase Il. In the study on mouse oocytes, it was proven that
dense and immobile actin network prevents the microtubular spindle from migrating to
the cell pole (Holubcova et al., 2013). It is thus very likely, that actin cytoskeleton functions
as a stabilizer of meiotic spindles. | hypothesize that this can happen either by causing the

neighboring cytoplasm to become dense and immobilize the spindle, or by generating an
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abnormally polymerized structure at the cell equator, that acts as a physical barrier in the
absence of complete organelle band, which prevents the spindles from fusing with each
other. Moreover, the aforementioned study demonstrated how Rab11a-positive vesicles,
actin cytoskeleton, and myosins cooperate in regulating asymmetric spindle positioning
(Holubcova et al., 2013). Rabl1a-positive vesicles were found to be sequestering and
clustering actin nucleators, which regulate the density of actin network in a myosin-Vb-
dependent manner and eventually allow the microtubular spindle to migrate to the
required position in the cell. JASON and PELEUS are highly unlikely to be myosins or
formins (plant actin nucleators, Blanchoin & Staiger, 2010) due to lack of any of the
conserved domains. Nevertheless, the relationship presented in that study highlights the
involvement of vesicles in cytoskeleton regulation and shows a very interesting direction

for further research.

Taken together, | propose that loss of PELEUS under the jason background slows down or
alleviates the effects of the actin depolymerization caused by the mutation of JASON. As
such, dense enough actin filaments are able to keep some of the chloroplasts and/or
mitochondria in the organelle band either by forming an impenetrable, dense cytosol
areas surrounding the spindles, or by aggregating in the cell equator and thus providing
additional physical barrier. In the case of the 40% of metaphase Il meiocytes, which were
observed to lack the organelle band (Fig. 11B), the actin network should still be sufficiently
dense around the chromosomes and spindles to prevent them from merging, resulting in
the maintained chromosome sets distance (Fig. 11C). The occasional occurrence of the
abnormal F-actin polymerization within the organelle band at prophase Il and
prometaphase Il may act as an additional physical barrier for the chromosomes and
spindles or as a scaffold for the organelles, supporting their correct positioning within the
band.

4.3 PELEUS is a vacuole membrane-localized protein

In somatic tissues, e.g. in roots, PELEUS was found at two positions: the membrane of a
large, semi-circular organelle and a large spot of high signal intensity. The membrane
organelle was identified as belonging to vacuole, because PELEUS-GFP co-localized with
RabG3F, a marker of vesicles traveling from prevacuolar compartments to vacuoles, and
with VAMP711, a SNARE protein localized in the vacuolar membrane, the tonoplast. This
localization was confirmed by two proteomic papers analyzing proteins of the tonoplast,
which found AT5G11700 to be an unidentified, glycine-rich, multi-transmembrane
domain protein (Endler et al., 2006; Shimaoka et al., 2004). Preliminary analysis of the co-

localization in meiocytes seems to corroborate this finding, especially for the RabG3F co-
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localization. Crosses with other selected marker lines did not give an answer as to the
second localization, but plasma membrane, ER, Golgi, TGN and RabF2a-positive vesicles,
transporting proteins from pre-vacuolar compartments to the central vacuole, can be
excluded (Fig. 30).

Multiple studies confirm vacuoles to be highly dynamic organelles, capable of creating
various structures, such as large vacuoles, tubular vacuoles (Hicks et al., 2004),
transvacuolar strands, sheets (Uemura et al., 2002) and bulbs (Saito et al., 2002, also
reviewed in Oda et al., 2009). Bulbs are small, spherical, often double-membraned
structures characterized by the strong fluorescence, and thus fit the characteristics of the
unrecognized structure observed during the co-localization analysis. Although the
fluorescence was not observed within the bulbs (Saito et al., 2002), the strong signal
within the spherical structures in the tissues expressing PELEUS-GFP may be attributed to
the GFP artefacts. As such, alternative methods must be used in order to confirm that

PELEUS localizes to various forms of the vacuole.

An interesting localization was observed by studying the signal of PELEUS-GFP in
meiocytes. As expected, the localization of PELEUS was dynamic in both wild-type and jas,
following the movement of variety of organelles during meiotic progression. When the
nuclei were decondensed at prophase Il, PELEUS localized closely to the chromosomes,
nearly touching the nuclear envelope (Fig. 31A). Remarkably, during metaphase Il in wild-
type, PELEUS was surrounding the intact organelle band, without being part of it, as if it
was part of a cage-like structure holding the organelles in place. This structure was not
visible in the jas background, as the GFP signal was scattered throughout the cytoplasm
and around the meiotic spindle. The disorganized pattern observed in jason metaphase Il
suggests that PELEUS localizes to vesicles, because upon loss of JASON protein, PELEUS
disperses similarly to mitochondria, chloroplasts, Golgi- and ER-derived vesicles (Fig. 9, 13
and 32). High-quality images of PELEUS and vacuole markers are crucial to determine,
whether this localization pattern is related to a spatial organization of the vacuole. More

so, since the fate of this organelle during meiosis remains unclear.

It is unknown whether vacuoles are inherited from the PMC or created de novo from
fusion of post-Golgi vesicles with prevacuoles, from fusion of young vacuoles or from
enlargement of the ER tubules (Lin et al., 2001). In meiosis of summer snowflake
(Leucojum aestivum L.), vacuoles were observed to exist in pollen mother cells, but
decrease in size and number during meiotic divisions (Ekici & Dane, 2012), most likely to
provide space for spindles and chromosomes. Vacuoles were also found in post-meiotic

haploid microspores of A. thaliana undergoing pollen development (Yamamoto et al.,
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2003). Study on jason, which did not detect any tonoplast signal in male meiocytes, seems
to corroborate the hypothesis regarding vacuole de novo formation in A. thaliana (Fig. 4)
(Brownfield et al., 2015). As such, it is likely that A. thaliana pollen inherits vacuoles from
PMC in the form of vesicles, and that PELEUS protein localizes to the surface of these

vesicles.

The location of PELEUS raises the question how the vacuole is involved in the suppression
of jason. Since PELEUS was predicted by several programs to be a multi-transmembrane
protein, itis expected to be an integral part of the tonoplast. In this case, whatever its role
in the suppression of jason is, it needs to be carried out from the surface of the vacuole.
Little is known about plant Ephrin receptors; therefore, it is possible that their primary
localizationis the tonoplast and they participate in protein degradation by interacting with
UBQ-LIKEL. It is also possible that PELEUS is interacting with the cytoskeleton, because
multiple studies point to a connection between vacuoles and actin. The actin
depolymerizing agents cytochalasin D, latrunculin B, or bistheonellide A, affected vacuole
dynamics in A. thaliana leaf epidermal cells (Uemura et al., 2002), as well as vacuolar
morphology and motion in lily pollen tubes (Lovy-Wheeler et al., 2007). Direct evidence
of the interaction between vacuole and actin cytoskeleton was provided by partial co-
localization of these two structures (Higaki et al., 2006; Kutsuna et al., 2003) and
proteomic analysis, which revealed that myosins — motor proteins travelling on
microfilaments — are part of the vacuolar proteome (Carter et al.,, 2004). Most
importantly, depolymerization of actin caused disruption of tubular vacuole membranes
in tobacco BY-2 cells in favor of spherical vacuoles formation (Kutsuna et al., 2003).
Altered actin cytoskeleton and an abundance of PELEUS-GFP-colocalized speckles of high
fluorescence intensity were both noted in the jason mutant, solidifying the notion that
actin may act as a regulator of the vacuole structure (discussed in Wang et al., 2017).
These findings provide an exciting direction for further research to uncover the

involvement of vacuole in the correct meiotic progression.

4.4 The peleus mutant requires a functional protein degradation pathway to suppress
jason

PELEUS was found to physically interact with UBQ-likel (At5g42220) through Yeast two
hybrid (Y2H) assay (Dreze et al., 2011). In line with the protein interaction, the jas;pel;ubg-
like1 triple mutant showed an enhanced jason phenotype, indicating the existence of the
functional relationship between PELEUS and UBQ-LIKE1.

UBQ-likel is presumably a part of the BAT3 complex, which in mammals participates in

the ER-associated protein degradation (ERAD), a pathway involved in protein quality
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control by dislocating misfolded, ubiquitin-tagged proteins from ER to the cytoplasm for
proteasomal degradation. In plants, the ERAD pathway was found to be required e.g. for
optimal plant growth under selenate stress (Van Hoewyk, 2018) or for plant survival under
high-salt stress (Liu et al., 2011). Overloaded or dysfunctional ERAD pathway is assumed
to be one of the factors causing programmed cell-death in early tapetal cells under
stressful conditions, which results in male sterility (De Storme & Geelen, 2014). UBQ-LIKE1
itself is also supposed to function in mRNA binding, misfolded protein binding, and
polyubiquitin modification-dependent protein binding. Ubiquitination is important during
prophase |, when the three complexes SCF, APC/C, and HEI10 regulate correct meiotic
progression by successively targeting for degradation various proteins responsible for
maintenance of chromosome structure, homologous recombination, axis assembly, and
for the formation of the synaptonemal complex (reviewed in Bolafos-Villegas et al., 2018
and Orr et al., 2021). These three complexes are multi-protein E3 ligases, which share the
RING domain, that interacts with the E2 ubiquitin-conjugating enzyme to mark proteins
for degradation in the proteasome by transferring ubiquitin from E2 onto a target’s lysine.
APC/Cis also necessary for the regulation of transition from the first to the second division
by the degradation of A- and B-type cyclins (Bulankova et al., 2013), which was described
in more detail in chapter 2.2.3 on the examples of the TAM and OSD1 genes.

Since protein degradation is crucial for the transition from meiosis | to meiosis Il, the ubg-
likel mutant was expected to display a meiotic phenotype. However, similarly to peleus,
no phenotype was found unless UBQ-LIKE1 gene was mutated in the jas;pel double
mutant. This triple mutant showed a phenotype reverted to that of jas;pel, suggesting

that suppression of jason by peleus requires a functional protein degradation system.

Despite the cross-talk of PELEUS and UBQ-LIKE1, and the involvement of UBQ-LIKE1 in
protein degradation, it seems unlikely that PELEUS is a target of UBQ-LIKE1. If that was
the case, then jas and jas;pel mutants should exhibit the same phenotype, because
PELEUS should be marked for degradation by UBQ-LIKE1 in jason background. As this is
not the case, UBQ-LIKE1 should be acting downstream of PELEUS. The current working

model of this interaction is portrayed in the figure 34.

71



jason;peleus;

Wild-type jason jason;peleus ubg-likel
JASON 1 JASON JASON IASON
PELEUSl PELEUSI RELEUS RELEUS

UBQ-LIKElAI UBQ-LIKEll UBQ-LIKElT UBO-LIKEL

-\’ b)Y

- -
@“i m\
Complete organelle  Disrupted or absent Partial organelle Putatively disrupted
band organelle band band or absent organelle
band

Figure 34 Proposed scheme of the molecular pathway involving all important proteins described
in this study. Green arrow indicates activity, whereas red arrow — lack of activity. Crossed out

protein name indicates loss of functionality.

According to the findings, functional JASON is the primary reason for the maintenance of
the organelle band at metaphase Il in wild-type Arabidopsis. Upon loss of JASON, the
organelle band becomes disrupted and the organelles spread in the cytoplasm. As
previously described, the scattering of the organelles is likely to be initiated by the
gradually depolymerizing actin cytoskeleton, which loses its thickness and thus is unable

to generate the density gradient holding the organelles in the cell equator.

In the jas;pel mutant, lack of functional PELEUS causes the meiotic phenotype to partially
revert, corroborating the finding that PELEUS is a negative regulator of meiosis. The peleus
mutation is likely slowing down the depolymerization of the actin cytoskeleton, which
allows the microfilaments to partially retain their functionality at prometaphase Il and
metaphase Il. As such, many mitochondria and/or chloroplasts remain in the organelle
band, providing the physical barrier for the chromosome sets. Moreover, even in the
occasional absence of the organelle band, actin network is dense enough to separate
chromosome sets and/or the spindles, which increases the chance of the correct sister

chromatid segregation at anaphase Il.
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In the jas;pel;ubqg-likel triple mutant, loss of functional UBQ-LIKE1 results in the
phenotype reverting to the jas-like. Although the organelle band was not observed in the
triple mutant, the quantitative analysis of the meiotic products strongly indicates the
disruption of this structure. This suggests that the protein degradation pathway is
involved in the regulation of meiosis Il progression, although the cytoplasmic
components, which is marked for degradation by the UBQ-LIKE1l, remains to be

discovered.

Taken together, | suggest that JASON, the protein located in the Golgi- and PM-derived
vesicles and responsible for the maintenance of organelle band at prometaphase Il is also
involved in the regulation of the actin cytoskeleton structure. PELEUS —a putative ephrin
type-B receptor located on the tonoplast —is a negative meiotic regulator, which mediates
the depolymerization of the actin network downstream of JASON. UBQ-LIKE1, the last
known component of the pathway, is a putatively cytoplasmic protein involved in the
ERAD pathway and a positive meiotic regulator. | believe this study documents the
existence of the connection between endomembrane system, actin cytoskeleton, and the
degradation pathway, and sheds more light on the importance of their interaction in the

regulation of meiosis.

73



5. Summary

Meiosis is essential for sexual reproduction, and abnormalities in this process often lead
to ploidy instability. In wild-type organism, meiocytes undergo one round of DNA
replication and two subsequent nuclear divisions in order to produce gametes with half
of the somatic diploid DNA amount. In many dicotyledonous plants, such as Arabidopsis
thaliana, cytokinesis is simultaneous, as in: it occurs after completion of meiosis, dividing
mother cell into four daughter cells at once. In plants with this type of cytokinesis, two
perpendicular meiotic spindles at metaphase Il are separated by organelles and vesicles
forming the “organelle band” located in the cell equator. This structure is believed to
provide a physical barrier between two chromosome sets, preventing them from coming

into contact and mediating their correct segregation.

In Arabidopsis, JASON (JAS) protein is required for maintaining the organelle band during
male meiosis. In the jas mutant, the absence of JASON in the organelle band causes this
structure to disrupt, thus allowing the meiotic spindles to move freely and rearrange into
fused, tripolar or parallel orientations. Abnormal meiotic spindle positioning leads to
incorrect chromosome segregation and eventually yields an increased amount of

unreduced (2n) male gametes, which mature into viable diploid pollen grains.

To further investigate the mechanisms of unreduced gamete formation, a suppressor
screen was performed, aimed to find mutants that form reduced (1n) gametes in the
presence of jas mutation. One of the mutants, peleus, was able to suppress 2n gamete
formation in the jas background through partial recovery of the organelle band and
maintaining the distance between chromosome sets at metaphase Il. PELEUS was
subsequently identified to be the gene encoding a putative ephrin type-B receptor. The
PELEUS protein was found to be located on the tonoplast in both somatic and germline
cells and to interact with UBQ-LIKE1 protein involved in the ER-associated degradation

pathway.

The wild-type-like phenotype of the peleus single mutant suggests that PELEUS is a
negative regulator of JASON, whereas jason-like phenotype of the jas;pel;ubg-likel
mutant implies that UBQ-LIKE1 acts downstream of PELEUS, and that protein degradation
pathway is required for the suppressing mechanism. The relationship between vacuolar
localization of PELEUS and PELEUS’s function in jason was not yet uncovered, although it
is hypothesized that there is a connection between tonoplast’s motor proteins and actin
cytoskeleton; more so, since microfilaments were found to be severely altered in both

jason and jas;pel. Lastly, partial recovery of the mitochondria and/or chloroplasts within
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the organelle band and the maintenance of chromosome distance at metaphase Il of
jas;pel indicate the involvement of the actin network in the regulation of meiotic
progression. | suggest that the density of the actin cytoskeleton is one of the main
components responsible for the maintenance of the organelle band shape, and that loss
of JASON causes the actin network to destabilize and depolymerize. Additional mutation
in the PELEUS gene reverts the jason phenotype by slowing down the depolymerization
process and allows the microfilaments to retain their partial functionality in the crucial

metaphase Il stage.

Taken together, the observations made throughout the course of this Ph.D. study led me
to propose that unreduced gamete formation in jason and suppression of this process by
peleus depend on the correlation between vacuolar network, actin cytoskeleton, and
protein degradation, although the specific pathway remains to be determined. | believe
these findings provide new insights into the mechanisms of unreduced gamete formation
in Arabidopsis, especially the involvement of the endomembrane system and degradation

pathway in regulating meiotic progression.
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7. Appendix

Supplemental table 1 List of plants from the wave lines collection used in this study.

NASC Code Wave nr Gene name AGI Marker

781670 5 RabG3F At3g18820 late endosome/vacuole
781671 6 NIP1 At4g19030 ER/plasma membrane
781672 7 RabF2a AT5g45130 late endosome/pre-vacuolar
781673 9 VAMP711 AT4g32150 vacuole

781675 13 VTI12 Atl1g26670 TGN/early endosome
781676 18 Gotlp homolog At3g03180 Golgi

781677 22 SYP32 At3g24350 Golgi

781686 131 NPSN12 At1g48240 Plasma membrane

781687 138 PIP1;4 At4g00430 Plasma membrane

Supplemental table 2 List of primers used in this study.

Gene 5...3‘ sequence Aim
TCGACGAAATCAACTCTATAGCTGCATACCTATGGT peleus EMS mutant genotyping F
ATTCTCAAAATGTGTAGTCCTGTTACCTTCAGA peleus EMS mutant genotyping R

AT5G11700  CCTCCTCCTCCATCTAAATGC peleus T-DNA mutant genotyping

LP
AAGATTTTTGTGCATGGTTCG peleus T-DNA mutant genotyping
RP
TCTGTCCGGTTTGAATGTGA jas-1 EMS mutant genotyping F
TATGACACCGACTCCTGGTG jas-1 EMS mutant genotyping R
CACTTCAAATGGTGTTGCATG jas-3 T-DNA mutant genotyping
AT1G06660
LP
TCTTCCCATTTTCACTCATGG jas-3 T-DNA mutant genotyping
RP
AAGAACAGAAGCAGCTTTCCC atps1 genotyping LP

AT1G34355
CTGAACCAGTCGCTAAAGCTG atps1 genotyping RP
TGTCTGTCGTTTCCTTCCATC ubg-likel genotyping LP

AT5G42220
TGCTCCATCCGATTAATGAAC ubg-likel genotyping RP
ACTCTGGTCTGAAGAGAACA kiwi CAPS F

AT5G09250
ACCCATAAGCTCACTGCTA kiwi CAPS R
AAGGACTATGTGACCGCTGA ap4b CAPS F

AT5G11490
TACCTCGGCTGAATGCTCTT ap4b CAPS R
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AT5G11700

ATAAGCTTGATATCGAATTCttggaatccgcgaaaatgttatg

ACTAGTGGATCCCCCGGGgaaggggaagatgagggaatga

ACTAGTGGATCCCCCGGGCGACTGCCAAAACAGCTCAT

In-fusion cloning of genomic
PELEUS into TSK108 F
In-fusion cloning of genomic
PELEUS into TSK108 R
In-fusion cloning of genomic
PELEUS (no STOP codon) into
TSK108 R
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