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ABSTRACT

Plants are used as a primary food source by humans. Some plants produce edible roots or
leaves, but most crops used today are grown to harvest their nutrient-rich seeds which are a product
of double fertilization in flowering plants.

Cell-cell recognition, adhesion, and fusion are widespread phenomena in many biological
processes, where fertilization is an exemplary process. Many players have been identified to
mediate sperm-egg fusion in both animals and plants. Interestingly several of these components
were shown to be structurally and functionally conserved across kingdoms. In animals
Tetraspanins act as facilitators of sperm-egg fusion. Tetraspanins are known to associate in clusters
in the plasma membrane of cells, where they recruit diverse signaling proteins, forming the so
called Tetraspanin-enriched microdomains (TEMs). TEMs are therefore recognized as major
signaling platforms mediating specific cellular processes in the plasma membrane of cells. Two
Arabidopsis-expressed tetraspanins, TET11 and TET12, are highly expressed in the sperm cells
(SCs), however their function in fertilization are unknown. Using fluorescence microscopy, we
quantified the expression of TETs in SCs and found evidence for the existence of a Tetraspanin-
enriched microdomain (TEM) at the SC-SC adhesion interface. Sperm cell factors which are
necessary for fertilization were found to accumulate at the TEM, suggesting that plant SC TEMs
may function as protective platforms for fertilization factors. Sperm-expressed TETs directly
interact with members of a novel, plant-specific family of unknown proteins, DMP8/9. DMP8/9
function as negative regulators of SC-SC adhesion and are required for double fertilization.

Structural and functional analysis suggest that these two proteins may perform unique functions



as membrane remodelers in SCs. In addition, we provide evidence of a new GEX2 function as a

SC-SC adhesion factor and potential partner of TET-DMP complexes at the SC-SC interface.
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CHAPTER 1. INTRODUCTION

Flowering plants, also known as angiosperms, are the primary source of nutrients and
energy for humans. They are the basis for many industries in modern society including lumber,
agriculture, and pharmaceuticals. Dead land plants are the primary source of coal and other organic
molecules in the soil (Delwiche and Cooper, 2015). Of all the plants used by humans, angiosperms
are the most important for humans as they evolved to produce nutrient-rich seeds.

There are almost 300,000 species of angiosperms (Thorne, 2002). Today’s major crops
(rice, maize, wheat, etc.) have been selectively bred over 10,000 years to increase production and
nutrition of the seeds. Many modern crop plants have impaired seed dispersal strategies and depend
on humans for their propagation. This domestication of wild ancestors was necessary for human
survival as ancient civilizations transitioned from hunters and gatherers to agriculturally dependent
societies during the agriculture revolution (Doebley et al., 2006).

Many resources used in the plant sciences are allocated to understating and improving
crops. This research is applied to produce crops that are less susceptible to disease and pests or use
water in a more efficient manner. Detailed research into the mechanisms underlying plant
fertilization has only been made possible by recent advances in our understanding of the male and
female gamete transcriptomes and early stages of zygotic activation (Becker et al., 2003; Borges
et al., 2008; Wuest et al., 2010; Anderson et al., 2017; Zhao et al., 2019). Understanding
fertilization can lead to advances in both applied and basic plant sciences. For example, in applied
plant sciences like crop breeding, haploid-inducer genes are highly sought after because of the
economic savings and increased speed with which new inbred and hybrid lines are developed
(Rajcan et al., 2011). Research into sexual reproduction in angiosperms can reveal factors

necessary for fertilization and provide methods to improve haploid induction. Fertilization
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involves the precise signaling between male and female sex cells, the gametes, unique in their
functions and features. When gametes meet a process of cell-cell recognition and adhesion allow
these cells to fuse and create a diploid cell which develops into a new brand organism that carries
new characteristics resulting from the combination of genetic material from both parents.
Understanding fundamental principles of fertilization in plants can shed light on many aspects of
genetic and cellular signaling which are relevant not only for plant biology but also to understand
basic cell-to-cell signaling mechanisms that are conserved as fundamental processes for the

development and reproduction of all multicellular organisms.

1.1 Sexual Reproduction in Flowering Plants

Angiosperms alternate between a diploid dominant sporophytic and a reduced haploid
gametophytic generation (Niklas and Kutschera, 2010). In modern flowering plants, the dominant
generation is the sporophyte while the gametophytic generation is reduced in the flowers.
Gametophytes are multicellular structures that hold the gametes. The gametophyte of the plant is
dependent on the sporophyte for nutrition and protection within the flower (Sprunck, 2020).

Angiosperms enclose their haploid gametes within gametophytes which result from
meiotic divisions of predetermined cells (Bleckmann et al., 2014). The female gametophyte, or
embryo sac, develops in an ovule enclosed in the protective carpel (lrish, 2017). The male
gametophytes are the pollen grains which develop in the anther. Both male and female
gametophytes are multicellular structures and the development and function of gametes that they
enclose depend on gametophytic accessory cells (Gross-Hardt et al., 2007). The embryo sac
develops within a highly specialized sporophytic reproductive structure, the ovule. In the
sporophytic tissues of the ovule a megasporocyte, or Megaspore Mother Cell (MMC) undergoes

two rounds of meiosis and three mitotic divisions to produce the typical 8 cell Polygonum structure
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of the Arabidopsis embryo sac (Yadegari and Drews, 2004). These cellular divisions lead to the
formation of a mature embryo sac containing two synergids, the egg cell, a diploid central cell,
and three antipodals. The haploid egg cell and a diploid central cell are the true female gametes,
while synergids are accessory cells that are responsible for pollen tube attraction and reception
(Johnson et al., 2019).

Mature haploid pollen grains have a unique “cell within a cell” structure. The two non-
motile male gametes, the sperm cells, float within the cytoplasm of the large vegetative cell. The
pollen grain is protected by a highly resistant cell wall which facilitates dispersion, protects the
male gametes after dehiscence, and is the site of the first contact and signaling events during
pollination (Dresselhaus and Franklin-Tong, 2013).

Upon dehiscence from the anther the pollen grain starts a long journey which eventually
culminates in double fertilization, a hallmark of angiosperm sexual reproduction (Johnson et al.,
2019). Pollen grains are released from the anthers in a quiescent and dehydrated state. The pollen
disperses through wind and insects until it eventually lands on the stigma of a compatible flower
(Pacini, 2015). Stigmas are the receptive structures of the flower and can be of two types, dry
stigmas and wet stigmas. Wet stigmas secrete a sticky matrix that supports pollen germination and
growth (Lennon et al., 1998). Upon capture by the stigmatic surface, the first contact surface
between pollen and the female reproductive tissues a number of cell-cell interactions are initiated
that will determine the success of sexual reproduction.

Sexual reproduction in angiosperms is complex and regulated by numerous pollen-pistil
checkpoints (Dresselhaus and Franklin-Tong, 2013). After a compatible interaction between the
pollen and the receptive stigma, the pollen hydrates by uptaking water from the stigma (Hiscock

and Allen, 2008). The pollen grain germinates to produce a polarized structure, the pollen tube
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which functions as a vehicle for the transport of sperm cells (Zhang et al., 2017). The pollen tube
is in a constant exchange of signals with the female tissues and is precisely guided through
signaling cues towards an ovule (Kim et al., 2003). Pollen tube competition and several signal
check points imposed by the transmitting tract ensure that only one pollen tube reaches an ovule.
After arrival, the pollen tube enters through the ovule funiculus and penetrates the embryo sac
through the micropyle opening before growing on the surface of the synergids and eventually
bursting to release the sperm cells within the interface of the two female gametes, the egg and the
central cell. Double fertilization is tightly controlled and allows each sperm cell to fuse with a
single female gamete. The two fusion events result in two distinct fertilization products, the zygote
and the endosperm. The zygote develops into the future plant while the triploid endosperm
supports embryo development (Johnson et al., 2019). Seeds are thus the result of a process that

increases genetic diversity and assures the species propagation.

1.1.1 Male Gametophyte Development

Modern angiosperms use small male microspores and larger female megaspores, known as
heterospory (Petersen and Burd, 2017). Male gametophyte development occurs in two phases,
microsporogenesis and microgametogenesis (Ma, 2005). Diploid Pollen Mother Cells (PMC)
develop within the sporogenous tissue of the anthe locules. During microsporogenesis, the PMCs
undergo meiosis to produce tetrads of haploid microspores. At tthis stage the haploid microspores
are connected to one another within the tetrad by the callosic cell wallsand through cytoplasmic
bridges (McCormick, 2004). Thiscytoplasmic continuum within the tetrad assures synchronization
of microspore development. After meiosis, the microspores enlarge in volume and size and are
dependent on the surrounding anther sporogenous tissue, the tapetum, for their development

(microsporogenesis). After microspore development, the callose wall that connects microspores
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within the tetrads is digested by enzymes secreted by the nutrient-rich tissue in the anther, the
tapetum (Scott et al., 2004). The microspores are released from the tetrad into the anther locule
where they begin microgametogenesis (Scott et al., 2004). At this stage, the transcriptome of
microspores undergoes drastic changes which prepare individual microspores for the following
stages of pollen development and maturation (Honys and Twell, 2004). The first step during
microgametogenesis is an asymmetric cell division named Pollen Mitosis | (PMI) which will form
two cells with very distinct cell fates, a small generative cell (GC) and a large vegetative cell. The
asymmetry of this first cell division is necessary for generative cell differentiation. Disruption of
microtubules during pollen development leads to a symmetric cellular division where both
daughter cells adopt a vegetative cell fate (Park et al., 1998). The gemini pollenl (gem1l) is
defective in nuclear migration and cytokinesis at PMI. Microspores divide symmetrically and fail
to differentiate sperm cells (Park et al., 1998). After PMI, the polarized generative cell is engulfed
by the vegetative cell, migrating into a central position in the pollen vegetative cell’s cytoplasm
(Berger and Twell, 2011). Following PMI, the vegetative cell exits the cell cycle and supports the
development of the male gametes. In species with tricellular pollen, the generative cell then
undergoes a second, symmetric mitotic event or Pollen Mitosis Il (PMI1) to produce the two sperm
cells (SCs). Finally, after completion of PMII, a physical connection between the two male
gametes and the vegetative pollen nucleus formed, producing the male germ unit (MGU)
assemblage (Borg et al., 2009). In angiosperms pollen development is a widely conserved process,
with the greatest differences being at the timing of PMIIL. In some species, like tomato, pollen
development is paused after the first mitotic division, producing bicellular pollen. In species with
bicellular type pollen, PMII occurs during pollen tube growth in the transmitting tract (Gomez et

al., 2015).
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DUO POLLEN 1 (DUQ1) isa transcription factor which is expressed in the generative cell
and is required for male gamete differentiation and progression through the cell cycle (Brownfield
et al., 2009). The duol mutants successfully complete microspore development and the
asymmetric division at PMI, however, male gametophyte development is arrested at PMII and the
generative cell fails to accomplish PMII (Durbarry et al., 2005), leading to the formation of a
bicellular pollen grain containing a non-functional sperm cell-like cell (Brownfield et al., 2009).

After generative cell division and sperm cell differentiation the pollen grain is released
from the anthers into the environment in a quiescent and dehydrated state. Pollen grains are then
prepared to travel long distances and resist environmental stress before they land on the receptive

stigma of a flower and complete double fertilization.

1.1.2 Pollination

Pollination begins when a pollen grain lands on the stigma of a compatible flower. The
evolution of the pollen tube and the requirement of stigmatic germination is associated with
mechanisms that prevent self-pollination, thus promoting outcrossing and genetic diversity within
a population (Qiu et al., 2012). Although extensive work has been performed in pollen-stigma
interactions, little is known about self-incompatibility in economically important crop species.
Most crop species like maize, soybeans, and wheat are self-compatible while many fruit and
vegetable species are self-incompatible. Self-incompatibility is best understood and mostly studied
in the Brassicaceae family although Arabidopsis thaliana, a preferred model plant system for
genetic studies, is self-compatible.

The first step of pollen contact with the stigma is mediated by the components existent on
the pollen and papilla cell walls. The pollen coat is primarily composed of proteins and lipids.

Following pollen capture by a receptive stigmatic papilla cell, the pollen coat migrates to the

16



interface with the stigma developing a ‘foot” promotes pollen adhesion to the stigma (Bosch and
Wang, 2020). Pollen-papilla interaction is necessary for pollen recognition and hydration.
Incompatible pollen grains will fail to hydrate (Rozier et al., 2020), indicating that the
incompatibility response occurs within the first few minutes of pollen-papilla interactions. The
protein-rich pollen coat secretes the S-locus protein 11 (SP11), a cysteine-rich peptide involved in
cell-cell communication and recognition (Marshall et al., 2011). SP11 binds to the papilla-
expressed S-locus receptor kinase which induces a signaling cascade, that prevents hydration and
germination of an incompatible pollen grain (Takayama et al., 2000). Another example of pollen-
stigma incompatibility signaling is the ligand-receptor interaction of the stigmatic S-Receptor
Kinase (SRK) and the pollen-expressed S-Locus Cysteine-Rich Protein (SCR) (Ivanov et al., 2010).
Pollen landing on the stigma induces translocation of SCR from the pollen coat into the papilla
cells (lwano et al.,, 2003). Interaction between SRK and SCR is necessary for the self-
incompatibility (SI) response and leads to rejection of the pollen grain (Ivanov et al., 2010). These
mechanisms are examples of self-recognition where pollen grains produced in a plant are
prohibited from fertilizing ovules of the same plant.

After a pollen compatible recognition step by the stigma, the pollen grain uptakes water
from the stigma, hydrates and germinates, producing a pollen tube. This process is accompanied
by reconstitution of the pollen membranes and remodeling of the actin cytoskeleton, leading to
accumulation of actin cytoskeleton at the pollen-papilla contact site (Iwano et al., 2007). While
actin isaccumulating at the contact site in pollen grains, the papilla cell enriches the area just below
the contact site with Ca?*, with the highest concentration occurring while the pollen grain

penetrates the papilla cell wall (Iwano et al., 2004). The pollen tube grows toward the base of the
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papilla cell along the surface of the plasma membrane and into the style of the pistil (Bosch and

Wang, 2020).

1.1.3 Pollen Tube Growth

Pollen tubes are rapidly elongating, polarized cells that undergo tip growth to perform their
ultimate function, the delivery of male gametes to a single ovule. They are one of the fastest
growing cells, reaching speeds of 2.7 um/s in maize (Shamsudhin et al., 2016). To maintain this
speed in the female tissue, the cytoplasm of the pollen tube is highly organized and withstands a
tremendous amount of turgor pressure. Pollen tubes never divide, so to maintain the high turgor
pressure, the old parts of the tube are isolated by the deposition of callose plugs (Qin et al., 2012).
Pollen tubes are organized into three primary zones: the apical region, subapical region, and the
basal region (Lee and Yang, 2008). The basal region contains a large vacuole that helps maintain
the turgor pressure. All major organelles are carried into the apical and subapical regions via
cytoplasmic streaming (de Graaf et al., 2005; Lee and Yang, 2008). Pollen tubes use a reverse
fountain cytoplasmic streaming to maintain a constant supply of cell wall materials at the apical
region and maintain turgor pressure within the tube (Chebli et al., 2013). The vesicle cargo is
transported to the apical region of the growing pollentube (Grebnev etal., 2017). Actin is primarily
responsible for the quick transport of vesicles containing cell wall components while the largest
and most important feature, the male germ unit (MGU), is transported using microtubules (Astrom
etal., 1995). As mentioned previously, the MGU organization is essential for double fertilization.
In mutants where this connection is broken, like GERM UNIT MALFORMED (GUM), the
vegetative nucleus migrates through the pollen tube alone. gum mutants had severe fertilization

impacts and the mutant allele was rarely observed in the next generation (Lalanne and Twell, 2002).
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Pollen tube growth is a highly dynamic process that puts immense strain on the walls of
the tube. The pollen tube wall must be flexible to allow the rapid elongation of the tube but also
rigid to withstand turgor pressure. The composition of the pollen tube wall is variable in the basal
and subapical/apical regions. Pectin and callose compose a majority of the cell wall with little
cellulose (Guan et al., 2013). The pollen tube regulates the plasticity of the cell wall by
esterification of pectin. The apical region contains a high amount of methyl-esterified pectins
which are subsequently de-esterified as it transitions into the basal region (Guan et al., 2013). The
de-esterification of pectin allows the molecules to form calcium bridges. The de-esterified pectin
produces a gel-like substance which promotes wall rigidity (Hepler et al., 2013). Calcium also
plays a role as an important messenger in pollen tubes. Cytosolic Ca?* is important in regulating
pollen tube elongation and directional growth (Zheng et al., 2019). A gradient maintained at the
tip of the pollen tube is necessary for elongation (Steinhorst and Kudla, 2013) and asymmetric
enrichment of calcium at the tip promotes reorientation of the tube (Malho and Trewavas, 1996).
Pollen tube growth is a complex and dynamic process. It requires both nutrients and guidance from

the female tissue to complete the journey to the ovule.

1.1.4 Pollen-Pistil Interactions and Guidance

Pollen interactions within the female reproductive tract (transmitting tissue) are necessary
for efficient pollen tube growth. The transmitting tract cells are surrounded by an extracellular
matrix (ECM) that provides support and nutrients for pollen tube growth (Palanivelu and Preuss,
2006). The formation of water, y-amino butyric acid (GABA), and calcium gradients direct the
pollen tube through the transmitting tract (Bleckmann et al., 2014). After reaching the ovary the
pollen tubes are guided towards the female gametophyte (ovule) by small range and long range

signals (Palanivelu and Preuss, 2006). Guidance to the ovule is highly regulated permitting a single
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pollen tube to target a single ovule, thus is considered a limiting factor for polyspermic fertilization
events.

Several factors have been identified that could function as micropylar guidance factors,
including GABA and D-serine (Palanivelu et al., 2003; Michard et al., 2011). Oscillations of Ca?*
in the pollen tube cytoplasm have been observed to be dependent on the distance between the
female gametophyte and growing pollen tube, demonstrating that ovules secrete long-distance
signals to communicate with pollen tubes (Iwano et al., 2012). Small peptides in the LURE protein
family are secreted by synergid cells to attract a single pollen tube to the ovule (Okuda and
Higashiyama, 2010). The mechanisms controlling pollen tube exit from the transmitting tract and
into the funiculus are not well understood. This process is believed to be tightly regulated based
on the observation that only one pollen tube is permitted to enter the funiculus of an unfertilized
ovule (Bleckmann et al., 2014). The pollen tube exits the funiculus and is guided through the
micropyle of the ovule during micropylar guidance (Shimizu and Okada, 2000). After entering
through the micropyle the tube contacts the filiform apparatus of the synergid cells. The filiform
apparatus is an invaginated, thick cell wall at the micropylar pole of the synergid cells (Bleckmann
et al., 2014). The pollen tube grows along the synergid cell until its growth is arrested and the
pollen tube bursts (Leydon et al., 2013).

The female gametophyte controls pollen tube bursting and reception via interactions
mediated by the synergid-expressed NORTIA and FERONIA proteins (Kessler and Grossniklaus,
2011). After reception of the tube, competition between male- and female-expressed Rapid
Alkalinization Factors (RALF) proteins mediate bursting. BUPS1/2 and ANX1/2 are pollen-
expressed receptors localized to the tip of the pollen grain. Two RALFs (RALF4/19) are

specifically expressed in the pollen tube. RALF34 is expressed in mature ovules with expression
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concentrating around the micropylar pole of the synergid cell. Interactions between ANX/BUPS
with male-expressed RALF4/19 inhibit bursting, but interacting with the female-expressed

RALF34 promotes bursting (Ge et al., 2017).

1.1.5 Regulation of Double Fertilization

Angiosperms have evolved a unique type of fertilization called double fertilization (Berger
et al., 2008). After pollen tube burst and due to the internal cytoplasmic pressure, the sperm cells
are propelled to the interface between both female gametes, the egg and central cell. In contrast to
animals, where microtubules seem to be required for sperm nuclei targeting (Fatema et al., 2019),
plants use F-actin to assist male nucleus migration to the female nucleus (Kawashima et al., 2014).
Actin coronas surround the sperm cells at pollen tube burst, before fusion of the gametes (Ye et
al., 2002).

Interactions between the male and female gametes lead to recognition and eventual fusion
of their plasma membranes (plasmogamy). The sperm cells remain at the interface of the female
gametes for approximately 7 minutes before plasmogamy (Hamamura et al., 2011). During this
time, the gametes adhere, interact, and exchange signals that activate the fusion machinery in both
gametes and allow the precise targeting of the sperm cells to each of the female gametes. The
molecular mechanisms and interactions controlling this process are still poorly understood.
Activation of both gametes is necessary for successful fertilization. In the unicellular green algal
Chlamydomonas, activation of the gametes is induced by the adhesion between two cells of the
opposite sex (Pan and Snell, 2000). Upon activation of Chlamydomonas gametes, a serine protease
is secreted that activates metalloproteases required to degrade the extracellular matrix surrounding

each cell (Buchanan et al., 1989).
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In Arabidopsis, after sperm cell arrival, the egg cell secretes a small, cysteine-rich peptide
called EGG CELL 1 (EC1). EC1 binds to an unknown sperm cell receptor resulting in SC
activation and re-localization of HAP2 to the SC membrane (Sprunck et al., 2012). GEX2 isa SC-
specific, single-pass transmembrane protein that contains an immunoglobulin-like domain and
promotes SC-female gamete adhesion (Mori etal., 2014). Fertilization in animals is also dependent
on adhesion proteins containing immunoglobulin-like domains (Nishimura and L'Hernault, 2016).
HAP2 mediates the plasma membrane fusion of the male and female gametes (von Besser et al.,
2006). HAP2 is a widely conserved fusion protein, and the protein is hypothesized to be an ancient
gamete fusion factor (Feng et al., 2018) with homologs identified in all major eukaryotic taxa
except fungi (Wong and Johnson, 2010). DMP8 and DMP9 belong to a small gene family of
unknown transmembrane proteins (Kasaras and Kunze, 2010) and were recently found to be
involved in sperm cell-egg cell fusion (Cyprys et al., 2019).

One sperm cell fuse with the egg cell to form the embryo while the second fuses with the
central cell to create the nourishing endosperm that supports embryo and seed development.
Failure in double fertilization results in the recruitment of an additional pollen tube (polytubey)
which releases an additional pair of sperm cells into the ovule (Kasahara et al., 2012). Polyspermic
fusions of the egg cell are viable in plants, while excess of paternal copies in endosperm usually
leads to seed abortion as a result of unbalanced parental genome dosage (Zhang et al., 2016).

In both animal and plant gametes, calcium is used as a secondary messenger during
fertilization. In mice, calcium oscillations are observed in the zygote following sperm fusion with
the egg. The calcium oscillations stimulate mitochondrial energy production and seem to
contribute to the egg polyspermy block (Miao and Williams, 2012). In plants, the contact of sperm

and egg also induce calcium oscillations. In maize, an in vitro fertilization system revealed that
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cytoplasmic calcium oscillations are induced upon fusion of sperm and egg cell, but not by
adhesion of the male and female gametes (Digonnet et al., 1997). Following sperm-egg fusion and
the propagation of a calcium wave, a cell wall rapidly forms, which is thought to block additional
sperm cell fusions (polyspermy block) (Antoine et al., 2001). In Arabidopsis cytosolic calcium
changes seemed to be coordinated with pollen tube discharge in the synergids and male-female
gamete fusion (Hamamura et al., 2011; Denninger et al., 2014). The functional role of these
calcium spikes are unknown, but they could play a role in egg cell polyspermy block.

In Arabidopsis, fusion of both SCs with both female gametes are interdependent but appear
to be random, in that neither SC has a preference for either the central cell or egg cell (Berger et
al., 2008). The two fusion events are not equal though, the fusion of the sperm and egg cell results
in the diploid embryo while the fusion with the central cell produces the triploid endosperm.
Balance between the maternal and paternal gene doses in the endosperm (2:1 maternal : paternal)
is critical for proper endosperm development (Lin, 1984). Disturbing this 2:1 ratio results in
defects of the endosperm and can lead to seed abortion (Povilus et al., 2018).

Early zygotic development was thought for long to be strictly under maternal control and
the sperm cells contributing merely with genetic information. Transcriptomic profiling of the
developing zygote has shown that most of the initial transcripts required for zygotic development
originate from both maternal and paternal copies. In addition to its genome, the sperm also
contributes MRNAsS, epigenetic factors (micro RNAs and small RNAs), and maybe proteins to the
egg cell. In the endosperm, the paternal-derived miR159 induces nuclear division in the endosperm.
miR159 targets MYB33 and MYB65 whose expression levels are high before fertilization but
drastically decrease following sperm fusion. Interfering with the delivery of this microRNA results

in severe seed abortion (Zhao et al., 2018).
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In animals, it is believed that the delivery of a phospholipase, PLC {-1 functions as a sperm
oocyte activation factor (Nozawa et al., 2018). Mice sperm lacking PLC (-1 can fuse with the egg
cell but fail to induce the calcium oscillations and abort at one or two cell stage. MATRILINEAL
(MTL) is a sperm cell specific phospholipase which has been shown to play a role in double
fertilization in maize (Kelliher et al., 2017). It has been shown that mtl mutant sperm cells induce
zygotic activation independent of paternal contribution (haploid induction). It is interesting that
both mice and maize require male-specific phospholipase activity in order to complete successful
fertilization. In Arabidopsis the SHORT SUSPENSOR (SSP) transcripts are expressed in sperm
cells, but do not appear to be translated (Bayer et al., 2009). SSP is a membrane-associated
receptor-like kinase in which the transcripts are delivered from the sperm cells into the egg cell.
SSP is then translated in the zygote where it activates a YODA (YDA)/Map kinase (MPK)
signaling pathway that is required to set up the apical—basal axis of the embryo. The ssp mutants
show shorter suspensors as a result of fewer cells (Babu et al., 2013).

Although extensive research has led to the identification of gamete factors, the signaling
pathways connecting these factors are unknown and proteins necessary for male-male interactions

during pollen tube growth and male gamete activation remain elusive.

1.2 Function of Tetraspanins as Regulators of Intercellular Signaling

Tetraspanins (TETSs) are evolutionarily conserved membrane proteins present in all
multicellular organisms and seem to function as common denominators of processes involving
cell-cell interactions. They function as organizers of signaling clusters at the plasma membrane
(Yunta and Lazo, 2003). TETs are characterized by containing 4 transmembrane domains,
intracellular N- and C-termini, one small extracellular loop (EC1), and one large extracellular loop

(EC2). Animal TETs also contain a conserved CCG amino acid motif in EC2 along with other
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cysteine residues that form disulfide bonds and contribute to the final structure of the protein
(Termini and Gillette, 2017).

Tetraspanins are known to regulate important functions, like adhesion, through a series of
complicated direct and indirect interactions. TETs regularly interact with other TETs to form
homo- and hetero- dimers (Boavida et al., 2013). The dimers are formed before transport to the
plasma membrane and have been detected in the Golgi (Kovalenko et al., 2004). In animals,
Tetraspanins form both direct and indirect interactions with integrins (Berditchevski, 2001).
Integrins are well known for their function as adhesion receptors (Horstkorte and Fuss, 2012).
Integrins propagate signals through a variety of molecules, including focal adhesion kinases (FAKS)
(Cary and Guan, 1999). These FAKSs are also regulated by tetraspanins, and knockdown of TETs
leads to a reduction in FAK phosphorylation (Yamada et al., 2008). This pathway demonstrates
the complexity of tetraspanin-mediated signaling. Tetraspanins are implicated in almost every
aspect of the signal propagation and removal of one tetraspanin gene can have detrimental effects
on the cell. TETs are also known to directly interact with ADAM matrix metalloprotease (MMP)
proteins. ADAM10, a well-studied member of the ADAM protease family, interacts with many
TETs in animals like CD9, CD81, and CD82 (Arduise et al., 2008). These interactions are
important in the regulation of secretion of hormones and peptides in mice

Although not direct interactors, TETs are linked to the cytoskeleton through indirect
interactions. Both CD9 and CD81 function in regulating the actin cytoskeleton through their direct
interaction with EWI-2 and EWI-F. The EWIs bind to exrin-radixin-moesin (ERM) which directly

interact with the cytoskeleton (Berditchevski, 2001).
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1.2.1 Tetraspanin-Enriched Microdomains

Tetraspanins in animals are known to be important for several biological processes like
cell-cell adhesion and fusion (Hemler, 2005). They form signaling platforms that represent
scaffolds of signaling proteins and are associated with microdomains. The Tetraspanin-enriched
microdomain (TEM) is a functional unit located in the plasma membrane. Within the TEMs,
tetraspanins mediate many different interactions, including; formation of both homo- and
heterodimers (Boavida et al., 2013), interactions with other membrane proteins (Charrin et al.,
2014), and interactions with lipids (Reimann et al., 2017). The size of any given TEM can range
dramatically between cell types, in animals TEMs have been observed to range from 16 nm
particles to areas of 400 nm? (Yafiez-M0 et al., 2009). Functionally related receptors are recruited
to the microdomain which acts as an organized, physical unit in the bilayer (M et al., 2009).
Proteomic analysis of animal TEMs shows that there are numerous categories of proteins
represented in these domains including adhesion molecules, receptors/signaling molecules,
membrane proteases, and proteins involved in fusion (Le Naour et al., 2006).

The plasma membrane is a heterogeneous structure composed of proteins, phospholipids,
and cholesterol to name a few. The size of TEMs allows them to incorporate many different
molecules which provides a mechanism to regulate signaling events and recruit functionally
related receptors (Yafiez-M6 et al., 2009). Tetraspanins interact with different membrane-
associated receptors at different levels of interaction which can be identified using different
extraction methods (Charrin et al., 2003). The first level of interaction, which can withstand harsh
detergent treatments such as Triton X-100, are direct protein-protein interactions. The direct
protein interactions include those between tetraspanins as well as between TETs and another
membrane protein such as metalloproteases (Hemler, 2005). The second level of interactions

within TEMs are indirect interactions. Secondary interactions are stabilized by palmitoylation of
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both tetraspanins and their indirect-interacting partners. These secondary partners include proteins
belonging to the immunoglobulin family, adhesion molecules, and signaling enzymes (Boucheix
and Rubinstein, 2001). TETs maintain their direct, first-level interactions in the absence of
palmitoylation sites, but many of the secondary interactions are prevented (Berditchevski et al.,
2002).

TEMs are not the only organized unit within the plasma membrane. Lipid rafts are another
organized domain. Lipid rafts, similar to TEMs, are enriched in both cholesterol and sphingolipids.
Although lipid rafts and TEMs show some similarities, TEMs show many critical differences
which distinguish the two domains. Lipid raft interactions are disrupted when treated with Triton
X-100, whereas TEMs maintain their direct protein-protein interactions. Palmitoylation of proteins
in lipid rafts decreases their solubility, in comparison, TEMs rely on palmitoylation to facilitate
second-level interactions. Both TEMs and lipid rafts are enriched with cholesterol and divide into
low-density fractions in sucrose gradients. Finally, they are differentiated by their tolerance to
cholesterol depletion. Lipid rafts are sensitive to cholesterol depletion while TEMs are resistant to
depletion (Le Naour et al., 2006).

Recent publications of tetraspanins in plants have demonstrated their involvement in
development and cell communication. Lipid rafts and detergent-resistant membranes have been
identified in plants (Grennan, 2007), but despite established methods to identify TEMs, their

presence in plants is currently unknown.

1.2.2 Tetraspanin Functions in Plants

Research of Arabidopsis-expressed TETs has shown their involvement in a variety of

different processes including leaf development, plant immunity, and root growth. In the A. thaliana
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genome, 17 members of this protein family were identified. Plant tetraspanins are expressed in
many different cell types and show diverse expression patterns (Boavida et al., 2013).

The first TET described in detail was TET1 by Cnops et al. 2006 who identified its role in
leaf development and venation. In this study, the researchers used six mutated tetl alleles, all of
which contained mutations in the large extracellular loop of the tetraspanin. Mutation of TET1
resulted in significant decrease in mean lamina area of the first leaves and large intercellular gaps,
lacking palisade and spongy cells (Cnops et al., 2006).

TET13 was identified to promote primary root growth and mutants showed reduced
amounts of cells within the root meristem (Wang et al., 2015). TET13 is also involved in lateral
root initiation (Wang et al., 2015). In roots and leaves, TET5 and TET6 function redundantly.
Double tet5/tet6 mutants showed larger leaves, increased fresh weight, and longer primary roots.
The increased leaf size phenotype resulted from an increased in cell number rather than increase
in cell size, suggesting that the tetraspanins could be involved in regulating the cell cycle in
vegetative tissues (Wang et al., 2015).

Recently, TETs have been demonstrated to function in A. thaliana immunity (Cai et al.,
2018). During B. cinerea infection TET8 and TET9 are induced and actively accumulate at the
infection site of the cell. TET8/9 plant-derived coated-exosomes carry small RNAs that target
virulent genes in fungi (Cai et al., 2018). These findings suggest that TET8 and TET9 have a
function in membrane fusion and cell-cell communication.

Although tetraspanins have been studied in animals for decades they have only recently
begun to gain attention in the plant field. The goal of this thesis is to characterize SC-expressed
tetraspanins as well as their interactors. The chapters of this thesis contribute to our understanding

of cell signaling during double fertilization and to mechanisms that contribute to successful
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fertilization in angiosperms. This thesis provides evidence of an essential tetraspanin-enriched
microdomain which could protect fertilization factors in the SCs. Understanding how these factors
interact with one another and contribute to double fertilization will provide new insights into
fertilization mechanisms and contribute to advance, develop, or improve breeding strategies and

seed production in economically important crops.
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CHAPTER 2. FUNCTION OF TETRASPANIN-ENRICHED DOMAINS
IN SPERM CELLS

2.1 Abstract

In animal cells, Tetraspanins (TETSs) function as membrane scaffold molecules forming the
so-called Tetraspanin-Enriched Microdomains (TEMs) at the cell surface. These microdomains
are unique in their composition and functions, representing clusters of signaling proteins, lipids
and other associated subcellular components which are anchored by TETSs to the cell surface. In
Arabidopsis, TET11 and TET12 are expressed specifically in the plasma membrane of sperm cells
(SCs) localizing in a polarized manner to the sperm cell-sperm cell (SC-SC) adhesion interface.
However, the biological meaning and function of this specific cellular localization is currently
unknown. In this chapter, we examined the spatial organization and quantified the distribution of
TETs and other known factors at the sperm cell surface using spinning disk microscopy. To
determine the function of TET12 and address a possible genetic redundancy with TET11 in sperm
cells and during double fertilization, we used CRISPR/Cas9 gene editing technology to generate
TET12 mutant lines in wild type and in the background of TET11 knockout T-DNA insertion
mutant. Our results provide convincing evidence for the existence of a Tetraspanin-enriched
microdomain at the adhesion interface of SCs. We determined that the SC-specific factors GEX2,
HAP2, JANUS2(DMP9), localize at the SC-SC interface with a similar pattern, suggesting that
TEMSs may function as potential signaling platforms in SCs. In agreement with these results, our
preliminary analysis of TET12 CRISPR lines, indicate that TET12 perform essential functions in

double fertilization.
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2.2 Introduction

2.2.1 Plasma Membrane Microdomains

The plasma membrane, also known as the cell membrane, is a physical barrier that encloses
the cell and protects the intracellular components from the external environment. The plasma
membrane is a thin semi-permeable membrane consisting of a lipid bilayer with associated lipids
and proteins (Cacas et al., 2012). The embedded molecules allow cells to sense and respond to the
extracellular signals, which is essential to maintain cell homeostasis also contributing to the overall
tissue and organism balance (Qiu et al., 2003; Blazek et al., 2015).

Most cells show some form of asymmetry in their shape or organization of components.
The organization of the plasma membrane is fundamental for cellular signaling, transport of
molecules, and cellular adhesion (Alexandersson et al., 2004). While proteins can randomly
distribute across the membrane, a growing body of evidence supports the hypothesis that proteins
are organized in complexes, can aggregate into clusters, form membrane gradients, or establish
cell polarity (Simons and Toomre, 2000). The spatial organization of proteins and lipids in
membranes is thus tightly linked to cell functions and can be affected by external signals or
physiological conditions (Marhava et al., 2020).

In both animals and plants, there are plenty of examples of asymmetrically distributed
proteins in polarized cells. In animal cells such as neurons, membrane proteins are polarized to the
axon and dendrite regions where they facilitate communication with other nearby cells (Bentley
and Banker, 2016). In plant cells, the auxin transporters PIN1 and PIN2 are polarly localized to
either the basal or apical region of the root cortex and epidermal cells (Wisniewska et al., 2006).
In the root cortex tissue, both PIN1 and PIN2 localize to the basal region of the cell while in

epidermal cells PIN1 is specifically localized to the basal area and PIN2 is found in the apical
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region. This asymmetry is important to regulate auxin efflux throughout the meristematic tissues
of the plant (Wisniewska et al., 2006). The mobilization of proteins across subcellular
compartments of the cell can be highly dynamic. For instance, the Mildew Resistance Locus-O
membrane protein NORTIA (NTA) is redistributed from Golgi-associated compartments to the
membrane-rich region of the synergid filiform apparatus upon pollen tube reception (Yuan et al.,
2020).

The formation of clusters containing membrane proteins (nano- and micro-domains)
depend on many variables, including their affinity to specific lipid compositions (e.g. lipid rafts)
(Brown and London, 1998; Hooper, 1999), protein-protein interactions (e.g. tetraspanin domains)
(Harder et al., 1998), and constraints imposed by the cytoskeleton (Holowka et al., 2000).
Tetraspanin-enriched microdomains (TEM) localized at the cell surface are characterized by
unique lipid and protein compositions (Yafiez-M06 et al., 2009). Tetraspanins (TETSs) are known to
function as ‘master organizers’ of membranes interacting with each other, other membrane
proteins, and signaling molecules in a cell-type specific manner. Thus, specific Tetraspanin
signaling platforms can regulate different cellular functions in different cell types (Reimann et al.,
2017).

Although evidence of membrane microdomains in plants is not as abundant when
compared to animals, there is convincing data to support the presence of protein clusters within
the plasma membrane of plant cells. Some examples come from the study of root hairs, pollen
tubes, embryogenesis, and leaf primordia initiation (Raggi etal., 2020). For instance, the aquaporin
protein PIP2;1, an integral membrane protein that regulates water transport across the plasma
membrane of root cells (Li etal.,2011) and SUT1, a potato sucrose transporter (Krigel et al., 2008)

localize within clusters on the plasma membrane. SUT1 membrane clusters range from 200-300
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nm in size and are associated with detergent-resistant membrane (DRM) fractions (Kriigel et al.,
2008). The ability to detect heterogeneous distributions of membrane proteins at nano or
microscale levels using quantitative approaches is therefore critical to understand the composition
of organized membrane signaling platforms, their regulation, and the dependency of particular

signaling events.

2.2.2 Expression of Tetraspanins in Plant Gametes

In animal systems, Tetraspanins (TETSs) are recognized as a major cell surface scaffold
molecule, functioning as a facilitator of numerous biological processes involving cell-cell
interactions (Hemler, 2005). In Arabidopsis thaliana 17 members were identified and their
expression patterns characterized in detail in reproductive (Boavida et al., 2013) and vegetative
tissues (Wang et al., 2015). In reproductive tissues, TET members show a cell-type specific
expression, with different TET members showing overlapping patterns (Boavida et al., 2013). In

addition, their expression patterns are regulated during pollination, pollen tube growth, and

TET11-eGFP

Sperm Membrane

Vegetative endomembrane
Cytoplasmic Tail
%{ -

[ \ Pollen tube
(Vegetative Cell)

Sperm Cell Nuclei
Vegetative nucleus

Figure 2.1. Expression of Tetraspanins in sperm cells and Male Germ Unit (MGU) organization within the pollen
tube. Representative fluorescence images of (A) translational GFP fusion of TET11 (TET11-GFP); (B) translational
GFP fusion of TET12 (TET12-GFP); (C) Representation of positioning of sperm cells (SC) within a pollen tube and
association with Vegetative Nucleus (VN); (D) Graphical representation of MGU assembly. Arrows in A and B point
to location of adhesion domain between SCs and cytoplasmic tail extending from one of the SCs to the VN. Arrow in
C indicates direction of pollen tube growth. Scale bars: 5 um. Adapted from Boavida et al. (2013).
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fertilization. For instance, AtTET8/AtTET9 are expressed in egg and central cell while
AtTET11/AtTET12 are expressed in sperm cells (SCs). As Arabidopsis tetraspanins are known to
form both homo- and hetero-dimers (Boavida et al., 2013) these two pairs of gamete-expressed
TETs are excellent candidates to investigate possible functions during double fertilization.

TET8 isinduced upon fertilization, localizing at the plasma membrane of the zygote, while
TET9 is expressed in all female gametophytic cells (synergids, egg cell, central cell, and antipodals)
before fertilization. TET9 is evenly distributed at the plasma membrane of synergids and at the egg
cell surface, while in the central cell TET9 localizes in unknown, intracellular organelles (Boavida
et al., 2013). TET9 is mobilized to a restricted domain on the membrane surface of the egg cell
upon pollination and is internalized after fertilization (Leonor Boavida, unpublished results).
However, the role and dynamics of the expression patterns and the biological meaning for this
regulation in double fertilization is still not understood.

AtTET11 and AtTET12 are specifically expressed in sperm cells and their localization
pattern is unique. Upon pollen germination TET11/TET12 mobilize to a membrane domain that
physically connects the plasma membrane of both SCs (Fig 2.1). Plant gametes lack structural
support from cell walls found in other plant cells; thus, their cell surfaces are flexible and cell-cell
interactions between gametes could occur directly across their plasma membranes. Sperm cells
have their individual membranes, which do not directly face the cytoplasm of the pollen vegetative
cell (Fig. 2.2) (Leonor Boavida, unpublished results). Prior to Pollen Mitosis Il (PMII), an outer
membrane of vegetative origin engulfs the generative cell. The division of the generative cell leads
to the formation of two twin sperm cells which contain their own membranes (Fig. 2.2B-D) and
are both enclosed by an outer vegetative membrane. The sperm cells remain connected by an

adhesion domain. The localization of TET11/TET12 appears polarized to the adhesion domain
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between adjacent SCs (Fig. 2.1A and B). Thisdomain is remarkably stable and is maintained along
the entire journey of pollen tube growth across the female tissues towards an ovule (around 8
hours). Transmission electron microscopy reveals that sperm cell plasma membranes do not seem

to be in direct contact at this SC-SC interface, but instead are separated by an interstitial space of

Figure 2.2. Transmission electron microscopy of a pollen
grain showing association of Sperm Cells (SC) to the
Vegetative Nucleus (VN). (A) Overview of MGU with
Sperm cells (SC1 and SC2) and VN. Scale bar 500nm.
Dashed boxes are insets of B and C. (B) Inset shown in A
of sperm cell-sperm cell adhesion interface. White arrows
point to outer vegetative cell membrane, yellow arrow point
to inner SC plasma membrane. Scale bar 100nm. (C) Inset
of A showing detail of double membrane surrounding the
Sperm Cell 1 (SC1), white arrows point to outer vegetative
. membrane and inner sperm cell membrane. Scale bar 50nm.
i (D) Graphical representation of A, showing vegetative
i membrane in green and sperm cell membrane in black.
Inset with detail of double membranes at the SC interface
i and at the sperm cell surface. Image acquired by Leonor
' Boavida.

50-100 nm (Fig. 2.2B). Although the exact composition of this interface is unknown, it is possible
that direct protein-protein interactions across the plasma membrane interface could facilitate
adhesion and communication between the twin sperm cells. A cytoplasmic extension connects a
single SC to the Vegetative Nucleus (VN) forming the Male Germ Unit (MGU) assembly (Fig.
2.1D).

Upon delivery into the embryo sac, the sperm cells are propelled to the interface between
the egg and central cell, remaining attached for a few minutes. Cellular communication and
recognition between male and female gametes occur during this period. The SCs then separate and
precisely fuse with each of the female gametes (Hamamura et al., 2011). The signaling
mechanisms leading to sperm-sperm cell adhesion and their regulated separation are some of the

most critical events in double fertilization, yet no molecular components or mechanisms are known.
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While the MGU organization was reported in several plant species, the relevance of these
cellular associations remains unknown. The most prevalent hypothesis is that the adhesion contacts
between SCs and the pollen Vegetative Nucleus (VN) are essential to assure the simultaneous
delivery of the sperm cells into the embryo sac, thus facilitating double fertilization (McCue et al.,
2011).

The fact that in animal cells, Tetraspanins interact with specific lipids and proteins in the
so-called TET-enriched microdomains (TEM), led us to hypothesize that polarized localization of
TETs in sperm cells reflect the spatial organization of signaling and adhesion components. A
second possible hypothesis is that this membrane domain functions as a “protective” environment
for fertilization factors during pollen tube growth. Two recently discovered TET11/TET12
interactors, DMP8/9 (JANUS1/2) seem to support the hypothesis that TET-JANUS complexes are
involved in stabilizing adhesion factors at the SC surface. To test these hypotheses, we quantified
and analyzed the distribution patterns of TETs and known signaling factors at the sperm cell

surface and within the SC-SC adhesion domain.

2.3 Materials and Methods

2.3.1 Plant Material and Growth Conditions

Mutant lines and ecotypes if not otherwise indicated were obtained from ABRC stock
center (https://abrc.osu.edu/). Arabidopsis seeds were surface sterilized using the vapor phase
methodology with chlorine gas. Briefly, seeds were aliquoted into 1.5mL eppendorf tubes at ~
30uL volume. The eppendorf tubes containing the seeds were placed open in a desiccator located
in a fume hood. Three ml of concentrated HCI was quickly added to a beaker containing 50 mL of

bleach (5-10% NaOCI) and the desiccator was immediately sealed. Primary transformants were
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sterilized for 4-6 hours and F2 seeds or greater were sterilized for 2 hours. After sterilization, seeds
were removed from the desiccator and covered with aluminum foil to avoid contamination. The
seeds were transferred to a flow hood and the tubes were left open for 30 minutes to allow diffusion
of chlorine gas before plating. Sterilized seeds were plated on 1x basal Murashige and Skoog (MS)
(Sigma) medium supplemented with Gamborg vitamins (Sigma), 0.5 g L't MES (Sigma), 1% (w/V)
Sucrose (Fisher Scientific), and 0.8% (w/v) plant agar (Fisher Scientific) and the pH adjusted to
5.7. Seeds were stratified for 48 h at 4°C in the dark before transfer to a growth chamber with long-
day conditions (16 h light/8h dark at 21°C). Transgenic plants and mutant lines were selected in
MS medium containing the appropriate selection agent. After 14 days seedlings were transferred
to soil and grown in short-day conditions (8h light/16 h dark at 22°C) for 2 weeks to promote
vegetative growth. Flowering was induced by transferring the plants to long day conditions (16h
light/8h with dark day/night temperatures of 22°C/18°C).

All transgenic marker lines used in this study were generated previously to this study
(Boavida 2013 and unpublished results from Leonor Boavida). The quartet 1-2 (qrtl-2) mutant
(Preuss et al., 1994) in the Columbia ecotype was used for stable transformations. Briefly, ten to
twenty resistant plants resulting from each transformation were analyzed for expression patterns
and presence of single insertions. One or two lines with stable GFP expression were chosen for
propagation and used to recover homozygous lines to use in further analysis. Lines with possible
phenotypes in plant development and seed set were discarded if the phenotypes were proven not
to be related with protein expression levels. All the analysis of this study was performed using

homozygous stable lines.
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2.3.2 DNA Extractions

DNA extractions were performed according to (Edwards et al., 1991; Cenis, 1992) with
small adaptations. DNA extraction buffer was prepared with 1M Tris HCI (pH: 8), 5M NaCl, 0.5M
EDTA, and 20% SDS. Young, fresh rosette leaves were collected and grinded in a 1.5 ml
eppendorf tube with 300 ul of DNA extraction buffer using a plastic pellet or a grinding machine.
150 ul of 3M sodium acetate (pH = 5.2) was added to the tube. The samples were vortexed and
incubated at -20°C for 10 minutes. After incubation, samples were spun at 14,800 rpm for 3
minutes. The supernatant was transferred to a clean 1.5 mL eppendorf tube. Isopropanol was added
at a 1:1 ratio (450ul). Samples were incubated at room temperature (RT) for 15 min before
centrifugation at 14,800 rpm for 5 min. The supernatant was removed, and the DNA pellet washed
by adding 450ul of ice-cold 70% ethanol. The samples were spun for 1 minute at 14,800 rpm. The
ethanol was removed, and samples were air-dried for 1 hour before elution with 30 ul of 1x TE

buffer. Extracted genomic DNA was stored at -20°C.

2.3.3 Characterization of Insertion and Marker lines

Genotyping of janus1/2 (SK30238/SK29952 were obtained from the Saskatoon collection
http://aafc-aac.usask.ca/FST/) (Robinson et al., 2009) and TET11 (SAIL_897_B02) homozygous
mutant lines was performed by PCR using genomic DNA extracted from individual plants. All
PCR amplifications used DreamTaq polymerase (Thermo Fisher) according with manufacturer’s
instructions. Two primer pairs were used to determine the plant genotype. For TET11 SAIL line,
the primer pairs were L151 and L152 for the genomic region flanking the T-DNA insertion and
L151 and L040 were used as a second primer pair to amplify the region between the T-DNA left
border and the flanking genomic sequence. For janusl1/2 the primer pairs for the genomic region

were L534 and L575 and L537 and L535 respectively. The second primer pair for janus1/2 was
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L535 and L423 and L575 and L038 respectively to amplify the region between the T-DNA left
border and flanking genomic sequence. Sequences of the primers used in this study can be found

in Appendix A.

2.3.4 Seed Set Analysis

Pistils 7-10 Days After Pollination (DAP) were collected from self-pollinated plants and
dissected under a stereoscope to expose ovules. The number of developing seeds, aborted seeds,
and undeveloped ovules were counted for each silique. A minimum of 5 siliques were used for

quantification of seed set.

2.3.5 Pollen Germination Assays

Arabidopsis pollen was collected from fresh day open flowers and germinated in vitro as
previously described (Boavida and McCormick, 2007). Briefly, ~ 40 open flowers were incubated
in 1 mL of freshly prepared pollen germination medium (5mM CacCl;, 0.01% H3BO3s, 5mM KClI,
10% sucrose, 1ImM MgSO4, pH adjusted to 7.5-7.8) and vortexed for 3 minutes to release the
pollen from anthers. After removing flower parts and debris with a tweezer, the solution was
centrifuged at 8,000 rpm for 3 min and the supernatant removed. The pollen pellet was then
resuspended in 100-200 pL of fresh pollen germination medium, depending on the size of the
pellet. The pollen solution was transferred to a 25mm glass-bottom petri dish coated with 0.01%
poly-L lysine (Sigma). The dish was placed in a humidity chamber as described in (Johnson-

Brousseau and McCormick, 2004) and incubated at 22°C for 4 hours.
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2.3.6  Microscopy Imaging and Data Processing

For quantification of protein enrichment in sperm cells, germinated pollen tubes were
imaged using a spinning disk CSU-10 confocal head (Yokogawa Electric) mounted on a Zeiss
Observer.Z1 inverted microscope equipped with a Prime 95B camera (Teledyne Photometrics)
controlled by the Slidebook software (Intelligent Imaging Innovations). Optical sections of 0.25
um collected from sperm cell pairs expressing single or double fluorophores were acquired using
a 100x Plan-APO oil-immersion objective (1.46 NA) with the following settings: GFP and
mCherry excited by 488 nm and 561 nm laser lines, respectively. Samples were exposed for 500ms
using 30% laser power using the respective band-pass filters (482/35 and 617/73; Semrock). A
minimum of 20 sperm cell pairs were analyzed for quantification of protein abundance.

Image analysis and 2D projections were performed using ImageJ/Fiji (Schindelin et al.,
2012). All images were processed using the following functions available in Fiji prior to analysis:
smooth, sharpen, de-speckle, and background subtraction with a rolling-ball radius of 30 pixels.
No contrast or brightness adjustments were done on the images prior to analysis. To quantify
fluorescent intensity, single optical sections corresponding to median planes for each sperm cell
pair were selected. A freehand line (width = 5 pixels) was drawn on the SC-SC adhesion domain
or in the outer sperm membrane and the mean intensity values recorded. Fold enrichment was
determined as the ratio between the mean fluorescence intensity at the adhesion domain and the
outer sperm membrane. Co-localization analysis was carried out using the Fiji plugin Coloc2

(Schindelin et al., 2012).

2.3.7 Statistical Analysis

Statistical analysis and graphs were generated using R (R Development Core Team, 2010)

and GraphPad (Prism version 8.4.2; GraphPad Software). One-Way or two-way ANOVA was used
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to analyze significant differences between multiple groups. Two-sided, unpaired Student’s t-test

was used to determine significance between two groups.

2.3.8 ldentification of CRISPR/Cas9 Edited Plants

The two CRISPR/Cas9 constructs targeting TET12 and JANUS1/2 genomic regions,
respectively were generated by Dr. Mily Ron, a lab collaborator from UC Davis. Both plasmid
constructs were transformed separately or simultaneously into Col qrt, janusl/2 and tetll
homozygous lines using the Agrobacterium flower dip method (Bent, 2006). The plasmid
constructs are shown in Figure 2.7A and Figure 2.7B. The seeds were selected first based on RFP,
mCitrine or double fluorescence to identify positive transformants (T0s). Fluorescent positive
seeds were plated under antibiotic selection to assure that only positive transformants were
analyzed (see Fig. 2.7C for selection scheme).

Genomic DNA was extracted from rosette leaves of positive plants and PCR was used to
amplify the sequence predicted to contain the editing events. The PCR products were first run on
an electrophoresis gel to identify possible indel events (shift on band size). The PCR products were
purified using the QIAquick PCR Purification Kit (Qiagen) and sent for Sanger sequencing.

Prior to December 2019, sequencing reactions were performed using Purdue’s Genomic
Core Facility. Reactions that occurred following January 2020 were performed by Genewiz.

Purdue Genomics Core Facility: 10 pl reactions were used for Sanger sequencing. 5 pl of
PCR product diluted with water was provided at a concentration dependent on PCR product size
(100-200 bp: 3 ng/ pl; 200-500 bp: 10 ng/ul; 500-1000 bp: 20 ng/ul; 1000-2000 bp: 40 ng/ul;
plasmid DNA: 10 ng/pl). 10 puM of the respective primer was added with 2 pl of Terminator Ready
Reaction mix and Big Dye Sequencing Buffer (Fisher). Sequencing reactions were performed in a

thermal cycler with the following conditions: 1) 96 °C for 1 min; 2) 96 °C for 10 sec; 3) appropriate
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primer annealing temperature for 5 sec; 4) 60 °C for 4 min. After the reaction, the sequencing
products were precipitated by adding an equivalent volume of water, 2 ul of 3M NaAc (pH: 4.6),
2 ul of 0.125M EDTA, and 50 pl of 100% ethanol. The solution was transferred to a 1.5 mL
eppendorf tube, vortexed, and stored at -20 °C for 10 min upon which the mix was centrifuged at
14,800 rpm for 15 min at RT. The supernatant was carefully removed, and the pellet washed twice
with ice-cold 70% ethanol. The pellet was left to dry in the dark for 1 hour, before elution in 15 ul
of MiliQ water. The sequencing products were then delivered to Purdue’s Genomic Core Facility.

Genewiz: The purified PCR product was mixed with the appropriate primer according to
the Genewiz guidelines for Sanger sequencing. All sequences were analyzed with SnapGene
software.

Sequencing reads obtained from individual plants were submitted to Synthego ICE
software (https://ice.synthego.com/#/) using the default parameters to determine potential gene

editing events in each transgenic line.

2.4 Results and Discussion

2.4.1 Tetraspanins Define an Enriched Microdomain at the Sperm Cell Interface

In this chapter, we examined the expression patterns of TET11 and TET12 as well as other
known sperm cell factors using confocal microscopy. The expression patterns previously identified
using wide field fluorescent microscopy did not provide sufficient resolution for quantification of
protein abundance or distribution of sperm cell factors at the plasma membrane.

Using Fiji, we selected tangential and median optical sections of a sperm cell pair to
examine the distribution of each sperm cell factor (Fig. 2.3). Optical sections of sperm cells were

acquired at intervals of 0.25um using the corresponding wavelength on a spinning disk confocal
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microscope. Z-stacks were then used to generate 2D maximum projections of all optical sections
of a sperm cell pair (Fig. 2.3 and 2.4).

The analysis of optical sections indicates that the GFP signal for TET11 is not
homogenously distributed throughout the plasma membrane. Rather these proteins seem to
accumulate in a punctate form at the sperm cell surface as observed in a tangential plane of a sperm
cell pair (Fig. 2.3B). These dots could potentially represent TET clusters (or nano-domains). On a
median optical section, TET11 clearly delineates the SC plasma membrane accumulating at the
SC-SC adhesion domain. The distribution at the SC-SC interface forms a linear and continuous
membrane domain of about 2-3 um, where no individual membranes can be distinguished (Fig.
2.3C). The protein distributes across the whole SC-SC contact area rather than forming an external
ring (Fig. 2.3C). This pattern suggests a TET uniform accumulation at the SC-SC adhesion domain,

which contrasts with the punctuated TET distribution at the cell surface (Fig. 2.3B). The apparent

2D Max-Projection Tangential Median

TET11-GFP

JANU2-GFP

mCherry-JANUS?2

GEX2-GFP

GEX2:HAP2-GFP

Figure 2.3 Distribution patterns of sperm cell factors. Representative 2D maximum projections of a z-stack (A, D, G,
J, M) with corresponding tangential (B, E, H, K, N) and median (C, F, I, L, O) optical sections (0.25 um) of a sperm
cell pair in Col grt background, except for GEX:HAP2-GFP which represents the pattern in janus1/2 mutant. Scale
bars: 5 um.
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uniformity of this domain might be due to overlap of multiple TET clusters which cannot be
resolved by the resolution power of the spinning disk microscope. Of notice is that individual SC
membranes cannot be distinguished at the SC-SC adhesion domain, suggesting that the two
membranes are in very close proximity (<100 nm).

Interestingly the protein distribution of other sperm cell factors, including JANUS2-GFP
(Fig. 2.3 D-F), mCherry-JANUS2 (Fig. 2.3G-1), GEX2-GFP (Fig. 2.3J-L) follow a similar pattern.
JANUS1 and JANUS2 were identified as sperm-specific TET interactors using Yeast Two-Hybrid
(Y2H) and Bimolecular Fluorescent Complementation (BIFC) assays (unpublished results from
Leonor Boavida).

Mutations in JANUS1/2 disturb MGU organization by enhancing SC-SC adhesion which
result in unbalanced fertilization events (see details in Chapter 3). Two translational fluorophore-
fusions of JANUS2 were analyzed in this experiment. A mCherry-JANUS2 (mCherry fused to the
N-terminus of JANUS2) and JANUS2-GFP (GFP fused to the C-terminus of JANUS2) both driven
by JANUS2 native promoter. Neither of the protein fusions complement the janusl/2 double
mutant phenotype indicating that both constructs generate non-functional proteins. The
localization patterns for these two constructs are distinct, but neither cause visible defects when
expressed in a wild type background (data not shown). JANUS-GFP is expressed evenly at the SC
surface (Fig. 2.3D and E) but accumulates strongly at the plasma membrane (100x times more than
any other SC factor with an equivalent mMRNA transcript abundance). This accumulation suggests
that the C-terminal fusion might be interfering with recycling of the protein from the SC membrane.
The expression of mCherry-JANUS2 is much weaker at the cell surface and accumulates in
unknown intracellular vesicle-like bodies (Fig. 2.3G). These vesicle-like structures could represent

retention of the protein in the ER or Golgi subcellular compartments, which would explain the
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weaker expression at the plasma membrane (Gao et al., 2014). Median optical sections reveal that
both protein fusions accumulate at the SC-SC adhesion interface and co-localize with TET11 in
vesicles and at the plasma membrane (Fig. 2.4A and B). These results suggest that TET-JANUS

complexes assemble in the ER before their export to the plasma membrane.

TET11-GFP . N
Figure 2.4 A. Colocalization of TET11-GFP

and mCherry-JANUS2 in sperm cells. From
the top; TET11-GFP, mCherry-JANUS2,
and the merged image. (B) 2D intensity
histogram of TET11-GFP vs. mCherry-
JANUS2 as determined by Fiji co-
localization plugin (Coloc2). Pearson’s R
value is shown (0.81), Spearman’s rank
correlation value is 0.8589, and the Costes p-
value is 1.

mCherry-JANUS2

GFP fluorescence intensity

mCherry fluorescence intensity

Both GEX2-GFP and HAP2-GFP show a different expression pattern compared to other
factors in this study (Fig. 2.3J-O). These two proteins localize in small organelles in the cytoplasm.
This finding is surprising as GEX2, the sperm adhesion factor, was reported to be localized at the
plasma membrane (Mori et al., 2014). The discrepancy between the results of Mori et. al. (2014)
and this study likely result from the low image resolution in the former report. While GEX2
appears to accumulate adjacent to the membrane surface (Fig. 2.3K) in intracellular structures (Fig.
2.3L) the protein clearly polarizes to the membrane at the SC-SC interface. Sequestering GEX2
within the endomembrane system could be an efficient mechanism to protect the adhesion factor
prior to fertilization. Upon reception of a signal from the egg cell, GEX2 may be transported to
the plasma membrane during SC activation, similar to the mechanism described for HAP2 the
sperm cell factor required for gamete fusion (Sprunck et al., 2012). Nevertheless, the localization
of GEX2 and HAP2 at the SC-SC interface is clear and cannot be attributed to cytoplasmic

localization, as individual sperm cells would be visible. These observations support direct or
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indirect interactions and stabilization of GEX2 and HAP2 by unknown factors present at SC-SC
adhesion domain, for instance, tetraspanins.

To determine if the distribution of TETs is polarized and accumulates at the SC-SC
interface, we examined the fluorescent intensity across the SC-SC adhesion domain and on an
adjacent membrane domain (Fig. 2.5A). A freehand line (width = 5 pixels) was drawn at the SC
membrane (green line) (Fig. 2.5A) and at the membrane adhesion domain (red line) (Fig. 2.5A).
The mean fluorescent intensity was recorded for each region in the same sperm cell pair. This data
was used to calculate the protein enrichment at the SC-SC adhesion interface (Fig. 2.5G).

As predicted, TET11 seems to accumulate at the adhesion domain (Fig. 2.5B). The results,
presented as fold enrichment, indicate that TET11 is enriched at the SC interface with a fold change

(FC) of 2.5 with 75% of the SC pairs showing a value > 2. As discussed previously, the SC-SC

TET12-GFP

TET11-GFP

Figure 2.5 Expression analysis and quantification of protein distribution of sperm cell (SC) factors. (A) Representative
image of fluorescence quantification. A freehand line in Fiji (width = 5 pixels) highlighting the SC membrane (green
line) and the membrane adhesion domain (red line) was used to measure fluorescent intensity in each sperm cell pair.
(B- F) Representative images of maximum projections of SC pairs for each marker line in the Columbia quartetl
background (Col grtl): TET11-GFP (B); JANUS2-GFP (C); TET12-GFP (D); mCherry-JANUS2 (E) and GEX2-GFP
(F). Yellow arrows indicate cytoplasmic extension connecting the SC to Vegetative Nucleus (VN), white arrows
indicate SC-SC interface. Scale bars: 5 um. (G) Violin plot depicting fold enrichment of sperm cell factors calculated
as the ratio of mean fluorescent intensity between the adhesion domain and the adjacent plasma membrane. Solid
black line represents mean, dotted black line represents the 25™ to 75" percentiles. Individual measures are shown as
dots. Statistical significance represented by * p<0.05, ** p<0.01, ***p<0.001 as calculated by one-way ANOV A
followed by Dunnett’s multiple comparison test.
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adhesion domain is composed of two SC membranes facing each other with a small interstitial
space (about 50-80 nm), while the SC surface is composed of two membranes, the vegetative
external membrane and the internal SC membrane closely sticking to each other (see Fig. 2.2).
Both TET11 and TET12 are sperm expressed membrane proteins, so we expect the distribution of
the protein to be limited to individual sperm cell membranes (inner membrane). If a single
membrane at the sperm cell surface is labeled, the FC expected would be close to 2, corresponding
to 2 SC membranes adhering at the SC interface/1 SC plasma membrane at the cell surface. If both
membranes (inner SC and outer vegetative membrane) are labeled, the FC would be close to 1.
Our analysis reveals that TET11 is clearly enriched at the SC-SC interface (FC> 2), while other
factors show some variability. These observations suggest that the two plasma membranes may
have unique lipid compositions to which certain proteins have higher affinity (Brown, 2013).
Protein-protein interactions may be also involved in stabilizing the localization of proteins at the
SC-SC interface. For instance, Lyn24 a mammalian factor known to associate with GPI- and
cholesterol-enriched membrane domains (lipids rafts) (Li et al., 2013) and AtGLR3.7 (Wudick et
al., 2018) when expressed under a pollen-specific promoter (LAT52) (Twell et al., 1989) localize
at the SC surface, suggesting the plasma membrane of SCs have unique compositional properties.

Our results show that TET11 accumulates at the plasma membrane and its distribution is
asymmetric and polarized to the plasma membrane at the SC-SC adhesion interface. This
enrichment cannot be solely explained by the juxtaposition of a double membrane. In the
ultrastructural images of the SC interface (Fig. 2.2B), vesicular structures are visible at the
interstitial space between the two SC membranes. It was reported that a polysaccharide-rich
extracellular matrix fills the interstitial space between the two membranes (McCue et al., 2011).

Since TETsare transmembrane proteins we do not expect them to be released into a polysaccharide
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matrix. However, we cannot exclude the possibility that accumulation of TET11 at the SC-SC
adhesion domain could be due to the presence of membranes or vesicles in this space.

Quantification of protein enrichment for two JANUS2 translational fusions shows
enrichment at the sperm cell interface. Inthe mCherry-JANUS2 fusion, the accumulation of protein
at the adhesion domain is highly variable with values ranging from non-enrichment to FC > 2. The
protein localization in vesicle-like structures in proximity to the SC-SC adhesion domain may have
contributed to the variability of expression patterns (Fig. 2.3D-F, 2.4A, and 2.5E). In contrast,
JANUS2-GFP protein fusion shows a clear localization at the plasma membrane (Fig. 2.3F), with
a skewed FC=2, consistent with an even distribution of the protein at the SC surface (Fig. 2.5 G).
Because these two translational fusions are not functional, JANUS2 enrichment at the SC-SC
interface needs to be verified with a functional translational protein fusion. Nevertheless, JANUS
involvement as a negative regulator of sperm cell-sperm cell adhesion and as direct TET
interacting partners strongly support the hypothesis that TET/JANUS protein complexes form at
the sperm-sperm cell adhesion domain.

Despite apparent retention in the endomembrane system (likely ER), GEX2 clearly

localizes at the SC-SC interface with a fold enrichment around 2 (Fig. 2.5G). This distribution
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Figure 2.6 Overview of TET11 and TET12 gene structure and confirmation of tet11 T-DNA insertion line. (A-B) Gene
structure of TET11 and TET12, showing location of primers used in this study. Black triangle represents T-DNA
insertion. Red indicates 3’ and 5 untranslated regions. Blue boxes show exons. (C) RT-PCR expression analysis of
TET11. (D) Confirmation of TET11 T-DNA insertion.
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suggests that GEX2 might be direct or indirectly interacting or be stabilized by TETSs or their

partners at the SC-SC adhesion contact.

2.4.2 Generation of TET12 CRISPR KO Lines Reveal Defects in Fertilization

The second goal of this study was to determine the function of TETs in SCs. Previous work
recovered homozygous plants from a T-DNA insertion (SAIL_897 B02) in the TET11 coding
region (Boavida et al., 2013) (Fig. 2.6A). Homozygous plants did not produce any functional
MRNA, confirming that the mutant is a knockout line (Fig. 2.6C and D). Examination of pollen
morphology and seed set did not reveal any reproductive or other defects affecting plant
development (data not shown). The absence of a phenotype in tetl1 suggested a possible functional
redundancy with TET12 in sperm cells. To address this hypothesis, we searched for TET12 T-DNA
insertions lines in all the mutant collections in the Arabidopsis seed stocks, with no success. For
this reason, the examination on the function of TET11 and TET12 in SCs required generation of
CRISPR/Cas9 transgenic lines specifically targeting the TET12 coding region. The CRISPR/Cas9
editing system is composed of an endonuclease protein that targets specific DNA sequences lead
by a short guide RNA (gRNA) (Adli, 2018). The components of the protein-RNA complex are
cloned into a plasmid and transformed into the plant. The specificity of CRISPR/Cas9 is provided
by the gRNA, which is bound to the Cas9 enzyme through interactions with the RNA phosphate
backbone. Once bound, the complex searches for sites complementary to the gRNA with a
conserved protospacer adjacent motif (PAM). PAM recognition is essential for CRISPR/Cas9 gene
editing and is denoted as 5’-NGG-3’ where N is any base pair. After identifying a complementary
sequence with an appropriate PAM sequence, an RNA-DNA duplex is formed and Cas9 is
activated for cleavage. Cas9 contains two nuclease domains that each cleave one strand of the

target DNA sequence, producing a blunt-ended double strand break (Jiang and Doudna, 2017).
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We used this technology to generate a CRISPR/Cas9 for TET12 (Fig. 2.7A) and JANUS1/2
(Fig. 2.7B). Our first approach used the 35S promoter to drive expression of the Cas9 protein.
These constructs were unsuccessful in generating stable editing events (results not shown). In
collaboration with Dr. Mily Ron (UC Davis), an expert in CRISPR/Cas9 technology and our
collaborator, new constructs were generated aiming to induce gene editing more efficiently.

The new plasmid used the RPS5 promoter to drive CAS9 expression and two gRNA
sequences in the zygote (Fig. 2.7A) to improve the editing efficiency. The high rate of successful
editing events is attributed to the promoter expression during early embryogenesis, reducing the
proportion of chimeric plants and allows recovery of homozygous edited plants in the first
generation (Ordon et al., 2020). The plasmid also contained an RFP or Citrine translational fusion
under the control of the native OLE1 promoter. This promoter is expressed in the embryo during
seed maturation (Baud et al., 2016), thus facilitating selection of positive transformants based on

positive expression of a fluorescent protein in seeds (Fig. 2.7C). After identification of edited
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Figure 2.7 Overview of CRISPR/Cas9 plasmids used in this study and strategy for progeny selection. CRISPR/Cas9
plasmid maps used to induce genomic lesions in TET12 (A) and JANUS1/2 (B) coding sequences in the tet1l mutant
or Col grt background. (C) Overview of selection of CRISPR edited progeny from TO transformants.
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plants, the CRISPR/Cas9 construct can be eliminated from the T1 progeny by screening for the
absence of seed fluorescence (Fig. 2.7C).

The two CRISPR/Cas9 constructs targeting TET12 or JANUS1/2 coding regions were
transformed into tetll Ho line and Col grt. T1 seeds were germinated in the presence of the
appropriate antibiotic to assure the selection of positive transformants and the plants grown to
flowering (Fig. 2.7C). Here we present the preliminary results obtained for the individual
transformations of the TET12 CRISPR/Cas9 lines in the Col qrt and from the simultaneous
transformation of both constructs, TET12 CRISPR/Cas9 and JANUS1/2 CRISPR/Cas9 in Col grt
and tetll Ho mutant.

Preliminary analysis of TET12 CRISPR/Cas9 T1 transgenic plants identified several plants
with consistent fertilization defects (Fig. 2.8A). These fertility defects lead either to the abortion
of ovules that represent fertilized ovules that fail to develop endosperm or embryos or undeveloped
ovules representing usually unfertilized embryo sacs (Fig. 2.8A). Interestingly janus1/2 mutants

show a somewhat similar phenotype. The proportion of seeds is consistent with the possibility of
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Figure 2.8 Phenotypical analysis of TET12 CRISPR/Cas9 in Col grt. (A) Representative images of siliques from three
individual T1 plants showing fertilization defects. White arrows point to ovules with a developing endosperm but lack
an embryo, yellow arrows indicate unfertilized ovules and red arrows ovules that were fertilized but aborted due to
failure in developing endosperm. (B) Proportion of seed sets in 4 different T1 plants compared with Col grt (wild

type).
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an incomplete penetrant phenotype and the presence of heterozygous and homozygous editing
events. The different patterns of fertilization defects observed suggest that in addition to knockout
(KO) plants, we may have phenotypes resulting from other types of editing events (frameshifts or
SNPs) (Fig. 2.8B). The existence of a TET12 CRISPR-associated phenotype in Col grt does not
exclude the hypothesis that TET11/TET12 function redundantly in sperm cells. The analysis of
TET12 CRISPR editing events in the background of tetl1l will provide further insights into the
function of these two genes in the male gametes and in double fertilization. Though these results
are initial and require confirmation of TET12 gene editing, we may finally have a tool to address
the function of TETs in sperm cells. These lines and the TET12 CRISPR/Cas9 in tetll
homozygous background are currently under analysis.

We also decided to transform both TET12 and JANUS1/2 CRISPR/Cas9 constructs
simultaneously into the Col grt and tetll mutant background to generate possible triple and
quadruple mutants. We recovered several T1 independent lines in both backgrounds. We amplified
the genomic regions and analyzed the sequences to identify potential editing events.

Because the CRISPR/Cas9 constructs contain a double guide RNA for each gene (Fig.
2.7A and B), we expected that a substantial genomic region could be deleted between the two
PAM regions. To verify if the construct was functioning as expected, genomic DNA from primary
transformants was used to amplify the genomic region flanking the targeted region. Using gel
electrophoresis, a large deletion could be detected by a shift of the band corresponding to the
amplified fragment (Fig. 2.10C). As expected, the gel showed several band patterns consistent
with homozygous edited plants (Fig. 2.10C). With confirmation that the construct was functional,

we proceeded to examine the edited sequences.
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The complete TET12, JANUS1, and JANUS2 genes were amplified from selected
transformants and sequenced. The Synthego ICE software (https://ice.synthego.com/#/) was used
to examine the sequencing output and predict potential editing events (Fig. 2.9). The indel
percentage represents editing efficiency, determined by comparing the edited sequence to the

control sequence. The knockout score shows the proportion of cells that have a frameshift or 21 +
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Figure 2.9 Representative output of JANUS2 CRISPR/Cas9 edited sequence analysis using Synthego ICE software.
(A) Graph showing % of editing efficiency based on 4 submitted sequences. Blue columns represent % of indels and
Green the Knockout scores (%). (B) Discordance plot details the level of alignment per base between the wild type
(control) and the edited sample (orange) in the inference window (the region around the cute site G1 and G2), i.e. it
shows the average amount of signal that disagrees with the reference sequence derived from the control trace file. On
the plot, the green line and orange line should be close together before the cut site, with a typical CRISPR edit resulting
in a jump in the discordance near the cut site and continuing to remain far apart after the cut site (representing a high
level of sequence discordance). (C) The contributions show the inferred sequences present in the edited sequences and
their relative proportions. Cut sites are represented by black vertical dotted lines, and the wild-type sequence is marked
by a “+” symbol on the far left. (D) Sanger sequence view showing edited and wild-type (control) sequences in the
region around the guide sequence. This shows sequence base calls from both the control and the experimental
sample .abl files, which will contain mixed base calls. The horizontal black underlined region represents the guide
sequence. The horizontal red underline is the PAM site. The vertical black dotted line represents the actual cut site.
Cutting and error-prone repair usually results in mixed sequencing bases after the cut.
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bp indel (Fig. 2.9A). Both measurements were used to select potentially edited plants. The
discordance plot (Fig. 2.9B) shows the level of alignment between the wild-type and edited
samples. A typical CRISPR edited sequence shows high similarity prior to the cut site but a jump
in the discordance following the PAM which is sustained throughout the rest of the gene. Indel
contribution shows the sequences present in the edited population and their representation in the
edited pool (Fig. 2.9C). Finally, the Sanger sequence view shows the edited, control, and non-
edited traces near the gRNA binding sites (Fig. 2.9D).

Figure 2.10 is representative of the TET12 output of Synthego ICE analysis
(https://ice.synthego.com) of two TET12/JANUS1/2 CRISPR edited plants (Fig. 2.10). Sequencing
was performed with two primers (R014 and L149) whose annealing location was approximately
150 bp from the gRNA. The wild type (WT) sequence was used as a control. The predicted indels
are consistent with the cleavage site of Cas9 downstream the PAM site. T1-1 had a small insertion
on the region targeted by the gRNA-1 followed by a large deletion of (>400 bp). Similarly, T1-2

.+ ERNA-L ERNA-2 ~

12712 | W ;I I

B
WwWT 5 ( TAGGCCTTATCGCTGCTCTCTACGGTA (362bp) GCCAATAGGGGATTGTAAGGCA ¢ 3’
TO-1 TAGGGATGGAATAACCCCCCAAAAAC............. (-441bp).ciii -441 bp
T0-2 TAGG--m-mmmmmm e (-418bp).ceciiniiiiiiens -418 bp

Ll

Figure 2.10 Analysis of CRISPR/Cas9 TET12 gene editing events in T1 lines. (A) Gene structure of TET12 showing
location of targeted sequences by the two guide RNAs (JRNA-1 and gRNA-2). Black blocks indicate exons, grey box
indicates intron. Red box show sequences targeted by individual guide RNAs and the green box location of PAM
motif. (B) Genomic sequences of wild type control and edited sequences from two independent T1 lines are shown.
Underlined red sequence depicts the target sequence by the gRNAs with the protospacer-adjacent motif (PAM) shown
in green. Highlighted yellow sequence indicate insertion, dashes show deletions within the gRNA target. Dots
represent deletions between the two gRNA targets.
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contains a large deletion of 418 bp starting 4 nucleotides downstream the gRNA-1 target sequence
which extends beyond the location of the gRNA-2 target sequence (Fig. 2.10B).

Phenotypical analysis of the fertilization defects in TET12/JANUS1/2 CRISPR edited
plants revealed patterns consistent with editing events (Fig. 2.11). The seed set of CRISPR/Cas9
positive plants in the background of tetll showed severe fertility defects (Fig. 2.11C). A
preliminary analysis determined that the transgenic lines contained consistent defects in pollen
abortion (Fig. 2.11E and F) and female gametophyte arrest at the megaspore mother cell (MMC)
stage (Fig. 2.11B). Because we transformed both constructs in the Col grt and tetl1 homozygous
background, the phenotypes can be due to multiple gene editing events. Since we have determined

that TET12 edited plants show fertilization defects, we expect that these early phenotypes in
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Figure 2.11 Phenotypical analysis of TET12 and JANUS1/2 CRISPR/Cas9 edited plants. (A) Wild type owvule
containing an unfertilized embryo sac showing egg cell (EC) and central cell (CC). (B) Owule arrested at the
megaspore mother cell (MMC) stage in TET12 edited plants. (D) Owule containing a fertilized embryo sac with
embryo (emb) and endosperm (end) in the same carpel as B. (C) Seed set analysis of CRISPR edited plants in the
background of tet11 with wild type, janus1/2 HoHz, and janus1/2 double mutant as controls. (E) Representative image
of pollen abortion in TET12 edited plants. (F) Quantification of pollen abortion. (G) Seed set analysis of CRISPR
edited plants in the background of Col grt , janus1/2 HoHz, and janus1/2 double mutant as controls.
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gametophyte development may result from triple mutations likely affecting TET12, JANUS1 and
JANUS2. Further confirmation of all the phenotypes in the next generation and determination of
the editing events will allow us to address the function of TET11 and TET12 in SCs and of potential
lethal gametophytic defects in triple or quadruple mutants.

Since Tetraspanins are thought to function as central organizers of signaling proteins at the
plasma membrane, we expect that tet12 mutant will lead to disruption of SC-SC adhesion factors
and other signaling molecules involved in the communication between SCs or affect double
fertilization. A tetl2 mutant can be used to examine potential TET interactors and their
involvement in the formation of SC adhesion domains.

The results in this section, suggest that TET12 is necessary for double fertilization as we
first anticipated. We currently do not have results to determine if TET11 and TET12 are
functionally redundant. However, our CRISPR/Cas9 preliminary results are promising and further
studies will verify TET12 editing events, examine phenotypes, and associated alterations in gene
expression. The possibility that CRISPR/Cas9 can create knockouts but also can cause Single
Nucleotide Polymorphisms (SNP) or frameshifts that may lead to non-functional phenotypes or
phenotypical variants is an exciting perspective. These tools can be critical to address structural
and functional domains in plant tetraspanins and define their essential functions in plant

development and reproduction.
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CHAPTER 3.  TET/JANUS SIGNALLING COMPLEXES PLAY A ROLE
IN DOUBLE FERTILIZATION

3.1 Abstract

Cell-to-cell adhesion is an essential cellular process in all multicellular organisms. Animal
cells can adhere to one another directly across the membrane while most plant cells contain a cell
wall that prevents direct contact between two adjacent plasma membranes. The male gametes of
plants do not contain cell walls, and therefore cell-cell interactions occur directly across the plasma
membranes. Two recently identified Tetraspanin interactors in plant sperm cells (SCs), JANUS1
(DMP8) and JANUS2 (DMP9), act as negative regulators of SC-SC adhesion. JANUS1/2 share
structural similarities to known matrix metalloproteases (MMPSs). In animals, MMPs typically
digest proteins in the extracellular matrix (ECM) but are also known to activate signaling and
adhesion factors through proteolytic shedding of their prodomain. In janus1/2 mutants, the twin
SCs exhibit an extended adhesion interface consistent with alterations in the membrane
composition. In this chapter we examined the structural homology of JANUS1/2 to MMPs and
tested whether these proteins have unique functions within their family. We also tested the
hypothesis that GEX2 is the adhesion factor regulating homotypic interactions between the twin
SCs. Our results show that JANUS1/2 may perform unique functions as membrane proteases in

SCs and that GEX2 could be part of a TET-JANUS protein complex regulating SC-SC adhesion.

3.2 Introduction

3.2.1 Cell-Cell Adhesion

Cell-to-cell adhesion is essential in all multicellular organisms. In animals, intercellular

adhesion is a highly dynamic process, essential for development and cell migration (Halbleib and

70



Nelson, 2006). In animal cells, cell-cell interactions can occur via the plasma membrane (cell—cell
adhesion) or between the plasma membrane and the extracellular matrix (cell-ECM). Some of the
molecules which facilitate adhesion events in animals include immunoglobulin-like adhesion
molecules (CAMs), cadherins, selectins, integrins, occludins, claudins, and tricellulins (Mariano
et al., 2011; Bendas and Borsig, 2012; Campbell et al., 2017). Tetraspanins (TETS) are also
actively involved in regulating cell-to-cell adhesion events via their interactions with integrins and
proteolytic remodelers of the ECM, for instance, ADAM proteins (Yanez-Mo et al., 2011).

Most plant cells are surrounded by a cell wall which prevents the direct adhesion between
the plasma membrane of adjacent cells. During cytokinesis, a cell plate is formed where new cell
wall materials are deposited between each daughter cell. A pectin-rich middle lamella resembling
a gel forms between adjacent cells walls and contributes to cell-cell adhesion. Plant cell walls are
rigid and therefore cells have a fixed position in the tissue. This positional information is important
for cell differentiation (De Smet and Beeckman, 2011). Cell growth and morphogenesis involves
remodeling of the cell walls to make them less stiff and allow for cell expansion. The middle
lamella is mainly composed of pectin a highly methyl-esterified polysaccharide. Pectin can be
modified by removing the methyl groups, resulting in de-esterified pectin. This form of pectin can
be promptly crosslinked via calcium, producing a stiff, gel-like material that promotes adhesion of
two adjacent cells (Daher and Braybrook, 2015). For instance, mutants in the TUMOROUS
SHOOT DEVELOPMENT2 (TSD2) gene encoding a pectin methyltransferase expressed primarily
in meristems and young tissues show defects in cell-cell adhesion that lead to cellular over-
proliferation of tumor-like structures (Krupkova et al., 2007).

In plants, cell-cell adhesion is necessary for plant development and growth and is critical

for sexual reproduction. In flowering plants, many reproductive processes including adhesion of
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pollen grains to stigma papilla and pollen tube growth and guidance along the female tissue
involves adhesion molecules. In lily, the Stigma/stylar Cysteine-rich Adhesin (SCA) was shown
to promote adhesion of the pollen tube to the female transmitting tract (Lord, 2000; Sang-Youl
and Elizabeth M., 2003). Plant gametes are unique, in that they are the only plant cells that lack
entirely organized cell walls. Cell-cell interactions and adhesion between gametes are thought to
occur directly across the plasma membrane of gametes. For instance, adhesion between the two
twin sperm cells (SCs) and the Vegetative Nucleus (VN) is thought to be essential for the
simultaneous delivery of sperm cells into the embryo sac (McCue et al., 2011) SC-SC adhesion
might be mediated by TET-JANUS complexes (see Chapter 2). However, the adhesion factors
involved in this process are not currently known.

Male-to-female gamete adhesion prior to gamete fusion in double fertilization depends on
a SC-specific factor GEX2 (Generative Cell Expressed 2) (Mori et al., 2014). GEX2 is a large
(~120 kDa) single-pass transmembrane protein containing two extracellular Immunoglobulin-like
(1g-like) domains (Mori et al., 2014). In animals, Ig-like proteins mediate cell-cell adhesion and
signal transduction processes (Horstkorte and Fuss, 2012).

Cellular adhesion is essential for both plant and animal development. Although recent
advances have increased our understanding of cell-cell adhesion in plants, the identity and function
of adhesion factors remain elusive. This is especially true with respect to factors that affect gamete

adhesion during double fertilization in which the only adhesion factor currently known is GEX2.

3.2.2 Function of TET/JANUS Complexes in Plant Gamete Adhesion

Chapter 2 demonstrated that several SC signaling proteins (JANUS2, GEX2, HAP2) with
roles in double fertilization, co-localize with TET11/TET12 within the Tetraspanin-enriched

microdomain (TEM) at the SC-SC adhesion interface. | also have shown that GEX2 and HAP2,
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despite their subcellular localization in the endomembrane system, localize in the plasma
membrane at the SC-SC adhesion domain.

JANUS1/2, known as DMP8/9 (DUF679 domain membrane protein) belong to a plant-
specific gene family of 10 members with no known recognizable functional motifs (Kasaras and
Kunze, 2010) (Fig. 3.1A). The genes are small (< 1Kb) and contain no introns (Fig. 3.1B and C).
A double homozygous mutant isolated from T-DNA insertions located in the coding region of
JANUS1 and JANUS2 was recovered (SK30238 and SK29952, respectively) (Fig. 3.1D and E).
The mutants do not produce any functional MRNA (Fig. 3.1F and G) and are true knockout lines

(Fig. 3.1Band C, F, and G).
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Figure 3.1 Phylogeny of JANUS protein family and JANUS1 and JANUS 2 gene structure and mutant analysis. (A)
Unrooted phylogenetic tree built from aligned DMP (JANUS) protein sequences (adapted from Kasaras, et. al. 2013).
Gene structure of JANUS1 (B) and JANUS2 (C), showing location of primers used in this study. Black triangle
represents T-DNA insertion. Red bar indicates 3’ and 5’ untranslated regions. Blue boxes show exons. Confirmation
of janusl (D) and janus2 (E) heterozygous T-DNA insertion lines. RT-PCR expression analysis of janusl (F) and
janus2 (G) homozygous T-DNA insertion lines.
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JANUSL/2 are specifically expressed in Arabidopsis male gametes and are verified
interactors of the SC-expressed TET11 and TET12 (unpublished results from Leonor Boavida).
The fertility defects observed in janus1/2 double mutant (Fig. 3.2A) were recently reported to be
due to the inability of SCs to fuse with the egg cell (EC) (Cyprysetal., 2019). A second publication
reported that janus1/2 produces approx. 2% of haploid progeny (Yu et al., 2020). However, the

mechanisms and the causes of these two independent phenotypes are not understood.

Figure 3.2 Phenotypes associated to janus1/2 mutants. (A) Representative images of siliques from the wild type (Col),
janus1/2 heterozygous mutant, and janus1/2 homozygous mutant. (B) Representative images of SCs pair morphology
in janusl/2 mutants. 32% of the SCs show a spindle morphology (top), 68% show the extended adhesion domain
(bottom). Scale bars = 5 pum. (C) Representative image showing multiple pollen tubes targeting the same ovule
(polytubey) in a janus1/2 mutant. (D) Self-cross of janus1/2 results in triploid (3n), diploid (2n), and haploid progeny

(n).
In parallel with the work of these two groups, Leonor Boavida found that janus1/2 mutants

have alterations on the MGU assembly (Fig. 3.2B). In the double mutant, the two SCs adhere to
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each other through an extended plasma membrane domain, that contrasts with the typical SC-SC
adhesion that assembles the MGU in a spindle-like form (Fig. 3.2B). In janus1/2 double mutant
the two SCs fail to separate upon their delivery into the embryo sac leading to delayed or impaired
SC fusion with female gametes. This defect triggers attraction of multiple pollen tubes towards a
single ovule (polytubey effect) (Fig. 3.1C). Eventually, some of the delivered SC pairs (> 1 SC
pair) will fuse with the egg and central cell. Exposure of female gametes to an excess of sperm
cells lead to multiple sperm cell fusions (polyspermy) producing polyploid progeny (Fig. 3.2D).
Usually polyspermy in the central cell leads to abnormal endosperm development and eventual
abortion due to excess paternal genome (2m:>1p) (Dilkes et al., 2008). A polyspermy block in the
egg cell usually prevent multiple sperm cell fusions. However stimulation or release of sperm
membrane signaling factors could be sufficient to induce egg activation (Kelliher et al., 2017)
without paternal contribution (haploid induction) if a balanced maternal : paternal (2m:1p) ratio is
achieved in the endosperm (Fig. 3.2D) (Barroso et al., 2009; Kelliher et al., 2017). JANUS proteins
are therefore essential for multiple aspects of cell-cell interactions during double fertilization. We
believe the phenotypes associated occur due to impaired or defective cell-cell signaling across the
plasma membranes.

Structural homology modelling showed JANUS proteins have high similarity to matrix
metalloproteases (MMPs) (Kwok Ki Ho, unpublished). MMPs belong to a family of proteases
which require zinc and/or calcium for catalytic activity. They have been well studied in mammals
but are also found in plants (Marino and Funk, 2012). Studies in animal systems show that MMPs
are important for remodeling of the extracellular matrix (ECM) and are involved in cellular
processes like cell migration, adhesion, and signaling (Marino et al., 2014). In animals, the ECM

is complex, forming a network of polysaccharides and proteins. MMPs are secreted into the ECM
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space and degrade or cleave proteins, leading to their recognized function as ECM remodelers
(Marino and Funk, 2012). Five genes encoding MMP-like proteins were identified in A. thaliana
(Maidment et al., 1999). The five AtMMPs (denoted as MMP1 to MMP5) are expressed throughout
the plant and have been detected in the root, stem, leaf, and flowers of A. thaliana (Flinn, 2020).
Currently, little is known about the mechanism underlying MMP function in plants but
homologues in soybean and cucumber were found to have roles in leaf expansion/development
and senescence (Delorme et al., 2000).

Although extensive research has been performed to identify factors that regulate male-
female gamete interactions, the knowledge of signaling pathways and factors required for SC-SC
or SC-egg cell interactions are still lacking. We have identified a potential signaling pathway in
double fertilization that may function through the regulation of Tetraspanin-JANUS complexes.
Since JANUS1/2 functions as a negative regulator of sperm cell-sperm cell adhesion, a major goal
of this study was to understand how this process is mediated.

In this Chapter, we examined JANUS1/2 protein structure to identify potential functional
domains. We also examined the hypothesis that GEX2, a SC adhesion factor required for male-
female gamete adhesion, could also function as a homotypic (SC-SC) cell adhesion factor in

Arabidopsis sperm cells.

3.3 Materials and Methods

3.3.1 Plant Material and Growth Conditions

Mutant lines and ecotypes if not otherwise indicated were obtained from ABRC stock
center (https://abrc.osu.edu/). Arabidopsis seeds were surface sterilized using the vapor phase

methodology with chlorine gas. Briefly, seeds were aliquoted into 1.5mL eppendorf tubes at ~
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30uL volume. The eppendorf tubes containing the seeds were placed open in a desiccator located
in a fume hood. Three ml of concentrated HCI was quickly added to a beaker containing 50 mL of
bleach (5-10% NaOCI) and the desiccator was immediately sealed. Primary transformants were
sterilized for 4-6 hours and F2 seeds or greater were sterilized for 2 hours. After sterilization, seeds
were removed from the desiccator and covered with aluminum foil to avoid contamination. The
seeds were transferred to a flow hood and the tubes were left open for 30 minutes to allow diffusion
of chlorine gas before plating. Sterilized seeds were plated on 1x basal Murashige and Skoog (MS)
(Sigma) medium supplemented with Gamborg vitamins (Sigma), 0.5 g L' MES (Sigma), 1% (w/v)
sucrose (Fisher Scientific), and 0.8% (w/v) plant agar (Fisher Scientific) and the pH adjusted to
5.7. Seeds were stratified for 48 h at 4°C in the dark before transfer to a growth chamber with long-
day conditions (16 h light/8h dark at 21°C) Transgenic plants and mutant lines were selected in
MS medium containing the appropriate selection agent. After 14 days seedlings were transferred
to soil and grown in short-day conditions (8h light/16 h dark at 22°C) for 2 weeks to promote
vegetative growth. Flowering was induced by transferring the plants to long day conditions (16h
light/8h dark) with day/night temperatures of 22°C/18°C.

All transgenic markers lines used in this study were previously generated (Boavida et al.,
2013 and unpublished results from Leonor Boavida). The quartet 1-2 (qrt1-2) mutant (Preuss et
al., 1994) in the Columbia ecotype was used for stable transformations. Ten to twenty resistant
plants resulting from each transformation were analyzed for expression pattern and single
insertions. One or two lines with stable GFP expression were chosen for propagation, used to
recover homozygous lines and for further analysis. Lines with possible phenotypes in plant
development and seed set were discarded if not related with protein expression levels. All the

analysis of this study was performed using homozygous stable lines.
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3.3.2 DNA Extractions

DNA extractions were performed according to (Edwards et al., 1991; Cenis, 1992) with
small adaptations. DNA extraction buffer was prepared with 1M Tris HCI (pH: 8), 5M NaCl, 0.5M
EDTA, and 20% SDS. Young, fresh rosette leaves were collected and grinded in a 1.5 ml
eppendorf tube with 300 ul of DNA extraction buffer using a plastic pellet or a grinding machine.
150 ul of 3M sodium acetate (pH = 5.2) was added to the tube. The samples were vortexed and
incubated at -20°C for 10 minutes. After incubation, samples were spun at 14,800 rpm for 3
minutes. The supernatant was transferred to a clean 1.5 mL eppendorf tube. Isopropanol was added
at a 1:1 ratio (450ul). Samples were incubated at room temperature (RT) for 15 min before
centrifugation at 14,800 rpm for 5 min. The supernatant was removed, and the DNA pellet washed
by adding 450ul of ice-cold 70% ethanol. The samples were spun for 1 minute at 14,800 rpm. The
ethanol was removed, and samples were air-dried for 1 hour before elution with 30 ul of 1x TE

buffer. Extracted genomic DNA was stored at -20°C.

3.3.3 Characterization of Insertion and Marker Lines

Genotyping of janusl/2 (SK30238/ SK29952), tetll (SAIL_897 _B02), and gex2
(FLAG_441D08) homozygous mutant lines was performed by PCR using genomic DNA extracted
from individual plants. All PCR amplifications used DreamTaq polymerase (ThermoFisher)
according with the manufacturer’s instructions. Two primer pairs were used to determine the plant
genotype. For TET11 SAIL line the primer pairs were L151 and L152 for the genomic region
flanking the T-DNA insertion and the second primer pair L151 and L040 were used as a gene
specific primer and as T-DNA left border specific, respectively. For GEX2 FLAG line the primer
pairs were L458 and L498 for the genomic region flanking the T-DNA insertion and the second

primer pair L039 and L498 were used a primer specific to the T-DNA left border and a gene
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specific primer, respectively. For JANUS1/2 SK lines the primer pairs used were L534, L575 and
L537, L535 respectively for the genomic region flanking the T-DNA insertion. The second primer
pair for janusl and2 T-DNA insertion used L575/L423 and L535/L038 as gene specific and T-
DNA specific primers pairs. Sequences of the primers used in this study can be found in Appendix

A

3.3.4 Seed Set Analysis

Pistils with 7-10 Days After Pollination (DAP) were collected from self-pollinated plants
and dissected under a stereoscope to expose ovules. The number of developing seeds, aborted
seeds, and undeveloped ovules were counted for each silique. A minimum of 5 siliques were used

for the quantification of seed set.

3.3.5 Pollen Germination Assays

Arabidopsis pollen was collected from fresh day open flowers and germinated in vitro as
previously described (Boavida and McCormick, 2007). Briefly, ~ 40 open flowers were incubated
in 1 mL of freshly prepared pollen germination medium (5mM CacCl;, 0.01% H3BO3, 5mM KCl,
10% sucrose, 1ImM MgSOg4, pH adjusted to 7.5-7.8) and vortexed for 3 minutes to release the
pollen from anthers. After removing flower parts and debris with a tweezer, the solution was
centrifuged at 8,000 rpm for 3 min and the supernatant removed. The pollen pellet was then
resuspended in 100-200 pL of fresh pollen germination medium, depending on the size of the
pellet. The pollen solution was transferred to a 25mm glass bottom petri dish coated with 0.01%
poly-L lysine (Sigma). The dish was placed in a humidity chamber as described in (Johnson-

Brousseau and McCormick, 2004) and incubated at 22°C for 4 hours.
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3.3.6  Microscopy Imaging and Data Processing

For quantification of protein enrichment in sperm cells, germinated pollen tubes were
imaged using a spinning disk CSU-10 confocal head (Yokogawa Electric) mounted on a Zeiss
Observer.Z1 inverted microscope equipped with a Prime 95B camera (Teledyne Photometrics) and
controlled by Slidebook software (Intelligent Imaging Innovations). Optical sections of 0.25 pum
were collected from sperm cell pairs expressing single or double fluorophores were acquired using
a 100x Plan-APO oil-immersion objective (1.46 NA) with the following settings: GFP and
mCherry excited by 488 nm and 561 nm laser lines, respectively. Samples were exposed for 500
ms using 30% laser power using the respective band-pass filters (482/35 and 617/73; Semrock). A
minimum of 20 sperm cell pairs were analyzed for quantification.

Image analysis and 2D projections were performed using ImageJ/Fiji (Schindelin et al.,
2012). All images were processed using the following functions available in Fiji prior to analysis:
smooth, sharpen, de-speckle, and background subtraction with a rolling-ball radius of 30 pixels.
To quantify fluorescent intensity, median optical sections from sperm cell pairs were selected and
a freehand line (width = 5 pixels) was drawn on the SC-SC adhesion domain and outer sperm
membrane and the mean intensity value recorded. Relative intensity was determined as the ratio
between the mean fluorescence intensity at the adhesion domain and the outer sperm membrane.

Co-localization analysis was carried out using the Fiji plugin Coloc2 (Schindelin et al., 2012).

3.3.7 Statistical Analysis

Statistical analysis and graphs were generated using R (R Development Core Team, 2010)
and GraphPad (Prism version 8.4.2; GraphPad Software). One- or two-way ANOVA was used to
analyze significant differences between multiple groups. Unpaired Student’s t-test was used to

determine statistical significance between two groups.
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3.3.8 Plasmid Construction and Plant transformation

All PCR amplifications were performed from genomic DNA using Phusion Taq
polymerase (Fisher), according to the manufacturer’s instructions. All clones were constructed
using Gateway technology (Invitrogen). For complementation analyses, PCR fragments
corresponding to JANUS2 promoter (R021 and R022), JANUS2 N-terminal truncation (R0O03 and
R004), JANUS2 C-terminal truncation (R005 and R006), site directed mutagenesis replacing two
aspartic acid (D) residues with Alanine (A) in the JANUS2 coding sequence (D156A and D176A)
corresponding to the putative catalytic domain (R004 and R005), DMP1 coding sequence (R001
and R002), or DMP10 coding sequence (R007 and R008) (Fig. 3.4) were amplified using the noted
primer pairs and following the conditions previously described. Full primer sequences can be
found in Appendix A. The PCR products were purified with the QIAquick PCR Purification Kit
(Qiagen) and cloned via a BP reaction into pPDONR-221 (Invitrogen) and verified by sequencing.
The pK2GW?7 was digested with the restriction enzymes Sacl-HF and Spel-HF (New England
Biolabs) to remove the 35S promoter. The PCR product of the JANUS2 promoter was amplified,
equally digested, and ligated into pK2GW?7. The pK2GW?7 with the JANUS2 promoter, now
referenced as JANUS2prom-pK2GW?7, was used as the destination vector in all LR reactions
performed with the described BP clones to generate the final expression constructs. These
constructs were transformed into A. thaliana using the Agrobacterium flower dip method (Zhang
et al., 2006) to generate stable transgenic lines. Positive transgenics were selected in plates

containing the appropriate antibiotic as previously described.
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3.3.9 Sequencing Reactions

All sequencing reactions were performed using the Sanger method. Prior to December
2019, sequencing reactions were performed using Purdue’s Genomic Core Facility. Reactions that
occurred following January 2020 were performed by Genewiz.

Purdue Genomics Core Facility: 10 ul reactions were used for Sanger sequencing. 5 ul of
PCR product template diluted with water was provided at a concentration dependent on product
size (100-200 bp: 3 ng/ ul; 200-500 bp: 10 ng/ul; 500-1000 bp: 20 ng/ul; 1000-2000 bp: 40 ng/ul;
plasmid DNA: 10 ng/ul). 10 uM of the respective primer was added with 2 pl of Terminator Ready
Reaction mix and Big Dye Sequencing Buffer (Fisher). Sequencing reactions were performed in a
thermal cycler with the following conditions: 1) 96 °C for 1 min; 2) 96 °C for 10 sec; 3) appropriate
primer annealing temperature for 5 sec; 4) 60 °C for 4 min. After the reaction, the sequencing
products were precipitated by adding an equivalent volume of water, 2 ul of 3M NaAc (pH: 4.6),
2 pl of 0.125M EDTA, and 50 pl of 100% ethanol. The solution was transferred to a 1.5 mL
eppendorf tube, vortexed, and stored at -20 °C for 10 min upon which the mix was centrifuged at
14,800 rpm for 15 min at RT. The supernatant was carefully removed, and the pellet washed twice
with ice-cold 70% ethanol. The pellet was left to dry in the dark for 1 hour, before elution in 15 ul
of MiliQ water. The sequencing products were then delivered to Purdue’s Genomic Core Facility.

Genewiz: The purified PCR product, was mixed with the appropriate primer according to
the Genewiz guidelines for Sanger sequencing and shipped for the sequencing reaction.

All sequences were analyzed with SnapGene software (GSL Biotech LLC).
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3.4 Results and Discussion

3.4.1 JANUS1/2 Structural and Functional Analysis

The Arabidopsis DMP8/9 (JANUS1/2) share 90% of amino acid similarity but have
significant differences from other members of the family, forming a clade of their own (Fig. 3.1A).
These differences suggest that the two proteins may have functions that are unique to sperm cells.
JANUSI and JANUS? are predicted to have four transmembrane domains with a long N-terminal
sequence and a C-short terminal domain. The proteins lack a recognizable signal peptide or any
other annotated functional domain.

Simulations using structural homology modelling (in collaboration with Dr. Kwok Ki Ho,
a research specialist in the lab) identified structural similarities of JANUSL protein with a class of
metalloproteases in humans, the collagenase 3 protein also known as matrix metalloprotease 13
(MMP-13) (Fig. 3.3A) (Sturaetal., 2013). In animals, there are numerous examples of TET-MMP
interactions where Tetraspanins function in cell adhesion through the regulation of matrix
metalloprotease (MMP) expression at the cell surface (Bourboulia and Stetler-Stevenson, 2010).
For instance, silencing of Tetraspanin CD9 suppresses expression of MMP ADAML17 in human
endothelial cells (Gutiérrez-Lépez et al., 2011). CD9 also mediates the interaction between
ADAMZ2, an MMP, and the integrin o641 to promote adhesion and fusion between rodent egg and
sperm (Chen et al., 1999). Interestingly, Testase 1 (ADAM24) a sperm surface metalloprotease
prevents polyspermy at the level of the oocyte plasma membrane in mice (Zhu et al., 2009).

JANUS1/2 contain some basic features of metalloproteases while it lacks others.
Metalloproteases are translated as inactive proteins, requiring the removal of a prodomain to
become functional (Hadler-Olsen et al., 2011). Two primary mechanisms are known to induce

activation in MMPs. The first is cleavage and removal of the prodomain either by another protease
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or by autolytic cleavage. The second mechanism is allosteric activation of the MMP, wherein an
interacting partner induces the displacement of the prodomain from the catalytic region allowing
for activation (Hadler-Olsen et al., 2011). The long N-terminus domain of JANUS is particularly
rich in Prolines, motifs usually involved in protein-protein interactions (Ball et al., 2005). The N
terminus ends with a conserved furin cleavage motif (Schaller and Ryan, 1994) (Fig 3B). Furin-
like proteins have been identified in plants (Schaller and Ryan, 1994) and show homology to
subtilisin-like serine proteases (Hirokazu et al., 2001).

Metalloproteases share a conserved structural topology that comprise a catalytic domain

containing three histidine residues that constitutes a zinc-binding domain and a “methionine turn”
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Figure 3.3. Structure homology modeling of JANUS1 with the human collagenase 3 (MMP13) and Matrylisin. (A)
Overlap of structural model of MMP13 and JANUS1 as predicted by Chimera (Petterson, EF. et. al., 2004); (B)
Predicted protein model for JANUS1/2 (DMP8/9) showing pro-domain, predicted furin—cleavage site (Blue), location
transmembrane domains (yellow), pro-rich domains (orange) and predicted Zn?*/Ca®" catalytic/binding site; (C)
Amino acid sequence alignment of JANUS1/2 and MM13 catalytic domain showing predicted SH3-binding motif
(PPXP) adjacent to aspartyl-protease motif (GXGD), followed by the Zn?** and Ca**-binding metalloprotease catalytic
site (HEXXHXXGXXH) missing 2 critical histidine residues in JANUS1/2 (DMP8/9). D156A and D176A indicate
location of targeted mutated residues; (D-F) Minimal structure required for metalloprotease catalytic activity of human
collagenase 3 (D), Matrylisin (E) and corresponding region in JANUS1 (F).
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that lies close to the catalytic domain and is required for its activity (Fig. 3.3D). Matrylisin
represents the minimal structural organization required for MMP activity (Uria and Lopez-Otin,
2000) (Fig. 3.3E). The typical metalloprotease catalytic site (HEXXHXXGXXH) contains three
histidines (Fig. 3.3C). JANUSL shares the same topology (Fig. 3E-F), containing the Met-turn
needed for catalytic activity with an alpha helix and the spatial placement of amino acid residues
hypothesized to be necessary for catalytic function, but lacks two of the histidine residues and has
an extra-long loop close to the catalytic domain (Fig. 3.3C-F). JANUS structural organization is
well conserved (Fig. 3.3D and F). We identified a second motif, the GXGD motif (Fig. 3.3C),
upstream the predicted metalloprotease catalytic site which functions as a catalytic site in
intramembrane peptidases (I-CLIPS) (Ha, 2009). Adjacent to the GXGD motif we found a Src
Homology-3 (SH3) domain (Fig. 3.3C), a proline-rich motif which could function as a intracellular
substrate binding site (Landgraf et al., 2004).

The similarity between metalloproteases and JANUS proteins led to the hypothesis that
JANUS1/2 may function as a metalloprotease or intramembrane protease. Accordingly, these two
proteins share stark differences from other DMP members (Fig. 3.2A and Fig 3.4A) which miss
most of the identified motifs and topology. These observations lead us to hypothesize that
JANUS1/2 may perform unique functions within their protein family.

To test this hypothesis, we examined whether other DMP family members (DMP1 and
DMP10) (Fig. 3.1A and 3.4A) complement the janusl/2 phenotype in sperm cells. DMPL1 is a
membrane protein that was implicated in membrane fission during ER and tonoplast breakdown
during leaf senescence and is required for membrane fusion during vacuole biogenesis in roots

(Kasarasetal., 2012). DMP1 is one of the two family members with lower similarity to JANUS1/2.

85



A

AT3G21520 DMP1 | =-=-----------------~---——————-ME@ETSHIE---------- PKTNSPASSENMANTN - - KEUNGL £ SLIKLLPHGHLEIN L LLNP Y EINDG]

ATS5G27370_DMP10 NHP VLARFEFESY MCRALPLP HDEDDL EDLQFAER.LRSYVIPTNLA!IL HEASFI LPSAGNFANLLPTGTALIFETLLPSF GGEC 100

AT1G09157_DMP8 cIva rr PKPVPLESELPMLPAGAAAGGEKARKRRIVAKS SMLVNFLPTGTLLMFEMVLPTIYRDGDC 96

AT5G39650_DMP9 émw Al P P R PKPVLI LPSLPSEAAA@AGR R RR VAQu SHMLVNFLPEGTLLMFEMVLPSIYRDGEC ©7
A

AT3G21520_DMP1 ST - - BNKVHE S TEVALE S FSCVFSCF' GSRKFGI KIGLH - - - -SVll- - - - SENNER T ADFVHAGE v EAVEGHLVELD 141
AT5G27370_DMP10 NKPVNKLLTITLI SFCAAACFFSS a : SN%L.RLND P WTADKR- - - - LHFVDFVHAFVEBVIVFELALAVES 196
AT1G09157_DMP8 INTLMIHLLLLLCAHSCFFrHF A GLAVEMK PP G IAlK Y ILRVNDFVHSVMSVLVFMAIAFSD 194
Al
P GXGD

AT5G39650_DMP9 Q ]NTLHIHLLLLLCAHSCFFIHF sLAVEMKH PPPP f DV IAEAEIPV| LEVNDFVHAVMSVLVFMAIAFSD 195
A

AT3G21520_DMP1 AN.ASCFIPRFR Tomenm QKYLVM»’\LI’PAVGVAS/\TIFALFPSKIS ImPIAEEVﬂAEEETKKASVSAX 208

AT HRER
B DMP9prom-DMP9 | DMP9prom - Pro-domain) [l Il [[sH3] [6xGD[ [ Zn?%/Ca?*binding [l Loop [l |
DMP9prom-DMP1 [ pwpgprom H 11 . [Zv7ca binding [l s B
DMPS9prom-DMP10 | DMP9prom H \ .:. | | Zn2*/Ca?* binding . Loop .:]
DMP9 AN1-56 [ DMPIprom _Jmresseseesweeee- JJ 1553 JoxGD] | Zn?*/Ca2* binding [ Loce ]
DMP9 AC233-244 [ DMP9prom |~ Pro-domain] ] lll_[[sH3] [exceD] [ Zn#/Ca? binding [ Coop M-+
DMP9 D165A [ omPgprom  Pro-domain] Il I [[SH3[ [6xGA] [ Zn*/Ca** binding Il Loon [l ]
DMP9 D175A (Pro-domain] [l [ I Tsr3[ [exeD] [ zn#/Caffbinding [ Locc Il |

DMP9 D165A/D175A | DMP9prom | Pro-domaind | ] [sH3[ [excA] [ Zn#ica?ljbinding [ Loce [l ]

Figure 3.4. (A-B) Amino acid sequence alignment of DMP1, DMP10, DMP8 and DMP9 and schematic of constructs
used to address JANUS2 (DMP9) functional motifs. Transmembrane domains are boxed shaded in grey. Yellow bar
indicates JANUS1/2 pro-domain with predicted RKRR furin-cleavage site. Black bar highlights predicted SH3-motif
(PPXP) and aspartyl-protease catalytic motif (GXGD) unique to JANUS1/2. Red bar indicates predicted zinc-binding
motif missing the two Histidines from the canonical metalloprotease (HEXXHXXGXXH) catalytic motif. The green
bar indicates intracellular loop only present in JANUS1/2. Red arrows highlight conserved prolines and black arrows
conserved cysteines. (B) Complementation constructs (JANUS2prom:DMP1 and JANUS2prom:DMP10), JANUS2 N-
terminus (JANUS24N1-53) and C-terminus (JANUS24N233-244) truncation and constructs containing mutations that
replace the aspartic acid (D) by Alanine (A) on the predicted GXGD motif (D165A) or on the predicted
metalloprotease catalytic domain (D176A). Blue hourglass indicates prodomain cleavage site only present in
JANUS2.

Comparison of amino acid sequences revealed that DMP1 lacks the hypothesized pro-domain
found in JANUS1/2 (Fig. 3.4A) and all the region containing the predicted SH3-like binding site
and aspartyl-protease (GXGD) motifs. DMP10 is the closest related member to JANUS1/2 (Fig.
3.1A). Transcripts of DMP10 were also detected in A. thaliana flowers (Kasaras and Kunze, 2010),
but are absent from pollen and SCs. Both DMP1 and DMP10 do not contain the predicted furin-

cleavage site (RKRR) and several of the conserved cysteine and proline residues found in
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JANUS1/2 protein sequence. In addition, the SH3-like binding and aspartyl-protease catalytic
motif seem to be unique to JANUS1/2 proteins (Fig. 3.4A and B).

We generated constructs expressing DMP1 and DMP10 driven by the DMP9 promoter and
transformed these constructs into the wild type (Col grt) and janusl/2 double mutant. We
examined 45 primary transformants in Col qrt and in janus1/2 background. The results presented
here are representative of a preliminary analysis of primary transformants (T 1 generation). Further
confirmation and characterization of the phenotypes in stable lines (T2 and following generations)
need to be performed.

Our analysis indicates that both DMP1 and DMP10, when ectopically expressed in wild
type cause fertility defects (Fig. 3.5A and B). Consistently DMP1 and DMP10 expression in sperm
cells of janus1/2 double mutant (Fig. 3.5) did not rescue the seed set phenotype and increased the
proportion of abnormal seeds (Fig. 3.5A and B). Most plants show varying degrees of pollen
abortion suggesting that the ectopic expression of these two proteins has negative consequences in

pollen development.
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Figure 3.5. DMP1 and DMP10 ectopic expression in sperm cells causes deleterious effects in double fertilization.
Representative transgenic T1 lines are shown for each background, Col grt (wild type) and janusl/2. (A)
Quantification of seed sets in T1 DMP9prom::DMP1 transgenic lines (B) Quantification of seed sets in T1
DMP9prom::DMP10 transgenic lines.
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No function has been assigned to DMP10, but DMP1 was implicated in membrane
remodeling affecting both the ER and the vacuole (Kasaras et al., 2012). Our findings also support
a function of JANUS1/2 as membrane remodelers. This experiment demonstrates, however, that
JANUS1/2 are indeed unique within the DMP protein family performing essential functions in
SCs, possibly by targeting specific substrates in sperm cells. While only two of the fellow members
were tested in this experiment, it is likely that these results remain consistent when compared to
all the DMP protein members.

In Chapter 2 we have shown that both mCherry-JANUS2 and JANUS2-GFP fusions are
non-functional proteins, however the untagged JANUS2 coding sequence, under control of the
native promoter, is sufficient to complement the janus1/2 phenotype (Fig. 3.5, Leonor Boavida
unpublished results). Moreover, the expression levels and the subcellular localization of these two
proteins fusions are drastically different. These observations suggested that both JANUS2 N-
terminus and C-terminus have essential functions.

We thus generated N-terminus (DMP9prom::DMP9 AN1-56) or C-terminus
(DMP9prom::DMP9 AC233-244) JANUS2 truncated constructs and expressed them in wild type
and janus1/2 mutant background. We analyzed 66 primary transformants for seed set phenotypes
(Fig. 3.6). The analysis of transformants from the T1 generation seems to confirm our hypothesis.
JANUS2 N-truncated construct, when expressed in Col grt, resulted in a significant increase of
aborted and undeveloped ovules (Fig. 3.6 A). This truncated protein was also unable to complement
the janus1/2 phenotype and led to an increased number of undeveloped ovules which likely result
from failed gamete fusions. The expression of JANUS2 C-terminus truncation constructs also

resulted in an increased seed abortion in the Col grt background, but with predominance of aborted
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ovules that usually result from unbalanced fertilization events (Fig. 3.6B). Consistently the

construct did not rescue the janus1/2 mutant phenotype.
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Figure 3.6. Analysis of JANUS2 (DMP9) N- and C-terminus truncation constructs. Representative transgenic T1 lines
are shown for each background, Col qgrt (wild type) and janusl/2. (A) Quantification of seed sets of
DMP9prom::DMP9 AN1-56 and (B) DMP9prom::DMP9 AC233-244 transgenic lines.

While the results presented here are still preliminary and we cannot conclusively assign a
specific function to the domains tested, we can predict some characteristics based on the structural
analysis and observations from the fluorophore-protein constructs. Both the GFP and mCherry
fusion were successfully targeted to the plasma membrane (see Chapter 2 for more information)
but show different levels of expression and localization patterns. The JANUS2 N-terminus is
extremely rich in prolines, providing sites for potential protein-protein interactions. The N
terminus also contains the predicted cleavage motif of the JANUS pro-domain. In animals, the pro-
domain of metalloproteases seems is cleaved in the ER (Kang et al., 2002) after which the protein
is secreted as catalytically active (Seals and Courtneidge, 2003). Tetraspanins have been shown to
promote metalloprotease maturation and trafficking to and from the cell surface (Saint-Pol et al.,
2017). We know by BIFC analysis in planta, that TETs and JANUS interact in the ER and at the

plasma membrane, suggesting that TET-JANUS complexes form in the ER before trafficking to
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the plasma membrane. The mCherry-JANUS2 construct is weakly detected in the SC membrane,
albeit some enrichment at the SC-SC interface, co-localizing with TET11-GFP (Chapter 2).
However, the protein seems to accumulate in bright, vesicle-like, cytoplasmic endomembrane
structures, suggesting that the N-terminus fluorophore fusion might be interfering with cleavage
of the pro-domain and exit from the ER to the plasma membrane, which would explain the reduced
expression at the cell surface. If the N-terminus is required for ER exit, through interactions with
the Tetraspanins, or if TETs are required for JANUS maturation needs to be address with further
experiments.

In contrast, JANUS2-GFP shows clear localization and an even distribution at the SC
plasma membrane with a skewed enrichment at the SC-SC interface. The levels of protein
expression are however, 100-fold above those typically detected for TET12 in SCs, despite their
MRNA levels being similar (data not shown). This may indicate that JANUS2-GFP is trafficked
to the plasma membrane and somehow stabilized. Though the SC-SC interface domain is visible,
the enrichment is not as pronounced as for TET11, suggesting that JANUS enrichment at the SC-
SC interface may depend on TET interactions. There are several possible explanations for the
observed accumulation and even localization of JANUS2 at the SC surface: The C-terminus
domain is involved in JANUS-TET interactions, which in turn modulate its expression at the
membrane maybe through regulation of JANUS autocatalytic activity. A second possible
explanation is that the C-terminus contains an endocytic signal which might be blocked on
JANUS2-GFP. While all these hypotheses need to be further explored, the phenotypes indicate
that both the N- and C-terminus play essential functions in the localization and activity of the

protein. Co-localization, expression studies (e.g. BIFC), and assays in planta using truncated forms
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of the protein and imaging of subcellular localization/interactions with TETs should provide
clarification on the function of specific domains.

Finally, we generated three different constructs to address the function of predicted
catalytic domains in JANUS proteins. As previously mentioned, JANUS has a conserved topology
and several conserved amino acid residues with similarities to the MMP catalytic domain
(HEXXHXXGXXH) but lack two of the three critical histidine residues (the first and the 3rd
histidine). The histidine (H), the glutamic acid (E) and the glycine (G) are conserved, invariable
residues in the catalytic site of all metalloproteases. It has been shown that mutations of the
glutamic acid (E) of MMP catalytic site is sufficient to abolish the catalytic activity of MMPs
(Arza et al., 2001).

We thus reasoned that a mutation in the aspartic acid (D176A) of JANUS, corresponding
to the glutamic acid (E) in the MMP catalytic site, could provide information about possible
activity of this predicted domain. We also identified homology with a second motif (GXGD),
located upstream the predicted MMP catalytic domain, which is present in aspartyl-peptidases (Fig.
3.4A). We generated a construct with a similar mutation in the aspartic acid (D165A) of this motif
as well as a third construct where the two mutations were present simultaneously (D165A/D176A)
(Fig. 3.4B). We hypothesized that, if D165 and D176 are essential for catalytic function, these
constructs would be unable to complement the janusl/2 fertilization defects. We obtained 14
primary transformants containing mutations in both catalytic sites. In the background of Col grt,
the expression of DMP9prom::DMP9 D165A/D175A lead to significant fertilization defects with
the presence of numerous aborted and unfertilized ovules (Fig. 3.7). Consistently, janusl/2
phenotype was not rescued by this construct (Fig. 3.7), suggesting that either one or both residues

are responsible for JANUS2 function. Transgenic lines containing individual mutations can
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provide further insights into the specificity of the domain which might be involved in JANUS1/2
function in Arabidopsis SCs. As mentioned previously, this graph shows preliminary data from
primary transformants. Stable lines must be isolated before identifying a consistent phenotype and
determining statistical significances on the observed values. Further biochemical studies will
confirm the association of one or both residues with potential catalytic activity of JANUS2 as an

intramembrane protease or as a zinc/calcium-dependent metalloprotease.
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Figure 3.7 Seed set analysis of transgenic lines transformed with a construct containing a double mutation in two of
the predicted catalytic residues of JANUS2 (DMP9prom:DMP9 D165A/D175A). Representative transgenic T1 lines

are shown for each background, Col qgrt (wild type) and janus1/2.

Since all these constructs cause defects in fertility when introduced into the wild type
background, we should assume that the modified, exogenous protein interferes with the native

protein function likely acting in a dominant negative interaction.
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3.4.2 GEX2 Contributes to Increased Sperm Cell-Sperm Cell Adhesion in janus1/2

JANUSL1/2 functions as a negative regulator of SC-SC adhesion, meaning that the proteins
are not directly implicated as a physical adhesion molecule, but regulate expression or localization
of a potential adhesion molecule. The predicted function of JANUS1/2 as a membrane remodeler
seemingly fits with our hypothetical model: JANUS2 interacts directly with an adhesion molecule,
which is recruited to the SC-SC Tetraspanin-enriched microdomain through JANUS-TET
interactions. At the SC-SC adhesion domain the adhesion molecule is protected from unspecific
interactions occurring at the SC plasma membrane. In the absence of JANUS1/2, the adhesion
factor is not recruited to the SC-SC interface, spreading through the SC surface which leads to
increased SC-SC adhesion. It is also possible that JANUS1/2 are activated by interactions with
TETSs, acting as a membrane sheddase or protease exposing or degrading the adhesion molecule in
SCs. GEX2 functions as an adhesion factor between male and female gametes in double
fertilization (Mori et al., 2014). We hypothesized that GEX2 could also function as an adhesion
factor between the twin SCs. To test this hypothesis, we developed a triple gex2/janus1/2 mutant.
We expected that, if GEX2 is the adhesion factor promoting the extended adhesion between
janus1/2 sperm cells, introducing gex2 mutant into the janus1/2 background would decrease the
proportion of SC-SC pairs with extended adhesion phenotype, that would be able to successfully
separate but would have delayed SC-egg adhesion resembling the gex2 mutant phenotype. In
contrast, increased expression of GEX2 (GEX2-GFP) in the janus1/2 background would lead to a
higher proportion of SC-SC pairs showing the extended adhesion phenotype likely resulting in an
increased seed abortion.

To test this hypothesis, we generated a triple gex2/janus1/2 mutant and examined the seed

set in the triple mutant (Fig. 3.8). The seed set was highly variable, reflecting an intermediate
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phenotype between janusl/2 and gex2 mutants. The number of undeveloped ovules was not

affected when compared to janusl1/2 (Fig. 3.8).
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Figure 3.8. Seed set analysis of the triple gex2/janus1/2 mutant. Seed set quantification is shown for wild type (Col
grt), janus1/2 homozygous, gex2 homozygous, and gex2/janus1/2 triple mutant. Number of ovules analyzed is shown
between bracts. A 2-way ANOVA followed by Tukey’s multiple comparison was used to determine statistical

significance. *** p <0.01

While these results are not conclusive, the absence of gex2 seems to increase the probability
of fertilized ovules, which might be due to a lower proportion of sperm cells presenting an
extended adhesion. Moreover, this data provides evidence that GEX2 may contribute the extended
adhesion phenotype observed in janusl/2 SCs.

When we introduced GEX2-GFP into the janus1/2 background we observed a significant
reduction in the proportion of undeveloped ovules and an equivalent increase of aborted ovules
(Fig. 3.9), which agrees with the hypothesis that an increase of GEX2 expression leads to more
SC pairs with increased SC-SC adhesion that fail to separate during double fertilization. In this

case more polyspermic fusions are expected, explaining the increase on the number of aborted

ovules.
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Figure 3.9. Seed set analysis of GEX2-GFP in janus1/2. Seed set quantification is shown for janus1/2 homozygous
mutant and GEX2-GFP in Col grt and janus1/2. Sample size of owules is indicated above the respective bar. A 2-way
ANOVA followed by Tukey’s multiple comparison analysis was used to determine statistical significance. n.s. non-
significant ***p<0.0001.

We then examined the morphology of the MGU janus1/2 and the triple gex2/janus1/2
mutant using JANUS2-GFP marker line and janusl/2 in the background of GEX2-GFP (Fig.
3.10A). In the JANUS2-GFP background the proportion of SC pairs displaying the adhesion
morphology is decreased in triple gex2/janus1/2 mutant when compared to janusl/2 (Fig. 3.10A),
supporting the hypothesis that GEX2 contributes as a SC-SC adhesion factor. However in the
background of GEX2-GFP the number of janus1/2 sperm cell pairs with the extended adhesion
phenotype is higher than in the wild type as expected for the janus1/2 mutation. The adhesion
phenotype is not increased when compared to the proportion (40-50%) typically observed in the

janus1/2 background (JANUS2-GFP this study and TET12-GFP, not shown) (Fig. 3.10 A and B)..

95



These results are not conclusive to whether GEX2 contributes as a homotypic cell-cell adhesion

factor in Arabidopsis SCs. The number of SCs sampled for GEX2-GFP in the wild type and

A = B
3 __mm Adhesion — mm Adhesion
100+ = g . 100+ A = )
- = = [ Spindle | = 8 @ Spindle
80 - S 80 _:LL
60- 60-

40- i 40- i

JANUS2-GFP — | HAP2-GFP — | GEX2-GFP

Figure 3.10. Examining GEX2 as a homotypic SC-SC adhesion factor. (A) Quantification of Male Germ Unit
morphology in JANUS2-GFP expressed in the background of wild type (WT), janusl/2, and gex2/janusl/2. (B)
Quantification of Male Germ Unit morphology in GEX2-GFP expressed in the background of wild type (WT) and
janus1/2. (C-D) Representative images of SC pairs showing the extended adhesion phenotype in janusl/2 in the

background of different marker lines.

janus1/2 background need to be increased and the GEX2-GFP construct verified to be functional.
Moreover, GEX2 expression under the native promoter may not be sufficient to cause a significant

and clear effect in SC-SC adhesion, other SC promoters with stronger expression need to be tested.
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Finally, we examined if the distribution and localization of sperm cell factors was altered
in the background of janus1/2. When we compare GEX2-GFP expression in Col grt (wild type)
and in the janus1/2 background, GEX2 localization and its enrichment at the SC-SC adhesion
domain is only slightly increased in janus1/2, suggesting that JANUS1/2 do not influence GEX2
localization. However, for this quantification we only used sperm cell pairs that had a typical
spindle morphology. Quantification and subcellular localization of GEX2 in sperm cells pairs with
the extended adhesion morphology should provide conclusive information of possible

mobilization of GEX2 to the extended SC-SC adhesion domain (Fig. 3.10D, Fig. 3.11B and E).
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Figure 3.11. Expression analysis and quantification of enrichment of sperm cell (SC) factors at the SC-SC interface.
(A-D) Representative 2D maximum projections of Z-stacks for each marker line in janus1/2 background: HAP2-GFP
(A); GEX2-GFP (B); JANUS2-GFP (C); JANUS2-GFP in gex2/janus1/2 (D). Yellow arrows indicate cytoplasmic SC
extension connecting to Vegetative Nucleus (VN), white arrows indicate SC-SC interface. Scale bars: 5 um. (E) Violin
plot depicting fold protein enrichment calculated as ratio of mean fluorescent intensity between SC-SC adhesion
domain and plasma membrane. Values from all analyzed marker lines in Col grt and in janusl/2 mutant are shown.
Dashed line represents mean, dotted line represents the 25" to 75" percentiles. Statistical significance represented by
*p<0.05, **p<0.01, ***p<0.001 as calculated by unpaired t-test with Welch's correction
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In addition, we examined the distribution of other SC factors (Fig. 3.11A-E) in the
background of janusl/2. The expression of JANUS2-GFP in the janusl/2 double and
gex2/janusl/2 triple mutant lines is similar but shows significant enrichment at the SC-SC
adhesion domain when compared to wild type (Fig. 3.11E). These results are interesting, as we
previously hypothesized that the C-terminus of JANUS2-GFP could be blocking JANUS-TET
interactions and its recruitment to the SC-SC interface. The observation that in janusl/2
background, JANUS2-GFP accumulates at the adhesion domain, may suggest that JANUS2 could
have another interacting partner that recruits it to the adhesion domain. It is also possible that in
the absence of the endogenous JANUS, TET recruits more JANUS-GFP (a non-functional protein)
to the SC-SC interface to compensate for its absence. For this reason, these observations should
be taken carefully.

The expression of HAP2 shows that despite its localization in the endomembrane system,
both HAP2 and GEX2 accumulate at the SC-SC adhesion domain (Fig.3.11A). Quantification of
HAP2-GFP in Col grt will allow us to determine if HAP2 enrichment at the SC-SC interface is
increased in janusl/2 background.

In this chapter, we provide evidence that JANUS1/2 may function as a plasma membrane
remodeler in Arabidopsis sperm cells. Although the results are preliminary, these proteins seem to
contain conserved residues and motifs which are consistent with their unique functions within their
protein family and in SCs. In addition, our results suggest that GEX2 could act as a homotypic cell
adhesion factor between the twin sperm cells, although further experiments are needed to confirm
the results here presented. This chapter has emphasized a possible function of JANUS1/2 proteins
in double fertilization shedding light into new levels of regulation and functions of sperm cell

factors in plant reproduction.
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CHAPTER 4. CONCLUSIONS AND FUTURE PERSPECTIVES

4.1 Introduction

Humans have been modifying and breeding crops for millennia, however, only recently
advances in our understanding of the basic principles of plant reproduction, at both the genetic and
cellular level, has enabled more applied approaches. Understanding the signaling pathways and
the molecular components involved in regulating cell-cell communication during plant
reproduction is essential to improve breeding strategies and overall crop production.

This thesis focused on the characterization of Tetraspanins (TETs) and their signaling
partners, JANUS1/2 in Arabidopsis sperm cells (SCs). Although tetraspanins have been previously
implicated in development and immunity in animal systems (Garcia-Frigola et al., 2001; Levy and
Shoham, 2005), the knowledge of their functions and signaling interactors in plants is very scarce.
Published results on the function of AtTETs supports the hypothesis that they are evolutionarily
conserved and perform similar functions across all multicellular organisms (Cnops et al., 2006;
Wang et al., 2015; Cai et al., 2018; Cai et al., 2019). This study is the first to provide a quantitative
analysis of TETs distribution and localization in the plasma membrane of SCs. We have shown
that these patterns are consistent with the existence of a Tetraspanin-Enriched Microdomain
(TEMs) at the SC-SC interface. Future studies should examine how TEMs are regulated and

control the expression and function of potential interacting partners in double fertilization.

4.2 The SC-SC Adhesion Interface Defines a Tetraspanin-Enriched Microdomain

This thesis provides quantitative evidence for the existence of a Tetraspanin-Enriched
Microdomain (TEM) that forms at the SC-SC adhesion interface. The Male Germ Unit (MGU) is

a structural assembly that organizes the twin sperm cells and the Vegetative Nucleus (VN) in a
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functional unit (McCormick, 2004). The MGU has long been suggested to be essential to ensure
the simultaneous delivery of the sperm cells to the ovule (McCue et al., 2011). Recent findings
suggest that this functional assembly may also assure the intercellular communication (small
RNAs and mRNAs) between the VN and both sperm cells (Slotkin et al., 2009; Jiang et al., 2015).
The cytoplasmic extension from one SC to the VN allows directional transport of information from
the VN membrane to SCs, while the TEM structure may function as a platform for secretion or
transport of factors across the plasma membrane of sperm cells.

In this study we examined if plant tetraspanins accumulate at the adhesion interface of SCs,
thus defining a TET-enriched microdomain, as reported for their functions in animal systems
(Latysheva et al., 2006; Mazurov et al., 2006). Our results suggest that TETs do not only
accumulate at the SC-SC adhesion domain, but this accumulation cannot be solely explained by
the existence of a double membrane at the SC-SC interface. The close proximity of both SC
membranes, on the range of 50-80 nm at the adhesion site, potentially allow direct protein-protein
interactions between adjacent cells (Wu et al., 2015). Although cis interactions have been reported
in TEMs, consistent with their ability to form homo- and heterodimers in plants (Boavida et al.,
2013), TET interactions in trans, across cells have not yet been reported. A possible explanation
for enrichment of TETs at the SC-SC interface could be a local membrane enrichment, similar to
the embryo sac filiform apparatus. However, transmission electron microscopy of the SC-SC
interface does not reveal any apparent membrane enrichment or folding (Fig. 2.2, unpublished
results from Leonor Boavida). We observe that both membranes are separated by an interstitial
space, which is likely filled with a polysaccharide-enriched extracellular matrix (McCue et al.,

2011) where occasional membrane structures, similar to vesicles can be observed.
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This study also provides evidence for localization at the SC-SC adhesion domain of several
sperm cells factors with known functions in double fertilization. GEX2 and HAP2 are both
transmembrane proteins essential for adhesion and fusion of male-female gametes (von Besser et
al., 2006; Mori etal., 2014). HAP2 is localized at the endomembrane system and is only mobilized
to the plasma membrane upon sperm cell delivery. This mobilization is dependent of sperm cell
activation by the egg cell cysteine-rich peptide, EC1 (Sprunck et al., 2012). GEX2, the factor
regulating male-female gamete adhesion, was previously described to be plasma membrane
localized (Mori et al., 2014). Our analyses indicate that GEX2, similar to HAPZ2, is sequestered in
the endomembrane system. It remains to be determined how GEX2 is mobilized to the plasma
membrane, and if this mobilization is also EC1-dependent.

Both HAP2 and GEX2, independent of their intracellular localization, are polarized at the
plasma membrane to the SC-SC adhesion interface. These two factors should only be active during
sperm-female gamete interactions and be inactive (or non-functional) in SCs during pollen tube
growth. Our findings thus support the hypothesis that the SC-SC interface may function as a
protective domain for sperm-expressed fertilization factors. Future studies should focus on
determining if this localization is TET-dependent. Potential molecular interactions of HAP2 and
GEX2 with Tetraspanins could easily be verified using yeast two-hybrid interactions, pull-down
assays, or BIFC. Single-molecule high-resolution microscopy (Sergé, 2016) is a powerful tool to
obtain spatial and temporal resolution of molecular interactions, co-localization, and protein-
specific dynamics within TEM clusters at the SC-SC adhesion domain.

Because all sperm cell factors analyzed in this study localize and, in different degrees, are
enriched at the SC-SC interface, information in the distribution of plasma membrane components

unrelated with double fertilization (e.g. GPI anchored, lipid-raft associated and other
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transmembrane proteins) must be examined to determine the specificity of TET-enriched
microdomains and potential molecular interactions. A second aspect relates with the cellular origin
of these markers. As previously discussed, SCs are enclosed by a plasma membrane of vegetative
origin. A few reports described localization of pollen-derived membrane associated proteins to the
sperm cell surface. For instance, Lyn24 know as a GPIl-anchored protein in animal cells when
expressed in the vegetative pollen cell is targeted to the SC surface (Li et al., 2013). These
observations suggest that SC membranes may have special protein or lipid compositions. While a
bonafide marker for the outer vegetative SC membrane has not been reported, co-localization of
known sperm cell markers with Lyn24 driven by a pollen-specific and a sperm-specific promoter
may provide some clues about the composition of these two membranes.

At the cellular level it will be interesting to identify components that stabilize the TET
microdomain. In animal systems, TETs are stabilized by palmitoylation and associations with
cytoskeleton components (Sala-Valdés et al., 2006; Espenel et al., 2008). The role of the
cytoskeleton, namely of actin filaments and microtubules in MGU integrity is poorly understood.
The participation of the cytoskeleton in the stabilization of the MGU and of SC-SC TET
microdomains is an interesting aspect to explore.

In the second part of Chapter 2, we generated CRISPR/Cas9 transgenic plants to examine
the function of TET11/TET12 in SCs and of functional interactions between JANUS and TETSs.
The analysis of a knockout tetll mutant did not reveal any apparent phenotype, suggesting that
TET11/TET12 could function redundantly in the SCs. Preliminary analysis identified fertility-
associated phenotypes on several transgenic TET12 CRISPR/Cas9 T1 plants. The fertility
phenotypes affect fertilization and range from 25-50% suggesting that we may have identified

tetl2 heterozygous and homozygous mutants with partial penetrance. While these results would
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be consistent with a possible functional redundancy of TET11 and TET12 in SCs, only the analysis
of TET12 CRISPR edited plants in the background of tetl1 can reveal how the function of these
two genes is related.

In transgenic CRISPR/Cas9 plants targeting both TET12 and JANUS1/2, we observed
fertilization defects associated with pollen abortion, late aborted ovules, and arrest in embryo sac
development. The phenotype is similar, independent of the background, tetll or wild type,
suggesting that TET12 and JANUS1/2 may play unknown and essential roles in early male and
female gametophyte development.

Tetraspanins are expressed throughout the plant in a cell-type specific manner (Boavida et
al., 2013). TET8 and TET9 are highly expressed in female gametes. Future studies could identify
functional roles in double fertilization for these proteins, and if some type of Tetraspanin-enriched
microdomains is present or form in female gametes. In mice, the egg cell-expressed Tetraspanin
CD?9, is required for sperm-egg cell fusion and is mobilized to the gamete contact site through
interactions with its partner JUNO during fertilization. Interestingly, CD9 was hypothesized to be
involved in developing the polyspermic barrier following fertilization (Jankovicova et al., 2020),
since the CD9/JUNO are rapidly shed from the egg membrane after sperm-egg fusion (Chalbi et
al., 2014). Perhaps tetraspanins expressed in Arabidopsis female gametes are also involved in
facilitating gamete adhesion and fusion or regulating polyspermy block in the egg cell. TET8 and
TET9 were reported to be induced upon plant-pathogen invasion, leading to a defense mechanism
by which plants secrete TET8/TET9-coated exosomes which carry small RNAs able to silence
virulent genes in fungi (Cai et al., 2018). EC1, a cysteine-rich peptide responsible for sperm cell
activation in Arabidopsis, is secreted by the egg cell binding to an unknown receptor on the sperm

plasma membrane (Sprunck et al., 2012). Similar to cell-cell signaling during the plant immune
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response, we can envision that TET8/9 could also be involved in facilitating signaling between the

egg cell and SCs.

4.3 JANUS1/2 potential function as Matrix Metalloproteases in Arabidopsis Sperm Cells

Matrix Metalloproteases (MMPs) were associated to degradation and shedding of
extracellular matrix components, contributing to several important biological processes, such as
signaling, cell growth, and cell migration (Itoh, 2015). Five homologues of matrix
metalloproteases (MMPSs) were identified in A. thaliana (Maidment et al., 1999), although none of
them are expressed in SCs. The Arabidopsis JANUS1/2 proteins display striking structural
similarities and share some known functional motifs with matrix metalloproteases. JANUS1/2 are
distinct within their small protein family, forming a unique clade (Chapter 3). We have shown that
janus1/2 phenotype cannot be rescued by ectopic expression of any other member of the DMP
protein family, suggesting that JANUS1/2 functions in SC are unique or have some type of
substrate specificity. These proteins are annotated with unknown functions (Kasaras and Kunze,
2010), and a single study suggested that DMP proteins could function as membrane remodelers in
the tonoplast and ER (Kasaras et al., 2012).

Preliminary results obtained from transgenic plants containing mutations on two of the
predicted catalytic sites cause fertilization defects when expressed in a wild type background.
These results strongly support our structural analysis and the potential proteolytic function of
JANUS1/2. In addition, it seems clear that JANUS1/2 have some sort of membrane remodeling
function, since the phenotype observed in janusl/2 SCs is consistent with alterations in the
composition of the SC membranes. However, biochemical studies are necessary to confirm

JANUS1/2 function as a protease. This research direction is currently being followed in the lab.
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Other possible studies include the identification of JANUS substrates, inhibitors and activators in
sperm cells and female gametes.

It is also not known if JANUS1/2 are acting only in sperm cells or their functions as
membrane remodelers extend to the surface of female gametes after male-female gamete contact.
In animals, matrix metalloproteases are necessary for sperm-egg fusion. In mice, the sperm-
expressed matrix metalloprotease, ADAM24, is required for the sperm to penetrate the zona
pellucida of the egg and is also involved in establishing an egg polyspermy block (Zhu et al., 2009).
A single report for a gamete-expressed metalloprotease in plants, comes from Chlamydomonas
reinhardtii, where the Gamete Lytic Enzyme, GLE is responsible for removing the cell walls of

gametes prior to fusion (Kinoshita et al., 1992).

4.4 GEX2 may promote Homotypic Cell-Cell Adhesion in A. thaliana Sperm Cells

GEX2 is a sperm-specific single-pass transmembrane protein previously described as a
male-female gamete adhesion factor (Mori et al., 2014). As a primary candidate for an adhesion
factor, we hypothesized that GEX2 could also function as an adhesion factor between the two
sperm cells.

We have shown that when we remove GEX2 from the background of janus1/2 proportion
of SCs showing the typical MGU spindle morphology increases. Similarly, the increased
expression of GEX2 significantly enhanced the fertilization defects (aborted ovules) expected to
result from a higher proportion of SC pairs with extended adhesion that fail to separate causing
polyspermic fusions. However, we were not able to correlate these results with an extended
adhesion morphology when we introduced GEX2-GFP into janus1/2 SC. This last result was

unexpected but could be easily explained by the low sample size in this particular experiment.
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Finally, we examined the distribution and accumulation of GEX2 in janus1/2 SCs. We
found that GEX2 was enriched at the SC-SC interface of janus1/2 and in the triple gex2/janus1/2
mutant when compared to wild type, but the fold enrichment was similar between janus1/2 and
the triple gex2/janusl/janus2 mutant (Chapter 3, Fig. 3.11). Together, these results suggest that
GEX2 may be involved in reinforcing SC-SC adhesion, however additional experiments are
required to conclusively determine the contribution of GEX2 to janus1/2 phenotype. These include
the quantification of a higher or similar number of SC pairs in janusl1/2 expressing GEX2-GFP.
The gex2 phenotype is relatively mild and homozygous mutants are relatively easy to recover,

suggesting that GEX2 is not the only adhesion factor involved in gamete interactions.
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APPENDIX A. LIST OF PRIMERS

Primer
Number | Primer Name Gene Primer Sequence
SALK T-DNA
L038 LBb1XL Insertion ACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGG
FLAG T-DNA
L039 FLAG_Ib Insertion CGTGTGCCAGGTGCCCACGGAATAGT
SAIL_LB1
- SAIL  T-DNA
L040 Insertion GCCTTTTCAGAAATGGATAAATAGCCTT
L151 OX_TET11CDS F TET11 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTTTCGAGTTAGCAATTTC
L152 OX_TET11CDS_R TET11 GGGGACCACTTTGTACAAGAAAGCTGGGTCGACAGAATCACTTTTCCTAG
SAIL  T-DNA
L423 pSKTAIL-L2 Insertion TGGACGTGAATGTAGACACGTCG
L458 GEX2_GW_F GEX2 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGTTGGTATCTTCAATAT
L498 GEX2_R2 GEX2 CCTGCATATACTTCCTTGATGAAAGG
L534 DMP8_F DMP8 AACTATTGAGTCACAAAACACAGAGA
L535 DMP9_F DMP9 GAAAAAAACAGAGAGAAACACACGAA
L537 DMP9 R DMP9 CCAAAAAACAGAAAAGTGAAAATAAATTAACC
L575 DMP8_R3 DMP8 GCAAGAGTTTATTTTAGGCACGTG
R001 DMP1_CDS GWR1-2_F DMP1 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCCGAAACTTCTTTGCTC
R002 DMP1_CDS GWR1-2_R DMP1 GGGGACCACTTTGTACAAGAAAGCTGGGTTTAGGCAGAGACCGAGG
R003 DMP9N-trunc_CDS_GWR1-2_F | DMP9 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGTGGCGCAAGGAGTTC
R004 DMP9_CDS GWR1-2_R DMP9 GGGGACCACTTTGTACAAGAAAGCTGGGTTTAACCAGTCATGCAACCAAC
R005 DMP9C-trunc_CDS_GWR1-2_F | DMP9 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAGAAAACAGAGGAAAGC
R006 DMP9C-trunc_CDS_GWR1-2_R | DMP9 GGGGACCACTTTGTACAAGAAAGCTGGGTTTACGGAAAAACAAGAAACAAAGC
R007 DMP10_CDS GWR1-2_F DMP10 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGAGGCGTCGTTCATTAG
R008 DMP10_CDS GWR1-2 R DMP10 GGGGACCACTTTGTACAAGAAAGCTGGGTTCAACGAATGTCTGAAATTCCG
RO21 DMP9p_Sacl_F DMP9 ATGCGAGCTCACTGATATGGGATTCTAATAGAAAAAAAAGAAAAATATACATTCTATT
R022 DMP9p_Spel_R DMP9 ACTAGTGGTTTCGTGTGTTTCTCTCTGTTTTTTTCTTTT




