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Abstract

During meiosis and mitosis, the chromatin is organised stochastically in loop arrays. The
formation and stabilisation of chromatin loop arrays is dependent on both cohesin and
condensin but independent on the presence of a chromosome axis. The meiotic
chromosome axes differ significantly from the mitotic axes. Components of the meiotic
chromosome axes are thought to localise on the chromatin during S-phase and G2 in
budding yeast and Arabidopsis, respectively, and promote the formation of meiotic DNA
double-strand breaks (DSBs). In addition, several evidences suggest that the chromosome
axes are required for the repair of SPO11-dependent DSBs off the sister. The status of the
meiotic axes may also have an important role in the designation of future crossover sites
and crossover interference. However, the composition of the chromosome axes, the
regulation of its morphology and its function during meiosis are poorly understood in

plants.

The aims of this study consisted at further investigating the function of the axis-associated
protein AtASY1 during DSB formation and DSB repair. The interaction between AtASY1
and the structural axis component AtASY3 was tested. In addition, the interplay between
chromosome axes and the localisation of the AtSPO11-accessory protein AtPRD3 was
analysed. This study showed that the formation of meiotic DSBs is spatially and
temporally regulated by the formation of a nascent axis in Arabidopsis. The formation of
the axes was independent on the formation of DSBs. However, the repair of DSBs off the
sister and the formation of inter-homologue crossovers led to the remodelling of the axes in
a pathway dependent on AtPCH2, an AAA ATPase family member. In addition, the
phosphorylation level of AtASY1 T295 was increased in response to DSB formation.
These highlight the coordination between the formation of DSBs/progression of DSB

repair by homologous recombination and the remodelling of the chromosome axes.
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Chapter 1

Introduction




1.1. Overview of meiosis

Meiosis is a key event essential for all sexually reproducing organisms. During meiosis,
each chromatid is duplicated to form an identical sister chromatid during a single round of
DNA replication. This is followed by two successive rounds of chromosome segregation
defined as meiosis | and meiosis I, respectively. The outcome of meiosis I is a reductional
division where homologous chromosomes segregate towards opposite poles of the mother
cell resulting in the reduction by two of the number of chromosomes present in the sister
cells. In contrast, the outcome of meiosis Il is an equational division characterized by the
loss of sister chromatid cohesion at the centromeres and the segregation of sister
chromatids towards opposite poles of the cell. Meiosis occupies a central role in sexual
reproduction among most eukaryotes by halving the chromosome content in the eggs and
sperm cells. During fertilisation, the egg and sperm cells fuse, restoring the diploid content
of the cell. The halving of chromosome in gametes is essential to prevent the doubling of
chromosomal material in the zygote during each generation, which would be deleterious

for the cell (Roeder, 1997; Zickler & Kleckner, 1998).

Meiosis shares some biochemical features with mitosis such as the presence of a single
round of DNA replication during S-phase and the use of spindle fibres to move the
chromosomes towards opposite poles of the cell (Figure 1.1). The observation of similar
features between mitosis and meiosis led to the hypothesis that meiosis evolved from
mitosis during evolution (Cavalier-Smith, 2002; Wilkins & Holliday, 2009). However,
meiosis is a more complex type of cell division than mitosis and has key additional

characteristics. Among them, the homologous chromosomes pair and recombine, the sister



chromatid cohesion is maintained at the centromere during the first meiotic cell division
until anaphase 11 and the absence of DNA replication and cytokinesis between the first and
second meiotic cell divisions (Figure 1.2) (Cavalier-Smith, 2002; Wilkins & Holliday,

2009).



% Paternal chromosome

% Maternal chromosome

DNA replication
Directed towards
mitosis
Sister chromatid segregation
/ \ and cytokinesis

Figure 1.1. Schematic representation of mitosis.

NG

Cell differentiation

Cells entering mitosis have their DNA replicated during S-phase. Loss of sister chromatid
cohesion and segregation of sister chromatids towards opposite poles of the cells are
observed during anaphase. Then, cytokinesis occurs with the formation of two diploid
daughter cells. The daughter cells can either enter a new mitotic cycle or become

differentiated. Centromeres are represented by a white circle.
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Figure 1.2. Schematic representation of meiosis.

Following replication of the DNA content, homologous chromosomes undergo a reciprocal
exchange of genetic information, also called a crossing-over (CO). The resolution of COs
is followed by two rounds of chromosome segregation resulting in the formation of four
haploid gametes. Each gamete will then undergo mitosis and some gametes will be

involved in fertilisation.



Meiosis is thought to have originated in an ancestor lineage of eukaryotes and has been
maintained in most of the eukaryotes. The primarily advantage of the origin of meiosis
probably relies on the requirement for the ancestor lineage of eukaryotes to possess a
biological response towards adverse environmental conditions and the formation of highly
toxic DSBs. By inducing meiosis, the ancestoral lineage of eukaryotes could repair the
DSBs by using the genetic information present on the homologous chromosome. The
maintenance of meiosis in eukaryotic cells is probably related to the evolution of sexual
reproduction. Meiosis presents several advantages for sexually reproducing organisms. The
reciprocal exchange of a portion of DNA molecules between homologous chromosomes
favours the genetic diversity of species. Budding yeast and fission yeast induce meiosis in
response to stress such as nitrogen starvation (Kassir et al, 1988; Strudwick et al, 2010;
Yamamoto, 1996a; Yamamoto, 1996b). The induction of meiosis in response to adverse
environmental changes results in the reshuffling of genes, an increase of the genetic
diversity and potentially, an increase in the survival rate of the progeny. In addition, the
maintenance of sexual reproduction in most eukaryotes has the advantage that it limits the
spreading of deleterious traits to the offspring compared to asexual eukaryotic cells (Solari,

2002; Wilkins & Holliday, 2009).

The basic understanding of meiosis in model organisms such as the plant Arabidopsis
thaliana is essential to transfer the knowledge to crop species and eventually to modulate
meiosis in economically important crops. For instance, moderating the distribution of
reciprocal DNA exchange between the parental chromosomes could help adapting new
varieties that are more sustainable to climate change. In addition, controlling the

distribution of genetic exchange between homologous chromosomes is essential for plant



breeders when new traits are introduced in crops. During breeding of crops, the
introduction of desirable traits is often accompanied by the integration of undesirable
segment of DNA in the host genome by a mechanism called linkage drag. By modulating
the distribution or increasing the genetic exchange between homologous chromosomes, it
could be possible to remove more rapidly the undesirable DNA fragment from the crop

genome.

1.2. Meiotic stages in Arabidopsis thaliana

Improvement in chromosome-spreading procedure combined with the development of
fluorescence microscopes facilitated the analysis of chromosome morphogenesis in meiotic
cells. Meiosis is composed of a meiotic interphase followed by two rounds of chromosome
segregation called meiosis | and meiosis Il. Meiosis | and meiosis Il can be cytologically
divided into four stages: prophase, metaphase, anaphase and telophase. The meiotic
duration from S-phase onward was estimated at 34 hours in Arabidopsis thaliana
(Armstrong et al, 2003). Prophase 1 is the predominant stage of meiosis with a duration
estimated at 22-23 hours. Prophase | is an essential and very dynamic stage were
homologous chromosome pair, synapse and recombine. Therefore, prophase | was divided
into five sub-stages: leptotene, zygotene, pachytene, diplotene and diakinesis based on
cytological observations of chromosome spreading of pollen mother cells (PMCs) and
embryo-sac mother cells (EMCs) in Arabidopsis. The development of PMCs and EMCs is
fairly synchronous in anthers and ovules and is linked to the development of the female

reproductive organ of a flower (Armstrong & Jones, 2003; Ross et al, 1996).



1.2.1. Interphase

Meiotic interphase is composed of an unreplicated G1-phase followed by S-phase and G2-
phase. During meiotic S-phase, the DNA content of the cell is replicated and each
chromosome will consist of two sister chromatids after replication. DNA synthesis occurs
concomitantly with the establishment of cohesin between sister chromatids. The duration
of meiotic S-phase is significantly extended compared to mitotic S-phase in plant and yeast
(Armstrong et al, 2003; Cha et al, 2000; John, 1990). Meiotic cells in G1-, S- and G2-
phase have a similar appearance with the presence of a large nucleolus and a size bigger
than the surrounding somatic cells (Armstrong & Jones, 2003). G1 cells have a more
condense pericentromeric heterochromatin compared to S and G2 cells. In addition, G2
cells present short stretches of chromosome thread that may correspond to the formation of
the meiotic chromosome axes as suggested by chromosomes staining and
immunocytochemistry studies using an antibody raised against the axis-associated protein
AtASY1 (Figure 1.3A) (Armstrong & Jones, 2003; Sanchez-Moran et al, 2007b; Zickler &

Kleckner, 1998).



Figure 1.3. Meiotic stages from Arabidopsis pollen mother cells.

(A) G2, (B) leptotene, (C) zygotene, (D) pachytene, (E) late diplotene, (F) diakinesis, (G)
metaphase |, (H) anaphase I, (I) dyad, (J) metaphase I, (K) anaphase 11, (L) tetrad. Nuclei
are stained using DAPI (blue). Note the nucleolus organizer regions (arrowheads). Scale

bar, 10 uM.



1.2.2. Early to mid-prophase

G2-leptotene transition is characterized by the extension of the chromosome axes that will
ultimately mark the entire chromosomes length. The pericentromeric heterochromatin
regions are more condensed and both centromeres and nucleolus organizer regions (NORS)
are visualised with the presence of 4, 6-diaminido-2-phenylinidole (DAPI)-bright stains
(Figure 1.3B,D). The nucleolus forms a large structure in the centre of the nucleus and will
progressively move towards the nuclear periphery at the end of leptotene. At this stage, the
centromeres are dispersed in the nucleus while the telomeres are clustered and associated
with the nucleolus (Armstrong et al, 2001; Armstrong & Jones, 2003; Da Ines et al, 2012;
Ross et al, 1996). At zygotene, chromosomes are polarized and clumped towards one side
of the nucleus (Figure 1.3C). Homologous chromosomes start to synapse and the formation
of the synaptonemal complex (SC) initiates, as suggested by the thicker staining of the
chromosome threads and immunocytochemistry study using an antibody raised against the
SC transverse filament AtZYP1 (Higgins et al, 2005). The telomeres lose their nucleolus
association and the pericentromeric heterochromatin aggregate into a variable number of
clumps (Armstrong et al, 2001; Armstrong & Jones, 2003). At pachytene, homologous
chromosomes are shorter, fully synapsed and form a double structure along the entire

chromosomes (Figure 1.3D).

1.2.3. Late prophase and beyond

At the onset of diplotene, the chromatin is more diffuse and the homologous chromosomes

progressively separate from each other apart from the site of COs. A CO is defined when
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two homologous chromosomes have reciprocally exchanged genetic information.
Formation of a CO can be cytologically visualised on chromosomes as a discrete structural
connection between two chromosomes and is called a chiasma. COs have an important
impact on the genetic diversity of species by generating new combination of parental
alleles. In addition, COs together with sister chromatid cohesion are essential to physically
connect homologous chromosomes until the onset of anaphase | (Buonomo et al, 2000;
Kudo et al, 2006; Lacefield and Murray, 2007; Sanchez Moran et al, 2001). At late
diplotene, homologous chromosomes gradually condense to form five discrete bivalent
structures. The centromeres are unpaired (Da Ines et al, 2012) and each chromosome
presents a prominent pericentromeric heterochromatin block. The two Arabidopsis
acrocentric chromosomes, chromosomes 2 and 4, are often observed associated by their
NORs (Figure 1.3E). At diakinesis, the condensation and shortening of the bivalents is
more pronounced (Figure 1.3F). During metaphase I, the five bivalents are co-oriented on
the spindle and the homologous centromeres are directed towards opposite poles. Each
bivalent contains between one and three chiasmata. Cytoplasmic organelles are excluded
from the spindle (Figure 1.3G). During anaphase I, the cohesion between homologous
chromosomes is lost and the homologous chromosomes are migrating towards opposite
poles of the cell. The presence of cohesin at the centromeric regions maintains the
cohesion between sister chromatids (Figure 1.3H). Telophase 1 is characterised by the
presence of two polar groups of five condensed chromosomes that will partially
decondense during dyad stage. At this stage, the two polar groups of chromosomes are
separated by a band of cytoplasmic organelles (Figure 1.31). The transition between
meiosis | and meiosis Il is rapid and characterised by the absence of DNA replication and

cytokinesis. During prophase Il, the five chromosomes present in each polar group
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progressively condense until metaphase Il. At this stage, the chromosomes are very
condensed and individual chromosomes are aligned on the metaphase Il spindle (Figure
1.3J). At anaphase Il, the cohesion maintaining the association between the sister
chromatids at the centromeric regions is lost and the sister chromatids migrate towards
opposite poles of the cell (Figure 1.3K). At late anaphase ll-early telophase I, four polar
groups of chromosomes within a common cytoplasm are visualised. Finally, cytokinesis
occurs and the cytoplasm becomes partitioned and a tetrad of four haploids gametes is

formed (Figure 1.3L) (Armstrong & Jones, 2003; Ross et al, 1996).

1.3. Homologous recombination pathway

The formation of DSBs can be deleterious for the cell and they need to be accurately
repaired. The repair of DSBs depends on the stage of the cell. DSBs formed during GO/G1
are predominantly repaired by non-homologous-end-joining pathway while the formation
of programmed DSBs during meiosis activates the homologous recombination pathway
(Goedecke et al, 1999; Lemmens et al, 2013). The homologous recombination pathway has
been studied in several model organisms and the biochemical steps described from budding
yeast studies are likely similar across species (Figure 1.4) (Grabarz et al, 2012; Mimitou &

Symington, 2011; Osman et al, 2011).
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Figure 1.4. Schematic representation of the meiotic homologous recombination
pathway. Homologous recombination initiates by the formation of DSBs. The 5’ ends of
the DSBs are then resected prior to the loading of RAD51/DMCL1 recombinases to form the
presynaptic nucleofilament. The presynaptic nucleofilament can then invade the
homologous chromosome to form a displacement-loop (D-loop) structure. The D-loop can
either be dissociated or stabilised. Unstable D-loop will release the invading 3’ single-
stranded DNA (ssDNA) which can anneal with the sister chromatid to form a non
crossover (NCO) by the SDSA pathway. In contrast, stable D-loop undergoes DNA
synthesis, second-end capture and dHJ formation. dHJs can either be resolved to form a
crossover (CO) or a NCO. Orange circles represent SPO11 protein covalently bounds to
the DSB ends.
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1.3.1. SPO11-dependent DSB formation initiates meiotic recombination

In all sexually reproducing organisms, meiotic recombination events are initiated by the
formation of programmed-DSBs that are thought to be catalysed by the topoisomerase Il1-
like transesterase SPO11 protein. SPO11 is a well conserved protein among lower and
higher eukaryotes and shares homology with the catalytic subunit A of the archaeal
topoisomerase VI from Sulfolobus shibatae (Bergerat et al, 1997; Grelon et al, 2001; Yu et
al, 2010). So far it has not been possible to purify a functionally active form of SPO11 and
hence not possible to assess the putative enzymatic activity of the protein. However,
several studies suggest that SPO11 protein cleaves DNA in a topoisomerase-like
transesterification reaction to form DSBs. Topoisomerases are involved in the change of
topology of closed DNA molecules by forming an ATP-dependent transient DSB (Keeney,
2008). The DSB is formed by transesterification of a conserved tyrosine residue of the
topoisomerase to the DNA phosphodiester backbone and the topoisomerase becomes
covalently linked to the DNA end after reaction (Bergerat et al, 1997; Keeney, 2008). The
DNA break repair function, which resides in the subunit B of the type VI topoisomerase,
seems to be missing in SPO11 protein but the DSB activity is present (Hartung & Puchta,
2000). Keeney et al. (1997) first identified SPO11 as a protein covalently attached to
unresected DSB ends in rad50 budding yeast mutant (Keeney et al, 1997). This indicates
that the protein may have a biochemical function similar to topoisomerase rather than
having a hydrolytic cleavage activity towards DNA molecules (Cole et al, 2010). More
recently, two other studies showed that mice (Neale et al, 2005) and fission yeast (Milman
et al, 2009) SPO11 orthologues were also found covalently attached to unresected meiotic

DSB ends. In addition, a conserved tyrosine residue found in SPO11 proteins from fungi
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(Bergerat et al, 1997; Sharif et al, 2002) and plants (Hartung et al, 2007) is required for the
formation of DSBs in meiosis, which further emphasises the potential topoisomerase-like-

transesterification activity of SPO11.

Only mono- and dicotyledonous plants possess more than one SPO11 paralogue in their
genome (An et al, 2011; Yu et al, 2010). However, Bellani et al. (2010) reported the
presence of two SPO11 isoforms resulting from an alternative splicing in both
spermatocytes and oocytes of mouse. A similar alternative splicing was also found in
human (Bellani et al, 2010; Romanienko and Camerini-Otero, 1999; Shannon et al, 1999).
In Arabidopsis thaliana, three SPO11 paralogues have been characterised; AtSPO11-1,
AtSPO11-2 and AtSPO11-3 (Hartung & Puchta, 2000; Hartung & Puchta, 2001). Two
independent studies showed that AtSPO11-3 is involved in the decatenation of
chromosomes during endoreduplication cycles and does not have a role in meiotic DSB
formation (Sugimoto-Shirasu et al, 2002; Yin et al, 2002). In contrast, many studies have
provided strong evidence that AtSPO11-1 and AtSPO11-2 are both involved in DSB
formation. This is suggested by the observation that a T-DNA insertion in either of these
two genes is sufficient to abolish the formation of meiotic DSBs (Grelon et al, 2001;
Sanchez-Moran et al, 2007a; Shingu et al, 2012; Stacey et al, 2006). Malik et al. (2007)
proposed that two gene duplication events occurred during evolution. The first event
separated AtSPO11-3 from the ancestor of the SPO11 meiotic gene and the second gene
duplication event separated the meiotic SPO11 ancestor gene into AtSPO11-1 and

AtSPO11-2 (Malik et al, 2007).
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At least eleven proteins (Sae2, Rad50, Mrell, Xrs2, Rec102, Rec104, Rec114, Ski8, Mer2,
Mei4 and Spoll) are involved in the formation of meiotic DSBs in budding yeast
Saccharomyces cerevisiae. Very little information concerning the respective molecular
function of these proteins exists despite several investigations (Keeney, 2008).
Nevertheless, two studies established a network of protein interactions using a yeast two
hybrid system (Arora et al, 2004; Maleki et al, 2007). Both studies revealed that Spoll
accessory proteins form three sub-complexes to form a larger pre-DSB complex that bind
to the chromatin (Arora et al, 2004; Maleki et al, 2007). Ski8, Rec102, Rec104 and Spoll
form the first sub-complex. Ski8 has a role in both meiotic and vegetative cells. However,
the meiotic role of Ski8 seems to be distinct from its cytoplasmic function in RNA
metabolism (Arora et al, 2004). Arora et al., (2004) and Tessé et al. (2003) suggested that
Ski8 may have a scaffold function to favour the interaction between Spoll and
Rec102/Rec104 (Arora et al, 2004; Tesse et al, 2003). Interestingly, ChIP analysis showed
that Rec102 preferentially localises on the chromatin loop rather than on the chromosome
axes (Kee et al, 2004). Moreover, the absence of Rec102, Rec104 or Rec114 prevents the
localisation of Spoll on the chromatin (Prieler et al, 2005). This indicates that Spoll may
form a complex with Rec102, Rec104 and eventually Ski8 prior to its recruitment to the
pre-DSB sites (Prieler et al, 2005). In addition, Sasanuma et al. (2007) suggested that
Spoll forms a homo-dimer and that the conserved active tyrosine residues of both Spoll
molecules are involved in the formation of meiotic DSBs (Sasanuma et al, 2007). This is
consistent with two recent works of Shingu et al. (2010) and Hartung et al. (2007). The
authors suggested that AtSPO11-1 and AtSPO11-2 may need to form a hetero-dimer to be
functionally active in Arabidopsis thaliana (Hartung et al, 2007; Shingu et al, 2010). More

recently, Vrielynck and Grelon (personal communication) characterised a new AtSPO11
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accessory protein called AtPRD4. AtPRD4 is required for DSB formation and promotes
the formation of a hetero-dimer AtSPO11-1/AtSPO11-2. The biological relevance of this

interaction remains to be investigated.

The second pre-DSB sub-complex is composed of Mei4, Mer2 and Recl14. ChIPchip
analysis indicated that these proteins mostly localise on the chromosome axes, in regions
adjacent to the site of DSB hotspots (Carballo et al, 2013; Panizza et al, 2011).
Immunocytochemistry study suggests that all three proteins localise adjacent to Mrell and
Spoll foci which is consistent with ChlPchip experiment (Li et al, 2006). In addition,
Mei4, Mer2 and Recll4 interact with each other in yeast two hybrid and co-
immunoprecipitation studies (Arora et al, 2004; Li et al, 2006; Maleki et al, 2007).
Althought, Mei4 was found to interact with Rec102 and Recl04 in a yeast two hybrid
assay, the localisation of Mei4 on the chromatin is only dependent on Mer2 and Recl114
(Li et al, 2006; Maleki et al, 2007). The function of these three proteins is unclear. The
differential localisation of the two pre-DSB sub-complexes suggests that
Mei4/Mer2/Recl14 may interact with some components of Spoll/Ski8/Rec102/Rec104
complex and tether the chromatin loop to the chromosome axes to activate Spoll activity

and form meiotic DSBs.

The last group of proteins is composed of Mrell, Rad50 and Xrs2. The proteins are found
in a complex and are involved in various aspects of DNA metabolism in both vegetative
and meiotic cells (Arora et al, 2004). Mrell is involved in meiotic DSB formation in S.
cerevisiae (Keeney, 2008) and C. elegans (Chin & Villeneuve, 2001) but is not required

for the formation of meiotic DSBs in Coprinus cinerus (Gerecke & Zolan, 2000) and S.
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pombe (Keeney, 2008). A mutation in Mrell is sufficient to abolish the formation of
meiotic double strand breaks in budding yeast (Furuse et al, 1998; Johzuka & Ogawa,
1995). The homologue of the Mrell, Rad50, Xrs2 complex has been identified in
Arabidopsis thaliana (AtMRE11, AtRAD50, AtNBS1) but the complex appears to have a
role in DSB repair rather than a role in the formation of meiotic DSBs (Puizina et al, 2004;
Uanschou et al, 2007). However, the full analysis of Atmrell T-DNA insertion mutant line
has not been carried out. Therefore, it is not excluded that a reduction of SPO11-dependent

DSBs occurs in Atmrell.

In Arabidopsis thaliana, the regulation of meiotic DSB formation is poorly understood.
The meiotic role of SPO11-accessory proteins is conserved in some but not all organism.
For instance, Ski8 is required for meiotic recombination in Schizosaccharomyces pombe
(Evans et al, 1997) but not in Arabidopsis thaliana (Jolivet et al, 2006). Recently, AtPRD1
was identified as an AtSPO11-1 interacting protein and a mutation in AtPRD1 abolishes
the formation of DSBs (De Muyt et al, 2007; Shingu et al, 2010). More recently, three
other proteins, AtPRD2 (De Muyt et al, 2009), AtPRD3 (De Muyt et al, 2009) and AtDFO
(Zhang et al, 2012) were characterised as being involved in the formation of meiotic DSBs.
The lack of sequence similarity of SPO11-accessory proteins among kingdoms and the
absence of domain in their structure make the analysis of their function particularly
difficult (Cole et al, 2010). Kumar et al. (2010) identified some similarities at the amino
acid level between AtPRD2 and Mei4 and between AtPHS1 and Recl114 by using single
signature motifs (Kumar et al, 2010). However, the function of these pre-DSB proteins
remains elusive. In addition, a role for AtPHS1 in the formation of DSBs has not been

demonstrated (Ronceret et al, 2009).
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Lastly, several other factors regulate the formation of meiotic DSBs. The local remodelling
of the chromatin by histone modifications (Acquaviva et al, 2013; Reddy & Villeneuve,
2004, Sommermeyer et al, 2013; Yamada et al, 2013) and the cyclin-dependent
phosphorylation of Mer2 (Henderson et al, 2006, Sasanuma et al, 2008) temporally
regulate the formation of meiotic DSBs in regard to the progression of the pre-meiotic
DNA replication and the progression of meiosis (Blitzblau & Hochwagen, 2013; Borde et
al, 2000; Keeney, 2008; Murakami & Nurse, 2001). The regulation of meiotic DSB
formation does not only occur at the time of its initiation. The formation of too many DSBs
can be deleterious for the cell. Therefore a mechanism must exist to negatively regulate the
formation of DSBs after some DSBs are formed. Four independent studies showed that
such a feedback loop exists during meiosis (Carballo et al, 2013; Joyce et al, 2011; Lange
et al, 2011; Zhang et al, 2011). Lange et al. (2011) and Carballo et al. (2013) speculated
that Mecl and Tell are involved in a negative feedback loop to control the number of
Spoll-dependent DSBs by phosphorylating Rec114 (Carballo et al, 2013; Lange et al,
2011). Zhang et al. (2011) extended the study and showed that Tell and Mecl activities
are involved in the inhibition of Spoll-dependent DSB to ensure that, at a given locus,
only one pair of sister chromatids undergoes meiotic DSB. Finally, Farmer et al. (2012)
proposed a role for Pch2 in the formation of DSBs. This highlights the complexity of the
network of proteins involved in the initiation of meiotic recombination (Farmer et al,

2012).
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1.3.2. Endonucleolytic release of SPO11 and generation of 3’ single-stranded DNA

tails

The formation of DSBs can potentially lead to genetic instability if incorrectly repaired.
Two main pathways exist to repair DSBs: the error-prone non-homologous end joining
pathway, which requires little or no sequence homology between the donor and the
receiver DNA strands, and the homologous recombination pathway. The choice between
the two DSB repair pathways depends on the nature of the DSBs and the timing of their
formation. DSBs formed during GO/G1-phase are predominantly repaired by the non-
homologous end joining pathway while DSBs arose from collapsed replication forks
during S-phase and meiotic SPO11-dependent DSBs are principally repaired by the
homologous recombination pathway (Grabarz et al, 2012; Mimitou & Symington, 2010).
The repair of DSBs by homologous recombination requires the processing of the DSB ends
to generate a long 3’ end single-stranded DNA (ssDNA) that will subsequently invade the
homologous chromosome for repair. During meiosis, the covalent binding of SPO11 to the
DSB ends prevents the processing of the DSB ends by exonucleases. Several studies
indicate that the removal of SPO11 from the DSB ends occurs by endonucleolytic cleavage
dependent on the evolutionary conserved MRN/MRX (Mrell-Rad50-NBS1/Xrs2)
complex in association with Sae2/COM1. The MRN/MRX complex is involved in various
biological processes such as telomere maintenance and genome stability (Deng et al, 2009;
Langerak et al, 2011). Following SPO11-dependent DSB formation, the MRX complex is
recruited to the DSB ends. It is thought that the coiled-coil domain of two RAD50
molecules bridges the two ends of a DSB (Hopfner et al, 2002; Mockel et al, 2012). This is

followed by the deposition of cohesin to maintain the sister chromatids in close contact
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(Strom et al, 2004; Unal et al, 2004). In budding yeast (Lengsfeld et al, 2007; Manfrini et
al, 2010; Zakharyevich et al, 2010) and fission yeast (Farah et al, 2009), Sae2/Ctpl and
Mrell have an endonuclease activity and the absence of either of the two nuclease
activities abolishes the initial resection of the DSB ends. The role of the nuclease activities
of Mrell and Sae2/Ctpl in the initial resection of the DSBs remains elusive (Farah et al,
2009; Manfrini et al, 2010). Conversely, in higher eukaryotes, CtIP, the human functional
orthologue of the yeast Sae2/Ctpl, lacks a nuclease activity (Sartori et al, 2007). The
authors proposed that CtIP may promote the endonucleolytic activity of MREL11. In plants,
the absence of AtMRE11 or AtCOM1, the functional orthologues of Mrell and Sae2,
respectively, leads to the extensive fragmentation of chromosomes and the persistence of
AtSPO11-1 on the chromatin during meiotic prophase | (Uanschou et al, 2007). The
persistence of AtSPO11-1 localisation in Atcoml and Atmrell prophase | likely accounts
for the absence of DSB end resection and the persistence of covalently attached AtSPO11-
1 to the DSB ends. This suggests that AAMRE11 and AtCOML1 share similar function with

their budding yeast orthologues (Ji et al, 2012; Puizina et al, 2004; Uanschou et al, 2007).

The initial resection of the DSB ends forms a single-stranded break. The ends of the
nascent breaks are sensitive to exonuclease activity and will be further resected. During
meiotic homologous recombination, the exonuclease Exol and the helicase/endonuclease
Sgs1/Dna2 complex are involved in the processing of most DSB ends through two distinct
pathways in budding yeast (Manfrini et al, 2010; Zakharyevich et al, 2010). Two recent
studies showed that the exonuclease activity of Mrell and Exol contribute to the resection
of the DSB ends in a bidirectional direction (Garcia et al, 2011; Zakharyevich et al, 2010).

Exol processes the DSB ends with a 5° to 3° exonuclease activity while Mrell processes
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the DSB ends with a 3’ to 5° exonuclease activity (Garcia et al, 2011; Zakharyevich et al,
2010). Zakharyevich et al. (2010) showed that the absence of Exol resulted in a reduction
of the resection tract length. The authors reported that Exol processed most DSB ends but
some DSB ends were normally processed in its absence. Interestingly, the reduction of the
5’-3’ resection tract length did not significantly affect the homology search of the SSDNA
tail and the formation of COs (Manfrini et al, 2010; Zakharyevich et al, 2010). In budding
yeast mitotic cells, Sgs1 has a helicase activity and can unwind the two strands of a DSB
end to facilitate access of the exonucleases Dna2 and Exol. Dna2 is involved in the

formation of long range resection tracts (> 3 kb) (Manfrini et al, 2010).

Two models can explain the DSB end resection step and the formation of Spoll-
oligonucleotides in budding yeast. The initial resection of the DSB ends by Mrell/Sae2
could release a short Spoll-oligonucleotide. The ssDNA ends would then be sensitive to
the exonuclease activities of Mrell and Exol. However, the similar kinetics of the DSB
end resolution and the detection of Spoll-oligonucleotides is in disaccord with this model
(Neale et al, 2005). Alternatively, Spoll-oligonucleotides formed after the initial resection
by Mrel 1/Sae2 could remain associated with the complementary unresected 3’ end ssDNA
until completion of the processing of the 5’ end (Neale et al, 2005). Several studies
indicate that the MRX complex in association with Sae2 can tether DNA molecules
(Bhaskara et al, 2007; Clerici et al, 2005; de Jager et al, 2001; Kaye et al, 2004; Lobachev
et al, 2004) and could have a role in maintaining Spoll-oligonucleotides associated with
the complementary ssDNA. However, further analysis is required to elucidate this

mechanism.
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Nucleosome repositioning and histone modifications are important events required for the
processing of the DSBs and their subsequent repair by homologous recombination.
Chromatin remodelers are recruited at site of DSBs to displace the nucleosomes and
promote the loading of nucleases (Adkins et al, 2013; Chai et al, 2005; Chen et al, 2012,
Costelloe et al, 2012; Shim et al, 2007; Tsukuda et al, 2009). In addition, sumoylation of
H2A.Z (Kalocsay et al, 2009) and phosphorylation of the histone variant H2AX (Rogakou
et al, 1998) at the residue serine 129 and serine 139 in yeast and mice, respectively, occur
in response to the formation of DSBs and induce conformational changes of the chromatin
surrounding the DSBs to direct DSB processing and repair (Chapman et al, 2012;; Lukas et

al, 2011).

1.3.3. ssDNA invasion

In most reproductive organisms, two RecA recombinase related proteins, RAD51 and
DMC1, are involved in the repair of SPO11-dependent DSBs (Bishop et al, 1992; Pittman
et al, 1998; Shinohara et al, 1992). In Arabidopsis, AtRAD51 is involved in the repair of
DNA damage during both mitosis and meiosis while the function of AtDMCL1 is restricted
to meiosis. In an Atdmcl T-DNA insertion mutant line, ten univalent chromosomes are
observed during metaphase | (Couteau et al, 1999; Doutriaux et al, 1998). It is thought that
DSBs are repaired by using the sister chromatid as template in a pathway dependent on
AtRADS51. In contrast, chromosome fragmentation is observed in an Atrad51 T-DNA
insertion mutant line, which suggests that DSBs remain unrepaired (Li et al, 2004). In
budding yeast, meiotic DSBs are preferentially repaired using the homologous

chromosome (Kim et al, 2010; Schwacha and Kleckner, 1994). This barrier to repair off
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the sister chromatids, depends on the interplay between components of the chromosome
axes and the recombination machinery (further explain in Section 1.7) (Hong et al, 2013;

Niu et al, 2009).

Following the resection of DSBs and the generation of 3’ end ssSDNA, RAD51 and DMC1
protomers are loaded onto the sSDNA to form a pre-synaptic nucleofilament. Formation of
the pre-synaptic nucleofilament requires the presence of accessory proteins. In budding
yeast, Rad51 (Cloud et al, 2012), Rad54 (Nimonkar et al, 2012), Tid1/Rdh54 (Nimonkar et
al, 2012), Mei5-Sae3 (Ferrari et al, 2009; Hayase et al, 2004) and Hop2-Mnd1 (Chan et al,
2014) complexes are involved in the formation of Dmcl pre-synaptic nucleofilaments.
Stable Dmc1/Rad51 pre-synaptic nucleofilaments invade the homologous chromosomes
and anneal with the complementary ssDNA of the homologous chromosomes to form a
heterologous duplex. Pezza et al. (2007) suggested that the loading of DMC1 onto the
chromatin did not require the presence of HOP2/MND1. However, the DMCL1 pre-synaptic
nucleofilament was unstable in-vitro and the authors reported that the complex
HOP2/MND1 was necessary to stabilise the pre-synaptic nucleofilament (Pezza et al,
2007). HOP2/MND1 complex stabilises the dsDNA heteroduplex by acting on the
condensation of DNA molecules (Pezza et al, 2010; Pezza et al, 2007; Pezza et al, 2013).
Interestingly, Morozumi et al. (2012) reported that human PSF can interact with DMC1
and RADS51 and is involved in the aggregation of DNA molecules. The authors showed

that PSF stimulates the formation of dSDNA heteroduplexes (Morozumi et al, 2012).

In Arabidopsis, several proteins have been characterised as epistatic to AtRAD51 and

AtDMCL in their role during DSB repair. AtBRCA2a and AtBRCA2b can interact with
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AtRADS51 and AtDMC1 and are required for the recruitment of both recombinases on the
chromatin (Seeliger et al, 2012; Siaud et al, 2004). In addition, the localisation of AtDMC1
on the chromatin is partially dependent on AtRAD51 and the number of AtDMCL foci is
reduced in Atrad51 T-DNA insertion mutant line (Kurzbauer et al, 2012; Vignard et al,
2007). A role for AtRAD5L1 in the loading of AtDMCL1 onto the chromatin is reminiscent
with the role of Rad51 as a Dmc1 accessory protein in budding yeast (Cloud et al, 2012).
Moreover, the localisation of Dmcl on the chromatin is dependent on Rad51 (Bishop,

1994).

A complex of two proteins sharing sequence similarities with Hop2-Mnd1 complex was
identified in Arabidopsis. The absence of AtHOP2 or AtMND1 prevented the pairing
between homologous chromosomes and led to chromosome fragmentation at metaphase |
(Uanschou et al, 2013; Vignard et al, 2007). In higher eukaryotes, five RAD51 paralogues
have been characterised: RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3. In
Arabidopsis, Atxrcc3 (Bleuyard et al, 2004; Bleuyard et al, 2005) and Atrad51C (Abe et al,
2005; Bleuyard et al, 2005) mutants are epistatic to Atrad51 mutant with regard to the
presence of chromosome fragmentation. The function of RAD51B, RAD51D and XRCC2
during meiosis is poorly understood. Bleuyard et al. (2005) reported the absence of meiotic
defect in Atrad5lb and Atxrcc2. Both T-DNA insertion mutant lines showed
hypersensitivity to the DNA cross-linking agent Mitomycin C suggesting that both proteins
may be involved in the repair of DNA damage (Bleuyard et al, 2005). In addition, analysis
of Atrad51b/Atrad51d/Atxrcc2 triple mutant revealed no apparent meiotic defect (Wang et
al, 2013) However, Da Ines et al. (2013) showed that RAD51B, RAD51D and XRCC2 are

involved in somatic homologous recombination. The authors reported that the absence of
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any of the three proteins resulted in an increased rate of meiotic COs. The authors
hypothesised that RAD51B, RAD51D and XRCC2 may regulate the function of DMC1
during the strand invasion step (Da Ines et al, 2013a), although further analysis is required

to confirm this result.

Recently, two additional proteins, AtRFC1 and AtMCMB8, involved in the early step of
homologous recombination were identified (Crismani et al, 2013; Liu et al, 2012; Wang et
al, 2012b). Atrfcl (Liu et al, 2012; Wang et al, 2012b) and Atmcm8 (Crismani et al, 2013)
T-DNA insertion mutant lines presented chromosome fragmentation from anaphase |
onwards. Wang et al., (2012) proposed that AtRFC1 may be involved in the extension of
the invading ssDNA by DNA-synthesis, while the function of AtMCM8 in DSB repair is

more elusive (Crismani et al, 2013; Wang et al, 2012b).

1.3.4. DSB repair

1.3.4.1. Synthesis-dependent strand annealing pathway

Following formation of SPO11-dependent DSBs and their subsequent resection,
DMC1/RAD51 pre-synaptic nucleofilaments invade the homologous chromosomes.
Annealing between the invading pre-synaptic nucleofilament (receiver chromatid) and the
complementary non-sister chromatid (donor chromatid) forms a dsDNA heteroduplex and
a D-loop structure (Figure 1.4). The 3’ end of the invading chromatid is then extended by
DNA-synthesis, which further enlarges the D-loop. The heterologous duplexes are thought

to be very unstable and McMahill et al. (2007) suggested that most heterologous duplexes
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dissociate after a short elongation of the receiver chromatid by DNA-synthesis. The
authors proposed that invading chromatids can repeat the step of strand invasion/DNA
synthesis/dissociation several times before being repaired by the SDSA pathway

(Danilowicz et al, 2013; McMabhill et al, 2007).

Components of the SDSA pathway are largely unknown. However, it is thought that DSBs
repaired by the SDSA pathway can only lead to the formation of NCOs (Figure 1.4). The
presence of nucleotide polymorphisms between the locus of the receiver chromatid and the
donor chromatid results in the transfer of genetic information from the donor chromatid
towards the receiver chromatid by DNA synthesis. After dissociation of the D-loop
structure and re-association of the invading ssSDNA with the non-invading complementary
sSDNA, the newly synthesised region of the invading ssDNA can be used as template to
repair the break of the complementary strand. Therefore, any transfer of genetic
information between the donor chromatid and the receiver chromatid, called gene
conversion, will also be transferred to the non-invading ssDNA. In contrast, annealing
between the newly synthesised nucleotide region of the invading ssDNA and the
undamaged region of the non-invading ssDNA will result in the formation of a dsSDNA
heteroduplex, if a nucleotide polymorphism exists at this locus between homologous
chromosomes. The dsDNA heteroduplex can be recognised by the mismatch repair system.
The non-invading and the invading ssSDNAs can be used as DNA template to repair the
mismatch. Hence, the mismatch repair system can either keep the converted genotype or
restore the parental genotype (Berchowitz & Copenhaver, 2010). Yang et al. (2012)
crossed two Arabidopsis inbred ecotypes, Columbia and Landsberg erecta, and analysed 40

F2 plants by sequencing. The authors reported that over 90 % of the recombination events
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were GC events and that the average GC track length was 402 base pairs (Yang et al,
2012a). In a separate study, Sun et al. (2012) used a tetrad pollen assay and estimated the
average frequency of GC events per locus per meiosis at 3.5 X 10™. The authors also

showed that the frequency of GC was variable between locus-to-locus (Sun et al, 2012).

1.3.4.2. Formation of COs

Stabilisation of the D-loop structure and extension of the invading chromatid by DNA
synthesis lead to the formation of a Holliday junction (HJ). Further extension of the 3’ end
sSDNA can result in its association with the quiescent end of the DSB to form a second HJ
in a process called second-end capture (Figure 1.4). The resolution of a double Holliday
junction (dHJ) by cleavage and ligation of DNA molecules determine the formation of a
CO or a NCO. Symmetrical cleavage of a dHJ forms a NCO while asymmetrical cleavage
of a dHJ forms a CO (Figure 1.4) (Heyer, 2004; Hollingsworth & Brill, 2004). It is thought
that dHJs are predominantly resolved towards the formation of COs in meiosis (Allers &
Lichten, 2001; Hunter & Kleckner, 2001; Jessop & Lichten, 2008). At least two classes of
COs have been characterised in most sexually reproductive organisms. COs of class | are
sensitive to interference, which implies that the formation of one CO limits the formation
of an additional CO in the adjacent chromosomal region. The strength of interference is
maximum at the region surrounding the CO site and is proportionally reduced towards
distal regions (further explained in Section 1.4). In contrast, COs of class Il are
interference-independent and the COs are randomly distributed along the chromosomes
(Berchowitz et al, 2007; Higgins et al, 2008a; Hollingsworth & Brill, 2004; Holloway et al,

2008).
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1.3.4.2.1. Formation of interference-dependent COs

Several proteins are involved in the formation of COs of class | in budding yeast; Zipl,
Zip2, Zip3, Zip4, Mer3, Msh4, Msh5, Spol6 and Pph3. These proteins localise on the
chromatin and presumably mark at least some of the early recombination nodules, which
are thought to be the cytological representation of DSBs undergoing recombination events
during leptotene-zygotene. Intermediate joint molecules are sensitive to the anti-
recombinase activity of helicases such as Sgsl (Lorenz et al, 2012) and AtFANCM
(Crismani et al, 2012; Knoll et al, 2012), in budding yeast and Arabidopsis, respectively.
Anti-recombinases can dissolve dHJ intermediates and prevent inter-homologue
recombination and CO formation (Bugreev et al, 2007; Chelysheva et al, 2008; De Muyt et
al, 2012; Hartung et al, 2008; Wu & Burgess, 2006). The designation and implementation
of a DSB to be repaired towards the formation of a CO are not very well understood.
However, it is thought that the ZMM complex implements the decision to repair a CO-
designated DSB site towards inter-homologue recombination and CO formation by
counter-acting the anti-recombinase activities of helicases (Crismani et al, 2012; Knoll et

al, 2012).

In mammals and plants, MSH4 localises as numerous foci during early leptotene and the
number of foci progressively decreases through prophase 1. Snowden et al. (2004) showed
that hMSH4-hMSH5 complex clamps HJs (Snowden et al, 2004). Higgins et al. (2008)
suggested that AtMSH4-AtMSH5 complex has a similar function and stabilises HJs in
Arabidopsis (Higgins et al, 2008b). The number of MSH4 foci observed in early prophase |

of mammalian and plant nuclei is similar to the number of RAD51 foci and presumably
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mark most DSB sites. The number of AtMSH4 foci outnumbers the number of the late
recombination protein AtMLH1 and the number of chiasmata observed at metaphase | of
Arabidopsis PMCs (Ferdous et al, 2012). Interestingly, Goldfarb and Lichten (2010)
reported that Msh4 was required for normal levels of intersister joint molecules in budding
yeast (Goldfarb & Lichten, 2010). In addition, the frequency of NCO events is reduced in
Atmsh4 mutant in Arabidopsis (Drouaud et al, 2013). This suggests that Msh4 is important
to stabilise joint molecules between both homologue chromosomes and sister chromatids.
This is consistent with the abundant localisation of the protein on the chromatin in
mammals and plants (Higgins et al, 2008b) during early prophase | (Guiraldelli et al, 2013,

Kneitz et al, 2000; Luo et al, 2013).

In budding yeast, Zipl-Zip2-Zip3-Zip4 localise at the sites of future COs. The absence of
any of these components significantly reduces the level of COs. Zip2, Zip3 and Zip4 are
required for the proper nucleation of Zipl and the elongation of the SC. The function of
Zip2 and Zip4 are unknown. However, Zip2 and Zip4 are mutually dependent for their
localisation (Tsubouchi et al, 2006). Zip3 regulates the spatiotemporal formation of the SC.
In addition, Zip3 is a putative SUMO ligase and interacts with several recombination
proteins (Agarwal & Roeder, 2000; Cheng et al, 2006; Macqueen & Roeder, 2009). In
mice, HEI10/ CCNBL1IP1 and RNF212 share structural homologies with Zip3 (Perry et al,
2005; Strong & Schimenti, 2010). SC formation occurred normally but the late
recombination events were defective in rnf212 and heil0 mutants. The number of TEX11
foci, the mice functional orthologue of Zip4, and MSH4 foci were reduced in rnf212
mutant (Reynolds et al, 2013). In contrast, the number of MSH4 and RNF212 foci remains

abnormally high during mid-prophase I in heil0 mutant. However, the late recombination
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protein MLH1 was not detected in the mutant (Qiao et al, 2014; Ward et al, 2007).
Although, RNF212 and HEI10 share a N-terminal RING-finger domain, a similar meiotic
defect in the formation of COs and are dosage sensitive, they present striking differences in
the localisation pattern of early recombination proteins. This led to the attractive model
where RNF212-mediated sumoylation of MSH4 stabilises the protein at the CO-designated
sites. These sites mature into late recombination nodules, recruit MLH1/MLH3 complex
and form COs. In contrast, HEI10 mediates the ubiquitination of MSH4 at DSB sites that
are not designated to become CO sites. MSH4 and possibly other factors are destabilised
from these DSB sites that subsequently fail to mature into late recombination nodules
(Lake & Hawley, 2013; Qiao et al, 2014). In Arabidopsis and rice, the functional
orthologue of HEI10 has been characterised. Similarly to mammals, HEI10 is dispensable
for SC formation but essential for the formation of MLH1-dependent COs (Chelysheva et

al, 2012; Wang et al, 2012a)

Mer3 is a component of the ZMM complex and has a helicase activity. The protein
promotes the single end invasion (SEI) probably by unwinding DNA duplexes in the 3’ to
5’ direction. Interestingly, Mer3 helicase can also block the extension of DNA
heteroduplexes in the 5’ to 3’ direction (Guiraldelli et al, 2013; Mazina et al, 2004; Mercier
et al, 2005; Nakagawa et al, 2001; Nakagawa & Kolodner, 2002a; Nakagawa & Kolodner,

2002b).

The resolvase involved in the resolution of dHJs towards the formation of COs of class | is

unknown. Zakharyevich et al. (2012) recently showed that Exol, MIhl and MIh3 are

required for the formation of interference-dependent COs (Zakharyevich et al, 2012). Exol
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and MIh3 have a nuclease activity (Nishant et al, 2008; Ranjha et al, 2014; Rogacheva et
al, 2014). However, Zakharyevich et al. (2012) showed that the nuclease activity of Exol
was dispensable for the resolution of dHJs (Zakharyevich et al, 2012). Further study is

required to understand the role of Exol, MIh1 and MIh3 in the resolution of dHJs.

In Arabidopsis, the spatiotemporal localisation of AtMLH1 and AtMLH3 differs from the
spatiotemporal localisation of ZMM proteins. AtMLH1 and AtMLH3 form few foci
(around 10 foci) in late pachytene of Arabidopsis PMCs (Ferdous et al, 2012; Jackson et al,
2006). These foci presumably mark the late recombination nodules, which are the
cytological representation of the intermediate joint molecules undergoing resolution to
form a CO. The number of MLH1 foci observed on chromosome spread preparation
(Ferdous et al, 2012; Jackson et al, 2006) is consistent with the number of chiasmata
observed at metaphase | of Arabidopsis PMCs (Sanchez-Moran et al, 2002) and the rate of
COs per genome identified by genome wide sequencing of 1,505 F1 plants from crosses
between Arabidopsis Columbia and Arabidopsis Landsberg erecta (Giraut et al, 2011).
Jackson et al. (2006) showed that loss of AtMLH3 resulted in the presence of residual COs
of class | (Jackson et al, 2006). Conversely, in Atmsh4 (Higgins et al, 2004) or Atmsh5
(Higgins et al, 2008b) T-DNA insertion mutant lines, the formation of COs of class | was
abolished. This indicates that additional components of the late recombination nodules
account for the resolution of dHJs and formation of CO sensitive to interference,
independently of AtMLH3. Arabidopsis genome lacks a functional orthologue of Exol and
the significance of the residual level of COs of class | formed in Atmlh3 remains to be

investigated.
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1.3.4.2.2. Formation of interference-independent COs

COs of class Il are distributed randomly along the chromosomes and are not sensitive to
interference. Recent studies suggest that three proteins with an endonuclease activity,
Mus81, Yenl and Six1, are involved in the resolution of dHJs and the formation of COs of
class Il. It is thought that these nucleases cleave dHJs both symmetrically and
asymmetrically (Nishino et al, 2005). Hence, dHJs resolved by these nucleases lead to the
formation of COs and NCOs in statistically identical proportions. Zakharyevich et al.
(2012) and De Muyt et al. (2012) showed that the joint molecule resolution activities of
Mus81-Mms4 and Yenl are partially redundant in budding yeast (De Muyt et al, 2012;
Zakharyevich et al, 2012). In the absence of Mus81 or Mms4, Yenl and SIx1-SIx4
promote joint molecule resolution, although not as efficiently as Mus81. Matos et al.
(2011) reported that the endonuclease activity of Yenl and Mus81 are differentially
regulated by phosphorylation (Matos et al, 2011). Mus81 activity is promoted by Cdc5-
mediated phosphorylation of its regulator Mms4. In contrast, phosphorylation of Yenl, by
an as yet unknown kinase, inhibits its endonuclease activity during meiosis I. The authors
suggested that Yenl acts as a safeguard system. In this model, the dephosphorylation of
Yenl at meiosis 2 activates its endonuclease activity. Joint molecules unresolved by
Mus81 during meiosis | can be processed by Yenl during meiosis Il. Oh et al. (2008)
showed that Mus81 has an additional role by resolving aberrant joint molecules, such as

multichromatid joint molecules, in sgs1 mutant (Oh et al, 2008).

In plants, homologues of Yenl and Mus81 have been identified as AtGEN1 and

AtMUSS81. In Arabidopsis, COs of class Il represent 15 % of the total number of COs
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(Higgins et al, 2004; Higgins et al, 2008a). In Atmsh4/Atmus81 double mutant, the mean
chiasma frequency is reduced to 0.85 per nucleus, suggesting that some dHJs are resolved
to form COs of class I, independently of the endonuclease activity of AtMUS81 (Higgins
et al, 2008a). A similar observation was reported in budding yeast (De Muyt et al, 2012;
Zakharyevich et al, 2012). Investigation of Atmus81/Atgenl and Atmsh4/Atmus81/Atgenl
mutants may reveal additional functions of these nucleases in the resolution of dHJs and
the formation of COs during meiosis. Yang et al. (2012) reported that OsGEN-L, a
component of the class 4 RAD2/XPG family nucleases in rice, has a 5’-flap endonuclease
activity and a HJ resolvase activity. However, the role of OSGEN-L during meiosis has not

been studied (Yang et al, 2012b).

The difference of sensitivity of COs of class | and Il towards interference is poorly
understood, partially because of the poor understanding of the implementation and
spreading of interference along chromosomes. The resolution of joint molecules towards
COs of class | and Il involves different resolvases. This suggests that different forms of
joint molecules may exist. One type of joint molecules will be resolved by a complex
composed of Exol-MIh1-MIh3-unknown resolvase and hence forms COs of class I. The
other type of joint molecules will be resolved by the Mus81-Mms4-Yenl-SIx1-SIx4
pathway and forms COs of class Il. Alternatively, similar joint molecules are sensitive to
the two types of resolvases but are under the control of different factors and therefore will
be resolved to form one of the two classes of COs. In this model, the MUS81 pathway is
inactive under wild-type condition (Berchowitz et al, 2007; Higgins et al, 2008a). In

contrast, in the absence of factors involved in the inter-homologue recombination pathway
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and the formation of COs of class I, MUS81 pathway becomes active and processes dHJs

to form COs of class Il (Ferdous et al, 2012; Franklin et al, 2006; Higgins et al, 2004).

1.4. CO interference

In most reproductive organisms, COs are not randomly distributed along the chromosomes.
For instance, the distribution of COs is biased towards the distal regions in Arabidopsis
(Sanchez Moran et al, 2002). In addition, the formation of one CO inhibits the formation of
an additional CO in the adjacent genomic region. This phenomenon is called interference.
The strength of interference is not constant. The interference is stronger close to the CO
site and become weaker with increasing distance outwards from the CO site. It was
initially thought that interference does not cross the centromeres. However, the majority of
the COs is distributed in centromeric-distal regions. A CO forms close to the centromere is
associated with elevated rate of chromosome mis-segregation in budding yeast (Obeso &
Dawson, 2010; Rockmill et al, 2006), Drosophila (Koehler et al, 1996) and humans
(Koehler et al, 1996). Therefore, CO formation is inhibited in regions proximal to the
centromeres. This led Colombo and Jones to reassess a large set of chiasma data from the
grasshoppers Leptysma argentina and Chorthippus brunneus. The authors showed that
interference spreads across the centromeres and that the propencity for chiasmata to form
at centromeric-distal regions had led to a mis-interpretation of the role of centromeres in
the spreading of interference (Berchowitz & Copenhaver, 2010; Colombo & Jones, 1997;

Weinstein, 1918).
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The mechanism responsible for interference is unknown. Several physical and
mathematical models explaining the phenomenon of interference exist. The counting
model is a mathematical based model suggesting that CO events are separated by a fixed
number of NCO events (Foss et al, 1993). King and Mortimer (1990) proposed the
polymerisation model where a factor would be bi-directionally spread from a CO-
designated site along the chromosomes. This factor would then prevent other DSB sites to
be designated as future COs. This factor remains to be identified. It could be a protein or a
post-translational ~ modification such as  phosphorylation of  proteins or
methylation/acetylation of histones (King & Mortimer, 1990). More recently, Hulten
(2011) suggested a model where CO interference is imposed by the oscillatory movement
of the telomeres and the kinetochores (Hulten, 2011). Lastly, Kleckner et al. (2004)
proposed that interference is a representation of a mechanical stress relief starting from the
CO-designated site and propagating outwards from that point. The authors suggested that
the chromatin undergoes cycle of expansion and contraction. The expansion of the
chromatin generates compression forces against the chromosome axes that will eventually
buckle under the stress. Axis buckling is important to implement the sites of CO and
generate local axis relaxation that will spread along the chromosome axes. The bi-
directional spreading of the stress relief disfavours subsequent buckling of the
chromosome axes at DSB sites and thus prevents other DSB to be committed to become a

CO (Berchowitz & Copenhaver, 2010; Kleckner et al, 2004).

The strength of interference and the number of COs per chromosome is variable between

organisms. For instance, a high number of DSBs and COs are formed in S. cerevisiae. In

contrast, Arabidopsis and mice meiocytes form a high number of DSBs and a low number
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of COs while C. elegans form few DSBs and few COs. This suggests that the mechanism
implementing interference has evolutionary diverged during evolution. S. pombe forms
only COs insensitive to interference. S. pombe genome lacks all components of the ZMM
complex. In addition, the axial element and the SC are not formed. Instead, the chromatin
is organised into chromatin loops array on a primitive linear element (Kohli & Bahler,
1994; Lorenz et al, 2004a). S. pombe contains three large chromosomes and presents an
average of 12.7 COs per chromosome (Berchowitz & Copenhaver, 2010). Although the
COs are distributed randomly along the chromosomes, the high number of COs ensure that
each bivalent forms at least the obligate CO. The low number of chromosomes ensures that
a high proportion of meiotic products will receive at least one copy of each chromosome if
the chromosomes were segregating randomly due to the absence of CO. In addition, the
presence of a catalytically inactive Rec12, the fission yeast orthologue of Spoll, increases
the proper segregation of achiasmatic chromosomes during meiosis 1. A similar backup
system, preventing random segregation of achiasmatic chromosomes during meiosis I, was
also suggested in budding yeast (Newnham et al, 2010), mice (Bisig et al, 2012; Qiao et al,

2012) and Arabidopsis (Pradillo et al, 2007).

In contrast, C. elegans forms only interference-dependent COs and present an absolute
interference under wild-type conditions (Youds et al, 2010). C. elegans forms an average
of 2.1 meiotic DSBs per chromosome. One DSB site will be committed to form a CO
while the other DSB sites, on the same chromosome, will be repaired as NCOs in a
pathway dependent on RTEL-1 (Mets & Meyer, 2009; Youds et al, 2010). The absolute
interference can be partially explained by the absence of CO in the end of the

chromosomes. Interference will then spread on both sides of the CO sites and inhibits the
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formation of a second CO along the chromosomes. Formation of the obligate CO is
followed by an important remodeling of the chromosome axes (Martinez-Perez et al,
2008). The CO is usually distributed off-center on the chromosomes, resulting in the
presence of a short axis and a long axis. HTP1, HTP2 and LAB2 localise on the long axis
and maintain the cohesion between the sister chromatids until anaphase Il. In contrast,
these proteins are depleted from the short axis which favour the segregation of the
homologous chromosomes during anaphase | (Martinez-Perez et al, 2008; Schvarzstein et
al, 2010). The formation of a second CO will presumably affect the remodeling of the
chromosome axes and the subsequent segregation of the homologous chromosomes at
anaphase . Homologous chromosomes pair and synapse before the formation of SPO11-
dependent DSBs in C. elegans. Although it is conceivable that the establishment of the SC
may have a role in the absolute interference (Libuda et al, 2013), studies from yeast
(Borner et al, 2004) and Arabidopsis (Higgins et al, 2005) suggest that the SC does not

mediate interference.

Arabidopsis, S. cerevisiae and mice differ from S. pombe and C. elegans. A high number
of interference-sensitive COs is formed, representing 85 % - 90 % of the overall number of
COs. S. cerevisiae has a relatively high number of COs per bivalents with an average of
5.6 while Arabidopsis and mice have an average of 2.0 and 1.4 COs per bivalent,
respectively. The discrepancy in the strength of interference between organisms probably
relies in the divergence of the proteins involved in crossover homeostasis and in the

difference of chromosomal features (Berchowitz & Copenhaver, 2010).
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1.5. Obligate crossover and crossover homeostasis

Repair of SPO11-dependent DSBs using the homologous chromosome as template results
in the formation of COs. COs are essential to physically connect homologous
chromosomes until the onset of anaphase I. Physical links between homologous
chromosomes ensure their proper disjunction at anaphase I. Several studies from yeasts
(Borner et al, 2004; Buonomo et al, 2000; Kan et al, 2011), mammals (Kudo et al, 2006)
and plants suggest that the formation of at least one CO per bivalent, the obligate CO, is
required to prevent mis-segregation of chromosomes during anaphase | (Jones & Franklin,
2006; Page & Hawley, 2003). The number of COs per homologous chromosomes is
relatively low, constant among cells of an individual organism, and estimated between 1
and 5 for most organisms studied (Kotwaliwale, 2012). This implies that a control over the
formation of COs must exist to regulate the number of COs formed along the
chromosomes. It is thought that the formation of too many and too few COs is detrimental
for the cell, although there is no evidence suggesting that an excess of COs affects the
normal progression of meiosis (Cole et al, 2012; Crismani et al, 2012; de Boer et al, 2006;
Martini et al, 2006; Nishant et al, 2010). CO homeostasis and obligate CO, two aspects of
the control over the formation of COs, are not very well understood. CO homeostasis
maintains the number of CO constants in the nuclei even if the number or early inter-
homologue recombination events are reduced (Henderson & Keeney, 2004). CO
homeostasis and interference may be related processes. It is possible that chromosomes are
free of constraints until one CO is formed. Following, the formation of the obligate CO,

interference is spread along the chromosome thus limiting the formation of additional COs.
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The obligate CO and CO homeostasis are maintained until a threshold CO level is reached.
Nishant et al. (2010) analysed various mutant Msh4 and Msh5 alleles. The authors showed
that the wild-type level of COs is not required to maintain meiotic viability. Below a
threshold CO level, meiotic viability is reduced. In addition, mutant Msh4 and Msh5
alleles differentially affect the formation of COs on chromosomes, with smaller
chromosomes less affected by the overall reduction of COs (Nishant et al, 2010). In most
organisms studied, there is an excess of DSBs over the number of COs. In mammals (Cole
et al, 2012) and plants (Ferdous et al, 2012), the number of early recombination nodules,
visualised by immunocytological analysis of RAD51, DMC1 and MSH4, is 6-9 and 11
times higher than the number of Ilate recombination nodules, visualised by
immunocytological analysis of MLH1. In mice, CO homeostasis and interference are
progressively implemented during meiosis. The first control occurs after the formation of
early recombination intermediates with the presence of non-random MSH4 foci. The
second control occurs when some of these early recombination intermediates matures to
late recombination intermediates (Cole et al, 2012; de Boer et al, 2006; Martini et al,
2006). A reduction and an augmentation of DSBS, to respectively 55-60% and 180-240 %
wild-type level of DSBs, does not significantly affect the number of COs (Cole et al, 2012;
Henderson & Keeney, 2004). The authors proposed that CO homeostasis maintains the
number of COs at the expense of the number of NCOs, when the formation of DSBs is
increased or decreased. These observations are in disaccord with the counting model,
proposed by Foss et al., (1993), to explain the spreading of interference. In addition, CO
homeostasis is lost when the number of DSBs is reduced to less than 60 % the wild-type
level of DSBs (Henderson & Keeney, 2004). This phenomenon seems to be conserved

among yeasts (Martini et al, 2006), nematodes (Rosu et al, 2011) and plants (Roberts,
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2009). The imposition of the two levels of CO implementation may be related with the
expansion of the chromatin. Kleckner et al. (2004) proposed that the global structure of the
chromatin varies between an expansion and a contraction stage (Kleckner et al, 2004). The
authors showed that chromatin undergoes three cycles of expansion/contraction during
early prophase | of meiosis and that the chromatin expands at the time where DSBs, SEls
and dHJs are formed. This phenomenon was also reported in Barley (Higgins et al, 2012).
The expansion of the chromatin probably makes the chromatin more accessible to proteins
involved in all three steps of the homologous recombination pathway mentioned above.
Additionally, the expansion of the chromatin generates compression forces against the
chromosome axes that will in turn commit some DSBs sites to become COs and reinforces
the CO-designated-SEls and CO-designated-dHJs to become COs. In this model, the
second expansion of the chromatin, at the time of SEI, would explain the interference-
dependent distribution of MSH4 foci observed in mice (Cole et al, 2012). In addition, the
third expansion of the chromatin, occurring at the time when dHJs are formed, correlates
with a stronger interference observed in the distribution of MLH1 foci (Cole et al, 2012; de

Boer et al, 2006; Martini et al, 2006).

1.6. Chromosome axis morphogenesis and meiotic DSB formation

Ultrastructural analysis of early meiotic prophase | nuclei from Bombyx mori showed that
the chromatin is organised in a loop array along a structural axis (Rattner et al, 1981). This
feature of the chromatin organisation was also observed in pachytene nuclei of Hyalophora
columbia (Moens and Pearlman, 1988) and Saccharomyces cerevisiae (Moens and

Pearlman, 1988). The chromatin is arranged in a loop-spacer-loop structure and the
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chromatin loops are closed at their bases (Zickler & Kleckner, 1999). It is thought that the
chromatin organises in a loop array at or soon after the pre-meiotic S-phase (Zickler &
Kleckner, 1999). Sister chromatids are organised in two distinct linear loop arrays that lie
in a parallel configuration, one above the other, and perpendicular to the plane of the SC in
pachytene nuclei. The two sister chromatid axes form a single morphological unit and the
chromatid loops emanate outwards from the SC (Figure 1.5A) (Kleckner, 2006; Zickler &
Kleckner, 1999). The control over the organisation of the chromatin is unknown. However,
Naumova et al. (2013) used conformation capture methods and polymer simulation to
show that the mitotic chromatin is organised stochastically in chromatin loop array in
prometaphase of human cells (Naumova et al, 2013). In addition, the organisation of the
chromatin in a loop array is independent on the presence of the sister chromatid and
independent of the formation of the meiotic axial element (Kleckner, 2006; Zickler &
Kleckner, 1999). Furthermore, the data obtained from chromatin conformation capture by
Naumova et al. (2013) can be reproduced using polymer simulation with or without the
presence of a scaffold (Naumova et al, 2013). Klecker (2006) suggested that proteins
involved in the formation of the mitotic chromosome axis may also mediate the formation
of the linear axis structure which forms the basis where the chromatin loops emanate. The
formation of chromatin loops arrays occurs along all the chromosomes with minimal
variation in chromatin loop size along a chromosome. The density of chromatin loops
along the SC is conserved across organisms suggesting that the basis of the linear
chromatin loop array is evolutionary conserved (Zickler & Kleckner, 1999). This is
interesting as the length of the SC can vary considerably within same species between male

and female and during pachytene meiotic stage (Drouaud et al, 2007; Giraut et al, 2011;
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Kleckner, 2006; Kleckner et al, 2003;). This implies that the size of the chromatin loop is

inversely correlated with the length of the SC.

During meiosis, formation of the axial element can be monitored by immunolocalisation
study of axis components. The axial element is a proteinaceous structure where proteins
localise on the chromatin fibre and are involved in several steps of homologous
recombination (see below) (Zickler & Kleckner, 1999). At mid-prophase | of meiosis, the
axis of each homologous chromosome are closely aligned and become linked by a central
structure to form the SC. The SC is a tripartite structure as observed by electron
microscopy and is composed of two lateral elements, formed from the two homologous
axial elements, and a central element (Figure 1.5A) (Zickler & Kleckner, 1999).
Components of the axial element are thought to localise on the chromatin fibre in multiple
horizontal layers. Cohesin subunits such as Smcl, Smc3, Stag3 and the meiotic specific
kleisin Rec8 forms the first layer of the chromosome axes and are involved in the cohesion
of the sister chromatids and DSB repair (Kim et al, 2010). The deposition of cohesin along
the chromosome axes is thought to occur during DNA replication in the pre-meiotic S-
phase. ChIPchip analysis of chromosome axes components from budding yeast nuclei
revealed that the distribution of the kleisin Rec8 is not constant along the chromosomes
(Glynn et al, 2004). In contrast, the protein preferentially binds to specific sites. Rec8
localises abundantly at the centromeric regions, which is in accord with its role in sister
chromatid cohesion. It also forms domains of higher and lower abundance along the
chromosome axes (Glynn et al, 2004; Ishiguro et al, 2010; Panizza et al, 2011; Watanabe
& Nurse, 1999). Several other components of the chromosome axes have been identified

and form a second layer of proteins. In budding yeast, Red1 and Hopl are two components
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of the lateral/axial element. Red1 protein is thought to have a structural function and forms
a complex with Hopl, while Hopl is a sensor protein favouring recombination events
towards the homologous chromosome (see below) (Carballo et al, 2008; Woltering et al,
2000). Panizza et al. (2011) showed that Red1 and Hop1 are organised in domains of hyper
and lower abundance along the chromosome axes, similarly to Rec8 domainal localisation
(Panizza et al, 2011). In addition, Blat et al. (2002) showed that Redl domainal
localisation is determined by the bulk of chromatin status. The chromosomes can be
divided in units with GC-rich contents, called R-bands, and AT-rich contents, called G-
bands. These distinct chromosomal units differ in physical properties (Blat et al, 2002;
Dekker et al, 2002). Red1 localisation is more abundant on R-band isochores and shows a
similar localisation pattern with Mcd1/Sccl mitotic cohesin and Rec8 meiotic cohesin
along the chromosome 3 of budding yeast. However, this is in disaccord with the work of
Kim et al. (2010) where the authors showed Redl localisation was distinct from Rec8
localisation. Blat et al. (2002) proposed that the status of the chromatin fibre influences the
localisation of the chromosome axis components (Blat et al, 2002). In addition, the hyper
abundant domains of the meiotic cohesin correlates with the hyper abundant domains of
the mitotic cohesin which reinforce the idea that the organisation of the linear chromatin
loop array may be mediated by mitotic components during the pre-meiotic S-phase (Blat et

al, 2002).

Components of the meiotic chromosome axes have been identified across all organisms.
AtASY3 (Ferdous et al, 2012) and AtASY1 (Caryl et al, 2000) share functional similarities
with Redl and Hopl, respectively, in Arabidopsis. Both proteins present a low sequence

similarity with their functional orthologues. AtASY1 and AtASY3 were identified based
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on their meiotic defect rather than based on their sequence homology with their budding
yeast counterpart (Caryl et al, 2000; Ferdous et al, 2012). Chambon and Grelon recently
identified AtASY4 as a new axis component interacting with AtASY3 (personal
communication). In addition, several cohesin subunits have been characterised and
immunocytochemistry studies suggested that these proteins localise along the chromosome
axes during mid-prophase | of Arabidopsis meiosis (Cai et al, 2003; Chelysheva et al,
2005; Lam et al, 2005; Yuan et al, 2012). In mice, SYCP2, SYCP3, COR1/SCP3 and
HORMAD1/2 were characterised as axes proteins. HORMAD1/2 share structural and
functional homologies with Hopl and AtASY1 (Fukuda et al, 2010; Fukuda et al, 2012;;
Schalk et al, 1998; Woijtasz et al, 2012; Wojtasz et al, 2009). In fission yeast, several axes
proteins have been characterised. Rec10 and Hopl have a similar function to Redl and
Hopl, respectively. In addition, three additional coiled-coil proteins were recently
identified; Rec25 (Davis et al, 2008), Rec27 (Davis et al, 2008) and Mug20 (Estreicher et
al, 2012). The localisation of these proteins was mostly dependent on Rec10 (Davis et al,

2008; Estreicher et al, 2012; Fowler et al, 2013).

Several lines of evidence suggest that meiotic DSBs occur on the chromatin loops when
the chromatin loops are tethered to the chromosome axes (Blat et al, 2002; Fowler et al,
2013; Panizza et al, 2011). Formation of the chromosome axes occurs during/after the pre-
meiotic S-phase but prior to the formation of meiotic DSBs, as suggested by
immunocytochemistry study of Rec8 and Red1 in a meiotic time course experiment carried
out on budding yeast nuclei (Kim et al, 2010). Thus, the nascent chromosome axes
presumably determine the site of future DSBs. Panizza et al. (2011) showed that the

cohesin Rec8 and the axis structural component Red1 regulate the localisation of Hopl and
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the two Spoll-accessory proteins Mer2 and Recll14, along the chromosome axes in
budding yeast (Panizza et al, 2011). Similarly, Rec8 regulates the localisation of the axes
component Rec27 along the chromosome axes in fission yeast. Rec27 likely determines the
sites of DSB as suggested by the positive correlation between the distribution of the higher
abundant domains of Rec27 and the distribution of the DSBs along the chromosomes
(Fowler et al, 2013). Physical analysis of meiotic DSB formation in the absence of
components of the chromosome axes has mostly been carried out in budding and fission
yeast. The absence of Rec10 (Fowler et al, 2013; Mallela et al, 2011) and Red1 (Blat et al,
2002; Kim et al, 2010) drastically reduce the formation of DSBs, with some studies
reporting the abolition of DSB formation. In addition, Hop1l is essential for the formation
of a large proportion of DSBs in budding yeast (Carballo et al, 2008). Ferdous et al. (2012)
analysed the formation of meiotic DSBs in the context of the chromosome axes in
Arabidopsis. The authors assumed that the number of DSBs can be inferred by the number
of yH2AX foci, the phosphorylated form of the histone variant H2A at residue serine 139.
The authors reported that the number of DSBs was reduced to 70 % the WT level in Atasy3

and that it was not significantly reduced in Atasyl (Ferdous et al, 2012).
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Figure 1.5. Formation of the synaptonemal complex during prophase | in Arabidopsis.
A. Schematic representation of the synaptonemal complex formation during prophase I.
The formation of the synaptonemal complex initiates at the transition leptotene/zygotene,
when homologous chromosomes are paired and the recombination machinery is present at
the site of DSBs.

B. Immunolcalisation of ZYP1 (green) in Arabidopsis pollen mother cells during prophase
I. (A) early zygotene, (B) mid-zygotene, (C) pachytene. Nuclei are stained with DAPI
(blue). Scale bar, 10 uM.
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1.7. Chromosome axes and interhomologue recombination bias

In budding yeast (Bishop, 1994; Bishop et al, 1992) and mice (Pittman et al, 1998), DSBs
remain unrepaired in the absence of DMCL1. This phenomenon, also called, barrier to the
sister chromatid, blocks the invasion of the nascent 3’ ssDNA towards the sister chromatid.
Accumulation of unrepaired DSBs activates the pachytene checkpoint and stops the
progression of meiosis (Wu & Burgess, 2006). In budding yeast, meiosis initiates in
response to nitrogen starvation (Su et al, 1996). Meiotic cells arrested at pachytene are not
committed to meiosis and can return to mitotic growth if the environment becomes rich in
nutrients (Honigberg & Esposito, 1994). In the absence of Dmc1, the barrier to the sister
chromatid prevents the repair of DSBs. This may impede the formation of ectopic

recombination that can be deleterious for the cell if it reverses back to mitotic growth.

The mechanism responsible for the inter-homologue recombination bias integrates multiple
layers of controls involving structural controls and recombination-mediated events. Inter-
homologue bias is thought to occur during early prophase | when the chromatin is
expending. Kleckner et al. (2004) proposed that the expansion of the chromatin generates
compression stress along the chromosome axes that could drive conformational changes of
the axes and promote DNA recombination. The authors suggested that the expansion of the
chromatin mass could generate subtle separation of the sister chromatids. This
phenomenon could occur locally where the sister cohesion is already loose, such as at the
sites of SPO11-dependent DSBs and hence favour inter-homologue recombination (Kim et

al, 2010; Kleckner et al, 2004).
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The formation of the chromosome axes initiates before the formation of the meiotic DSBs.
Components of the chromosome axes, such as Hopl, Redl and Rec8, are required to pre-
condition the homologue bias (Hong et al, 2013; Kim et al, 2010; Niu et al, 2005). Blat et
al. (2002) showed that the localisation of Red1 along the chromosome axes is regulated by
the presence of R-band and G-band isochores. The authors proposed that R-band isochores
disfavour the loading of Dmcl, although the explanation for this observation is unclear.
The localisation of Redl at R-band isochores counteracts the inhibitory effect towards the
localisation of Dmc1 and thus favour repair of DSBs by inter-homologue recombination.
In contrast, in the absence of Redl, Dmcl fails to localise at the sites of DSB in R-bands
isochores and the DSBs are repaired by inter-sister recombination (Blat et al, 2002).
Similarly, AtASY1, the functional homologue of Hopl, stabilises the loading of DMCL1 on
the chromatin in Arabidopsis (Sanchez-Moran et al, 2007a). AtASY1 forms a complex
with AtASY3, similarly to their functional orthologue Hopl/Redl and mediates inter-
homologue CO formation (Ferdous et al, 2012). It is possible that the structure of the axial
element and the components of the chromosome axes form a first layer of control over the
inter-homologue bias. Following DSBs, additional controls will then be super-imposed to
form the so-called barrier against the sister chromatid. In C. elegans, the SC is formed
before the formation of meiotic DSBs and the tripartite structure maintains the homologous
chromosome in close alignment thus favouring inter-homologue recombination. C. elegans
lacks the recombinase DMC1. RAD51 recombinase activity probably accounts for the
repair of the DSBs. In this scenario, the SC conditions the RAD51 pre-synaptic filament to
invade the homologous chromosome and thus favours inter-homologue recombination.
However, if an artificial DSB is generated before formation of the SC, RAD51 pre-

synaptic filament is not directed towards the homologous chromosome and the DSB is
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repaired by inter-sister recombination (Rosu et al, 2011; Youds et al, 2010). There are
several differences between the homologous recombination pathway between nematode
and budding yeast. In budding yeast, the formation of the SC is dependent on the early
recombination events while SC formation is independent on the early recombination events
in nematode (Dernburg et al, 1998; Padmore et al, 1991). However, it is possible that the
axial/lateral element pre-conditions the inter-homologue bias in higher eukaryotes. The
presence of the two recombinases Rad51 and Dmcl in yeasts, mammals and plants implies

that additional controls must exist to impose the inter-homologue bias (Abdu et al, 2003).

Hollingsworth’s lab showed that Hopl and Red1 form a complex with the forkhead kinase
Mek1 in budding yeast. The absence of any of these proteins alleviates the meiotic arrest
and restores the Rad54-dependent repair of meiotic DSBs in a dmcl mutant (Wan et al,
2004). This suggests that the complex Hopl-Redl-Mekl is involved in the inter-
homologue bias. Rad54 is a Rad51 accessory protein and promotes Rad51 recombinase
activity. It is thought that in the absence of Dmc1l and one of the components of the Hop1l-
Red1-Mekl complex, a Rad51-Rad54 pre-synaptic nucleofilament is formed, resulting in
the repair of most DSBs by inter-sister recombination (Carballo et al, 2008; Hong et al,
2013; Kim et al, 2010; Woltering et al, 2000). The formation of the complex Hopl-Redl
promotes the dimerization of Mek1 protein and activates its kinase acitivity (Niu et al,
2009). Mek1 kinase activity mediates Rad54 phosphorylation thus inhibiting the formation
of a Rad51-Rad54 complex and reducing the recombinase activity of Rad51. An additional
pathway restricting the recombinase activity of Rad51 and dependent on Hedl was
reported (Tsubouchi & Roeder, 2006). Recently Busygina et al., (2012) showed that Hed1

interacts with Rad51. Biochemical analysis suggests that the major function of Hedl
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consists of restricting the interaction between Rad54 and Rad51 and thus limiting the inter-
sister recombinase activity of Rad51 (Busygina et al, 2008). However, biochemical
analysis does not predict if one end or both ends of a DSB are bound by Hedl. hedl
mutant cells display slight reduction in spore viability and CO numbers. The formation of
the remaining COs is dependent on the other controls mediating the inter-homologue bias,
such as Redl and Mekl (Hong et al, 2013). Hed1 could act on the invading DSB end to
favour inter-homologue bias, already pre-conditioned by Hopl-Red1-Mekl. Hedl could
also act on the non-invading DSB end to inhibit Rad51 recombinase activity and maintain
this DSB end in a quiescent state (Busygina et al, 2012; Lao et al, 2013; Tsubouchi &

Roeder, 2006).

The deposition of cohesin between sister chromatid must be tightly regulated during
meiosis. Too little cohesin between sister chromatid can result in premature sister
chromatid separation and aneuploidy, while too much cohesin prevents inter-homologue
recombination. Storlazzi et al. (2008) showed that the late recombination nodules were
poor in SPO76 cohesin and sister axes were locally separated at these sites in rec8 mutant
in Sordaria (Storlazzi et al, 2008). Two recent studies indicate that Rec8 promotes inter-
sister bias at the SEI step (Hong et al, 2013; Kim et al, 2010). The function of Rec8, mostly
dependent on its cohesin activity, is counteracted by Mekl kinase activity and Redl. In
addition, in the absence of Rec8, IH-SEIs occur more often than inter-sister SEIs (IS-SEls).
This is consistent with the model where Redl and Mekl mediate inter-homologue SEI
formation. However, the ratio IH-dHJs:IS-dHJs is reduced from 5 to 1 in rec8 mutant
compared to wild-type. The authors suggested that Rec8 mediates a bias towards IS-SEI.

In addition, Rec8 has a later role in promoting IH-dHJ formation at the transition SEI-dHJ
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(Hong et al, 2013). It is conceivable that the deposition of Rec8 is differentially regulated
between the two ends of a DSB. If the invading DSB end is poor in Rec8 deposition and
rich in Red1-Mek1 deposition, this will favour IH-SEI. In addition, if the quiescent DSB
end is rich in Rec8 deposition and poor in Red1-Mek1 deposition, this will maintain the
association of the DSB end with the sister chromatid and maintain the DSB end in a
quiescent state. Loss of cohesin at the quiescent DSB end can lead to the invasion of the
DSB end towards the homologous chromosome and the formation of a four way molecule
which will form an 1S-dHJ (Hong et al, 2013). This is consistent with the observation of an
increase in IS-dHJs in rec8 mutant reported by Kim et al. (2010). Interestingly, inter-
homologue joint-molecules are formed at the expense of inter-sister joint molecules in
rec8/red1 double mutant. This suggests that inter-homologue recombination is the default

recombination event (Hong et al, 2013; Kim et al, 2010).

In Arabidopsis Atdmcl mutant, meiotic progression is not arrested and DSBs are repaired
in a pathway dependent on AtRAD51 (Couteau et al, 1999; Li et al, 2004). Arabidopsis
genome lacks an orthologue for Hed1 and Mek1. The absence of orthologues could be the
result of a rapid evolution of the two proteins or the presence of a different mechanism
promoting inter-homologue bias. Several studies suggest that AtDMC1 may repair DSBs
by using the sister chromatid as template, under certain conditions such as in the absence
of AtASY1 and AtATR (Crismani et al, 2013; Kurzbauer et al, 2012). This indicates that
AtASY1 and AtATR are two essential components to favour a bias towards inter-

homologue CO formation in Arabidopsis.
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1.8. Role of the synaptonemal complex in homologous recombination

The formation of a SC and the control over its formation is variable across organisms.
S. pombe (Lorenz et al, 2004a) and Tetrahymena thermophila (Howard-Till et al, 2013)
lack a proper SC. Instead, S. pombe has a primitive linear element while further analysis is
required to clarify the structure of the chromosome axes in Tetrahymena thermophila.
Formation of the SC occurs prior to and independently of the formation of meiotic DSBs in
Drosophila melanogaster (McKim et al, 1998), Caenorhabditis elegans (Dernburg et al,
1998), and females Bombyx mori (Rasmussen, 1976). In contrast, formation of the SC is
dependent on the formation of DSBs in the other organisms (Baudat et al, 2000; Grelon et
al, 2001; Henderson & Keeney, 2004; Romanienko & Camerini-Otero, 2000). The SC is
composed of a central element linked with the two lateral elements by transverse filaments.
The molecular characterisation of the SC components remains largely incomplete. The
conserved transverse filament protein Zipl has been identified in most organisms studied
(Higgins et al, 2005; Liu et al, 1996; MacQueen et al, 2002; Sym et al, 1993). Recently,
two components of the SC have been identified in budding yeast; Ecm11l and Gmc2
(Humphryes et al, 2013). The authors proposed that these proteins promote the formation
of the SC. In mice, SYCE1 (Hamer et al, 2006), SYCE2 (Hamer et al, 2006), SYCE3
(Schramm et al, 2011) and TEX12 (Hamer et al, 2006) form the central element of the SC
(Costa et al, 2005). In C. elegans, SYP2 (Colaiacovo et al, 2003) was characterised as a
component of the central element while SYP1 (MacQueen et al, 2002) and SYP4
(Smolikov et al, 2009) form the transverse filaments and SYP3 (Smolikov et al, 2007)

links the transverse filaments with the lateral elements.
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Electron-microscopy analysis of Drosophila prophase | nuclei revealed the presence of
electron-dense ovoid structures associated with the chromosome axes and the nascent SC
(Carpenter, 1975). These ovoid structures were later identified as recombination nodules.
Two classes of recombination nodules were characterised; the early recombination nodules
are thought to be the cytological representation of the sites of DSB, while the second class
of recombination nodules, called late recombination nodules, are thought to be the
cytological representation of the sites of dHJ and future COs. The number of early nodules
exceeds the number of late nodules. This is consistent with the observation that there is an
excess of DSBs over the number of COs (Cole et al, 2012; Ferdous et al, 2012). An
electron-microscopy study of early meiotic prophase | nuclei from Allium showed bridges
or axial connections between homologous axes (Albini & Jones, 1988). It is thought that
early nodules are first associated with one chromosome axes before forming a bridge
between the two homologous axes. The bridges will then de-evolve back to nodule where
the SC nucleates (Albini & Jones, 1988; Zickler & Kleckner, 1999). Storlazzi et al. (2010)
analysed the dynamics of Mer3-GFP tagged proteins, a protein involved early in the
recombination pathway, in Sordaria. The authors showed that Mer3 localisation evolved
from an on-axis localisation at leptotene to a between-axis localisation at the onset of
synapsis. In contrast, localisation of Msh4-GFP tagged proteins, localising at a later time
point as Mer3, show only a between-axis localisation (Storlazzi et al, 2010). The change of
configuration from axial connections to recombination nodules, as observed by electron
microscopy in Allium, can be explained by the progression of the homologous
recombination events and the formation of intermediate joint molecules as well as the
rapprochement of the homologous axes and the nucleation of the SC. In organisms where

the formation of the SC depends on the formation of DSBs, it is essential that DSBs are
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processed by a recombinase that mediates sSDNA invasion towards the homologous
recombination. This process will ensure connections between homologous chromosomes
and their subsequent pairing. In the absence of these axial connections, the homologous
chromosomes fail to pair, recombine and synapse. These observations also explain the
requirement to have a high number of DSBs in yeasts, mammals and plants. In contrast,
meiotic DSBs are formed after the formation of the SC in C. elegans. In addition, an
average of 2.1 DSBs is formed per chromosome which ensures the formation of the
obligate CO. The synapsis between the homologous chromosomes before the formation of
DSBs alleviates the need to form a high number of DSBs (Mets & Meyer, 2009; Zickler &

Kleckner, 1999).

Storlazzi et al. (2010) estimated the width between the homologous axes at 400 nm at the
onset of leptotene, 200 nm at zygotene, when Mer3 foci change from an on-axis to a
between-axis localisation, and 100 nm between synaptic regions in Sordaria (Storlazzi et
al, 2010). This highlights the coupling between the progression of the homologous
recombination events and the pairing/synapsis of homologous chromosomes. Interestingly,
the width of the SC is similar to the dimensions of the late recombination nodules observed
by EM studies and it is evolutionary conserved across organisms (Goldstein, 1997; Page &
Hawley, 2003; Schild-Prufert et al, 2011; Sym et al, 1993; Zickler & Kleckner, 1999). The
most detailed model of the molecular organisation of the SC was described in C. elegans.
Components of the SC interact with each other to form a “puzzle” bridge emanating from
the central element of the SC towards each lateral element (Hawley, 2011; Schild-Prufert
et al, 2011). The width of the SC is determined by the assembly of these components in a

specific order and a biomechanical constraint limits the width of the SC. A mutation

56



increasing the length of the predicted coiled-coil domain of ZIP1 and SCP1 proteins results
in an increase of the width of the SC in budding yeasts (Sym & Roeder, 1995) and the

width of the polycomplexes in mice (Ollinger et al, 2005).

Initiation and progression of the SC formation can be monitored by immunolocalisation
studies of ZIP1/ZYP1 protein (Figure 1.5B). In budding yeast, SC initiates at distinct sites,
called synpasis initiation sites (SIS) (Chua & Roeder, 1998). The number of SIS
outnumbers the number of COs. In S. cerevisiae, the initial loading of Zipl occurs at non-
centromeric region, where the COs form, as well as at the centromeres (Tsubouchi et al,
2008). Gladstone et al. (2009) and Newnham et al. (2010) proposed that Zipl localisation
at the centromeres favours the association between the homologous centromeres and
segregation of homologous chromosomes at anaphase |. The association between
centromeres limits the mis-segregation of achiasmatic chromosomes (Gladstone et al,
2009; Newnham et al, 2010). A similar role for the transverse filament SYCP1 was
reported in mice (Bisig et al, 2012; Qiao et al, 2012). However, similar localisation of
AtZYPla/b at the centromeric regions was not reported in Arabidopsis (Higgins et al,
2005). In maize, ZYP1 appears to localise at the centromeres but after the centromeres
form associations (Zhang et al, 2013). The asynchronous nucleation of the SC does not
permit an accurate determination of the number of SIS in mammals and plants. COs are
mostly located at the sub-telomeric regions in plants. Hence it is likely that additional SIS,
located at more centromeric proximal regions, occurs to ensure the elongation of a stable
SC. Components of the SC can self-assemble and if the initiation of the SC is not
regulated, aberrant structures called polycomplexes can be observed on the chromatin and

in the nucleus (Ollinger et al, 2005; Sym & Roeder, 1995; Zickler & Kleckner, 1999). In
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addition, formation of the SC can occur between homologous chromosomes, non-
homologous chromosomes and fold-back chromosomes. It is thus important to regulate the
formation of the SC and couple its initiation with the progression of the homologous
recombination events (Golubovskaya et al, 2011). Zickler and Klecker (1999) proposed a
model for the formation of the SC that incorporates two phases of synapsis (Zickler &
Kleckner, 1999). The first phase of synapsis would occur at the SIS and between
homologous chromosomes. The nascent SC structures will undergo a transitional stress
that will destabilise some of the SIS and the SC formed between non-homologous
chromosomes. During the second phase of synapsis, SC cannot initiate at de-novo SIS.
However, the control over the formation of the SC is less stringent and the SC can
polymerise and depolymerise between homologous and non homologous chromosomes in
an attempt to minimise the absence of SC along the chromosome length. This phenomenon
is called synaptic adjustment and was reported in C. elegans (Henzel et al, 2011; Rog &

Dernburg, 2013) and more recently in mice (Kauppi et al, 2013).

The role of the SC in homologous recombination is unclear. The absence of SC in S.
pombe (Kohli & Bahler, 1994; Lorenz et al, 2004b), where only interference-independent
COs are formed, suggests that the SC may be involved in interference. However, this does
not explain the presence of interference in Tetrahymena thermophilas, an organism that
does not form a SC (Howard-Till et al, 2013; Loidl & Scherthan, 2004). Furthermore,
recent studies showed that sites of DSB are designated to become a CO before the
formation of the SC and the distribution of the SIS show interference in budding yeasts
(Fung et al, 2004) and mice (Cole et al, 2012; de Boer et al, 2006). In addition, CO

interference is maintained in an RNAI knockdown of AtZYP1 gene expression in
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Arabidopsis (Higgins et al, 2005). The SC may only have a structural role in maintaining
the homologous chromosomes in close contact to ensure resolution of dHJ into COs
(Borner et al, 2004; Kleckner, 2006). The SC can assemble and disassemble. It is possible
that initial assembly of the SC between non-homologous recombination activates a
checkpoint mechanism that disassembles the SC and dissolves ectopic recombinations.
Interestingly, Higgins et al. (2005) reported the presence of high levels of multivalents in
an RNAI knockdown of AtZYP1 gene expression (Higgins et al, 2005). Furthermore,
dissociation of homeologous association occurs after the formation of the SC in
allohexaploid wheat (Zickler & Kleckner, 1999). However, a decreased in ectopic
recombination was observed in budding yeast zipl mutant. This may represent a

discrepancy of ZIP1 function between organisms (Shinohara & Shinohara, 2013).

1.9. Aim and objectives of my PhD project

Components of the chromosome axes are essential for inter-nomologue CO formation.
Absence of the cohesin subunit AtSYNL1 (Bai et al, 1999) or the axial structural component
AtASY3 (Ferdous et al, 2012) affects the repair of DSBs towards inter-homologue CO
formation. AtASY1 is an axis associated protein localising on the chromatin prior to the
formation of DSBs (Armstrong et al, 2002). In budding yeast and mice, Hopl (Schwacha
& Kleckner, 1994) and HORMAD1 (Daniel et al, 2011), the functional orthologues of
AtASY1, are thought to be involved in the formation of meiotic DSBs. The early
localisation of AtASY1 at G2 phase (Armstrong et al, 2002) suggests that AtASY1 may
have a role in the formation of DSBs and/or the determination of the future DSB sites.

Several proteins have been identified as required for the formation of DSBs. However, the
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function of these proteins and the interplay between these AtSPO11-accessory proteins and

the chromosome axes is largely unknown.

In addition, recent observations from an Atasy3 mutant suggest that AtASY1 has an
important role in the formation of inter-homologue COs during prophase | of meiosis
(Ferdous et al, 2012). Based on this study and on budding yeast studies, AtASY1 and Hop1l
likely act as sensor proteins where their association with the chromosome axes and their
function may be tightly regulated (Carballo et al, 2008). During prophase | of meiosis, the
chromosome axes undergo structural changes in response to the formation of DSBs.
Several lines of evidence from fungi indicate that following the formation of DSBs,
multiple mechanisms govern the remodeling of the chromosome axes and the degree of
condensation of the higher chromatin structure. These modifications are timely regulated
with the progression of meiosis and the recombination events (Kleckner et al, 2004).
Higgins et al. (2012) proposed that the chromatin undergoes cycles of
expansion/contraction through prophase | and that these conformational changes occur
during key steps of the homologous recombination such as the formation of DSBs and the

formation of intermediate joint molecules (Higgins et al, 2012).

The aim of my project consists at further investigating the role of AtASY1 during meiosis.
AtASY1 and AtASY3 share functional similarities with Hopl and Red1, respectively. In
budding yeast, Hopl and Redl form a complex to establish the inter-hnomologue bias. The
first part of my project will assess the interaction between AtASY1 and the newly
characterised axis component AtASY3. The interaction between these two proteins will be

assessed by yeast two hybrid and immunoprecipitation studies from yeast crude extract.
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To shed light on additional functions of AtASY1, it is important to identify new AtASY1
interacting partners. An immunoprecipitation study from Brassica crude extract, using an
anti-AtASY1 antibody, identified several meiotic specific proteins (Osman and Franklin,
personal communication). One of these proteins is AtPRD3. AtPRD3 was previously
characterised as an AtSPO11-accessory protein. The function of AtPRD3 will be further
studied and the link between AtSPO11-accessory proteins and AtASY1/axis components
will be investigated. Immunocytochemistry analysis of AtASY1 using an anti-AtAY1
antibody showed that the staining intensity of AtASY1 is different between unsynapsed
and synapsed regions. This is representative of a remodeling of the chromosome axes
occurring during the progression of the recombination events and the formation of the SC.
Additionally, several (S/T)Q sites of BoASY1 were found phosphorylated by mass
spectrometry analysis (Osman and Franklin, personal communication). One of these
phospho-sites, BOASY1 T294 (corresponding to AtASY1 T295), is conserved across
organisms. In budding yeast, Hopl T318, which corresponds to BOASY1l T294, is
phosphorylated by Mec1/Tell kinases in response to the formation of Spoll-dependent
DSBs (Carballo et al, 2008). Phosphorylation of Hopl T318 is essential to favour inter-
homologue recombination. Therefore, the dynamic of AtASY1 phosphorylation at the
residue T295 during prophase | of meiosis and the biological significance of this post-

translational modification will be analysed.
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Materials and Methods
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2.1. Plant material and growth conditions

Seeds were sown on soil based compost and grown in a glasshouse at 18 °C to 25 °C with
a 16 h light cycle. The ecotype Arabidopsis thaliana Columbia 0 (Col-0) and Brassica
oleracea A12 were used as a wild-type control in all experiments. T-DNA insertion mutant

lines were obtained from NASC and their accession number were specified in Appendix 1.

2.2 Plant manipulation

2.2.1. Bromodeoxyuridine treatment

Stems from 6 week old Arabidopsis thaliana plants were cut under water to a length of 5
cm and were rapidly immersed in a solution of 10 mM bromodeoxyuridine (BrdU)
(SIGMA). The stems were left for 2 hours in the immersion solution and under the
glasshouse condition to allow the BrdU to be incorporated into nuclear DNA of cells
during S-phase via the transpiration stream (Armstrong et al., 2003). After 2 hours, the
stems were transferred to water. Inflorescences were fixed in a solution of 3:1 ethanol-

acetic acid at different time points.

2.2.2. Crossing Arabidopsis thaliana plants

Arabidopsis plants of 5-6 week old, at a stage when they have developed few
inflorescences, were used for crossing. Siliques, open flowers and open buds were

removed from the inflorescence of the mother plant. The three biggest unopened buds were
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kept for emasculation while the smaller buds were removed. The flower buds were then
opened with the help of a forceps and a needle and the immature anthers were removed. A
flower from an Arabidopsis plant with a different genetic background was opened and a
mature anther was taken and rubbed onto the stigma of the emasculated plant until the
stigma was fully covered with pollen. The emasculated plant was then bagged and the

hybrid seeds were harvested 2 to 3 weeks after the crossing.

2.2.3. Plant transformation by floral dipping

2-3 colonies of transformed Agrobacterium tumefaciens GV3101 were used to inoculate
20 ml of luria broth (LB) + rifampicin (25 ug/ml). The culture was incubated at 28 °C
under agitation (multitron infors, 200 rpm) overnight. 125 plL of the overnight liquid
culture was transferred to 500 ml of LB + rifampicin (12.5 pg/ml) until the ODgqo reaches
1.5-2.0. The liquid culture was divided into two sterile buckets and centrifuged for 10
minutes at 1500 g and 4 °C. The supernatant was discarded and the pellet in each tube was
re-suspended in 25 ml of a solution of 5 % sucrose (w/v). The two samples were pooled
and the solution of 5 % sucrose was added to the re-suspended solution until the ODggo

reaches 0.8.

Subsequently to this, 50 ul of Silwet L-77 was added per 100 ml of 5 % sucrose solution.

The 6 week old plants to be transformed were dipped into the solution for 30 seconds. The

plants were then dripped of any excess of bacterial culture, covered with cling film and
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kept under low light for 24 hours. After this, the cling film was removed and the plants

were grown under normal glasshouse conditions (Zhang et al., 2006).

2.2.4. Sterilisation of Arabidopsis seeds for plating on Murashige and Skoog agar

plates

Seeds were sterilised in 20 % Parozone bleach (v/v) for 10 minutes and then washed four
times in sterile distilled water (SDW) for 5 minutes each. Seeds were then left to dry on a
filter paper (Fisher Scientific) in a laminar flow workstation before plating on Murashige

and Skoog (MS) (SIGMA) agar plate supplemented with 25 ug/ml of glufosinate

ammonium.

2.3. Bacterial and yeast strains and growth conditions

2.3.1. Bacterial and yeast strains

2.3.1.1. Bacterial strains

Agrobacterium tumefaciens (A. tumefaciens) GV3101
Escherichia coli (E. coli) DH5a

SupE44, AlacU169 (®lacZAM15), hsdR17, recAl, endAl, gyrA96, thi-1, relAl.
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2.3.1.2. Yeast strains

Saccharomyces cerevisiae (S. cerevisiae) Y2H Gold (Clontech)

2.3.2. Bacterial and yeast growth conditions

Recipes for growth media are specified in Appendix 2.

2.3.2.1. A. tumefaciens

A. tumefaciens liquid cultures were grown on LB containing rifampicin (25 pg/ml) and
kanamycin (50 pg/ml) on a rotary shaker (multitron infors) at 200 rpm for 16 hours at 28
°C. A. tumefaciens cells were placed on luria agar (LA) plates with 25 pg/ml of rifampicin
and 50 pg/ml of kanamycin. Plates were incubated inverted for 2 to 3 days at 28 °C.

Inoculations of liquid culture and agar plates were carried out under aseptic conditions.

2.3.2.2. E. coli

E. coli liquid cultures were grown on LB with appropriate selective antibiotic on a rotary
shaker at 200 rpm (multitron infors) for 16 hours at 37 °C. E. coli cells were placed on LA
agar plates with appropriate selective antibiotic and the plates were incubated inverted for
16 h to 20 h at 37 °C. Inoculations of liquid culture and agar plates were carried out under

aseptic conditions.
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2.3.2.3. S. cerevisiae

S. cerevisiae liquid cultures were grown on yeast peptone dextrose adenine (YPDA) broth
medium or the appropriate synthetic defined dropout amino acids broth medium (SD) on a
rotary shaker at 250 rpm (multitron infors) for about 18 hours at 30 °C. S. cerevisiae cells
were placed on YPDA agar plates or the appropriate SD dropout amino acids agar plates.
Plates were incubated inverted for up to 5 days at 37 °C. Inoculations of liquid culture and

agar plates were carried out under aseptic conditions.

2.4. Nucleic acid manipulation

Recipes for reagents are specified in Appendix 3.

2.4.1. DNA extraction from plant

The edge of a leave was cut using the cap of a 0.5 ml microfuge tube. 50 ul of extraction
buffer was added and the leave was broken up by taping with a tip of a pipette until the
solution turned lightly green. The tube was incubated at 95 °C for 10 minutes and then
cooled on ice for 2 minutes. 50 ul of dilution buffer was added to the solution and the
sample was briefly vortex to mix the solution. Subsequently to this, the tube was
centrifuged at 15.7 g for 1 minute prior to storage at -20 °C. The supernatant contained the

extracted DNA.

67



2.4.2. Polymerase Chain Reaction (PCR)

PCR was used for genotyping transgenic plants and cloning procedures.

2.4.2.1. PCR for genotyping plants

Extracted DNA from Arabidopsis leaves were amplified with two different primer sets to
identify plants homozygote for the T-DNA insertion. WT primer set amplified a genomic
region of the gene of interest only if it does not contain a T-DNA inserted. T-DNA primer
set amplified a region comprising the left border of the T-DNA and the sequence of the
gene of interest adjacent to the left border of the T-DNA inserted (see appendices 1 and 4
for primer combinations and nucleotide sequences). The ThermoPrime Tag DNA
polymerase from Thermo Scientific was used. Primer sequences were obtained from the T-
DNA Express: Arabidopsis gene mapping tool website (http://signal.salk.edu/cgi-
bin/tdnaexpress). Lyophilized oligonucleotides were supplied by Eurofins MWG Operon
and were re-suspended in Biotechnology Performance Certified (BPC) water grade
(Sigma) to a final concentration of 100 uM. Reaction mixtures were made up to a 25 pl

volume as follow:

BPC water grade (Sigma) oul
ReddyMix 12.5 ul
DNA template (100 ng/ul) 1.0l
Primer 1 (10 uM) 1.25 ul
Primer 2 (10 uM) 1.25 ul

68


http://signal.salk.edu/cgi-bin/tdnaexpress
http://signal.salk.edu/cgi-bin/tdnaexpress

A general profile of a PCR reaction is shown in Table 2.1. The optimal annealing

temperature (Tm) of each primers used is presented in Appendix 4.

Table 2.1. PCR cycling parameters for genotyping transgenic plants.
Annealing temperature and extension time of the segment 2 were variable, depending on

both the primer pair used and the length of the DNA fragment to be amplified.

Step Number of cycles Temperature Duration
1 1 95°C 2 minutes
2 35 95°C 25 seconds
Primer Tm—-5°C 35 seconds
72°C 1 minute per kb
3 1 72C 5 minutes

2.4.2.2. PCR for cloning procedures

cDNA synthesised from mRNA template extracted from Arabidopsis buds were amplified
with the high fidelity PfuUltra 1l Fusion HS DNA polymerase (Agilent) to produce error-
free amplification of DNA fragments. Primers were designed by hand and analysed using
the tool OligoAnalyzer 3.1 of the Integrated DNA  Technologies

(http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/).
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Lyophilized oligonucleotides were supplied by Eurofins MWG Operon and were re-
suspended in BPC water grade (Sigma) to a final concentration of 100 uM. Reaction
mixtures were made up, as recommended by the manufacturer’s protocol, to a 50 pl

volume as follow:

BPC water grade (Sigma) 40.5 pl
10X Pfu Ultra Il reaction buffer 5.0 ul
dNTP mix (25 mM each dNTP) 0.5 ul
cDNA template (100 ng/ul) 1.0l
Primer 1 (10 uM) 1.0 pl
Primer 2 (10 uM) 1.0 pl

PfuUltra Il fusion HS DNA polymerase 1.0l

A general profile of a PCR reaction is shown in Table 2.2. The optimal annealing

temperature (Tm) of each primers used is presented in Appendix 4.
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Table 2.2. PCR cycling parameters for cloning procedure using Pfu Ultra | fusion HS

DNA polymerase.

Annealing temperature and extension time of the segment 2 were variable, depending on

both the primer pair used and the length of the DNA fragment to be amplified.

Segment Number of cycles Temperature Duration
1 1 95°C 2 minutes
2 40 95°C 20 seconds
Primer Tm—-5°C 20 seconds
72°C 15 seconds per kb
3 1 72°C 3 minutes

2.4.3. DNA agarose gel electrophoresis

The concentration of agarose used to make a gel depends on the nucleotide length of the
DNA fragments to be visualised. In all cases, 1 % agarose gels were used unless otherwise
specified. Agarose was dissolved in 0.5X TBE in microwave. The molten solution was
then cooled and ethidium bromide was added to a final concentration of 0.5 ug/ml prior to
setting in Hybaid electrophoresis kits. DNA sample was mixed with 1X DNA loading
buffer prior to loading. A 100 bp or 1 kb DNA ladder from New England BioLabs was also
loaded to determine the molecular weight of the nucleic acid products analysed. Small and
long gels, with a dimension of 7 cm X 8 cm or 11 cm X 14 c¢cm, were respectively run at 90

V and 110 V in 0.5X TBE for an hour.
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2.4.4. DNA detection

Images of DNA gel electrophoresis were captured using a FluorS Multi-imager (BioRad)

and DNA fragments were analysed using Quantity One Software (BioRad).

2.4.5. Digestion of DNA by restriction enzymes

Digestions were carried out using the appropriate buffer and restriction enzymes supplied

by New England Biolabs. The temperature of incubation and the incubation time were

depending on the type of restriction enzyme used and both the amount of enzyme and

DNA used. Typically, digestions were carried out at 37 °C for 3 hours.

2.4.6. Purification of digested DNA

Digested DNA were purified using the QIAQuick PCR purification kit (Qiagen) as stated

in the manufacturer’s protocol.

2.4.7. Extraction and purification of amplified DNA from agarose gel

Amplified DNA fragments were separated onto agarose electrophoresis gels and visualised

under minimal UV light. The portion of the gel containing the desired DNA fragment was

cut and DNA was then extracted and purified using the Qiagen gel extraction kit as stated

in the manufacturer’s protocol.
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2.4.8. Ligation of DNA fragments into vectors

Ligation reactions were carried out using the In-Fusion™ advantage PCR cloning kit
(Clontech). Vectors and inserts DNA were mix together in a 1:2 molar ratio. The cloning

reaction was then set up as recommended by the manufacturer’s protocol (Clontech).

2.4.9. Colony PCR

To rapidly screen E. coli resistant cells for the presence of the vector of interest, half of the
colony was plated on a LA plate supplemented with appropriate antibiotics while the
another half of the colony was mixed with 100 ul of BPC water grade (Sigma) and boiled
at 95 °C for 10 minutes. 1 ul of the solution was then used with the addition of a primer set
to identify the presence of the gene of interest in the DNA content of the bacterium. The
solution was mixed with the PCR reaction mixture and the PCR was performed as

mentioned in Section 2.4.2.1.

2.4.10. Extraction and purification of plasmid DNA from bacterial culture

Isolation of plasmid DNA was carried out using the Wizard Plus SV Minipreps DNA
Purification System from Promega. The volume of E. coli overnight liquid culture used
was depending on the type of vector to be isolated. Typically, 7 ml of E. coli DH5a liquid
culture was used. The purification step was prepared as recommended by the

manufacturer’s protocol.
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2.4.11. DNA sequencing
Sequencing of DNA was carried out using the dideoxy chain termination method by the
Functional Genomics Laboratory of the University of Birmingham. DNA samples were

prepared as described below and loaded onto a sequencing plate:

Plasmid DNA template 200-500 ng
Primer 3.2pM

BPC water grade (Sigma)  Up to 10 pl

2.4.12. Sequencing analysis

Sequences obtained from the Functional Genomics Laboratory of the University of
Birmingham were analysed using the software Chromas. Homology search of nucleic acid
sequences was performed by using the programme BLAST, available from the National

Centre for Biotechnology Information (www.ncbi.nlm.nih.gov).

2.5. Transformation of bacterial and yeast cells

Recipes for growth media are specified in appendix 2.

2.5.1. Preparation of bacterial and yeast competent cells

2.5.1.1. Preparation of E. Coli DH5a. competent cells
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5 ul of E. coli DH5« glycerol stock was spreaded on a LA plate. The plate was incubated
inverted at 37 °C for 16 hours. A single colony of E.coli DH5a was used to inoculate 100
ml of Super Optimal Broth medium (SOB) ina 1 L flask (37 °C, 200 rpm, multitron infors)
until the ODgoonm reaches 0.3. The culture was transferred into two ice-cold 50 ml
centrifuge tubes and the cells were recovered by centrifugation (4 °C, 2 700 g, 10 minutes).
The supernatant was poured off and the tubes were drained off for 1 minute. The pellet was
re-suspended in 10 ml of ice-cold 0.1 M CaCl, and the cells were recovered at 2 700 g for
10 minutes at 4 °C. The supernatant was poured off and the pellet was re-suspended in 2
ml of ice-cold 0.1 M CaCl,. Aliquots of 50 ul of competent cells were prepared. The

competent cells were snap frozen in liquid nitrogen and were stored at - 80 °C.

2.5.1.2. Preparation of A. tumefaciens GV3101 competent cells

5 ul of A. tumefaciens GV3101 glycerol stock was spreaded on a LA plate supplemented
with 25 pg/ml of rifampicin. The plate was incubated inverted at 28 °C for 3 days. A single
colony of A. tumefaciens was inoculated in 3 ml of LB containing 25 pg/ml of rifampicin
overnight (200 rpm, multitron infors, 28 °C). Subsequently to this, two flasks each
containing 100 ml of LB (+ 25 ug/ml rifampicin) were inoculated with 0.5 ml of the
overnight liquid culture and grew under agitation (200 rpm, multitron infors) at 28 °C until
the ODgoo reached 0.5-1.0. The liquid culture was then cooled down on ice and transferred
to six 30 ml Corex tubes prior to centrifugation at 2 700 g at 4 °C for 5 minutes. The
supernatant was then poured off and the tubes were inverted for 1 minute to drain the
excess of liquid. Cells in each tube were re-suspended with 15 ml of ice-cold 10 %

glycerol (v/v) then centrifuged as above. The pellet in each tube was re-suspended in 4 ml
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of ice-cold 10 % glycerol before repeating the centrifugation step. Cells were re-suspended
in each tube with 2 ml of ice-cold 10 % glycerol prior to centrifugation. Finally, the pellet
was re-suspended in 1.5 ml of ice-cold 10 % glycerol. Aliguots of 50 ul of competent cells
were prepared. The competent cells were snap frozen in liquid nitrogen and were stored at

- 80 °C.

2.5.1.3. Preparation of S. cerevisiae Y2H Gold competent cells

S. cerevisiae Y2H Gold competent cells were prepared by using the Yeastmaker Yeast

transformation System 2 according to the manufacturer’s instructions (Clontech).

2.5.2. Transformation of bacterial and yeast cells

2.5.2.1. Transformation of E. Coli DH5a by heat shock

100 ng of plasmid DNA was added to a pre-thawed 50 nl aliquot of E. coli DH5a
competent cells with a pre-chilled pipette tip and the mixture was gently stirred. The
mixture was incubated on ice for 30 minutes and then heat-shocked at 42 °C for 90
seconds. The mixture was immediately returned on ice for 3 minutes prior to the addition
of 800 ul of Super Optimal broth with Catabolite repression medium (SOC). The solution
was then incubated at 37 °C (200 rpm, multitron infors, 1 h) for a recovery step. 200 pl of
the solution was spreaded onto a LA plate supplemented with appropriate antibiotic. Plates

were incubated inverted at 37 °C for 16 hours.
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2.5.2.2. Transformation of A. tumefaciens GV3101 by electroporation

100-150 ng of plasmid DNA was added to a pre-thawed 50 pul aliquot of A. tumefaciens
competent cells with a pre-chilled pipette tip and the mixture was gently stirred. The
mixture was then transferred to a pre-cooled electroporation cuvette (Bio-Rad). The
cuvette was gently tap to remove any air bubbles and set in an electroporator (Bio-Rad)
with the setting 25 uF capacitance, 200 Q resistance, 2.4 V voltage for 2 seconds. The
cuvette was then left at 4 °C for 5 minutes and 500 pl of pre-cooled LB was added. The
sample was gently mixed and transferred to a 1.5 ml eppendorf tube. The sample was
incubated at room temperature for 10 minutes and then incubated under agitation (200 rpm,
multitron infors) at 28 °C for 2.5 hours. Subsequently to the recovery step, 100 ul of the
solution was spreaded on a fresh LA plate supplemented with appropriate antibiotic. Agar

plates were incubated inverted at 28 °C for 3-4 days.

2.5.2.3. Transformation of S. cerevisiae Y2H Gold competent cells by polyethylene

glycol/lithium acetate-based method

The transformation of S. cerevisiae competent cells was performed by using the high-
efficiency polyethylene glycol/lithium acetate-based method of the Yeastmaker Yeast

transformation System 2 according to the manufacturer’s instructions (Clontech).

S. cerevisiae competent cells were transformed with 200-500 ng of appropriate plasmid
DNA. Fresh competent cell were rapidly transformed to avoid any significant loss in

efficiency. Unused competent cells were discarded. Approximately 100 ul of 1/10 and
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1/100 dilutions of transformed cells were spread on appropriate SD dropout amino acids

agar plates and the plates were incubated inverted at 30 °C for 2-5 days.

2.6. Protein manipulation

Recipes for reagents are specified in Appendix 3.

2.6.1. Protein extraction

2.6.1.1. Protein extraction from S. cerevisiae using YeastBuster

5 ul of S. cerevisiae glycerol stock was spreaded onto the appropriate SD dropout amino
acids agar plate. The plate was incubated inverted at 30 °C for 3 days. A single colony of
S. cerevisiae was used to inoculate 5 ml of the appropriate SD broth dropout amino acids
medium and the culture was incubated overnight (30 °C, 225 rpm, multitron infors). The
overnight culture was vortexed for 1 minute to disperse the clump of cells and the whole
volume of culture was used to inoculate 50 ml of YPDA broth medium. The culture was
grown at 30 °C under agitation (250 rpm, multitron infors) until an ODggonm 0f 0.4-0.6 was
reached. The culture was quickly chilled by pouring it into a pre-chilled 100 ml centrifuge
tube halfway filled with ice-cold SDW. Then, the tube was centrifuged at 1000 g for 5
minutes at 4 °C. The supernatant was poured off and the pellet was re-suspended in 50 ml
of ice-cold SDW. The pellet was recovered by centrifugation at 1,000 g for 5 minutes at 4
°C. The pellet was re-suspended in 1.5 ml of ice-cold SDW and stored at -70 °C. The

extraction of proteins from yeast cells was performed by using YeastBuster protein
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extraction kit as stated by the manufacturer’s recommendations (Novagen). The protein
extract was stored at 4 °C, to avoid inactivation of proteins by freeze-thaw cycles, before

loading onto SDS-polyacrylamide gel.

2.6.1.2. Protein extraction from S. cerevisiae using TCA precipitation

The preparation of yeast cultures for protein extraction was performed as described in the
Section 2.6.1.1. Each cell pellet was re-suspended in 100 pl of ice-cold TCA buffer per 7.5
ODgoonm units of cell culture (the total number of ODgyonm UNits for a liquid culture is
defined by multiplying the ODgoonm by the volume of culture). The re-suspension solution
was transferred to a pre-chilled tube containing 100 ul of 425-600 microns glass beads
(SIGMA) and 100 ul of ice-cold 20 % TCA (w/v) per 7.5 ODggonm Units of cells. The tube
was vortexed for 10 minutes at 4 °C and then put on ice for 1 minute. The supernatant
above the settled glass beads was transferred to a new tube and left on ice (first cell
extract). The glass beads were washed with 500 ul of an ice-cold 1:1 solution of 20 %
TCA and TCA buffer. The tube was vortexed for 5 minutes at 4 °C and then put on ice for
1 minute. The supernatant above the settled glass beads was transferred to the first cell
extract. The tube containing the two cell extracts was centrifuged at 15.7 g, 4 °C for 10
minutes. The supernatant was discarded and the pellet was re-suspended in TCA-Laemmli
loading buffer (10 ul of TCA-Laemmli loading buffer, defined in Appendix 3, per ODgoonm

units of cells).
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2.6.1.3. Protein extraction from plant

Plant tissue was collected in an eppendorf and snap froze in liquid nitrogen before being
stored at - 80 °C until required. Plant material was ground to a powder with a blue pestle
for 5 minutes. The tissue was not allowed to thaw by continually refreezing the tube in
liquid nitrogen. One volume of IP buffer was then added and the plant material was
grounded for 10 minutes. After this, one volume of IP buffer was added and the sample
was briefly vortexed. Then, the sample was centrifuged for 20 minutes, 4.5 g at 4 °C. The

supernatant containing the protein extract was further analysed.

2.6.2. Estimating protein concentration

Protein concentration was estimated using the BioRad assay according to the
manufacturer’s instructions. Bradford reagent was added to the protein samples and the
absorbance was measured at 595, using a Jenway 6305 UV/Vis spectrophotometer. A

solution of BSA 10 mg/ml (New England Biolabs) was used as a standard.

2.6.3. Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis.

Proteins were analysed by sodium-dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using Bio-Rad self-assembly kits. The percentage of polyacrylamide used
depended on the molecular weight of the protein being studied. Proteins of low molecular
weights were analysed on 12 % SDS-polyacrylamide gels whereas high molecular weight

proteins (over 60 kDA) were analysed on 10 % SDS-polyacrylamide gels. After pouring 7
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ml of resolving gel into the glass plates, a layer of absolute butanol was added to level the
top of the gel. After the resolving gel had set, the butanol was rinsed off with SDW. The
stacking gel was then cast on the top of the resolving gel and a comb containing wells of
the appropriate size was inserted. For both gel, TEMED was added just prior to pouring as
this cause the polyacrylamide to polymerise. After polymerisation of the stacking gel, the
comb was removed and the gel was assembled to the electrophoresis apparatus as
described in the manufacturer’s instructions. Proteins to be loaded were mixed with 1X
SDS-loading dye and boiled for 5 minutes prior to loading. The protein molecular weight
marker PageRuler™ Plus (fermentas) was loaded to estimate the molecular weight of the
proteins being studied. Gels were run in 1X Electrode Buffer at 70 V for 30 minutes and

100 V until the dye reached the bottom of the gel.

2.6.4. Two dimensional gel electrophoresis

Plant crude extract was precipitated with 7 volumes of ice-cold acetone + 20 mM
dithiothreitol (DTT) overnight at — 20 °C. The solution was centrifuged at 4.5 g, 4 °C for 2
minutes. The supernatant was discarded and the pellet was washed two times with 7
volumes of ice-cold acetone + 20 mM DTT. Following the final centrifugation, the
supernatant was discarded and the pellet was dried at room temperature for 5 minutes
before being incubated at — 20 °C for 1 hour. The rehydratation step and the first-
dimension isoelectric focusing step were performed using Ettan™ IPGphor™ Isoelectric
Focusing System and 7 cm immobiline DryStrips pH 3-5.6 NL according to the
manufacturer’s instructions (Amersham Biosciences). Following equilibration of the

immobiline DryStrips, a 10 % SDS page was prepared as mentioned in the Section 2.6.3 at
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the exception that the comb containing wells was not used. Instead, the immobiline
DryStrip was placed in contact to the stacking gel and a small well was cut out in the
resolving gel and was used to load the protein molecular weight marker PageRuler™ Plus
(fermentas) on the side of the immobiline DryStrip. Gels were run in 1X Electrode Buffer
at 50 V for 30 minutes. The immobiline DryStrips were then removed and the gels were

run at 100 V until the dye reached the bottom of the gel.

2.6.5. Western blotting

2.6.5.1. Transfer of proteins to nitrocellulose membrane

Proteins were resolved by SDS-PAGE and the stacking gel was removed. The western blot
apparatus was then assembled with the gel according to the manufacturer’s instructions
(Bio-Rad). Four sheets of Whatman 3M filter papers and two sponges were cut to the size
of the gel and were soaked in protein transfer buffer for 10 minutes. The gel was placed in
contact to a nitrocellulose membrane pre-soaked in protein transfer and two Whatmans
paper and a sponge were added on the top of the membrane. Two additional Whatman
papers and a sponge were placed directly in contact to the back side of the gel. Great care
was taken to ensure that no air bubble was in this stack of membranes. The layered
arrangement was then placed between two electroblotting pads (Bio-Rads) and inserted
into an electroblotting tank (Bio-Rad). An ice block was added to prevent the solution to
over-heat and the tank was filled with protein transfer buffer. Bio-Rad power packs were

used to blot the gel at 400 mA under agitation for 1.5 h at 4 °C. Following to transfer, the
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nitrocellulose membrane was removed and placed in blocking buffer at 4 °C under

agitation for subsequent blotting.

2.6.5.2. Antibody blotting

The nitrocellulose membrane was placed in blocking buffer under agitation on a desk top
shaker at 4 °C overnight. All subsequent steps were performed at room temperature and
under agitation using a desk top shaker. The membrane was incubated for 2 hours in
blocking buffer containing the primary antiserum. The membrane was washed three times
10 minutes in 1X TBST buffer and then incubated with a blocking buffer containing the
secondary antibody conjugated with horseradish-peroxidase for 1 hour. The membrane was

then washed four times 10 minutes in 1X TBST buffer before detection.

2.6.5.3. Enhanced chemiluminescence detection

Proteins were detected with ECL blotting reagents according to the manufacturer’s

instructions (GE Healthcare). Blots were placed on Hyperfilm-ECL (Amersham) and

developed using an X-o0-Graph (Fuji).

2.6.6. Coomassie staining of protein gels

Gels were stained in Coomasie stain solution under agitation (AOS rocking platform) at

100 rpm for 1h30 and then destained overnight in Coomasie destain solution under the

same agitation. Gels were then washed in SDW and stored between cellophane sheets.
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2.6.7. Ponceau S staining of protein gels

Nitrocellulose membranes were stained two times 5minutes in Ponceau S stain solution
under agitation (AOS rocking platform) at 100 rpm. The membranes were then washed two

times in SDW under agitation (AOS rocking platform) at 100 rpm for 5 minutes.

2.6.8. Antiserum purification

2.6.8.1. Antiserum purification by blotted antigen

The same recombinant protein used to generate an antiserum was loaded onto a SDS
polyacrylamide gel and transferred to a nitrocellulose membrane. Proteins were visualized
by Ponceau S staining and the band corresponding to the predicted molecular weight of the
recombinant protein was cut. The part of nitrocellulose containing the recombinant protein
was then incubated two times 30 minutes with a blocking buffer before incubation with 2
ml of a solution 1:1 antiserum/blocking buffer on a roll overnight and at 4 °C. The
nitrocellulose membrane was washed four times 5 minutes with a solution of 1X TBST
buffer on a roll at room temperature. The supernatant was discarded and 1 ml of elution
buffer was added. The solution was mixed for 30 seconds and the supernatant, containing
the purified antibody, was transferred to a new tube with 70 ul of 1.5M Tris. The elution
step was repeated 2 more times and both supernatants were pooled in the tube containing

the first supernatant solution.
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2.6.8.2. Antiserum purification by E. Coli-reactive protein column purification

Antiserum was purified by using the immobilized E. coli lysate kit (pierce thermo

scientific) as stated in the manufacturer’s protocol.

2.6.9. Immunoprecipitation

2.6.9.1. Binding antibodies to protein A beads

One volume of protein A beads (bv) (Bio-Rad) was briefly washed two times with 10 bv of
a solution of 1X TBST. The solution was centrifuged for 2 minutes, 4.5 g at 4 °C. The
supernatant was discarded. Then, a volume of antibody was added to the protein A beads
to reach a ratio of 1 mg of antibody per ml of beads. The solution was mixed on a rotator
for 1 hour at room temperature. The beads were then washed three times briefly with 10 bv
of 1X TBST on a rotator at 4 °C. The solution was centrifuged for 2 minutes, 4.5 g at 4 °C

and the supernatant was discarded.

2.6.9.2. Cross-linking of antibodies to beads

Beads bound with the antibody were washed briefly three times with a solution of 0.2 M
sodium borate (pH 9.2). The solution was centrifuged for 2 minutes, 4.5 g at 4 °C and the
supernatant was discarded. Beads were then mixed with a solution of 20 mM dimethyl
pimelimidate dihydrochloride (SIGMA) in 0.2 M sodium borate (pH 9.2) on a rotator for

30 minutes at room temperature. The reaction of cross-linking was stopped by washing the
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beads two times with 10 bv of 0.2 M Tris-HCI, pH 8.0 on a rotator for 10 minutes at room
temperature. The solution was centrifuged for 2 minutes, 4.5 g at 4 °C and the supernatant
was discarded. The beads were then washed two times briefly with 10 bv of 1X TBST on a
rotator for 10 minutes at room temperature. The solution was centrifuged for 2 minutes, 4.5

g at 4 °C and the supernatant was discarded.

2.6.9.3. Pre-elution with glycine

To remove non-crosslinked antibodies, beads were washed two times briefly with 10 bv of
a solution of 0.1 M glycine, pH 2.0. Beads were then washed three times briefly with 10 bv
of 1X TBST at 4 °C. Antibody-coupled beads were stored at 4 °C in 1X TBST + 0.05 % of

sodium azide.

2.6.9.4. Pre-clearing of the protein extract

Protein extraction from plant tissue was performed as described above. The crude extract
was incubated with a solution of non-specific antibody-coupled beads (1 ul of antibody-
coupled bead for 150 ug of protein) on a rotator for 30 minutes at 4 °C. The solution was

centrifuged for 2 minutes, 4.5 g at 4 °C and the supernatant was used for further steps.

2.6.9.5. Immunoprecipitation

The supernatant containing the pre-cleared protein extract was incubated with a solution of

specific antibody-coupled beads (1 ul of antibody-coupled bead for 150 ug of protein) on a
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rotator for 30 minutes at 4 °C. The solution was centrifuged for 2 minutes, 4.5 g at 4 °C
and the supernatant was discarded. Beads were re-suspended in a solution of 50 bv ice-cold
IPW buffer (IP buffer + 0.1 % NP-40 (SIGMA), 1X PIM, 0.1 mM phenylmethylsulfonyl
fluoride) and incubated on a rotator for 5 minutes at 4 °C. The solution was centrifuged for
2 minutes, 4.5 g at 4 °C and the supernatant was discarded. Two more washed with 50 bv

ice-cold IPW buffer were performed.

2.6.9.6. Elution of immunoprecipitated proteins from beads

Beads were re-suspended with 100 ul of a solution of 150 mM NaCl. The solution was
transferred to an Axygen low-retention 0.2 ml PCR tube. The solution was centrifuged for
2 minutes, 4.5 g at 4 °C and the supernatant was discarded. Beads were then incubated
with 40 p of 0.1 M glycine (pH 2.0) and the solution was mixed by flicking the tube for 1
minute at 4 °C. The solution was centrifuged for 2 minutes, 4.5 g at 4 °C and the
supernatant was transferred to a new Axygen low-retention 0.2 ml PCR tube. Beads were
incubated a second time with 20 u of 0.1 M glycine (pH 2.0) and the solution was mixed
by flicking the tube for 1 minute at 4 °C. The solution was centrifuged for 2 minutes, 4.5 g
at 4 °C and the supernatant was pooled with the previous supernatant. Beads were briefly
washed three times with 10 bv of 1X TBST before storage. The solutions of

immunoprecipitated proteins were kept overnight at 4 °C before analysis.
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2.7. Cytological procedures

Recipes for reagents are specified in Appendix 3.

All microscopic slides (SuperFrost VWR) were washed with acetone then water and finally
with ethanol for 10 minutes each wash. The slides were left at room temperature to dry and

were recovered with cling film.

2.7.1. Alexander’s staining of Arabidopsis pollen

Arabidopsis inflorescences were fixed in a solution of 10 % ethanol (v/v) overnight at
room temperature. Mature anthers were dissected and placed in a drop of water on a
microscopic slide. The anthers were squashed with the edge of a forceps to release the
pollen grains and 2-3 drops of Alexander’s stain solution were added. The slides were then
covered with a cover slip which was sealed with a rubber solution. Slides were incubated

on a hot block at 50 °C for 1.5 hours.

2.7.2. DAPI-stained chromosome spread

Arabidopsis inflorescences were fixed in a fixative solution composed of 3:1 ethanol-acetic
acid for 3 hours on ice. The inflorescences were then incubated in a fresh solution of
fixative for 5 hours at room temperature before changing the fixative solution one more
time. Fix buds with a length of approximately 0.2-0.7 mm, corresponding to the floral

stages 8 to 10 as defined by Smyth et al. (1990) and linked with meiotic stages by
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Armstrong and Jones (2003), were dissected with a pair of forceps in a fresh solution of
fixative solution in a black jar under a Nikon SMZ 800 stereomicroscope (Armstrong &
Jones, 2003; Smyth et al, 1990). Buds were then washed three times in a solution of citrate
buffer for 2 minutes. Buds were then incubated with an enzyme solution in a moist box for
1.5 hours at 37 °C. Following this, the reaction was stopped by replacing the enzyme
solution with a solution of citrate buffer. One or two buds, depending on their respective
size, were transferred to a drop of SDW on a slide and were gently tapped with a brass rod
and two times 5 ul of 60 % acetic acid was added. The mixture containing the meiocytes
was then mixed with a needle and the slides were placed on a hot block at 48 °C for 1
minute. 125 pL of ice-cold fixative solution was added on the slides, which were
subsequently dried inverted using a hairdryer. The slides were counterstained with 14 ul of

a solution containing DAPI/Vectashield.

2.7.3. Fluorescence In-Situ Hybridisation

Chromosome spreading was prepared using the method as previously described in Section
2.7.2. Slides with the desirable meiotic stages were washed with absolute ethanol until the
cover slip could be easily removed from the slide. The slides were then washed in 2X SSC
for 10 minutes at room temperature. The slides were then incubated in a solution of pepsin
for 1.30 minutes at 37 °C. Following this, the slides were washed with 2X SSC for 10
minutes and with 4 % paraformaldehyde (w/v) for 10 minutes at room temperature. The
slides were briefly rinsed in SDW prior to an alcohol series washes with 70 %, 85 % and
absolute ethanol (v/v) for 2 minutes incubation each wash. 19 ul of hybridisation solution

was applied onto each slide. A cover slip was added to each slide and sealed with rubber
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solution. The slides were then placed on a hot block for 4 minutes at 75 °C and then
incubated in a moist box for 1-2 days at 37 °C. Following hybridisation, the cover slips
were removed and the slides were washed three times with 50 % formamide in 2X SSC,
one time with 2X SSC and one time with 4T. Each wash was performed in a fume
cupboard at 45 °C for 5 minutes. The slides were then washed with 4T at room temperature
for 5 minutes before applying 50 ul of a solution containing the secondary antibodies. The
slides were incubated in a moist box for 30 minutes at 37 °C. The slides were then washed
three times with 4T for 5 minutes at room temperature and the slides were counterstained

with 14 ul of a solution containing DAPI/Vectashield (Sanchez Moran et al, 2001).

2.7.4. BrdU detection

Chromosome spreading was prepared using the method as previously described in Section
2.7.2 at the exemption that the slides were not counterstained with DAPI/Vectashield. The
slides were washed 3 times with a solution of PBST at room temperature for 5 minutes.
BrdU labelling of nuclear cells was detected by probing the slides with an anti-BrdU
antibody (Roche) as mentioned by the manufacturer’s recommendations. The slides were

counterstained with 14 ul of a solution containing DAPI/Vectashield.

2.7.5. Immunolocalisation

Immature anthers from fresh buds with a length of approximately 0.2-0.5 mm,

corresponding to the floral stages 8 and 9 as defined by Smyth et al. (1990) and linked with

meiotic stages by Armstrong and Jones (2003), were dissected, on a damp filter paper
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(Fisher Scientific), using a forceps and a needle under a Nikon SMZ 800 stereomicroscope
(Armstrong & Jones, 2003; Smyth et al, 1990). 6 buds were dissected for each slide
prepared and the anthers were collected in 5 ul of EM digestion mix. After dissection, 5 ul
of EM digestion mix was applied on the anthers and the slides were incubated in a moist
box on a hot block at 37 °C for 1 minute. Following this, the anthers were gently tapped
with a brass rod to release meiocytes. 10 ul of EM digestion mix was added and the slides
were incubated in a moist box on a hot block at 37 °C for 2 minutes. 10 ul of 1 % lipsol
(v/v) was then applied on each slide and the solution was mixed for 1 minute with a needle
to individualise the meiocytes (Armstrong et al, 2002). Before the slides started to dry, 20
ul of 4 % paraformaldehyde (w/v) was added on each slide and the slides were placed in a
fume cupboard. After the slides were dried, they were briefly washed in PBST and 50 pl of
a solution containing the primary antibodies in EM block was applied on each slide. The
slides were then incubated in a moist box for 1 or 2 days, depending on the antibodies
being used, at 4 °C. After incubation, the slides were washed three times with PBST for 5
minutes at room temperature. 50 pl of a solution containing the secondary antibodies
diluted in EM block were applied on the slides. The slides were then incubated in a moist
box at 37 °C for 30 minutes. After incubation, the slides were washed three times with
PBST for 5 minutes at room temperature and were counterstained with 7 ul of a solution

containing DAPI/Vectashield.

2.7.6. Microscopy and image analysis

For scoring pollen viability, slides were prepared using Alexander’s staining method and

were examined by using a Leitz Dialux 22 microscope binocular. Images were captures by
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a photometrics sensys camera on a Nikon eclipse E600 fluorescence microscope. Images

were analysed using Smart Capture 3 software.

Slides prepared for DAPI staining and FISH labelling were examined by fluorescence
microscopy using an Olympus BX61. Images were captured by a Hamamatsu C8484

digital camera and were analysed using Smart Capture 3 software.

Slides prepared for immunolocalisation studies were examined by fluorescence
microscopy using a Nikon eclipse 90i. Images were captured by a Nikon DS-QilMc digital
camera and were analysed using NIS-Elements AR 3.2 software. Images were

deconvolved by the Mexican hat function.

2.8. Yeast two hybrid assay

Yeast two hybrid assay was performed using the Matchmaker Gold Yeast Two-Hybrid
Sytem, as recommended by the manufacturer’s protocol (Clontech). Co-transformed yeast
cells, expressing respectively a bait protein fused to the Gal4 DNA-binding domain and a
prey protein fused to the Gal4 DNA activation domain, were grown on SD dropout leucine
(Leu), tryptophan (Trp), histidine (His), adenine (Ade) agar plates and SD dropout -Leu, -
Trp, -His agar plates to test for protein-protein interaction. Agar plates were inverted
incubated at 30 °C for up to 6 days. To confirm the interaction and assess the strength of
interaction between two proteins, a colony was used to inoculate 5 ml of SD broth dropout
-Leu, -Trp. The culture was incubated at 30 °C under agitation (multitron infors) at 250

rpm for 15 hours. Liquid cultures with a similar ODggonm Of approximately 0.5, were used
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for the drop dilution assay. 3 ul of the liquid culture with no dilution, 1/10 and 1/100
dilutions in 0.9 % NaCl (w/v) solution were dropped on the appropriate SD dropout amino
acids agar plates. Agar plates were inverted incubated at 30 °C for 2 days. Images were

captured by a FinePix S20 Pro digital camera.

2.9. Statistical procedures

All statistical procedures were carried out using Microsoft Office Excel.
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Chapter 111

AtASY1 physically interacts with the coiled-coil
domain of AtASY3 to form a complex that favours

inter-homologue CO formation
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3.1. Introduction

In budding yeast, Spoll-dependent DSBs are principally repaired by inter-homologue
recombination. It is though that Red1 and Hopl form a complex with the forkhead kinase
Mek1 to establish a barrier to inter-sister recombination (Hong et al, 2013; Kim et al, 2010;

Niu et al, 2005; Wan et al, 2004; Woltering et al, 2000).

Caryl et al. (2000) identified AtASY1, a HORMA protein, required for synapsis and inter-
homologue CO formation. The authors proposed that the protein is the functional
orthologue of the budding yeast Hopl (Armstrong et al, 2002; Caryl et al, 2000; Sanchez-
Moran et al, 2007a). More recently, a new component of the chromosome axis sharing
some functional similarities with Red1 was identified as AtASY3. AtASY3 is essential for
the proper localisation of AtASY1, synapsis between homologous chromosomes and the

formation of inter-homologue COs (Ferdous et al, 2012).

The initial aim of this project consisted at analysing the amino acid sequence of AtASY3
to gain more information about the function of the protein. A database search using the
Conserved Domain Search Service from the National Center for Biotechnology
Information revealed that a putative coiled-coil domain located towards the C-terminus of
the protein is the only conserved predicted secondary structure found between AtASY3
and its functional orthologues. In S. cerevisiae, Woltering et al., (2000) showed that the
regions upstream of the first coiled-coil domain and the second coiled-coil domain of Redl
are involved in the interaction with Hopl. Therefore, the second part of the project

consisted of testing the interaction between AtASY1 and AtASY3. A yeast two-hybrid
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assay showed that the two proteins physically interact in the same manner as their
functional orthologues in budding yeast. To confirm the interaction between the two
proteins, an anti-AtASY3 antiserum was purified and used to immunoprecipitate AtASY1
from yeast crude extracts. Additionally, Osman and Franklin found that BoASY3, the
homologue of AtASY3 in Brassica oleracea, was pulled down with an anti-AtASY1
antibody. Overall these results suggest that ASY1 forms a complex with ASY3 in plant.
The coiled-coil domain conserved between AtASY3 and its functional orthologues seems
to be particularly important for the function of the protein in several model organisms. For
instance in S. cerevisiae, the coiled-coil domain located towards the C-terminus of Red1 is
involved in the homo-dimerization of the protein, the interaction with Zipl and contains a
lysine rich motif that undergoes SUMO modification (Eichinger & Jentsch, 2010;

Woltering et al, 2000).

Yeast two-hybrid assay and co-immunoprecipitation study showed that AtASY 3 interacts
with AtASY1 via its coiled-coil domain. AtASY3 can also form a homo-dimer through the
coiled-coil domain. The similarity of function between AtASY1/AtASY3 and their
functional orthologues in budding yeast suggests that the two proteins may form a complex
to prevent the use of the sister chromatid during the repair of AtSPO11-dependent DSBs in

Arabidopsis.
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3.2. Comparative analysis and structure prediction of AtASY3 with its

functional orthologues in other model organisms

A Dblast search of sequence similarity between budding yeast meiotic proteins and the
Arabidopsis proteome is a powerful method to identify new proteins involved in
Arabidopsis meiosis. However, the degree of similarity at the amino acid level between
proteins across kingdoms is often low. Therefore, the secondary and tertiary structures of

proteins are analysed to detect homology of structure (Kumar et al, 2010).

3.2.1. Comparative analysis of AtASY3 and its functional orthologues

The full length amino acid sequence of AtASY3 was successively aligned with the full
length amino acid sequence of six functional orthologues; among them, three belong to the
kingdom Fungi and three belong to the kingdom Planta. Comparative analysis between
amino acid sequences was carried out using the sequence similarity search of the European
Bioinformatics Institute (www.ebi.ac.uk) and the amino acid sequence of the different
proteins were obtained from the National Center for Biotechnology Information

(ww.ncbi.nlm.nih.gov).

The degree of conservation between the amino acid sequence of AtASY3 and its fungal
orthologues is relatively low with less than 17% amino acid identity and between 19% and
41% amino acid similarity. AtASY3 shares about 25 % identity with OsPAIR3 and
HVASY3. In contrast, AtASY3 has 74% identity and 82% similarity with BoASY3 (Table

3.1).
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The low degree of sequence similarity between AtASY3 and its functional orthologues
from yeasts and monocotyledon plants is not surprising and a similar lack of sequence
similarity between meiotic proteins and their functional orthologues from different
organisms was previously reported (Kumar et al, 2010). Additionally, the high level of
sequence identity between AtASY3 and BoASY3 is in accord with the recent separation of
the lineages between Arabidopsis and Brassica (Town et al, 2006). The overall low
homology between AtASY3 and its functional orthologues suggests that the proteins may

share a similar structural role rather than a similar enzymatic function.

3.2.2. Structural analysis of AtASY3 and its functional orthologues

Woltering et al. (2000) predicted the presence of two putative coiled-coil domains in Red1.
Coiled-coil is a supersecondary structure, in which two to five helices are wrapped around
each other. Coiled-coil domains are important structures involved in protein-protein
interactions (Mason & Arndt, 2004). A database search, using the coiled-coil prediction
tool of the Pole Biolnformatique Lyonnais (npsa-pbil.ibcp.fr) and the tool of the European
Molecular Biology network (www.embnet.org), revealed that RED1 has two putative
coiled-coil domains at the positions 359-400 and 750-808. One coiled-coil domain was
predicted towards the C-terminus of all AtASY3 functional orthologues apart from its K.

lactis orthologue.

The Search for Conserved Domain of the National Center for Biotechnology Information

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) was used to identify additional

predicted domains of AtASY3 and its functional orthologues. A predicted P-loop NTPase
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was predicted at the position 155-273 (P = 0.05) and a condensin domain was predicted at
the position 391-616 (P = 0.02) of AtASY3. Interestingly, a condensin domain was also
predicted for its budding yeast orthologue Red1 at the position 429-704 (P = 0.04) (Figure
3.1). However, no predicted domain with a P value under 0.05 was found for the other

AtASY 3 functional orthologues.

Species Degree of identity (%) Degree of similarity (%)
ScRed1 16.4 30
KIRed1 11.5 19.3

SpRec10 14.9 41

OsPAIR3 25.6 25.5

BOoASY3 73.6 82

HVASY3 23.3 39.1

Table 3.1. Sequence homology between AtASY3 and its functional orthologues

The whole amino acid sequence of AtASY3 was successively aligned with the whole
amino acid sequence of each of its functional orthologues to determine the degree of
identity and similarity. Sc: Saccharomyces cerevisiae, Kl: Kluyveromyces lactis, Sp:
Schizosaccharomyces pombe, Os: Oryza sativa, Bo: Brassica oleracea, Hv: Hordeum

vulgare.
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AtASY3
P-loop NTPase Condensin _ Coiled-coil _
1 155 273 391 616 623 785 793
B ScRed1
Coiled-coi Condensin Coiled-coil
1 347 353 359 400 429 704 750 827

Figure 3.1. Schematic illustration of the predicted domains of AtASY3 (A) and
ScRed1 (B) and their relative position

AtASY 3 and budding yeast ScRed1 have similar predicted domains located towards the C-
terminus region of both proteins. The P loop NTPase and the condensin domain of
AtASY 3 are predicted with a P value of P = 0.05 and P = 0.02, respectively. The condensin
domain of ScRed1 is predicted with a P value of P = 0.04.
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3.3. AtASY1 physically interacts with AtASY3 in a yeast two-hybrid

assay

In budding yeast, Hopl and Redl form a complex that favours inter-homologue
recombination (Woltering et al, 2000). Immunocytochemistry analysis of chromosome
spread preparations from PMCs of Arabidopsis wild-type and an Atasy3 T-DNA insertion
mutant suggested that AtASY3 may be a functional orthologue of RED1 (Ferdous et al,
2012). We hypothesised that if AtASY1 and AtASY3 are the functional orthologues of
Hop1l and Red1 respectively, they may also physically interact like their yeast counterparts

(Woltering et al, 2000).

To test the potential interaction between AtASY1 and AtASY3, a yeast two-hybrid assay
was performed. Amplification of the full length coding sequence of AtASY1 and AtASY3
was carried out by PCR amplification of Arabidopsis bud cDNA, using the primer sets
pGAD-ASY1 F/pGAD-ASY1 R, pGBK-ASY1 F/pGBK-ASY1 R, pGAD-ASY3;.7¢3 F/
PGAD-ASY31.793 R and pGBK-ASY3,.793 F/ pGBK-ASY31.793 R (See Appendix for the
nucleotide sequences). The corresponding PCR products were then cloned into pPGADT7
and pGBKT7 vectors to form in-frame fusions with the GAL4 activating domain (AD) and
the GAL4 DNA-binding domain (BD). The DNA-binding domain specifically binds to a
binding site in the UAS region, which is present in the G1 and G2 promoters that regulate
the expression of the two yeast reporter genes HIS3 and ADE2. HIS3 and ADE2 gene
products are involved in the histidine and adenine synthesise pathways, respectively. A
yeast two-hybrid assay was performed as described in Materials and Methods. Y2HGold

yeast cells were co-transformed with vectors encoding AtASY1-AD and AtASY3-BD and
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the reciprocal pair of constructs. Co-transformed colonies were screened on SD dropout
leucine and tryptophan (SD-LT). The positive co-transformed cells were then incubated on
SD dropout media lacking leucine, tryptophan and histidine (SD-LTH) or SD dropout
media lacking leucine, tryptophan, histidine and adenine (SD-LTHA) to test for protein-
protein interaction through the activation of the two nutritional reporter genes HIS3 and
ADEZ2. In addition, negative controls were generated by co-transforming Y2HGold cells
with either the AtASY1 or AtASY3 construct in addition to the empty complementary

vector, to ensure that no auto-activation of the reporter genes occurred.

After 4-5 days of incubation, growth of yeast cells expressing AtASY1 and AtASY3 was
observed on SD-LTH and SD-LTHA (Figure 3.2). In contrast, yeast cells expressing
either AtASY1 or AtASY3 alone were unable to grow on the more stringent media SD—
LTHA. A few colonies were observed on the less stringent media SD-LTH for cells co-
transformed with pGBKT7-ASY1/pGADT7 and pGADT7-ASY3/pGBKT?7. The degree of
growth was assessed by serial drop dilutions of mid-exponential-phase cell cultures.
Growth of colonies co-transformed with pGBKT7-ASY1/pGADT7 and pGADT7-
ASY3/pGBKT7 was observed on SD —LTH at no dilution but not at the 1/10 and 1/100
dilution, suggesting that the expression of the reporter gene HIS3 was very weak compared
to the cells expressing both AtASY1 and AtASY3 (Figure 3.2). The histidine competitor 3-
amino-1,2,4-triazole, which is a competitive inhibitor of the HIS3 gene product, was not
used as it was not needed to validate an interaction between AtASY1 and AtASY3. The
growth of yeast cells expressing only the fused protein AtASY3-AD on SD-LTH may be
due to the DNA-binding property of AtASY 3 although it is unlikely that AtASY 3 binds to

yeast promoters. The growth of yeast cells on the restrictive media is likely due to weak
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leaky expression of HIS3. Protein extraction and subsequent western blot analysis were
performed for all combinations of co-transformed cells to ensure that the recombinant
proteins were correctly expressed in yeast cells (Figure 3.3). The recombinant protein
AtASY3 was not consistently observed at the expected molecular weight of 105-110 KDA
on western blotting using a rabbit anti-AtASY3 antiserum. Instead, several bands were
observed with a molecular weight of 70 kDA, 50 kDA and 20 KDA. The proportion of each
band was variable between samples. A similar shift of migration was observed with the
recombinant protein AtASY1 but to a lesser extent. This may represent a truncated version

of the protein that occurred during the procedure of protein extraction.

Overall, the yeast two-hyrbid assay showed that AtASY1 physically interacts with
AtASY3 and suggests that the two proteins may also interact in Arabidopsis. The
interaction between the two proteins was not observed every time the experiment was
performed. Several types of media with slight variations in their composition were used to
determine the cause of the presence/absence of interaction. It was however not possible to
determine the cause of the variations observed in the interaction between AtASY1 and
AtASY3. In addition, more cells co-transformed with the vectors encoding the fusion
proteins AtASY1-BD and AtASY3-AD grew on the restrictive media SD-LTHA than the
cells co-transformed with the reciprocal pair of vectors. It is possible that the interaction
between the two proteins is transient and the post-translational modification of at least one
of the two proteins is required to stabilize the complex. It is also possible that AtASY1 and
or AtASY3 are toxic at some level for the cells. Similarly, the interaction between Redl

and Hopl, the yeast functional orthologues of AtASY3 and AtASY1, was not consistently
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observed (Wang TF, personal communication). In order to validate the interaction between

AtASY1 and AtASY3, it is important to confirm the interaction by a different technique.

104



SD-LT SD-LTH SD -LTHA

pGADT7-AtASY1/pGBKT7

PGBKT7-AtASY1/pGADT7 _

pGADT7-AtASY3/pGBKT7

PGBKT7-AtASY3/pGADT7 @

pPGADT7-AtASY1/pGBKT7-AtASY3

® &
PGADT7-AtASY3/pGBKT7-AtASY1

Figure 3.2. AtASY1 and AtASY3 physically interact in a yeast two-hybrid assay

Full length nucleotide sequence of AtASY1 and AtASY3 were fused with the activating
domain (in pGADT7 vector) and the binding domain (in pGBK7 vector) of GAL4. S.
cerevisiae Y2H Gold cells were co-transformed with a combination of pPGADT7/pGBKT7
vectors. Co-transformed yeast cells were screened on the restrictive media SD —LT.
Growth of yeast cells expressing AtASY1-AD and AtASY3-BD, or the reciprocal fused
proteins, was observed on the restrictive media SD -LTH and SD -LTHA. All negative
controls were unable to grow on the most stringent media SD —LTHA. This suggests that
AtASY1 and AtASY3 physically interact in a yeast two-hybrid assay. The strength of
interaction between the two proteins was assessed by serial drop dilutions of mid-
exponential-phase cell cultures. 3ul of undiluted, 1/10 and 1/100 diluted cultures were

spotted on the selective agar medium and incubated at 30°C for 2 days.
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Figure 3.3. Protein expression analysis of AtASY1 and AtASY3 from yeast cells co-
transformed with the corresponding vectors

75 ug of protein from each crude extract was loaded onto a 10 % acrylamide gel. C-Myc-
and His-tagged-AtASY1 were detected by western blotting using an affinity-purified anti-
AtASY1 antibody (AF o-AtASY1 AB) (provided by Osman K.) raised against the full
length AtASY1 recombinant protein. C-Myc- and His-tagged-AtASY3 were detected by
western blotting using an anti-AtASY 3 antiserum raised against the C-terminus region of
AtASY3 (a-AtASY3 AB) (provided by Ferdous M.). All fusion proteins were resolved at
the correct predicted size; tagged-AtASY1: 85-90 kDA; tagged-AtASY3: 105-110 kDA.

Composite photo comprising band images from different gels.
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3.4. Purification of AtASY3 antiserum

Immunoprecipitation of proteins from Arabidopsis buds extract using an antibody against
AtASY1 or AtASY3 would bring additional information on the potential in-vivo
interaction between the two proteins. An anti-AtASY3 antiserum specific towards the C-
terminus of the protein was produced (provided by Ferdous M.). Several attempts to detect
AtASY3 from crude extracts of Arabidopsis buds using an anti-AtASY3 antiserum on
western  blotting were unsuccessful (Osman K, personal communication).
Immunocytochemistry using the same antiserum revealed staining of the chromosome axis
during prophase | of WT PMCs. The signal is absent in an Atasy3 T-DNA insertion mutant
line suggesting that the antiserum used for both experiments is immuno-reactive to
AtASY3 protein (Ferdous et al, 2012). The absence of detection of AtASY3 protein by
western blotting could be explained by the low abundance of the protein in the crude
extract. In order to improve the detection of AtASY3 in plant extracts, the anti-AtASY3
antiserum was purified using blotted antigen and an E. coli column purification as

described in Materials and Methods.

To purify anti-AtASY3 antiserum by blotted antigen, 40 ug of crude extract from E. coli
cell culture, expressing the C-terminus of the protein, was loaded onto a 15% acrylamide
gel and stained with Ponceau stain (Figure 3.4A). In addition, 50ug, 25 pg and 10 pg of
crude extract was loaded onto a 15% acrylamide gel and stained with Coomassie to
confirm the presence of AtASY3 recombinant protein and assess the abundance of the
protein in the crude extract (Figure 3.4B). A large band was observed at the molecular

weight slightly above 25 kDA which corresponds to the expected molecular weight of the
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recombinant protein. To increase the specificity of anti-AtASY3 anti-serum against
AtASY3 recombinant protein, the part of the nitrocellulose membrane stained at this
molecular weight was cut and used for the purification of the anti-serum as described in
Materials and Methods. To determine the efficiency of the purification, 5 pg, 2.5 ug and 1
ug of E. coli crude extract were loaded onto three 15% acrylamide gels and transferred to
nitrocellulose membranes. The membranes were then incubated with the no purified
antiserum, the unbound fraction obtained from the blotted antigen antibody purification
procedure or the purified antibody. Purification of the antiserum by blotted antigen resulted
in the loss of specificity towards non-specific proteins. The other non-specific cross
reacting bands observed in western blotting using the unpurified anti-AtASY3 antiserum
were weaker when using the purified antibody (Figure 3.5A,B,C). This suggests that the
purification of the antiserum reduced some but not all non-specific signals. A more intense
signal corresponding to AtASY3 recombinant protein was observed by western blotting
when using the unbound fraction compared to the purified antibody. A significant amount
of antibody specific to AtASY3 recombinant protein was lost during the procedure of
antiserum purification. However, this was expected as the antiserum was used in excess
over the amount of recombinant protein to limit the presence of unspecific polyclonal
antibodies in the purified antiserum. The purified antiserum was used for a second round of
blotted antigen purification in an attempt to obtain a more specific antiserum. Nevertheless,

a similar pattern of unspecific signals was observed.

As an alternative method to purify the anti-AtASY3 antiserum, an E. coli column was used
to purify 1 ml of anti-AtASY3 antiserum as described in Materials and Methods.

Following the purification step, 1 ml of elution solution was recovered. 5 ug, 2.5 ug and 1
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ug of E. coli crude extract, expressing the C-terminus part of the protein, were loaded onto
a 15% acrylamide gel and transferred to a nitrocellulose membrane. Western blotting using
the E. coli column purified anti-AtASY3 antibody showed a reduction in the intensity of
the non-specific signals suggesting that the anti-AtASY3 antibody is less reactive towards
E. coli proteins (Figure 3.6A,B). The blotted antigen and the E. coli column purification
procedures increase the specificity of the anti-serums towards AtASY3 recombinant
protein. The blotted antigen purified AtASY3 anti-serum appeared more specific towards
AtASY 3 recombinant proteins than the E. coli column purified AtASY3 anti-serum. It was
however found that the signal of AtASY3 recombinant protein was blurred when using the
blotted-antigen-purified AtASY3 antibody. This may result from a loss of the immuno-
reactivity of the anti-AtASY3 antibody due to the acidic pH treatment used during the
purification (Figure 3.5C). Therefore, the E. coli column-purified anti-AtASY3 antibody

was used for subsequent experiments.
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Figure 3.4. Detection of AtASY3 recombinant protein on SDS-page

AtASY 3 recombinant protein has an expected molecular weight of 26.6 kDA.

(A) AtASY3 recombinant protein was detected by Ponceau staining. 50 ug, 25 ug and 10
ug of crude extract were loaded onto a 15% acrylamide gel. The portion of the membrane

stained at the expected molecular weight of ASY3 recombinant protein and used for anti-

serum purification is marked in red.
(B) AtASY3 recombinant protein was detected by Coomassie staining. 50 ug, 25 pug and

10 pg of crude extract were loaded onto a 15% acrylamide gel.
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Figure 3.5. Blotted-antigen purification of AtASY3 anti-serum increases its specificity
towards AtASY3 recombinant protein

5 ug, 2.5 ng and 1 pg of AtASY 3 recombinant protein were loaded onto a 15% acrylamide
gel and transferred to a nitrocellulose membrane. AtASY3 recombinant protein has an
expected molecular weight of 26.6 kDA.

(A) Western blot using unpurified antiserum (dilution 1/13 300). Blue arrows represent the
signals that were not detected with the blotted-antigen-purified anti-AtASY 3 antibody

(B) Western blot using blotted-antigen purified anti-AtASY3 antibody (dilution 1/5 000).
(C) Western blot using the unbound fraction obtained during the blotted-antigen
purification procedure (dilution 1/13 300).
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Figure 3.6. E. coli column purification of AtASY3 anti-serum increases its specificity
towards AtASY3 recombinant protein

5 ug, 2.5 ug and 1 pg of AtASY 3 recombinant protein were loaded onto a 15% acrylamide
gel and transferred to a nitrocellulose membrane. AtASY3 recombinant protein has an
expected molecular weight of 26.6 kDA.

(A) Western blot using unpurified antiserum (dilution 1/13 300).

(B) Western blot using E. coli column-purified anti-AtASY3 antibody (dilution 1/13 300).
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3.5. Co-immunoprecipitation from yeast crude extract confirms the

interaction between AtASY1 and AtASY3

To determine if AtASY3 can be extracted in large amount from Arabidopsis crude extract,
different volumes of Arabidopsis crude extract were loaded onto a 10 % acrylamide gel
and E. coli column purified anti-AtASY3 antibody was used to detect AtASY 3. However,
no signal corresponding to the molecular weight of AtASY3 was detected. It is possible
that the amount of AtASY3 presents in the crude extract is beyond the threshold of
detection. AtASY3 is an axis associated protein and it is possible that the protein is not
abundant enough to be detected from Arabidopsis bud extract. In addition, it has been
reported that Redl, the budding yeast functional orthologue of AtASY3, is not easily
detectable by biochemical analysis. Lai et al. (2011) suggested that Redl is highly
sensitive to proteases such as vacuolar proteases (Lai et al, 2011). AtASY3 was detected at
a lower molecular weight in yeast crude extract (Section 3.3.1.). Thus, the incapacity to

detect AtASY3 may result from a combination of factors.

Since AtASY3 was not detectable from Arabidopsis buds extract, co-immunoprecipitation
of AtASY1 and AtASY3 was performed on a yeast crude extract. The yeast two-hybrid
assay previously presented, showed that AtASY1 physically interacts with AtASY3 in
yeast cells. However, the interaction was not consistently observed and the reason for this
is unclear. To prevent any possible cell growth defects due to the co-expression of the two
meiotic proteins, two independent yeast cell cultures were prepared. The first culture
contained yeast cells expressing pPGBKT7-AtASY 1 while the other culture contained yeast

cells expressing pGADT7-AtASY3. As a control, two liquid cultures containing either
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yeast cells transformed with pGADT7-AtASY3 or pGBKT7 empty vector were prepared.
This combination of vectors was chosen according to the previous results of the yeast two-
hybrid experiment. A higher yield of cells expressing both AtASY1 and AtASY3 and
dividing on the restrictive media SD —LTHA was observed when the cells were co-
transformed with the vector combination pGADT7-AtASY3/pGBKT7-AtASY1. This

observation reflects a weak and/or transient interaction between the two proteins.

Proteins from each liquid culture were extracted using a non denaturing procedure. The
crude extract of yeast cells expressing pGBKT7-AtASY1 was pooled with the crude
extract of yeast cells expressing pGADT7-AtASY 3. Similarly, the crude extract of the two
liquid cultures corresponding to the negative control were pooled. AtASY3 was
immunoprecipitated from each pooled crude extract using E. coli column-purified anti-
AtASY 3 antibody-coupled beads, as described in Materials and Methods. Proteins pulled
down with AtASY3 were eluted and loaded onto a 10% acrylamide gel prior to western
blotting with an affinity-purified anti-AtASY1 antibody (provided by Osman K.). A strong
band was visualized at 55 kDA and two weaker bands were observed with a molecular
weight of about 65 kDa and 95 kDa for the immunoprecipitated crude extract containing
pGBKT7-AtASY1 and pGADT7-AtASY3. In contrast, no band was observed for the crude
extract containing only pGADT7-AtASY3 (Figure 3.7A). In parallel, the input crude
extracts were loaded onto a 10% acrylamide gel and AtASY1 was detected with an
affinity-purified anti-AtASY1 antibody. Three bands were observed, which have a similar
molecular weight than the three bands observed from the immunoprecipitated solution of
the test sample (Figure 3.7A,B). The band with the slower migration rate has a molecular

weight close to the predicted molecular weight of the fused protein AtASY1-AD (85-90
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kDa). The protein extraction was performed under non-denaturing conditions and it is
possible that the recombinant protein AtASY1 was degraded during the process. The band
with the lower molecular weight observed before and after immunoprecipitation, is more

intense than the two other bands and may represent a degradation product of AtASY 1.

In a separate study, BoASY3, the homologue of AtASY3 in Brassica oleracea, was pulled
down with anti-AtASY1 antibody-coupled beads. This suggests that BoASY1 and
BoASY3 form a complex in-vivo (Ferdous et al, 2012). Therefore, a second repeat of
immunoprecipitation using yeast crude extracts from cells expressing only AtASY1 as a
negative control was not carried out. The results obtained from biochemical studies are
consistent with the yeast two-hybrid data and confirmed that AtASY1 may physically

interact with AtASY3 in Arabidopsis.
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Figure 3.7. AtASY1 co-immunoprecipitates with AtASY3

(A) 7 mg of each pooled crude extract was used and immunoprecipitated with E. coli-
column-purified-anti-AtASY3 antibody-coupled beads. The eluted solution was loaded
onto a 10 % acrylamide gel. The stars represent the two faint bands at the molecular
weights of 65 kDa and 95 kDa.

(B) 45 ng of each pooled crude extract was loaded onto a 10 % acrylamide gel to visualise
the input protein before immunoprecipitation. The stars represent the two faint bands at the
molecular weights of 70 kDa and 100 kDa.

C-Myc-tagged-AtASY1 protein was detected using an affinity-purified anti-AtASY1
antibody (dilution 1/2 500). The predicted molecular weight of c-Myc-tagged-AtASY lis
85-90 kDA.
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3.6. The C-terminus region of AtASY3 is required for the interaction

with AtASY1

3.6.1. The C-terminus region of AtASY3 interacts with AtASY1 in a yeast two-hybrid

assay

Woltering et al. (2000) reported that a region upstream of the first coiled-coil domain of
Red1 is required to establish an interaction with Hop1, although a low degree of interaction
between the C-terminus of Red1 and Hopl was also observed. The authors identified seven
amino acids conserved between Redl and its orthologue in K. lactis. The lysine residue at

position 348 of Red1 was found to be critical for the interaction with Hopl (Figure 3.8).

In order to identify the domain of AtASY3 involved in the interaction with AtASY1,
comparative analysis between AtASY3 and Red1 was performed using the tool Clustalw?2
of the European Bioinformatics Institute (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
However, the comparative analysis did not show conservation of the seven amino acids
between the two proteins. The absence of conservation of this motif is not surprising based
on the previous comparative analysis between AtASY3 and its functional orthologues
across model organisms. Hence, three shorter versions of AtASY3 were designed
according to the putative domains of the protein. A shorter version corresponding to the
first 510 amino acids (AtASY3;.510) Was designed to assess the importance of the coiled-
coil domain in the interaction between AtASY3 and AtASY1. The presence of a mRNA
coding for this truncated version of AtASY3 was found in Arabidopsis database. The

second version has a length of 280 amino acids (AtASY3;.250) and corresponds to the N-
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terminus of AtASY3 protein. This version assesses the importance of the N-terminus of the
protein as well as the P-loop NTPase domain (Figure 3.8). The third version of AtASY3
truncated protein corresponds to the last 170 amino acids (AtASY 3g,3.793) located towards

the C-terminus of AtASY?3, and is predicted to form a coiled-coil domain.
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P-loop NTPase Condensin _ Coiled-coil _
1 155 273 391 616 623 785 793
B ScRed1
Coiled-coi Condensin Coiled-coil
1 347 353 359 400 429 704 750 827

PKISEVQ

Figure 3.8. Schematic representation of the region of Redl required for interaction
with Hopl in relation to the predicted domains of AtASY3 (A) and ScRed1 (B)

Seven amino acid residues of ScRedl are required for interaction with Hopl. These
residues are located at the positions 347-353 of ScRed1 protein. The critical lysine residue

required for this interaction is highlighted in red.
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Amplification of the shorter versions of AtASY3 was carried out by PCR amplification
from Arabidopsis buds cDNA using the primer sets pGAD-ASY 31.280 F/ pPGAD-ASY 31250
R, pPGAD-ASY31.510 F/ pPGAD-ASY 31510 R and pGAD-ASY 3g23-793 F/ pGAD-ASY 3623-793
R (see Appendix for nucleotide sequences). The corresponding PCR products of AtASY3

were cloned into pPGADT?7 to form in-frame fusions with the activating domain of GALA4.

A yeast two-hybrid assay was carried out as described above and in Materials and
Methods. After 3-4 days of incubation, growth of yeast cells co-transformed with
PGADT7-AtASY3/pGBKT7-AtASY1 and pGADT7-AtASY 323-793/pGBKT7-AtASY1
was observed on SD —LTH and SD —-LTHA. In contrast, yeast cells co-transformed with
PGBKT7-AtASY1/ pGADT7-AtASY 3,250 and pGBKT7-AtASY1/ pGADT7-AtASY 3510
were unable to grow on the restrictive media SD —LTH and SD —-LTHA (Figure 3.9).
Negative controls were performed by co-transforming Y2HGold cells with either AtASY1,
or a version of AtASY3 and the empty complementary vector, to ensure that no auto-
activation of the reporter genes occurred. Yeast cells expressing only one of the two
proteins AtASY1/AtASY3 were unable to grow on the more stringent media, SD -LTHA.
As described above, some yeast cells expressing only AtASY1 or AtASY3 were able to
grow on the less stringent media (Figure 3.9). Protein extraction and subsequent western
blot analysis were performed for all combinations of co-transformed cells to ensure that the
recombinant proteins were expressed in yeast cells (Figure 3.10). The anti-AtASY3
antibody was raised against the C-terminus of the protein and as a result, the shorter
versions of AtASY3 recombinant proteins cannot be detected with this antibody.
Recombinant proteins fused with the activating domain GAL4-DNA-AD were also fused

with an influenza hemagglutinin (HA) tag. Therefore, an anti-HA antibody was used to
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detect AtASY3 recombinant proteins. As mentioned above, the detection of AtASY3 from
yeast extract was inconsistent. AtASY3 was not detected at the expected molecular weight
on western blotting. A shorter version of AtASY3 was detectable at the molecular weight

of 35 kDA which probably corresponds to a degradation product of AtASY 3.

Overall, this result suggests that the coiled-coil domain of AtASY3 is involved in the
interaction with AtASY1 (Figure 3.11). Interestingly, Woltering et al. (2000) also observed
an interaction between the coiled-coil domain located towards the C-terminus of Red1 and
Hopl. However, this interaction was weaker than for the interaction between Hopl and the
domain of Redl containing the seven amino acids residues PKISEVQ. The secondary
structure of AtASY3 diverges from the secondary structure of Redl. Therefore, it is
possible that the region located upstream of the first predicted coiled-coil motif and
involved in the interaction between Redl and Hopl, was lost during evolution. It is also
possible that the yeast two-hybrid assay is not sensitive enough to reveal the importance of

an additional region of AtASY 3 required for interaction with AtASY1.
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Figure 3.9. AtASY3 coiled-coil domain is required for interaction with AtASY1

Full length coding sequence of AtASY1 and four versions of the coding sequence of
AtASY3 were fused with GAL4-BD and GALA4-AD, respectively, and expressed in S.
Cerevisiae Y2H Gold strain. The media SD —LT allowed the selection of co-transformant
cells while the restrictive media SD —LTH and SD -LTHA were used to assess the
interaction between the two proteins. Yeast cells co-transformed with pGBKT7-
AtASY1/pGADT7-AtASY 3623.703 grew on the restrictive media SD -LTHA which
suggests that AtASY1 physically interacts with the coiled-coil domain of AtASY3 in the
GAL4 yeast two-hybrid system. All negative controls were unable to grow on the most
stringent media SD —LTHA. The strength of interaction between the two proteins was
assessed by serial drop dilutions of mid-exponential-phase cell cultures. 3ul of undiluted,
1/10 and 1/100 diluted cultures were spotted on the selective agar medium and incubated at
30°C for 2 days.
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Figure 3.10. Protein expression analysis of AtASY1 and AtASY3 from yeast cells co-
transformed with the corresponding vectors

75 g of protein from each crude extract was loaded onto a 10 % or 15 % acrylamide gel.
Anti-Influenza Hemagglutinin antibody (a-HA AB) was used to detect the different
versions of HA-tagged-AtASY3 protein. AtASY1 was detected using an affinity-purified
anti-AtASY1 antibody (AF a-AtASY1 AB) (provided by Osman K.) raised against the full
length AtASY1 recombinant protein. All fusion recombinant proteins were resolved at the
correct predicted size apart for AtASY3;793; tagged-AtASY1l: 85-90 kDA, tagged-
AtASY 31.280: 48-55 kDA, tagged-AtASY31.510: 74-80 kDA, tagged-AtASY 3g23.793: 37-43
kDA. Tagged-AtASY3;.793 was detected at a molecular weight of 35 kDA. Composite

photo comprising band images from different gels.
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pGADT7-AtASY3 Interaction with pGBKT7-AtASY1

P-loop NTPaseA- Coiled-coil .

1 155 273 391 616 623 785 793 +
1 155 273 391 510
P-loop NTPase
1 155 273 280
- Coiled-coil - +

623 785 793

Figure 3.11. Map of the domain of AtASY3 interacting with AtASY1
The coiled-coil domain of AtASY 3 interacts with AtASY1.
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3.6.2. Co-immunoprecipitation from yeast crude extract confirms the interaction

between AtASY3 C-terminus and AtASY1.

To confirm the requirement of the AtASY3 coiled-coil domain in the interaction with
AtASY1, AtASY1l was immunoprecipitated, using an affinity-purified-anti-AtASY1
antibody, from a crude extracts containing AtASY 31280 AtASY 31510 O AtASY 3623.703.
Each version of AtASY 3 protein was fused with an anti-HA tag. The presence of AtASY3
in the eluate following immunoprecipitation was assessed using an anti-HA antibody. As a
negative control, a crude extract from yeast cells expressing AtASY3 but not AtASY1, was

used.

Two yeast cultures were prepared for each immunoprecipitation and native protein
extraction was carried out from these cultures. The crude extract from yeast cells
expressing pGBKT7-AtASY1 or pGBKT7 was pooled with the crude extract from yeast
cells expressing one of the three shorter versions of AtASY3; pGADT7- AtASY 31250,
PGADT7- AtASY3:510 and pGADT7- AtASY3g3.793. AtASY3 was not consistently
observed on western blotting of yeast crude extract. Therefore, immunoprecipitation of the
full length AtASY3 was not attempted. The pooled crude extracts were then
immunoprecipitated with affinity-purified anti-AtASY1 antibody-coupled-beads as
described in Materials and Methods. The eluates were then loaded on 10 % or 15 %
acrylamide gels and the different versions of HA-tagged-AtASY3 proteins were detected
using an anti-HA antibody. A strong band at a molecular weight slightly higher than 43
kDa was observed after immunoprecipitation of the crude extract AtASY1- AtASY 3g23-793

and AtASY3g3.793 (Figure 3.12A,B,C). The signal was more intense in the eluate
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containing AtASY1. This band may represent AtASY3gs23.793 although the molecular
weight was slightly higher than the predicted molecular weight of the tagged-AtASY3
protein (37-43 kDa). It is also possible that the band is an unspecific cross reacting band
and that the difference in intensity results from a difference in protein expression between
cultures. Additionally, three bands with smaller molecular weights were observed in the
crude extract containing AtASY1- AtASY3g3793. The three bands had a range of
molecular weights between 25 kDa and 43 kDa. These bands may represent AtASY 3g23-793
and the faster migration bands could be the result of the degradation of AtASY3 by
proteases. These bands were not observed in the negative control (AtASY1 protein was
absent in the crude extract). Western blotting of the input crude extracts using an anti-HA
antibody revealed that the level of protein between both samples is similar (Figure 3.12A).
In contrast, no band was observed after immunoprecipitation from crude extracts
containing AtASY1 and AtASY 3,25 (Figure 3.12B). Lastly, a weak band of a molecular
weight between 72 and 95 kDa was observed after immunoprecipitation of AtASY31.510
(predicted molecular weight 74-80 kDa) with AtASY1 (Figure 3.12C). It is possible that
AtASY31.510 weakly interacts with AtASY1. However, the band is very weak and no
degradation product is observed (Figure 3.12C). The band observed is likely an unspecific
cross reacting band and its absence in the negative control is likely due to slight variation

of protein level between the two crude extracts.

Overall, the data obtained from the co-immunoprecipitation assay is consistent with the
yeast two-hybrid data and suggests that AtASY3 interacts with AtASY1 via its coiled-coil
domain. However, the sensitivity of AtASY3 to proteases makes the interpretation of the

immunoprecipitation study less reliable.
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Figure 3.12. AtASY 3523.793 CO-immunoprecipitates with AtASY1

Immunoprecipitation study was carried out using 3 mg of each pooled crude extract and
affinity-purified anti-AtASY 1 antibody-coupled beads (provided by Osman K.). The eluted
solution was loaded onto an acrylamide gel (Co-IP). 40 ug of each pooled crude extract
was loaded onto the same acrylamide gel to visualise the input protein before
immunoprecipitation (Input). HA-tagged AtASY 3 was detected using an anti-HA antibody

(1/1 000).
(A) Immunoprecipitation of crude extract containing HA-tagged-AtASY 3¢23-703 (predicted

molecular weight of 37-43 kDa).

(B) Immunoprecipitation of crude extract containing HA-tagged-AtASY 3,250 (predicted
molecular weight of 48-55 kDa).

(C) Immunoprecipitation of crude extract containing HA-tagged-AtASY 3510 (predicted
molecular weight of 74-80 kDa). The star represents the faint band observed after
immunoprecipitation of AtASY1 from a crude extract that contained HA-tagged-AtASY 3;.

510-
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3.7. The AtASY 3 coiled-coil domain is required for homo-dimerisation

A vyeast two-hybrid assay was carried out to assess the potential homo-dimerisation of
AtASY3. The nucleotide sequence coding for the coiled-coil domain of AtASY3 was
amplified with primers pGAD-ASY3g23.793 FIPGAD-ASY31.793 R, and the amplified
product was cloned into pGBKT7 vector (see Appendix for the primer sequences).
Y2HGold yeast cells were co-transformed with vectors encoding one version of AtASY 3-
AD and the full length AtASY3-BD. Yeast two-hybrid assays were carried out as

described above and in Materials and Methods.

After 3 days incubation, cells co-transformed with pGBKT7-AtASY3;.793-pGADT7-
AtASY 31793 Were observed on both SD —LTH and SD —-LTHA. After 5 days incubation,
cells co-transformed with pGBKT7-AtASY 31.793-pGADT7-AtASY 3¢23.793 Were observed
on both SD -LTH and SD -LTHA (Figure 3.13). The delay in cell growth observed
between the two types of co-transformed cells may result from a difference in the strength
of interaction between the homo-dimer AtASY3;793-AtASY 31703 and AtASY3;.793-
AtASY 3623.703. NO growth on the restrictive media was observed for colonies co-
transformed with pGBKT7-AtASY 3;.793-pGADT7-AtASY 31250 or pGBKT7-AtASY 3;.793-
PGADT7-AtASY3;510. Yeast cells co-transformed with pGADT7-AtASY 3;.793-pGBKT7
and with pGADT7-AtASY 3523.793-pGBKT7 were able to grow on the less stringent media
SD —LTH but not on the more stringent media SD —LTHA (Figure 3.13). Growth of the
negative control may be due to the capability of the coiled-coil domain of AtASY3 to
interact with DNA. Overall, this result showed that AtASY3 is able to homo-dimerise in

the yeast two-hybrid system. The interaction required the coiled-coil domain of AtASY3.
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The delay in growth observed in cells co-transformed with pGBKT7-AtASY 3;.793-
PGADT7-AtASY 3s23.793 Suggests that an additional region of AtASY3 may be necessary to

form a stable homo-dimer.

To confirm the requirement for the coiled-coil domain in the homo-dimerisation of
AtASY3, the coding sequence of AtASY3 coiled-coil domain was cloned into pGBKT7
vector using the primer set pGBK-ASY 3s23.793 F/pGBK- ASY 31793 R (see Appendix for
the primer sequences). Growth of yeast cells co-transformed with pGADT7-AtASY 3423-793-
PGBKT7-AtASY 3¢23.793 Was observed on the low and high stringent media. However,
growth of yeast cells co-transformed with pGADT7-AtASY 3623.703-PGBKT7-AtASY 31703
was observed on the stringent media SD —LTHA for all three serial dilutions, while growth
of yeast cells co-transformed with pGADT7-AtASY 3623.793-PGBKT7-AtASY 3523793 Was
observed on SD —-LTHA at no dilution only and after a longer incubation time (Figure
3.13). This suggests that although the coiled-coil domain of AtASY3 is required for the
homo-dimerisation of AtASY3, an additional domain located upstream the coiled-coil
domain may be involved in the stabilisation of the complex. Protein extraction and
subsequent western blot analysis were performed for all combinations of co-transformed
cells to ensure that the recombinant proteins were correctly expressed in yeast cells.
Recombinant proteins fused with the activating domain GAL4-DNA-AD were also fused
with a HA- tag while recombinant proteins fused with the binding domain GAL4-DNA-
BD, were fused with a c-MYC- tag. Anti-c-MYC and anti-HA antibodies were used to
detect AtASY3 proteins. All fusion recombinant proteins were detected at the correct
predicted size apart for AtASY 3;.7¢3. Only a truncated form of AtASY 3 was observed with

the anti-HA antibody (Figure 3.14).
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Figure 3.13. AtASY3 coiled-coil domain is required for homo-dimerisation

Full length amino-acid sequence of AtASY3 and the three shorter versions of AtASY3
were fused with GAL4-BD and GAL4-AD, respectively, and expressed in S. cerevisiae
Y2H Gold. Cells co-transformed with the two plasmids were selected on SD —LT. The
restrictive media SD -LTH and SD —LTHA were used to assess the interaction between the
two proteins. Yeast cells co-transformed with pGBKT7-AtASY 3;.793-pGADT7-AtASY 3.
793, PGBKT7-AtASY 3623.703-PGADT7-AtASY 31793 PGBKT7-AtASY 3s23-793-
PGADT7-AtASY 3g3.793 Were able to grow on the restrictive media SD —LTHA. However,

and

the strength of interaction was variable between the three different types of co-transformed
cells. Full length AtASY3 is essential to observe maximum interaction between AtASY3
proteins. In addition, the coiled-coil domain of AtASY3 and a region upstream the coiled-
coil domain are required to form a homo-dimer. All negative controls were unable to grow
on the stringent media SD-LTHA. The strength of interaction between the two proteins
was assayed by serial drop dilutions of mid-exponential-phase cell cultures. 3ul of
undiluted, 1/10 and 1/100 diluted cultures were spotted on the selective agar medium and
incubated at 30°C for 2 days.
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Figure 3.14. Protein expression analysis of AtASY3 from yeast cells co-transformed
with the corresponding vectors

75 ug of protein from each crude extract was loaded onto a 10 % or 15 % acrylamide gel.
Anti-HA and anti-c-MYC antibodies (a-HA AB and a-c-MYC AB) were used to detect
the different versions of HA- and c-MYC-tagged-AtASY3 proteins. All fusion
recombinant proteins were resolved at the correct predicted size apart for AtASY 3;.793.
Tagged-AtASY 31.280: 48-55 kDA, tagged-AtASY 31.510: 74-80 kDA, tagged-AtASY 3623.703:
37-43 KDA. Tagged-AtASY 3;.793 was detected at the molecular weight of 35 kDA with a-
HA AB and 105-110kDA with a-c-MYC AB. Composite photo comprising band images
from different gels.
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3.8. Discussion

3.8.1. AtASY3 presents a low degree of amino-acid sequence similarity with its

functional orthologues in fungi and plants

Bioinformatic analysis showed that the amino acid sequence of AtASY3 has highly
diverged from its distant functional orthologues in other model organisms. The predicted
coiled-coil domain located towards the C-terminus of AtASY3 is the only conserved
secondary structure among most AtASY3 orthologues. The rapid evolutionary divergence
of the amino-acid sequence between AtASY3 and its functional orthologues has been
previously reported for other meiotic proteins (Kumar et al, 2010). The divergence
observed at the amino-acid level between AtASY3 and its orthologues may indicate a
difference of biological function. This may be correlated with the evolution of the meiotic
chromosome axis. For instance, Rec10 is a distant orthologue of Red1 and the two proteins
have low amino-acid sequence homology and share some similarities in their meiotic
functions. Rec10 and Redl are required for the formation of Spoll-dependent DSBs,
formation of the axial/linear element and are found in complex with Hopl. However, S.
pombe lacks an axial element. Instead a primitive structure, called a linear element was
observed by electron microscopy. In addition, the bias towards inter-homologue
recombination is weaker in S. pombe compared to S. cerevisiae (Kim et al, 2010; Lorenz et
al, 2004b; Mallela et al, 2011; Spirek et al, 2010). The differences observed in the structure
of the chromosome axis between the two yeast species suggest that the structural
components of the axial/linear element may have also diverged which would explain the

low degree of amino acid similarity between Red1 and Rec10.
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A P-loop NTPase and a condensin domain were predicted in AtASY3. A condensin
domain was also predicted in Redl. Three Atasy3 T-DNA insertion lines were
characterised in Arabidopsis (Ferdous et al, 2012). One T-DNA insertion is located in the
predicted P-loop NTPase and the two other T-DNA insertions are predicted to affect the
integrity of the putative condensin domain. Condensins are involved in various biological
processes such as gene expression and DNA damage repair. However, Ferdous et al.
(2012) did not report a meiotic defect that could suggest the presence of a condensin
activity for AtASY3, such as an increase in SC length (Mets and Meyer, 2009). In
addition, there is no study reporting a condensin activity for Redl or other AtASY3
functional orthologues. Kim et al. (2010) recently showed that sister chromatids were
prematurely separated in a red1/rec8 double mutant. In addition, the separation of the sister
chromatids occurred earlier in red1/rec8 double mutant compared to rec8 single mutant.
The authors concluded that Red1 is involved in sister chromatid association. However, the
sole absence of Redl did not affect the cohesion between sister chromatids, presumably
because of the presence of the cohesin Rec8. A similar defect in sister chromatid cohesion
was previously observed in redl/mekl double mutant (Bailis & Roeder, 1998). Two
additional studies suggest that SYCP3, a coiled-coil axis protein, favours the association of
homologous centromeres and their subsequent bi-orientation at metaphase | in mice (Bisig
et al, 2012; Qiao et al, 2012). A potential role for AtASY3 in sister chromatid association
was not fully investigated. However, the analysis of three Atasy3 T-DNA insertion mutant
lines suggested that the absence of AtASY3 did not lead to the premature separation of

sister chromatids (Ferdous et al, 2012).
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3.8.2. The coiled-coil domain of AtASY3 is important for its function

Yeast two-hybrid analysis and immunoprecipitation study revealed that ASY1 forms a
complex with ASY3 in Brassica oleracea and in yeast two-hybrid (Ferdous et al, 2012).
Shorter versions of AtASY3, corresponding to the different putative domains of the
protein, were expressed in yeast cells and their potential interaction with AtASY1 were
assessed. Yeast two-hybrid analysis and immunoprecipitation studies using anti-AtASY1
antibody-coupled beads on yeast crude extract showed that the coiled-coil domain of
AtASY3 was the only domain required for interaction with AtASY1. Additionally,
AtASY3 formed a homo-dimer. The homo-dimerisation of AtASY3 was dependent on its

putative coiled-coil domain.

Wang et al. (2011) reported the identification of a new Oryza sativa chromosome axis
protein, OsPAIR3, the functional orthologue of AtASY3. Two Ospair3 mutant lines were
characterised and the authors showed that the two lines did not express the putative coiled-
coil domain of the protein. Both mutant lines presented meiotic defects such as asynapsis,
reduction of inter-homologue COs and improper localisation of OsPAIR2, the functional
orthologue of AtASY1, onto the chromatin (Wang et al, 2011). Interestingly, the analysis
of three Atasy3 T-DNA insertion mutant lines, with the T-DNA inserted upstream the
nucleotide sequence coding for the coiled-coil domain, showed a reduction in inter-
homologue CO formation, a defect in SC formation and an abnormal localisation of
AtASY1. Immunocytochemistry analysis indicated that AtASY3 is a structural component
of the chromosome axis and that its role in inter-homologue CO formation is epistatic with

AtASY1 function. Formation of the complex AtASY1-AtASY3 is dependent on the
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putative coiled-coil domain of AtASY3 (Ferdous et al, 2012). In budding yeast, several
studies showed that the predicted coiled-coil domain of Redl is important for homo-
dimerisation, and interaction with ZIP1. The interaction between Redl and Zipl may not
be direct and may be dependent on the sumoylation of Redl (Eichinger & Jentsch, 2010;
Woltering et al, 2000). Coiled-coil domain is the only predicted secondary structure among
most functional orthologues of AtASY3 and its localisation towards the C-terminus of the

protein is evolutionary conserved.

3.8.3. Biological function of the complex AtASY1-AtASY3

AtASY1 and AtASY3 share functional similarities with Hopl and Redl (Ferdous et al,
2012; Sanchez-Moran et al, 2007a). Hopl and Redl form an inter-homologue
recombination complex and associate with Mek1 (Niu et al, 2005; Wan et al, 2004). The
complex activates Mek1 kinase activity which in turn phosphorylates Rad54. This prevents
the interaction between Rad51 and its co-factor Rad54. The recombinase activity of Rad51
is then inhibited and inter-sister recombination occurs at low level (Niu et al, 2009). In
addition, Red1 and Mek1 counteract the inter-sister bias established by the cohesin Rec8
(Hong et al, 2013; Kim et al, 2010). It is however unclear whether the function of Redl
occurs only when the protein is in a complex with Hopl. Furthermore, Hopl and Red1 can
self-dimerise (Woltering et al, 2000). It is possible that these proteins need to form a

tetrameric structure to form a functional inter-homologue recombination complex.

Yeast two-hybrid analysis and immunoprecipitation studies from Brassica oleracea crude

extract showed that ASY1 and ASY3 form a complex. In addition, AtASY1 localisation
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along the chromosome axis was dependent on AtASY3. In the absence of AtASY3,
AtASY1 localised as punctuate foci on the chromatin and inter-homologue CO formation
was reduced. Sanchez-Moran et al. (2007) showed that AtASY1 was required to maintain
AtDMC1 on the chromatin. AtDMC1 was more rapidly depleted from the chromatin in
Atasyl. In addition, the turnover of AtDMC1 was similar between Atasyl and Atasy3
mutants (Ferdous et al, 2012; Sanchez-Moran et al, 2007a). This indicates that AtASY1
was unable to maintain AtDMCL1 association with the chromatin in Atasy3. It is possible
that AtASY1 maintains the association of AtDMC1 onto the chromatin, only when it is in a
complex with AtASY3. A similar observation was reported by Blat et al. (2002). The
authors showed that the localisation of Red1 onto R-band isochores was required to recruit

Dmc1 on these chromosomal regions (Blat et al, 2002).

AtASY1 punctuate foci were found associated with yH2AX foci in Atasy3. However,
AtASY1 was unable to maintain wild-type level of inter-homologue COs. However, the
number of inter-homologue COs was higher in Atasy3 compared to Atasyl. The similarity
of function between AtASY1/AtASY3 and Hopl/Redl and the interaction between
AtASY1 and AtASY3 is in favour of a model where AtASY1 forms a complex with
AtASY3 to mediate inter-homologue CO formation. In the absence of AtASY3, AtASY1
can still associate at the site of DSBs but its efficiency to promote inter-homologue
recombination is greatly reduced. This implies that AtASY3 is not essential to repair at
least some DSBs towards the formation of AtASY1-dependent inter-homologue COs.
Similarly, inter-homologue recombination was observed at low level in redl mutant and
the dependence of these inter-homologue recombination events was not investigated (Hong

et al, 2013; Kim et al, 2010). It is possible that the CO-designated sites are under the
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control of additional factors mediating the repair of some DSBs towards inter-homologue
recombination in the absence of AtASY3/Red1. Such factors can be the local depletion of
cohesin and/or specific chromatin features. Lastly, Hopl and Redl form a complex with
Mek1 to bias DSB repair towards inter-homologue recombination (Niu et al, 2005; Wan et
al, 2004). It has been so far not possible to identify a kinase with an activity similar to
Mek1 in organisms other than in fungi (Hollingsworth & Ponte, 1997; Latypov et al,
2010). It is possible that the amino acid sequence of Mekl has considerably diverged
during evolution and thus making the identification of its orthologue in plants and
mammals challenging or that Mekl is not present in the genome of higher order

eukaryotes.
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Chapter 4

AtPRD3 interacts with components of the

chromosome axes and promotes meiotic DSB

formation
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4.1. Introduction

Meiotic recombination initiates with the formation of DSBs by the topoisomerase-like
transesterification activity of SPO11. Arabidopsis thaliana genome contains three
AtSPO11 paralogues, with only AtSPO11-1 and AtSPO11-2 involved in meiosis (Grelon
et al, 2001; Hartung et al, 2007). Spol11 required the presence of 10 accessory proteins to
be functionally active at the pre-DSB sites in budding yeast. ChIPchip and
immunocytochemistry studies revealed that these proteins form sub-complexes that are
spatially distinct (Arora et al, 2004; Kee et al, 2004; Li et al, 2006; Maleki et al, 2007;
Panizza et al, 2011). The function of these Spol11 accessory proteins is unclear. The amino-
acid sequence of these proteins is poorly conserved between organisms and the proteins
lack any functional domains (Kumar et al, 2010). It is thought that these proteins recognise
genomic regions, or DSB hotspots, that are pre-determined to undergo DSBs. The
determination of a site to become a DSB hotspot occurs at multiple layers. The nucleotide
sequence is an important factor for most DSB hotspots in mice (Baudat et al, 2010;
Smagulova et al, 2011). However, budding yeast DSB hotspots are not bias towards a
specific nucleotide sequence. Moreover, nucleosome positioning, gene expression level,
condensation state of the chromatin and cis-trans activators (which could be protein-DNA
or locus-locus interaction) are among other factors that determine a site to be hot for DSB

formation (Grey et al, 2009; Parvanov et al, 2009).

The chromosome axes have an important role for the formation and the distribution of the
DSBs in yeast (Fowler et al, 2013; Panizza et al, 2011). ChlPchip analysis showed that the

localisation of some Spoll-accessory proteins is dependent on components of the
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chromosome axes. For instance, Rec114 localisation is dependent on Hopl and Rec8 while
Mer2 localisation is dependent on Redl in budding yeast. Interestingly, Mer2 and Rec114
associate with the axis sites rather than the DSB sites (Panizza et al, 2011). This led the
authors to postulate that Rec114 and Mer2 interact with other Spoll-accessory proteins
that are localised on the chromatin loops and tether the chromatin loops to the chromosome
axes (Panizza et al, 2011). This model is consistent with two recent studies where Sppl
was characterised as a member of the histone H3K4 methyltransferase Setl complex
(Acquaviva et al, 2013; Sommermeyer et al, 2013b). Both studies showed that Sppl
recognise the loci marked with H3K4 methylation. Some of these loci are then tethered to

the chromosome axes where DSBs occur.

The lack of sequence conservation at the amino acid level of Spoll-accessory proteins
precludes the identification of proteins with similar functions in Arabidopsis thaliana.
However, screens for reduced fertility mutant lines identified four proteins with a role in
DSB formation; AtPRD1, AtPRD2, AtPRD3 and AtDFO (De Muyt et al, 2009; De Muyt
et al, 2007; Zhang et al, 2012). Among them, only AtPRD1 has been further studied and
the authors proposed that AtPRD1 physically interacts with AtSPO11-1 but not AtSPO11-

2 in a yeast two-hybrid assay (De Muyt et al, 2007).

AtPRD3 was first identified in a screen for asynaptic mutant lines and the authors proposed
that AtPRD3 is a novel AtSPO11 accessory protein sharing homologies with the
homologous pairing aberration in rice meiosis 1 OsPAIR1 (De Muyt et al, 2009;
Nonomura et al, 2004). Both mutant lines exhibit asynapsis and an absence of chiasma.

Interestingly, AtPRD3 was immunoprecipitated from Brassica oleracea crude extract
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using an anti-AtASY1 antibody (Osman and  Franklin,  unpublished).
Immunocytochemistry study in conjunction with a BrdU-pulse chase labeling of pre-
meiotic S-phase nuclei revealed that the timing of AtSPO11 localisation on the chromatin
is concomitant with the formation of the nascent chromosome axes (Sanchez-Moran et al.,
2007). In addition, AtASY3, a component of the chromosome axes which shares some
functional similarities with the budding yeast Red1 is required for the formation of meiotic
DSBs (Ferdous et al, 2012). However, the interplay between chromosome axes and
AtSPO11-accessory proteins has not been studied in plants. Thus, to further investigate the
role of the chromosome axes in DSB formation, an anti-AtPRD3 antibody was generated
to analyse the dynamics of AtPRD3. AtPRD3 associated with AtASY1 foci in G2. The
absence of DSB in Atprd3 can result from a defect in AtSPO11 association with the
chromatin or a defect in the tethering of the chromatin loops with the axes.
Immunocytochemistry studies revealed that AtPRD3 and AtSPO11-1 were mutually
independent for their localisation. In addition, AtPRD3 was found interacting with
AtASY1 and AtASY3 in a yeast two-hybrid assay. This suggests that AtPRD3 may be
associated with the axes and have a role in the tethering of the chromatin loops with the
axes. Lastly, the presence of a negative feedback loop dependent on the kinase activity of
AtATM and AtATR and inhibiting the formation of DSBs was identified in Arabidopsis

meiosis.
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4.2. Reduced fertility and asynapsis in Atprd3 T-DNA insertion mutant

line

A T-DNA insertion mutant line (GABI_677D06) was obtained from NASC. The insertion
site of the T-DNA was mapped and it is located in the 4™ intron within AtPRD3 gene
(West, personal communication). The molecular characterisation of the mutant line
confirmed that plants homozygous for the insertion did not express the full length mRNA
of AtPRD3(West, personal communication). The Atprd3 T-DNA insertion mutant line
showed normal vegetative growth but fertility was greatly reduced compared to wild-type
plants (Figure 4.1A-C). The reduced fertility observed in Atprd3 is consistent with the
analysis of Atprd3 mutant by De Muyt et al. (2009) and the role of AtPRD3 during
meiosis. To analyse the meiotic stages, DAPI-stained chromosome spread preparations of
wild-type and Atprd3 PMCs were examined by fluorescence microscopy. Wild-type
meiotic stages were previously described in Introduction (Figure 1.3). Briefly,
chromosomes appeared decondense at leptotene (Figure 4.2A). During mid-prophase I,
homologous chromosomes pair, recombine and synapse (Figure 4.2B). Following this, the
chromosomes progressively condense leading to the formation of five bivalents, connected
at the CO sites, at metaphase | (Figure 4.2C,D). The resolution of the COs is followed by
the segregation of the homologous chromosomes towards the opposite poles of the cells
(Figure 4.2E). During meiosis Il, a second segregation of chromosomes occurs resulting in
the formation of four haploid gametes at tetrad (Figure 4.2F). Cytological analysis revealed
normal condensation of the chromosomes at G2/ leptotene stages in Atprd3 (Figure 4.2G).
However, chromosomes failed to synapse at mid-prophase | and 10 univalent

chromosomes were observed at metaphase | (mean = 10 +/- 0, n=50) (Figure 4.2H-J). The
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absence of physical connection between homologous chromosomes led to the mis-
segregation of chromosomes in anaphase | and anaphase Il (Figure 4.2K,L). Lagging
chromosomes were frequently observed from anaphase | onward and resulted from the
failure to connect the chromosomes to the meiotic spindle apparatus (Figure 4.2K,L). This
is a common feature of T-DNA mutant lines defective in homologous recombination and
CO formation (Ferdous et al, 2012). Additionally, connections between univalent
chromosomes were prevalent in Atprd3 (Figure 4.2N). The chromosomes involved in these
connections were not identified. Chromosomal connections can be due to unresolved
interlocks, chromatin stickiness or arise through recombination (Knoll et al, 2012).
However, no evidence of chromosome fragmentation was detected in Atprd3. In addition,
chromosomal connections were also observed in wild-type and Atspoll-1-4 meiocytes
(Figure 4.2M,0). This suggests that the chromosomal connections observed in both mutant
lines may be a cytological representation of chromatin stickiness. Chromosome stickiness
is apparent at diakinesis of wild-type PMCs and occurs at the rDNA heterochromatin
regions between homologous chromosomes. A similar observation was reported in pairl
mutant, the functional homologue of AtPRD3 in rice (Nonomura et al, 2004). The
proportion of chromosome connections was analysed in wild-type, Atprd3 and Atspol1-1-4
metaphase | nuclei. A frequency of 0.12 chromosomal connection per nucleus was
observed in wild-type (n=50). However, the frequency of chromosomal connection per
nucleus appeared higher in Atprd3 (0.30, n=50) and Atspol11-1-4 (0.24, n=50) compared to
wild-type metaphase | nuclei. A complementation test, in which a 4kb of wild-type
AtPRD3 construct including the promoter region and the coding region (chromosome |

248371-252379) cloned in the binary vector pCB1300 and incorporated in Atprd3 genome,

143



was able to restore normal fertility (West, personal communication). This confirms that the

meiotic defect observed in GABI_677D06 line is solely due to a mutation in AtPRD3 gene.
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Figure 4.1. Atprd3 mutant phenotype

Atprd3 T-DNA insertion line present normal vegetative growth (A) compared to wild-type
plants (B). However, Atprd3 plants have shorter silique length which indicates a reduction
in fertility (C).
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Wild-type

Figure 4.2. Meiotic stages from Atprd3, Atspoll-1-4 and wild-type PMCs.
DAPI-stained (blue) chromosome spread of wild-type (A-F) and Atprd3 (G-L) PMCs.
Leptotene (A,G), mid-prophase I (B,H), diakinesis (C,I), metaphase | (D,J), dyad (E,K)
and tetrad (F,L). Chromosomal connections, represented by a white arrow, were observed

in wild-type (M), Atprd3 (N) and Atspol1-1-4 (O) metaphase | nuclei. Scale bar = 10 uM.
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4.3. Meiotic chromosome axes and cohesin are established in Atprd3 mutant

Cytological analysis of Atprd3 PMCs suggests that AtPRD3 is essential for inter-
homologue CO formation and synapsis (Figure 4.2H,l). The meiotic defects may result
from a defect in the formation of the chromosome axes. Nonomura et al. (2004) showed
that OsPAIR1 contains a putative coiled-coil domain. The authors suggested that OsPAIR1
could be a new component of the chromosome axes. To analyse the formation of the
chromosome axes, the localisation of AtASY1l and AtASY3 was studied by
immunocytochemistry on chromosome spread preparation of Atprd3 and wild-type PMCs
using anti-AtASY1 and anti-AtASY 3 antibodies. AtASY1 is an axis-associated protein and
AtASY3 is an axis component (Armstrong et al, 2002; Ferdous et al, 2012). In wild-type
PMCs, AtASY1 signal formed numerous punctuate foci in early G2. Throughout G2,
AtASY1 signal progressively elongated to form short stretches that eventually extended
along the chromosomes by leptotene (Figure 4.3D). AtASY3 signal was fainter than
AtASY1 signal in G2 and early leptotene. However, AtASY3 formed a linear signal during
early prophase I in wild-type PMCs (Figure 4.3A). Dual immunolocalisation of AtASY1
and AtASY3 revealed that the two signals co-localised (Figure 4.3G). In Atprd3 PMCs,
AtASY1 and AtASY3 signals were indistinguishable from wild-type PMCs. The two
signals were co-localising during early prophase I (Figure 4.3J,M,P). This suggests that the

chromosome axes are formed in Atprd3.

Additionally, the deposition of the cohesin subunit AtSMC3 and the a-kleisin AtSYN1

were analysed. Dual immunolocalisation using anti-AtASY1 antibody and anti-AtSMC3 or

anti-AtSYNL1 antibodies on chromosome spread preparation of Atprd3 and wild-type
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PMCs was carried out. In wild-type PMCs, AtSYN1 and AtSMC3 formed numerous foci
associated with the chromatin in G2. As the formation of the chromosome axes progressed,
AtSMC3 and AtSYN1 formed a more continuous signal that co-localised with AtASY1
signal (Figure 4.3B,C,E,F,H,I). In Atprd3 PMCs, both AtSMC3 and AtSYN1 were
detected as linear signals associated with AtASY1 signal (Figure 4.3K,L,N,0,Q,R). The
proper localisation of the four components of the chromosome axes suggests that AtPRD3
is not required for axis formation. In addition, AtSMC3 and AtSYNL1, two cohesin
subunits, were found associated with the axes which reveal that the global cohesion is

established in Atprd3.
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Figure 4.3. AtPRD3 is not required for chromosome axis formation and
establishment of the cohesin complex.

(A-F,J-O) Immunolocalisation of AtASY1 (D-F,M-0O), AtASY3 (A,J), AtSMC3 (B,K) and
AtSYN1 (C,L) on chromosome spread preparations of wild-type (A-F) and Atprd3 (J-O)
PMCs. (G-1,P-R) Merge images of AtASY1 (G-1,P-R; green) and AtASY3 (G,P; magenta)
or AtSMC3 (H,Q; magenta) or AtSYN1 (I,R; magenta) on chromosome spread
preparations of wild-type (G-1) and Atprd3 (P-R) PMCs. Scale bar = 10 uM.

4.4. Meiotic DSBs are not formed in Atprd3 mutant

Since it is not possible to use a physical assay to accurately quantify the level of meiotic
DSBs in Arabidopsis meiosis, several studies have previously inferred that the number of
early recombination nodules can be used to indirectly estimate the number of DSBs formed
per nucleus. Following DSB formation, the histone H2A variant is phosphorylated at serine
139. Phosphorylation of H2A or yH2AX, can be monitored by immunolocalisation using
an anti-yH2AX antibody on chromosome spread preparation of PMCs. In addition,
AtRADS51 and AtDMCL are two early recombination proteins involved in the early steps
of the homologous recombination pathway. Ferdous et al. (2012) analysed the number of
DSBs per nucleus in wild-type and mutant lines by combining the immunocytochemistry

analysis of these three proteins.

Similarly, in this study, immunolocalisation on chromosome spread preparation of Atprd3,
Atspoll-1-4 and wild-type PMCs using an anti-yH2AX antibody was carried out to

estimate the number of meiotic DSBs formed per nucleus. In addition, an anti-AtASY1
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antibody was used to mark the chromosome axes, and discriminate between real YH2AX
foci and background noise. Previous analysis of metaphase | from Atspoll-1-4 PMCs
showed an absence of bivalent. This led to the conclusion that the formation of DSBs was
abolished in this mutant. The phosphorylated form of the histone variant H2A was not
detected in Atspol11-1-4 PMCs (Figure 4.4C,F). This confirmed that Atspol1-1-4 is likely a
null mutant that does not generate DSBs and that phosphorylation of H2A can be
efficiently used to estimate the number of DSBs formed per nucleus during meiosis. H2A
becomes phosphorylated from early leptotene and can be visualised as numerous foci. As
prophase | progresses, the phosphorylation of H2A seems to spread along the
chromosomes and the yH2AX signal forms a more continuous signal. Therefore, the
estimation of the number of yH2AX foci was determined at early leptotene. In wild-type
nuclei, yYH2AX signal formed numerous foci that were associated with the chromosome
axes (Figure 4.4A,D). In contrast, no yH2AX signal above the background noise was
detected in Atprd3 PMCs (Figure 4.4B,E). This observation suggests that meiotic DSBs are

not formed or that the phosphorylation of H2AX is defective in Atprd3.

As a separate study to validate these data, the localisation of AtDMC1 on the chromatin
was investigated. Immunocytochemistry on chromosome spread preparation using anti-
AtDMC1 and anti-AtASY1 antibodies was carried out on Atprd3, Atspoll-1-4 and wild-
type PMCs. In wild-type PMCs, AtDMC1 signal was detected as numerous chromatin-
associated foci at early leptotene. These foci were associated with the chromosome axes
and the number of AtDMC1 progressively decreased during mid-prophase | (Figure
4.4G,J). However, AtDMC1 signal was not observed in Atprd3 and Atspoll-1-4 PMCs

(Figure 4.4H,1,K,L).
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During meiosis, the formation of meiotic DSBs activates the kinase activity of
AtATM/AtATR. These kinases phosphorylate proteins involved in the DSB repair
pathway. Therefore, proteins phosphorylated by AtATM/AtATR should remain in an non-
phosphorylated form when meiotic DSBs are not formed. Anti-p[S/T]Q and anti-AtASY1
antibodies were used for immunocytochemistry analysis of Atprd3, Atspol1-1-4 and wild-
type PMCs. Anti-p[S/T]Q antibody specifically recognised proteins phosphorylated at a
SQ or TQ site. These phospho-sites are preferentially phosphorylated by AtATM/AtATR.
In wild-type PMCs, a p[S/T]Q signal was observed from early leptotene (Figure 4.5A,D).
The signal formed discontinuous stretches and foci. However, p[S/T]Q signal was hardly
detectable in Atspoll-1-4 (Figure 4.5C,F). A very faint signal forming foci was detected in
the mutant line. In addition, a similar abnormal p[S/T]Q signal was detected in Atprd3
PMCs (Figure 4.5B,E). Overall, immunocytochemistry study suggests that meiotic DSBs

are not formed in Atprd3 mutant.

An alternative method to analyse the presence of DSBs in PMCs involves generating a
double mutant with Atrad51 or Atmrell to abrogate the homologous recombination
pathway. Meiotic DSBs formed and not repaired by the homologous recombination
pathway can be visualised by the presence of entangled chromosomes at metaphase | and
the presence of chromosome fragmentation from anaphase | onward. AtRADS51 is a
recombinase involved in DSB repair. Absence of AtRAD51 results in the accumulation of
unrepaired DSBs at metaphase | and the presence of chromosome fragmentation at
anaphase 1 (Figure 4.6C). AtMRE11l acts upstream AtRAD51 in the homologous

recombination pathway. AtMRE11 is required for the initial resection of the meiotic DSB
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ends. In Atmrell, AtSPO11 presumably remains covalently attached with the DSB ends,
thus preventing the activation of the DNA repair machinery. Therefore, DSBs are
unrepaired and chromosome fragmentation is observed at anaphase I. De Muyt et al.
(2009) previously reported the absence of chromosome fragmentation in Atprd3/Atrad51
and Atprd3/Atmrell double mutants. Thus, the authors proposed that AtPRD3 was
required for DSB formation. Atprd3/Atrad51 and Atspoll-1-4/Atrad51 double mutants
were generated and the meiotic stages were analysed by DAPI-stained chromosome spread
preparation. In Atspoll-1-4 PMCs, meiotic DSBs were not formed and homologous
chromosome failed to synapse and recombine. Ten univalent chromosomes were observed
at metaphase | instead of five bivalents observed in wild-type PMCs (Figure 4.6A,B). In
Atspoll-1-4/Atrad51 double mutant, the absence of DSB prevented the accumulation of
unrepaired DSBs and therefore 10 univalent chromosomes were observed at metaphase |
(Figure 4.6D). In Atprd3/Atrad51 double mutant, the formation of 10 univalent
chromosomes was similarly observed (Figure 4.6E,F). The analysis of Atprd3/Atmrell
double mutant was not attempted. Overall, immunocytochemistry studies of the early
recombination proteins in combination with the analysis of Atprd3/Atrad51 double mutant

suggest that AtPRD3 is essential to promote AtSPO11-1-dependent DSB formation.
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Figure 4.4. Dual immunolocalisation of AtASY1 with recombination proteins in wild-
type, Atprd3 and Atspoll-1-4 PMCs

Immunolocalisation of yH2AX (A-C) and AtDMC1 (G-I) in wild-type (A,G), Atprd3
(B,H) and Atspol1-1-4 (C,1). (D-F). Merge images of AtASY1 (green) and yH2AX (red) in
wild-type (D), Atprd3 (E) and Atspoll-1-4 (F). (J-L) Merge images of AtASY1 (green)
and AtDMCL1 (red) in wild-type (J), Atprd3 (K) and Atspoll-1-4 (L). Nuclei were
counterstained with DAPI (blue). Scale bar = 10 uM.
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Figure 4.5. Dual immunolocalisation of AtASY1 and p[S/T]Q in wild-type, Atprd3 and
Atspoll-1-4 PMCs.

Immunolocalisation of p[S/T]Q (A-C) in wild-type (A), Atprd3 (B) and Atspoll-1-4 (C).
(D-F). Merge images of AtASY1 (green) and p[S/T]Q (red) in wild-type (D), Atprd3 (E)
and Atspol1-1-4 (F). Nuclei were counterstained with DAPI (blue). Scale bar = 10 uM.
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Figure 4.6. Metaphase | from wild-type and mutants PMCs.
DAPI-stained (blue) chromosome spread of wild-type (A), Atspol1-1-4 (B), Atrad51 (C),
Atrad51/Atspoll-1-4 (D), Atprd3 (E) and Atrad51/Atprd3 (F) metaphase | nuclei.

Scale bar = 10 uM.
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4.5. Polymerization of AtZYP1 is disrupted in Atprd3 mutant

Since DAPI-stained chromosome spread preparation of Atprd3 PMCs showed an absence
of homologous chromosome pairing at mid-prophase I, the formation of the SC was
monitored during prophase I. Immunolocalisation of the SC transverse filament AtZYP1
using an anti-AtZYP1 antibody on chromosome spread preparations of Atprd3 and wild-
type PMCs was carried out. In wild-type PMCs, AtZYP1 nucleated at discrete sites (SISs)
during leptotene/zygotene transition. SISs are sites located along the chromosome axes
where synapsis initiates. The polymerisation of AtZYP1 emanating outwards from these
SISs was observed at zygotene (Figure 4.7A). The nucleation and polymerisation of
AtZYP1 is asynchronous during meiosis. It is therefore not possible to accurately
determine the number of SISs in Arabidopsis. By pachytene, the polymerisation of
AtZYP1 was complete and AtZYP1 formed a continuous signal (Figure 4.7D). In Atprd3,
AtZYP1 failed to polymerise. AtZYP1 signal was not consistently observed in each
nucleus analysed. When AtZYP1 signal was detected, AtZYP1 formed foci and
occasionally short stretches (Figure 4.7B,E). A previous study revealed that AtZYP1 is not
detected in Atspoll-1(Higgins et al, 2005). To confirm this result, immunolocalisation on
chromosome spread preparation of Atspol1-1-4 PMCs using an anti-AtZYP1 antibody was
carried out. AtZYP1 signal was rarely found associated with the chromatin (Figure

4.7C,F).
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Atprd3 Atspoll-1-4

Figure 4.7. Synapsis is defective in Atprd3.

Immunolocalisation on chromosome spread preparation of wild-type (A-D), Atprd3 (B,E)
and Atspoll-1-4 (C,F) PMCs using anti-AtZYP1 (red) and anti-AtASY1 (green)
antibodies. (A-C) Immunolocalisation of AtZYP1. (D-F) Dual immunolocalisation of
AtZYP1 and AtASY1. Nuclei were counterstained with DAPI (blue). Scale bar = 10 uM.
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4.6. Meiotic duration is normal in Atprd3 mutant

Previous studies suggested the presence of a surveillance mechanism coordinating the
progression of prophase | with the repair of meiotic DSBs in Arabidopsis (Higgins et al,
2005; Jackson et al, 2006). In Atprd3, meiotic DSBs are not formed. To determine the
meiotic duration in Atprd3 mutant, a BrdU pulse-chase labeling of nuclear DNA from pre-
meiotic S-phase nuclei, followed by sampling and BrdU detection at various time points,
was carried out in wild-type and Atprd3 PMCs. In wild-type, the duration of meiosis from
S-phase to tetrad is between 33h and 36h. Inflorescence from wild-type and Atprd3 plants
were fixed at Oh, 5h, 10h, 24h and 35h post-BrdU pulse-chase labeling. In wild-type
PMCs, interphase nuclei were labelled with BrdU at Oh confirming the incorporation of
BrdU during the pre-meiotic DNA replication (Table 4.1 and Figure 4.9A). The first
appearance of BrdU-labelled leptotene and zygotene occurred at 5h and 10h post-BrdU
pulse-chase labelling, respectively (Figure 4.9C,E). Pachytene nuclei were BrdU-labelled
at 24h and tetrad at 35h post-BrdU pulse, respectively (Figure 4.9G,l). In Atprd3,
homologous chromosomes failed to synapse. Therefore, zygotene and pachytene stages
were not observed. However, the progression of meiosis and the chromatin cycles of
expansion and contraction occurred in Atprd3. Therefore, a stage with similar chromatin
compaction to zygotene and pachytene were visualised and called zygotene-like and
pachytene-like stages in Atprd3 mutant. In Atprd3, the progression of meiosis was similar
to wild-type with a duration from S phase to tetrad estimated at 35h (Figure 4.8).
Interphase nuclei were labelled at Oh, leptotene at 5h, zygotene-like at 10h, pachytene-like

at 24h and tetrad at 35h post-BrdU pulse (Table 4.1. and Figure 4.9B,D,F,H,J).
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Int Int Lep Lep Zyg/Pac | Zyg/Pac | Dip/MI | Dip/MI | MII/Tet | MII/Tet
NL L NL L NL L NL L NL L
Wild-type 17 27 (61%) 10 0 (0%) 13 0 (0%) ND ND ND ND
T=0
Wild-type 16 34 (68%) 5 4 (44%) 0 31 (0%) ND ND ND ND
T=5
Wild-type 1 17 (95%) 1 9 (90%) 55 4 (7%) ND ND ND ND
T=10
Wild-type ND ND 0 15 (100%) 6 50 (89%) 14 0 (0%) ND ND
T=24
Wild-type ND ND ND ND ND ND ND ND 8 12 (60%)
T=35
Atprd3 19 24 (56%) 10 0 (0%) 16 (100%) 0 ND ND ND ND
T=0
Atprd3 15 40 (73%) 7 8 (53%) 69 0 (0%) ND ND ND ND
T=5
Atprd3 3 24 (89%) 0 10 (100%) 53 2 (4%) ND ND ND ND
T=10
Atprd3 ND ND 0 14 (100%) 21 62 (75%) 18 0 (0%) ND ND
T=24
Atprd3 ND ND ND ND ND ND ND ND 14 6 (30%)
T=35

Table 4.1. Proportion of BrdU-labelled nuclei for wild-type and Atprd3 PMCs
Non BrdU-labelled (NL) and BrdU-labelled (L) nuclei were scored and the proportion of

labelled nuclei is shown in bracket in the table. Some meiotic stages have short duration

and meiosis was divided into 5 categories: interphase (Int), leptotene (Lep),

zygotene/pachytene (Zyg/Pac), diplotene to metaphase | (Dip/MI), metaphase |1 to tetrad
(MI1/Tet). ND: non determined.
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Figure 4.8. Meiotic duration is normal in Atprd3
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Schematic representation of the duration of meiosis from S-phase to tetrad in wild-type and
Atprd3 PMCs.
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Pachytene Zygotene Leptotene Interphase

Tetrad

Figure 4.9. Meiotic time course for wild-type and Atprd3 nuclei
Nuclei were BrdU pulse-chase labelled in S-phase and inflorescences from wild-type

(A,C,E,G,I) and Atprd3 (B,D,F,H,J) were taken for analysis at Oh (A,B), 5h (C,D), 10h
(E,F), 24h (G,H) and 35h (l,J) post-BrdU pulse-chase. The detection of BrdU-labelled

nuclei was carried out with an anti-BrdU antibody (green). Nuclei were counterstained

with DAPI (blue). Scale bar = 10 uM.
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4.7. AtPRD3 is not required for AtSPO11-1 association with the

chromatin

4.7.1. Anti-AtPRD3 antibody is specific to AtPRD3

To study the localisation of AtPRD3 in Arabidopsis PMCs, an anti-AtPRD3 antibody was
raised against the C-terminus part of the protein. The specificity of the antibody was tested
against E.coli recombinant protein (provided by Steve Price) on a SDS-page gel. AtPRD3
recombinant protein was fused with a His-tag and had an expected molecular weight of 29
kDa. 8 ug and 5 ug of His-tagged AtPRD3 recombinant protein were loaded into 6 wells
onto a SDS-page then transferred to a nitrocellulose membrane. The membrane was cut
into 3 parts. One membrane was blotted with an anti-His tag antibody while the two other
membranes were blotted with the pre-immune and the anti-AtPRD3 antibody. A strong
signal was detected at a molecular weight slightly below 35 kDa with anti-His tag and anti-
AtPRD3 antibodies (Figure 4.10A,C). The signal likely represents AtPRD3 recombinant
protein as the signal was not observed when the membrane was blotted with the pre-
immune (Figure 4.11B). This indicates that anti-AtPRD3 antibody is specific to AtPRD3

recombinant protein.
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Figure 4.10. Anti-AtPRD3 antibody is specific to AtPRD3 recombinant protein

8 ug and 5 pg of His-tagged AtPRD3 recombinant protein was loaded onto a SDS-page.
The protein was transferred to a nitrocellulose membrane and was detected with anti-His
tag (A) and anti-AtPRD3 (C) antibodies. As a control, the membrane was blotted with the
pre-immune (B). The expected molecular weight of His-tagged AtPRD3 is 29 kDa. The
black arrows represent His-tagged AtPRD3.
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4.7.2. AtPRD3 associates with the hyper-abundant domains of AtASY1

Sanchez-Moran et al. (2007) described the chronology of chromosome axis formation and
recombination events during Arabidopsis meiosis. The authors showed that AtSPO11-1
briefly associates with the chromatin and this was temporally correlated with the initiation
of the polymerisation of AtASY1. The polymerisation of AtASY1 and other axis
components occur when short stretches of chromosome threads are detected on DAPI-
stained chromosome spreads of Arabidopsis PMCs. It is thought that this is a cytological
representation of the formation of the meiotic chromosome axes. To investigate the
localisation of AtPRD3 in Arabidopsis PMCs, dual immunolocalisation using anti-AtPRD3
and anti-AtASY1 antibodies was carried out. AtPRD3 formed numerous foci (51.6, n=5)
associated with the chromatin at G2. The localisation of AtASY1 occurred prior to the
localisation of AtPRD3. In addition, AtPRD3 was found associated with the chromatin
when AtASY1 signal formed numerous foci and short stretches. The majority of AtPRD3
foci were found associated with AtASY1 foci or AtASY1 hyper-abundant domains present
on the short stretches of AtASY1 (Figure 4.11A). AtPRD3 remained briefly associated
with the chromatin but was no longer detected when AtASY1 polymerised further. No
signal was detected in the Atprd3 mutant confirming the specificity of the anti-AtPRD3

antibody (Figure 4.11C).

4.7.3. AtPRD3 and AtSPO11-1 are mutually independent for localisation

The defect in DSB formation observed in Atprd3 can result from a defect in the

localisation of AtSPO11-1 with the chromatin or a defect in the tethering of the chromatin

164



loops to the chromosome axes. Dual immunolocalisation using anti-AtASY1 and anti-
AtSPO11-1 antibodies from wild-type PMCs revealed that AtSPO11-1 localisation is
temporally similar to AtPRD3 localisation. AtSPO11-1 formed numerous foci (79.2 foci,
n=5) associated with the chromatin when AtASY1 formed foci and short stretches.
Similarly, AtSPO11-1 was not detected when AtASY1 stretches elongated further. The
majority of AtSPO11-1 foci were associated with AtASY1 foci and AtASY1 hyper-
abundant domains present on the short stretches of AtASY1 (Figure 4.11B). The
association between AtSPO11-1/AtPRD3 and AtASY1 foci supports the model where the
chromosome axes have an important role in the determination of the sites of future DSBs.
In Atprd3 mutant, the localisation of AtSPO11-1 was indistinguishable from wild-type
PMCs. An average of 80.2 AtSPO11-1 foci (n=5) were detected and the majority of
AtSPO11-1 foci were associated with AtASY1 foci/hyper-abundant domains (Figure
4.11D). In addition, the localisation of AtPRD3 on the chromatin was independent on
AtSPO11-1. In Atspoll-1 PMCs, an average of 53.8 AtPRD3 foci (n=5) were observed
and the majority of AtPRD3 foci were associated with AtASY1 foci/hyper-abundant
domains (Figure 4.11E). Overall, this indicates that AtPRD3 and AtSPO11-1 are mutually

independent for their localisation.
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Figure 4.11. AtPRD3 and AtSPO11-1 are mutually independent for their localisation
(A,C,E) Dual immunolocalisation of AtASY1 (green) and AtPRD3 (red) on DAPI-stained
(blue) chromosome spread preparation of wild-type (A), Atprd3 (C) and Atspoll-1-4 (E).
(B,D) Dual immunolocalisation of AtASY1 (green) and AtSPO11-1 (red) on DAPI-stained
(blue) chromosome spread preparation of wild-type (B) and Atprd3 (D). Scale bar = 10
uM.
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4.8. AtPRD3 forms a homo-dimer and interacts with the chromosome

axis components AtASY1 and AtASY3 in a yeast two-hybrid assay

4.8.1. AtPRD3 interacts with AtASY1 in a yeast two-hybrid assay

Immunoprecipitation study using an anti-AtASY1 antibdody on Brassica oleracea crude
extract revealed that a protein sharing high sequence homology with AtPRD3 was found in
the eluate (Osman and Franklin, unpublished). Two recent studies suggest that the number
of DSBs is not significantly affected in Atasyl (Ferdous et al, 2012; Sanchez-Moran et al,
2007a). However, the number of yH2AX foci was found slightly decreased in Atasyl. This
indicates that AtASY1 may have a role in DSB formation. To test the interaction between
AtASY1 and AtPRD3, the full length coding sequence of AtASY1 and AtPRD3 were fused
with the activating (-AD) and binding domains (-BD) of GAL4 using the primer sets:
PGAD-ASY1F- pGAD-ASY1R, pGBK-ASY1F- pGBK-ASY1R, pGAD-PRD3F- pGAD-
PRD3R and pGBK-PRD3F- pGBK-PRD3R. Y2H Gold yeast cells were then co-
transformed with AtASY1-AD/AtPRD3-BD and AtPRD3-AD/AtASY1-BD. As negative
controls, yeast cells were co-transformed with AtASY1 or AtPRD3 in combination with
the complementary empty vector. The interaction between the two proteins was analysed

in the GAL4 yeast two-hybrid system as mentioned above.

After 4-5 days of incubation, growth of yeast co-transformed with AtPRD3-AD/AtASY1-
BD and AtPRD3-AD/empty vector was observed on the less stringent media SD —LTH but
not on the more stringent media SD —LTHA (Figure 4.12). All other negative controls and

yeast co-transformed with AtASY1-AD/AtPRD3-BD were unable to growth in the absence
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of histidine in the media. To assess the level of activation of HIS gene in cells transformed
with AtPRD3-AD/AtASY1-BD compared to cells transformed with AtPRD3-AD/empty
vector, a serial drop dilution of growing cell culture was carried out. Cell cultures of
similar optical density were diluted in serial series. 3 ul of each culture (with no dilution,
1/10 and 1/100 dilution) was dropped on SD —LT, SD —LTH and SD -LTHA. Five
independent cultures were prepared for each vector combination. All cultures present a
similar growth pattern on SD —LT confirming the similar cell density and growth rate
between the different cultures. Weak growth of cells expressing AtPRD3-AD/AtASY1-BD
was observed after 1.5 day of incubation on SD -LTH. However, no growth was observed
for cells expressing AtPRD3-AD/empty vector on SD -LTH. After 2 days of incubation,
growth of AtPRD3-AD/AtASY1-BD cells was more apparent at no dilution and weak
growth was observed at 1/10 dilution on SD -LTH. This was consistently observed for all
five independent cultures. In contrast, weak growth of cells expressing AtPRD3-AD/empty
vector was observed at no dilution only on SD —LTH (Figure 4.12). The five independent
cultures revealed a similar growth pattern. By prolonging the incubation time to 2.5 days,
growth of AtPRD3-AD/empty cell was detected at 1/10 dilution. This indicates that HIS
gene expression is elevated in the presence of AtPRD3-AD and AtASY1-BD. The
activation of HIS gene expression in cells expressing AtPRD3-AD can be explained by the
DNA binding properties of AtPRD3. The faster growth rate of cells expressing AtPRD3-
AD and AtASY1-BD compared to the negative control suggests that AtPRD3 interacts

with AtASY1 in a yeast two-hybrid assay.
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pGADT7-PRD3/pGBKT7-ASY1

pGADT7/pGBKT7-PRD3

pGADT7-PRD3/pGBKT7
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pGADT7/pGBKT7-ASY1

PGADT7-ASY1/pGBKT7

Figure 4.12. AtPRD3 interacts with AtASY1 in a yeast two-hybrid assay.

Full length coding sequence of AtPRD3 and AtASY1 were fused with GAL4 activating
domain (into pGADT7 vector) and GAL4 binding domain (into pGBKT7 vector). S.
cerevisiae Y2H Gold cells were co-transformed with a combination of pPGADT7/pGBKT7
vectors. Co-transformed yeast cells were screened on the restrictive media SD —LT.
Growth of yeast cells expressing AtPRD3-AD and AtASY1-BD was observed on the less
stringent media SD -LTH but not on the more stringent media SD -LTHA. In addition,
yeast cells expressing AtASY1-AD and AtPRD3-BD were unable to grow on the
restrictive media SD -LTH and SD —-LTHA. Yeast cells co-transformed with pGADT7-
AtPRD3/pGBKT7 empty vector were also able to grow on the less stringent media SD —
LTH but at a slower growth rate compared to cells co-transformed with pGADT7-
AtPRD3/pGBKT7-AtASY1. All other negative controls did not show yeast growth on the
restrictive media SD —LTH and SD —LTHA. This indicates that AtPRD3 weakly interacts
with AtASY1 in a yeast two-hybrid assay. The strength of interaction between the two
proteins was assessed by serial drop dilutions of mid-exponential-phase cell cultures. 3ul
of undiluted, 1/10 and 1/100 diluted cultures were spotted on the selective agar media and
incubated at 30°C for 2 days.
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4.8.2. AtPRD3 interacts with AtASY3 in a yeast two-hybrid assay

To further investigate the potential interaction between AtPRD3 and components of the
chromosome axes, the interaction between AtASY3 and AtPRD3 was tested. Similar to the
previous yeast two-hybrid experiments, AtASY3 and AtPRD3 full length coding sequences
were fused with the activating and binding domain of GAL4. Y2H Gold cells were co-
transformed with AtASY3-AD/AtPRD3-BD and the reciprocal vector combination. As
negative controls, yeast cells were co-transformed with one empty vector and the

complementary vector expressing either AtASY3 or AtPRD3.

After 5 days of incubation, only cells expressing AtPRD3-AD/AtASY3-BD were able to
grow on the more stringent media SD —LTHA (Figure 4.13). The growth rate of AtPRD3-
AD/AtASY3-BD cells was slower on SD —LTHA than on SD —-LTH. As previously
reported, cells expressing AtPRD3-AD/empty vector were able to grow on the less
stringent media SD —LTH. The other vector combinations were unable to activate the
expression of the reporter genes in yeast cells. This observation suggests that AtPRD3
physically interacts with AtASY3 in a yeast two-hybrid assay. The absence of interaction
between AtASY3-AD/AtPRD3-BD is similar to the absence of interaction between
AtASY1-AD/AtPRD3-BD. The fusion of GAL4 binding domain with AtPRD3 could alter
the structure of the protein which renders the interaction between AtASY1/AtASY3 and

AtPRD3 impossible.
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Figure 4.13. AtPRD3 interacts with AtASY3 in a yeast two-hybrid assay.

Full length coding sequence of AtPRD3 and AtASY3 were fused with GAL4 activating
domain (into pGADT7 vector) and GAL4 binding domain (into pGBKT?7 vector). S.
cerevisiae Y2H Gold cells were co-transformed with a combination of pGADT7/pGBKT7
vectors. Co-transformed yeast cells were screened on the restrictive media SD —LT.
Growth of yeast cells expressing AtPRD3-AD and AtASY3-BD was observed on SD -
LTH and SD —LTHA. However, yeast cells expressing AtASY3-AD and AtPRD3-BD
were unable to grow on the restrictive media SD -LTH and SD —LTHA. In addition, yeast
cells co-transformed with pGADT7-AtPRD3/pGBKT7 empty vector were also able to
grow on the less stringent media SD —LTH but not on the more stringent media SD -
LTHA. All other negative controls did not show yeast growth on the restrictive media SD —
LTH and SD —-LTHA. This indicates that AtPRD3 interacts with AtASY3 in a yeast two-
hybrid assay. The strength of interaction between the two proteins was assessed by serial
drop dilutions of mid-exponential-phase cell cultures. 3ul of undiluted, 1/10 and 1/100
diluted cultures were spotted on the selective agar media and incubated at 30°C for 2.5

days.
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4.8.3. AtPRD3 forms a homo-dimer in a yeast two-hybrid assay

Finally, the capacity of AtPRD3 to form a homo-dimer was studied. The full length coding
sequence of AtPRD3 was fused with the activating and binding domain of GAL4. Y2H
gold cells were co-transformed with AtPRD3-AD/AtPRD3-BD, AtPRD3-AD/empty vector
or AtPRD3-BD/empty vector. After 4 days of incubation, growth of cells expressing
AtPRD3-AD/AtPRD3-BD was observed on the more stringent media SD —~LTHA (Figure
4.14). A weak growth of AtPRD3-AD/empty vector was observed on the less stringent
media SD —LTH. This observation shows that AtPRD3 forms a homo-dimer in a yeast
two-hybrid assay. The growth rate of cells co-transformed with AtPRD3-AD/AtPRD3-BD
was faster than the growth rate of cells co-transformed with AtPRD3-AD/AtASY3-BD.
This indicates a difference in the strength of protein-protein interaction between the two

complexes in yeast cells.
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Figure 4.14. AtPRD3 forms a homo-dimer in a yeast two-hybrid assay.

Full length coding sequence of AtPRD3 was fused with GAL4 activating domain (into
pGADT?7 vector) and GAL4 binding domain (into pGBKT7 vector). S. cerevisiae Y2H
Gold cells were co-transformed with a combination of pPGADT7/pGBKT?7 vectors. Co-
transformed yeast cells were screened on the restrictive media SD —LT. Growth of yeast
cells expressing AtPRD3-AD and AtPRD3-BD was observed on the restrictive media SD -
LTH and SD -LTHA. Yeast cells co-transformed with pGADT7-AtPRD3/pGBKT7 empty
vector were able to grow on the less stringent media SD —LTH but not on the more
stringent media SD -LTHA. However, the cells co-transformed with pGADT7 empty
vector/pGBKT7-AtPRD3 were unable to grow on both restrictive media SD —LTH and SD
—LTHA. This suggests that AtPRD3 forms a homo-dimer in a yeast two-hybrid assay. The
strength of interaction between the two proteins was assessed by serial drop dilutions of
mid-exponential-phase cell cultures. 3pl of undiluted, 1/10 and 1/100 diluted cultures were
spotted on the selective agar media and incubated at 30°C for 2 days.
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4.9. AtATM/AtATR negatively regulate the formation of AtSPO11-

dependent DSBs

The number of meiotic DSBs formed per nucleus is regulated by the kinase activity of
ATM/ATR in mammals, yeasts and flies (Carballo et al, 2013; Joyce et al, 2011; Lange et
al, 2011; Zhang et al, 2011). Ferdous et al. (2012) inferred that the number of AtDMC1,
AtRADS51 and yH2AX foci found associated with the chromatin at the onset of leptotene
were marking the sites of DSB in Arabidopsis. AtRAD5L1 is a recombinase protein thought
to be involved in the formation of DSBs during both mitosis and meiosis. AtDMC1 is a
meiotic specific recombinase and its loading on the chromatin is dependent on both
AtASY1 and AtATR while the phosphorylation of the histone variant H2A is dependent on
AtATM/ALATR kinase activity (Kurzbauer et al, 2012; Sanchez-Moran et al, 2007a). Only
the recruitment of AtRADS51 at the sites of DSB appears to be independent on axes
components and AtATR. Thus, to determine if AtATM/AtATR are involved in the
formation of DSBs, an immunocytochemistry study was carried out on chromosome spread
preparations of wild-type and the Atatm/Atatr double mutant using an anti-AtRAD51
antibody. In wild-type PMCs, the mean number of AtRAD51 foci was 166.7 at early
prophase I. In contrast, the mean number of AtRAD51 foci was 229.3 in Atatm/Atatr
double mutant, representing an increase of AtRAD51 foci by 27 % the wild-type level
(Figure 4.15A-F). This suggests that AtATM and/or AtATR negatively regulate(s) the

formation of DSBs.

The most effective approach to control the formation of DSBs would consist at regulating

the stability of the pre-DSB machinery on the chromatin. In Arabidopsis, two SPO11
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paralogues, AtSPO11-1 and AtSPO11-2 have been characterised. Four additional proteins
have been described as essential for the formation of DSBs (De Muyt et al, 2009; De Muyt
et al, 2007; Grelon et al, 2001; Hartung et al, 2007; Stacey et al, 2006; Zhang et al, 2012).
ATM/ATR specifically phosphorylates its target proteins at [S/T]Q sites. To identify
potential targets of AtATM/AtATR kinase activity, all six proteins were screened for
[S/T]Q sites. Only two proteins, AtPRD1 and AtPRD3 have a high number of [S/T]Q sites.
AtPRD1 has 10 [S/T]Q and AtPRD3 has 11 [S/T]Q sites (Figure 4.15G). In comparison,
the average number of [S/T]Q sites per protein is 2.91 in Arabidopsis proteome.
Interestingly, AtPRD3 has a high ratio [S/T]Q sites:amino-acid length and has a SCD
containing 10 [S/T]Q sites at the N-terminus part of the protein (Figure 4.15H). Further

analysis is required to determine whether AtPRD3 is phosphorylated during meiosis.
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Protein name

AtSPO11-1
AtSPO11-2
AtPRD1
AtPRD2

[S/T]Q site/protein length
in amino acid

1/362
3/383
10/1268
3/385

AtPRD3

11/449

AtDFO

0/233

MKMNINKACDLKSISVFPPNLRRSAEPQASQQLRSQQSQQSFSQGPSSSQRGCGGFSQMT
QSSIDELLINDQRFSSQERDLSLKKVSSCLPPINHKREDSQLVASRSSSGLSRRWSSASIGES
KSQISEELEQRFGMMETSLSRFGMMLDSIQSDIMQANRGTKEVFLETERIQQKLTLQDTSLQQ
LRKEQADSKASLDGGVKFILEEFSKDPNQEKLQKILQMLTTIPEQVETALQKIQREICHTFTREI
QVLASLRTPEPRVRVPTAPQVKAKENLPEQRGQAAKVLTSLKMPEPRVQVPAAPQAKENFPE
QRGPVAKSNSFCNTTLKTKQPQFPRNPNDASARAVKPYLSPKIQVGCWKTVKPEKSNFKKRA
TRKPVKSESTRTQFEQCSVVIDSDEEDIDGGFSCLINENTRGTNFEWDAEKETERILRTARRT

KRKFGNPIIN
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Figure 4.15. AtATM/AtATR negatively regulate the formation of meiotic DSBS

(A,B,D,E) Immunolocalisation of AtASY1 (A,D) and AtRAD51 (B,E) on wild-type (A,B)
and Atatm/Atatr (D,E) PMCs. (C,F) Merge image of AtASY1 (green) and AtRAD51
(magenta) on wild-type (C) and Atatm/Atatr (F) PMCs. Scale bar = 10 um. (G) Table
representing the number of [S/T]Q sites for each protein involved in the formation of
DSBs. (H) Amino-acid sequence of AtPRD3. SQ sites are represented in red and TQ sites

are represented in blue.

4.10. Discussion

4.10.1. AtPRD3 is essential for the formation of meiotic DSBs

The regulation of meiotic DSB formation has been extensively studied in budding and
fission yeast. Several components of the pre-DSB complex have been characterised. The
association of this complex with the chromatin is spatially and temporally regulated by the
replication of DNA during premeiotic S-phase (Borde et al, 2000; Murakami & Nurse,
2001), the chromatin status (Acquaviva et al, 2013; Sommermeyer et al, 2013), the
chromosome axes and the formation of DSBs (Carballo et al, 2013; Zhang et al, 2011).
Some of these characteristics have also been described in mammals (Kumar et al, 2010)
and nematodes (Rosu et al, 2013; Stamper et al, 2013). In contrast, only 6 proteins have
been characterised as directly involved in the formation of DSBs in Arabidopsis (De Muyt
et al, 2009; De Muyt et al, 2007; Grelon et al, 2001; Hartung et al, 2007; Stacey et al,

2006; Zhang et al, 2012). The lack of domain and sequence similarity complicates the
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functional analyses of these proteins. AtPRD3 was identified in a screen for asynaptic
mutants (De Muyt et al, 2009). AtPRD3 doesn’t share sequence/domain similarity with
other known meiotic proteins and is essential for the formation of meiotic DSBs. This is
suggested by the absence of phosphorylation of H2AX variant and the absence of
localisation of AtDMC1 with the chromatin in Atprd3 mutant. In addition, the lack of
AtPRD3 rescues the chromosome fragmentation phenotype detected in Atrad51 mutant. A
similar observation was observed in Atspoll/Atrad51 double mutant supporting a role for
AtPRD3 in the formation of DSBs. However, the function of AtPRD3 is unknown.
Recently, Vrielynck and Grelon (personal communication) established a network of
protein interactions between pre-DSB proteins, using a yeast two hybrid system.AtPRD3
was found interacting with AtMRE11 but not with any of the proteins essential for the
formation of DSBs. In budding yeast, Mrell is required for wild-type level of DSBs
(Johzuka & Ogawa, 1995). However, the formation of DSBs is proficient in Arabidopsis

Atmrell mutant (Uanschou et al, 2007).

4.10.2. AtPRD3 interacts with the chromosome axes and is not required for the

localisation of AtSPO11-1 on the chromatin

At least two models can explain the role of AtPRD3 in the formation of DSBs. AtPRD3
could form a complex with AtSPO11-1/2 and promote/stabilise their association at the pre-
determined sites of future DSBs. Alternatively, AtPRD3 could be associated with the
chromosome axes and promote the tethering of the chromatin loops to the chromosome

axes and/or activate the topoisomerase-like transesterification activity of AtSPO11-1/2
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when the chromatin loops are tethered with the axes (Acquaviva et al, 2013; Panizza et al,

2011; Sommermeyer et al, 2013).

The localisation of Spoll on the chromatin has been investigated in budding yeast. The
localisation of Spoll at the his4LEUZ2 hotspot was severely disrupted in rec102, rec104
and rec114 mutants (Prieler et al, 2005). In addition, the association of Spoll with the
chromatin is dependent on the phosphorylation status of Rec114. Carballo et al. (2013)
showed that Rec114 is phosphorylated by Tell and/or Mec1 following formation of DSBs.
A phosphomimic version of Rec114 (rec114 -8D) reduced the number of DSBs and reduce
the binding of Spoll on the chromatin. These two independent studies suggest that both
the presence of Rec114 protein on the axes and its phosphorylation status are important to
regulate the localisation of Spoll at the sites of future DSBs. AtPRD3 present limited
sequence homology with Rec114. However, AtPRD3 is enriched in [S/T]Q sites and is a
potential target of AtATM/AtATR (see below). Interestingly, AtPRD3 and AtSPO11-1 are
mutually independent for their localisation. Moreover, AtPRD3 was found interacting with
the two chromosome axes components AtASY1 and AtASY3 in a yeast two-hybrid assay
and AtPRD3 was pulled down from a Brassica crude extract using an anti-ASY1 antibody.
This suggests that AtPRD3 may associate with the underlying chromosome axes and either
tether the chromatin loops to the axes at pre-determined sites or activate the
topoisomerase-like transesterification activity of AtSPO11-1/2 when the chromatin loops
are tethered with the axes. Interestingly, preliminary analysis of APRD3 localisation in
chromosome axis mutants showed that AtASY1 is required for proper localisation of
AtPRD3 on the chromatin (data not shown). Similarly, chromosome axes components

were found important for the distribution of DSBs by regulating the localisation and
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distribution of Recl14 and Rec27 along the axes in budding yeast and fission yeast,

respectively (Fowler et al, 2013; Panizza et al, 2011).

Recently, Yant et al. (2013) identified 44 genes that present a strong ploidy specific
differentiation between natural diploid and tetraploid Arabidopsis arenosa. Genes coding
for chromosome axes components and for AtPRD3 were among these 44 genes. The
parallel evolutionary differentiation of chromosome axes genes and AtPRD3 further
supports the coordinate role of AtPRD3 and the axes in the formation of meiotic DSBs

(Yant et al, 2013).

4.10.3. The nucleation of AtZYPL1 is dependent on the formation of DSBs

The SC nucleates at discrete sites on the chromatin. Several factors determine the sites of
SC nucleation. It is thought that the SC nucleates at the CO-designated sites. In
Arabidopsis, the number of AtZYP1 foci is higher than the number of AtMLH1 foci which
are thought to represent the sites of COs of class I. An average of 10 COs is formed per
nucleus in Arabidopsis. The presence of additional SISs may be required to ensure proper
SC polymerisation along the chromosomes. In budding yeast, Zipl localises at the CO-
designated sites and at the centromeres (see below) (Tsubouchi et al, 2008). AtZYP1 is a
structural component of the SC transverse filament and has a tendency to aggregate and
form polycomplexes in the absence of early recombination events. In Atprd3 mutant,
meiotic DSBs are not formed, thus preventing the initiation of homologous recombination.
AtZYP1 was found associated with the chromatin forming foci in most of the nuclei

analysed and occasionally forming short stretches. Voelkel-Meiman et al. (2012) reported
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that Zipl has a low turnover when the protein was integrated in the SC (Voelkel-Meiman
et al, 2012). In mutant lines defective for homologous recombination, the newly synthesise
Zipl/AtZYP1 protein may aggregate at the pre-existing chromatin-associated
Zipl/AtZYP1 foci forming abnormal thick structures as the SC fails to further elongate.
Interestingly, AtZYP1 was found localised on the chromatin at a lower frequency in
Atspoll-1-4 mutant compared to Atprd3 mutant. The difference in AtZYP1 localisation
cannot be explained by the presence of rare DSBs in Atprd3 mutant as no chromosome
fragmentation was observed in Atprd3/Atrad51 and Atprd3/Atmrell double mutants (De
Muyt et al, 2009). In budding yeast, Spoll has a role during pre-meiotic S-phase. The
duration of the pre-meiotic S-phase was reduced by 25 % in spoll mutant. In addition, the
absence of SC nucleation was partially dependent on the role of Spoll during DNA
replication. In spol1/spo22 double mutant, where DNA replication was prevented, the SC
length was restored to 55 % the wild-type level in Coprinus cinereus (Merino et al, 2000).
The difference observed in AtZYP1 localisation between Atprd3 and Atspoll-1-4 mutants
could account for an additional role of AtSPO11-1 during pre-meiotic S-phase.
Alternatively, the nucleation of AtZYP1 could be tightly regulated by several factors. In
mice, SC forms short stretches in spoll mutant. The partial polymerisation of the SC is
thought to occur between non-homologous chromosomes. In hormadl/spoll double
mutant, the nucleation of SYCP1 was reduced compared to spoll single mutant (Daniel et
al, 2011). This indicates that HORMAD1 is needed for SC nucleation independently of
recombination events. Similarly, the nucleation and initial elongation of AtZYP1 may be

regulated by several factors in Arabidopsis.
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4.10.4. Achiasmate chromosomes exhibit an increase in chromosomal connections

The presence of inter-chromosomal connections during Arabidopsis meiosis was reported
by Knoll et al. (2012). Although no bivalent was observed in Atspoll-1-4 and Atprd3
mutant, ultrafine DNA bridges were observed at higher frequency in these mutants
compared to wild-type nuclei. The nature of these bridges is unknown. The presence of
ultrafine DNA bridges was recently identified in mitotic human cells (Baumann et al,
2007; Chan et al, 2007). These connections between chromosomes did not contain histones
and were associated with the SNF2/SWI family member PICH, RPA and FANCM
helicases. The presence of these connections is thought to arise during DNA replication
and occur at the centromeric/telomeric regions or at genomic regions where DNA
replication occur with difficulties. A similar type of bridges may occur during pre-meiotic
S-phase between regions that are late replicating or fail to properly replicate (Mankouri et
al, 2013). This is supported by the increase in inter-chromosomal connections reported
during meiotic metaphase | in Atfancm mutant (Knoll et al, 2012). The frequency of
bridges was increased by a factor of 2 when chromosomes failed to form bivalent. The
connections were mostly established between non homologous chromosomes. The defect
in the obligate CO does not restrict the mobility of univalent chromosomes and thus
resulted in an increase in the formation/persistence of bridges. Although the bridges
occurred between non homologous chromosomes, they may have a role in the segregation
of chromosomes at anaphase I. Ultrafine DNA bridges were found elongated and the
connected chromosomes were segregating towards opposite poles during metaphase
I/anaphase | transition. In mice (Bisig et al, 2012; Qiao et al, 2012) and yeast (Newnham et

al, 2010), a backup mechanism exists increasing the frequency of disjunction of achiasmate

182



chromosomes. The nature of this mechanism is unknown. However, Spoll and
components of the SC were suggested to be involved in this process. A similar mechanism
limiting the non-disjunction of achiasmate chromosomes was suggested in Arabidopsis
(Pradillo et al, 2007). It is possible that the presence of ultrafine DNA bridges observed in
metaphase | favours the segregation of the connected chromosomes toward opposite poles
of the cells, thus limiting the frequency of non-disjunction of achiasmate chromosomes in

Arabidopsis.

4.10.5. AtATM is involved in a negative feedback loop to limit the number of DSBs

In yeasts, mammals and flies, the number of DSBs formed in each nucleus is tightly
regulated. Following the formation of DSBs, the kinase activities of ATM/Tell and
ATR/Mecl are activated resulting in the establishment of a negative feedback loop
inhibiting the formation of additional DSBs (Joyce et al, 2011; Lange et al, 2011; Zhang et
al, 2011). The mechanism responsible for the inhibition of DSBs is largely unknown.
However, the axis-associated protein Recl114 is essential for the formation of DSBs. In
addition, Rec114 becomes phosphorylated by Mec1/Tel in response to the formation of
DSBs (Carballo et al, 2013). The phosphorylation of Rec114 results in the inhibition of the
formation of additional DSBs. Several aspects of this negative feedback loop remain to be
determined. For instance, how many DSBs are required to activate the negative feedback
loop? How would the cell sense the number of DSBs? It is possible that this feedback loop
relies on a balance between phosphorylation and dephosphorylation status. Similarly to the
maintenance of Rec8 at the centromeric regions, Recl14 may be maintained in a

dephosphorylated form by a phosphatase. Following DSB formation, the phosphatase
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activity may be reduced while the kinase activity of Mec1/Tell is activated. In addition,
ATM is auto-phosphorylated in response to the formation of DSBs. The number of DSBs
formed in the cell could be indirectly sense by the level of phosphorylated ATM protein.
This would in turn change the balance in the phosphorylation status of Recl14 and

probably of other proteins.

In Arabidopsis, a similar negative feedback loop was described in this chapter. The number
of AtRAD51 foci was increased by 27 % the wild-type level in Atatm/Atatr double mutant.
This suggests that AtATM and/or AtATR are regulating the formation of DSBs similarly
to their functional counterpart in mammals and yeasts. The inhibitory function of
AtATM/ALATR for the formation of DSBs can be directed towards the components of the
chromosomes axes and/or the components of the pre-DSB machinery. AtASY1 is an axis-
associated protein interacting with AtPRD3 and regulating its distribution on the
chromatin. AtASY1 has several [S/T]Q sites and most of these sites were found
phosphorylated in Brassica extracts. In addition, AtASY1 is phosphorylated at the residue
threonine 295 in response to the formation of DSBs. The phosphorylation at this residue is
dependent on AtATM/AtATR (see Chapter 5). The phosphorylation of AtASY1 could
disfavour the interaction between AtASY1l and AtPRD3. Two AtSPO11-accessory
proteins, AtPRD1 and AtPRD3, are enriched in [S/T]Q sites. The phosphorylation status
and the biological significance of the phosphorylation of these two proteins remain to be
investigated. However, a direct role of AtATM/AtATR towards AtSPO11-accessory
proteins is an attractive model and would potentially provide an effective means to inhibit

the formation of additional DSBs.
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Chapter 5

Coordination between DSB repair and remodelling

of the chromosome axes during mid-prophase |
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5.1. Introduction

Meiotic recombination initiates with the formation of DSBs catalysed by the
topoisomerase-like endonuclease SPO11. The formation of DSBs activates the kinase
activity of ATM/Tell and ATR/Mecl which phosphorylate proteins involved in the
homologous recombination pathway. The DSB ends are resected by the complex MRE11-
RAD50-NBS1/XRS2 in conjunction with COM1/SAE2 to generate 3’ single-stranded
DNA tails. One of the two 3’ single-stranded DNA tail is coated by the recombinases
RAD51 and DMC1 to form a pre-synaptic nucleofilament that will invade the homologous
chromosome. The second 3’ single-stranded DNA tail, on the opposite side of the DSB
site, is thought to be quiescent until a later stage where it will be involved in the second
end capture and formation of a dHJ that will be resolved to form a CO (Osman et al, 2011).
Homologous recombination occurs in the context of the meiotic chromosome axes.
Immunocytochemistry analysis of GFP-tagged recombination proteins from Sordaria
macrospora revealed that early recombination proteins localise on the chromosome axes
(Storlazzi et al, 2010). At the onset of leptotene, the homologous axes are separated by a
distance of 400 nm. During mid-prophase |, GFP-tagged RAD51 foci are redistributed and
exhibit a “between-axis” configuration. This is accompanied by a reduction of the
separation between homologous axes to 200 nm (Storlazzi et al, 2010). The connection
between homologous axes is important for the pairing of homologous chromosomes and
the formation of COs in budding yeasts, mammals and plants. In Arabidopsis, the
formation of D-loops rather that the formation of COs is essential for the establishment of
the SC. This is supported by the cytological analysis of Atmsh5 (Higgins et al, 2008b) and

Atmlh3 mutants (Jackson et al, 2006). The formation of the SC is accompanied by the
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remodelling of the chromosome axes. Pch2 and TRIP13 are AAA-ATPase family members
involved in the remodelling of the chromosome axes on the synaptic regions in budding
yeasts and mice, respectively (Borner et al, 2008; Joshi et al, 2009; Roig et al, 2010;
Woijtasz et al, 2009). In both mutants, Hopl and HORMAD1/HORMAD?2 persist on the
synaptic regions suggesting that Pch2/TRIP13 have a role in dissociating Hopl/
HORMAD1/HORMAD?2 from the nascent SC (Borner et al, 2008; Joshi et al, 2009; Roig
et al, 2010; Wojtasz et al, 2009). Recently, Chen et al. (2014) showed that Pch2 interacts
with Hopl and its ATP hydrolysis activity is required for depleting Hopl from the
chromosome axes. Interestingly, Pch2 can assemble and disassemble Hopl on DNA
molecules in-vitro indicating that the role of Pch2 in chromosome axis morphogenesis is
certainly more complex and may not be restricted only to the synaptic regions during mid-
prophase I. Additional evidence suggests that Pch2/TRIP13 acts at an early stage in the
homologous recombination pathway. Roig et al. (2010) showed that DSBs are inefficiently
repaired and that DMC1 foci persist in mid-prophase | nuclei of tripl3 mutant. The
progression of CO and NCO recombination is delayed in budding yeast pch2 mutant
(Borner et al, 2008). In addition, Ho and Burgess (2011) showed that Pch2 and Tell
function in the same pathway to phosphorylate Hopl after DSB resection. Lastly, two
recent studies suggest that Pch2/Crcl have a role in the formation of DSBs in budding

yeast and rice (Farmer et al, 2012; Miao et al, 2013).

The biological significance of Hopl phosphorylation has been extensively studied in
budding yeast. Carballo et al. (2008) showed that Hop1 is phosphorylated by Mec1/Tell in
response to the formation of DSBs. The authors suggested that the phosphorylation of

Hopl at residue T318 is important to recruit Mek1 at the DSB sites and promote inter-
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homologue recombination. The role of Hopl T318 phosphorylation in inter-homologue
recombination and checkpoint pathway was further supported by the recent work of
Chuang et al. (2012). A HORMA-containing domain protein sharing functional and
limited structural similarities with Hopl and HORMAD1/HORMAD?2 was characterised as
AtASY1 in Arabidopsis (Caryl et al, 2000; Sanchez-Moran et al, 2007a). During early
prophase I, AtASY1 localises along the underlying chromosome axes and presents a
domainal organisation forming numerous alternate domains of hyper and lower abundance
(Ferdous et al, 2012). The hyper-abundant domains of AtASY1 are associated with the
early recombination proteins. AtASY1 localisation is partially dependent on AtASY3 as
suggested by the analysis of Atasy3 T-DNA mutant lines (Ferdous et al, 2012). The authors
proposed that the chromatin-associated AtASY1 foci detected in Atasy3 mutant are
proficient in mediating inter-homologue CO formation. In plants, the chromosome axes are
remodelled on the synaptic regions, similarly to yeasts and mammals. Recently, a protein
sharing amino-acid sequence similarities with Pch2 was identified in Arabidopsis.
Immunocytochemistry studies revealed that AtPCH2 is essential to remove AtASY1 from
the synaptic regions and for the elongation of the SC (Nuntasoontorn and Franklin,
unpublished). In addition, an antibody was produced against a peptide of AtPCH2.
Immunolocalisation using this anti-AtPCH2 antibody showed that AtPCH2 polymerises
along the SC during mid-prophase | and that the polymerisation of AtPCH2 occurs

concomitantly with the formation of the SC.

To gain additional information on the function of AtASY1 in mediating inter-homologue

CO formation, immunoprecipitation of BoASY1 from Brassica oleracea meiocytes

followed by mass-sprectrometry was undertaken to identify new BoASY1 interacting
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proteins and post-translational modifications of the protein. A protein sharing high
sequence homology with Pch2 was pulled-down using and anti-ASY1 antibody. In
addition, several phospho-modified peptides of BOASY1 were detected. The majority of
the phospho-modified peptides were phosphorylated at [S/T]Q sites. Interestingly, the
residue T294 (threonine 295 in Arabidopsis thaliana), which is evolutionary conserved
with Hopl T318 in budding yeast, was found to be phosphorylated (Osman and Franklin,
unpublished). To further analyse the biological significance of ASY1 phosphorylation, a
single point mutation was introduced in the coding sequence of AtASY1 to substitute the
residue threonine at the position 295 to an alanine. This substitution mimics the non-
phosphorylated form of AtASY1 T295. The mutated version of AtASY1 coding sequence
was used to transform Atasyl plant segregating for a T-DNA insertion in AtASY1 locus.
Four transgenic plants homozygous for the T-DNA and expressing AtASY1 T295A were
generated (Atasyl::AtASY1-TA). Immunocytochemistry analysis suggested that AtASY1
localisation was abnormal in Atasyl::AtASY1-TA PMCs. In the absence of phosphorylation
at residue T295, AtASY1 failed to correctly associate with the chromosome axes and
AtASY1 signal was found mostly adjacent rather than co-localising with AtSMC3 signal at
early prophase I. In addition, AtASY1 signal was found more diffuse, foci and the signal
intensity was weaker as in wild-type. The abnormal localisation of AtASY1 along the
chromosome axes resulted in a defect in the formation of inter-hnomologue COs and SC
formation. An antibody against the phosphorylated form of AtASY1 at residue T295 was
produced (AtASY1 T295p) and immunolocalisation studies showed that AtASY1 was
phosphorylated at this residue from late G2. At the onset of leptotene, AtASY1 T295p
signal formed a continuous signal along the chromosome axes and overlapped with

AtASY1 signal. The phosphorylation of AtASY1 T295 was dependent on the formation of

189



meiotic DSBs and on the kinase activity of AtATM and AtTR. In addition, AtASY3 and
AtPCH2, but not AtSYNL1, were important for the proper phosphorylation of AtASY1
T295. The basal level of AtASY1 T295 phosphorylation observed in Atspoll-1 could be
essential to maintain AtASY1 associated with the chromosome axes in the absence of DSB

formation.

5.2. Remodelling of the chromosome axes during prophase |

The chromosome axis is a dynamic structure that needs to be remodelled co-ordinately
with the progression of DSB repair to ensure CO formation and CO interference. AtASY1
is an axis-associated protein and the localisation of AtASY1 along the underlying
chromosome axes is regulated throughout prophase I. AtASY1 was detected in late S-
phase/early G2 and formed chromatin-associated foci (Figure 5.1A). At the onset of
leptotene, AtASY1 formed a continuous signal along the axes (Figure 5.1B). AtASY1 was
organised in domains of hyper and lower abundance. A similar domainal organisation was
observed for the cohesin subunits AtSMC3 and AtSYN1 and for the structural axis
component AtASY3. Dual immunolocalisation using anti-AtSMC3 and anti-AtASY1
antibodies showed that the majority of the hyper-abundant domains of AtASY1 co-localise
with the hyper-abundant domains of AtSMC3 (Figure 5.1. Figure 5.1G-1). During SC
formation, AtASY1 assumed a differential localisation. AtASY1 formed a continuous
signal overlapping with the SC. However, the signal intensity was weaker on the synaptic
regions than on the unsynapsed regions (Figure 5.1C-E). At pachytene, when the
elongation of the SC is completed, the AtASY1 signal was faint and foci. In addition,

AtASY1 signal was found mostly on the sides of the SC which suggests that AtASY1 was
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redistributed towards the chromatin loops (Figure 5.1F). Interestingly, AtSMC3 signal
appeared to be brighter on the synaptic regions compared to the unsynapsed regions. A
similar pattern of localisation was observed for AtSYN1 and AtASY3, although the
difference of signal intensity between synaptic and unsynapsed regions was less apparent
for AtASY 3 (data not shown). This could simply reflect a difference in binding capacity of
the antibodies rather than a real biological difference. The elongation of the SC is not
continuous. During zygotene, chromosomes are often found entangled with synapsing
regions, forming interlocks (Figure 5.1E arrowhead). The interlocks need to be resolved by

the action of topoisomerases before the SC can further elongate.
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Figure 5.1. AtASY1 localisation is remodelled during meiotic prophase | in wild-type
Arabidopsis.

(A-C) Immunolocalisation of AtASY1 (white) on chromosome spread preparation of wild-
type PMCs. (A) G2, (B) leptotene, (C) zygotene. (D-E) Dual immunolocalisation of
AtASY1 (green) and AtZYP1 (white/magenta) of a mid-prophase I nucleus from wild-type
PMCs. (F) Immunolocalisation of AtASY1 (white) on DAPI-stained (blue) chromosome
spread preparation of pachytene wild-type PMCs. (G-1) Dual immunolocalisation of
AtASY1 (G, white) and AtSMC3 (H, white) of an early-prophase | nucleus from wild-type
PMCs. (I) Merge image AtASY1 (magenta) and AtSMC3 (green). Both proteins are
organised in domain of hyper and lower abundance along the underlying chromosome

axes. Arrowhead indicates an interlock. Scale bar = 10 uM.

192



The factors involved in chromosome axes morphogenesis were investigated. Several
studies indicate that the formation of the chromosome axes occurs independently on the
formation of DSBs (Ferdous et al, 2012; Kim et al, 2010). Immunolocalisation study using
an anti-AtASY1 antibody was carried out on chromosome spread preparation of Atspol1-1
PMCs. To detect subtle changes in AtASY1 localisation, the anti-AtASY1 antibody was
diluted to 1:20 000. AtASY1 signal formed a continuous signal at early prophase I and
there was not apparent difference in the domainal organisation of AtASY1 between wild-
type and Atspoll-1 PMCs (Figure 5.2A). In contrast, AtASY1 localisation was disrupted
in Atasy3 mutant as previously reported (Ferdous et al, 2012). AtASY1 failed to form a
continuous signal along the axes in Atasy3 PMCs. Instead, AtASY1 formed punctuate
chromatin-associated foci (Figure 5.2B). However, the chromosome axes were formed as
suggested by the continuous signal of AtSMC3 detected in Atasy3 PMCs and by electron-
microscopy analysis of silver-stained chromosomes (Figure 5.2C). This suggests that
AtASY3 is essential to associate AtASY1 with the chromosome axes but is not essential
for the formation of the axes (Ferdous et al, 2012). Lastly, AtSYNL1 is a a-kleisin and is
thought to be a component of the cohesin ring complex. Sister chromatid cohesion is
established at the time of DNA replication during the pre-meiotic S-phase. AtSYNL1 shares
functional similarities with Rec8 in budding yeast. Several studies suggest that Rec8 is
required for axis formation (Panizza et al, 2011). In Arabidopsis thaliana, AtSYN1 was
localised on the chromosome axes from G2 and the loading of the axis component
AtASY3 on the chromatin was altered in Atsynl T-DNA insertion line (Ferdous et al,
2012). Therefore, the localisation of AtASY1 was investigated in Atsynl mutant. During
mid-prophase I, AtASY1 signal formed foci and long stretches lacking the domainal

organisation of alternative high- and low-abundant domains. AtASY1 signal was
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consistently observed with an abnormally thick and distorted appearance. This could
represent an accumulation of AtASY1, at regions where the axial element was formed.
However, AtASY1 failed to properly organise on the residual axes in the absence of
AtSYNL1. AtASY1 signal was found co-localising with AtSMC3 and AtASY3 signal
(Figure 5.2D-F). The presence of aggregate components of the chromosome axes was

previously reported in rad211/rec8 double mutant in mice (Llano et al, 2012).
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Figure 5.2. Immunolocalisation of chromosome axis proteins on Atspoll-1 and
chromosome axis mutants in Arabidopsis.

Immunolocalisation of AtASY1 (A,B,D; white) and AtSMC3 (C,E; white) on
chromosome spread preparation of Atspoll-1-4 (A), Atasy3 (B-C) and Atsynl (D-F)
PMCs. (F) Merge image of AtASY1 (green) and AtSMC3 (magenta) localisation in

Atsynl. Scale bar = 10 uM.
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5.3. AtPCHZ2 is involved in the remodelling of the chromosome axes on

the synaptic regions

The initial characterisation of the orthologue of Pch2 in Arabidopsis was carried out by a
former PhD student in the laboratory (Komsun Nuntasoontorn). AtPCH2 is involved in the
partial depletion of AtASY1 from the synaptic region. In addition, the SC nucleated and
started to elongate but failed to fully polymerise in Atcph2 mutant. Interestingly, AtASY1
signal was found brighter on the synaptic regions compared to the unsynapsed regions
(Nuntasoontorn and Franklin, unpublished). This differential signal intensity of AtASY1 is
reminiscent to the differential signal intensity of the cohesin subunits and AtASY3
between synaptic and unsynapsed regions (described above). The biological significance of
the difference in signal intensity is unknown. It is possible that the difference in signal
intensity is a cytological representation of the close juxtaposition of the two homologue
axes. However, it can not be excluded that the difference in the signal intensity resulted

from a slower turnover or higher recruitment of proteins.

An antibody was generated against AtPCH2 protein. Immunolocalisation on chromosome
spread preparation using an anti-AtPCH2 antibody showed numerous chromatin-associated
foci from late S-phase to early zygotene in wild-type PMCs (Figure 5.3A-B). During mid-
prophase I, AtPCH2 formed a brighter and more continuous signal along the SC. AtPCH2
signal was organised in domains of hyper and lower abundance (Figure 5.3C-H). However,
immunolocalisation on chromosome spread preparation using the same antibody on all
three Atpch2 T-DNA insertion mutant lines revealed numerous foci associated with the

chromatin at G2 and leptotene. The foci were slightly less intense than the foci observed in
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wild-type PMCs (Figure 5.31-K). The significance of the chromatin-associated foci
observed in early prophase | of WT and Atpch2 mutants is unclear. In contrast, no signal
was detected on the stretches of SC during mid-prophase | in Atpch2 mutants (data not
shown). This suggests that the signal observed on the SC of wild-type nuclei is specific to

AtPCH?2 protein.

In Arabidopsis, the formation of the SC is dependent on the invasions of the 3’ single-
stranded DNA tails towards homologous chromosomes. To address the basis for the
polymerisation of AtPCH2 during mid-prophase I, dual immunolocalisation using anti-
AtPCH2 and anti-AtZYP1 antibodies was carried out on several T-DNA insertion mutant
lines. In Atspol1-1 mutant, DSB were not formed and AtZYP1 was rarely found associated
with the chromatin. AtPCH2 formed polycomplexes that were sometimes associated with
AtZYP1 foci (Figure 5.4D). In Atdmcl mutant, DSBs were formed and repaired using the
sister chromatids. AtZYP1 and AtPCH?2 signals were co-localising forming foci and short
streches (Figure 5.4E-G). In Atasyl and Atasy3 mutants, the formation of the SC was
defective. Ferdous et al. (2012) reported that the few stretches of AtZYP1 were associated
with AtMLH1 foci and were marking the sites of future COs in Atasy3 mutants. The
AtPCH2 signal was found co-localising with AtZYP1 signal in Atasyl and Atasy3 mutants
(Figure 5.4H-M). Interestingly, AtZYP1 has a tendency to self-interact and forms
polycomplexes when early recombination events are defective. In both Atasyl and Atasy3
mutant lines, AtPCH2 was found associated with AtZYP1 polycomplexes. This suggests
that the two proteins can associate in a higher order structure independently of factors
involved in the homologous recombination pathway. Lastly, D-loop structures are

presumably formed but not stabilised in an Atmsh5 mutant, leading to a defect in the
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formation of inter-homologue COs. It seems likely that the formation of D-loops is
sufficient to ensure proper SC formation (Higgins et al, 2008b). AtPCH2 and AtZYP1
formed a continuous signal in Atmsh5 PMCs (Figure 5.4N-P). Overall, immunolocalisation
using both anti-AtZYP1 and anti-AtPCH2 antibodies suggest that the polymerisation of

AtPCH2 occurs concomitantly with the polymerisation of the SC.

Recently, Chen et al. (2014) suggested that Pch2 was required for the depletion of Hopl
from the SIS before SC nucleates. In Arabidopsis the nascent SC was often found co-
localising with a bright AtASY1 signal. In contrast, AtASY1 was found partially depleted
when the SC was further elongating (Figure 5.5A-C). This suggests that either additional
factors are required to deplete AtASY1 from the SC or that there is a surveillance
mechanism ensuring that the SC is properly polymerising between homologous
chromosomes before remodelling the chromosome axes and further elongation of the SC.
In the scenario where AtPCH?2 is directly involved in the depletion of AtASY1 from the
synaptic regions, AtPCH2 would physically interact/form a complex with AtASY1 and the
hyper-abundant domains of AtPCH2 would be co-localising with the hyper-abundant
domains of AtASY1 on the nascent SC. Osman and Franklin (unpublished) reported that
PCH2 was co-immunoprecipitated using an anti-AtASY1 antibody from Brassica meiocyte
extracts. However, yeast two-hybrid analysis has so far failed to detect a direct physical
interaction between the two proteins (data not shown). Dual immunolocalisation using
anti-AtASY1 and anti-AtPCH2 antibodies showed that the hyper-abundant domains of
AtPCH2 mostly co-localise with the hyper-abundant domains of AtASY1 on the synaptic

and unsynaptic regions. Hence, this supports the model where AtPCH2 would localise on
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the synaptic regions to remodel the chromosome axes by partially depleting AtASY1

(Figure 5.5D-F).
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Figure 5.3. Immunolocalisation of AtPCH2.

(A-B) Immunolocalisation of AtPCH2 on chromosome spread preparation of wild-type
PMCs. (A) G2, (B) leptotene. (C-H) Dual immunolocalisation of AtPCH2 (D,E,G,H) and
AtZYP1 (C,E,F,H) on chromosome spread preparation of wild-type PMCs. (C-E)
zygotene, (F-H) pachytene. (E,H) Merge image of AtZYP1l (green) and AtPCH2
(magenta). (I-K) Immunolocalisation of AtPCH2 on chromosome spread preparation of

Atpch2 mutant PMCs. Scale bar = 10 uM.
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Figure 5.4. Immunolocalisation of AtPCH2 in various mutants defective for
homologous recombination.

Immunolocalisation of AtZYP1 (A,C,E,G,H,J,K,M,N,P) and AtPCH2
(B,C,D,F,G,1,J,L,M,0,P) on chromosome spread preparation of wild-type (A-C), Atspoll-
1-4 (D), Atdmcl (E-G), Atasyl (H-J), Atasy3 (K-M) and Atmsh5 (N-P) of mid-prophase |
nuclei. (C,G,J,M,P) Merge images of AtZYP1 (green) and AtPCH2 (magenta).

Scale bar = 10 uM.
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Figure 5.5. AtASY1 is progressively depleted from the synaptic regions at
mid-prophase I.

(A-C) Dual immunolocalisation of AtASY1 (A,C green) and AtZYP1 (B,D, magenta) on
chromosome spread preparation of a mid-prophase | wild-type nucleus. The red arrow
shows AtASY1 signal persisting on the nascent short stretch of AtZYP1. (D-F) Dual
immunolocalisation of AtASY1 (D,F, green) and AtPCH2 (E,F, magenta) on chromosome

spread preparation of a mid-prophase | wild-type nucleus. Scale bar = 10 uM.
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5.4. ASY1 is phosphorylated at several sites

Recent studies indicate that Pch2 regulates the phosphorylation status of Hopl in budding
yeast (Ho & Burgess, 2011; Lo et al, 2014). Pch2 is an evolutionary conserved protein and
it is likely that AtPCH2 also modulates the phosphorylation status of AtASY1. Therefore,
AtASY1 protein was analysed to determine whether AtASY1 is a phospho-modified
protein. Immunoprecipitation using an anti-AtASY1 antibody on Brassica oleracea
meiocyte extracts followed by mass spectrometry analysis revealed that BoASY1 was
phosphorylated at several residues. 11 phospho-modified peptides were detected. Among
them, some peptides had multiple phosphorylated residues. 5 phospho-modified [S/T]Q
sites were identified, among them the residue T294 (Osman and Franklin, unpublished).
The residue T294 is conserved and corresponds to residue threonine 295 in Arabidopsis
and Hopl T318 in budding yeast (Figure 5.6A). Carballo et al (2008) showed that Hopl

T318 phosphorylation is required for inter-nomologue recombination.

To further investigate the degree of AtASY1 phosphorylation, a two dimensional gel
electrophoresis was carried out on wild-type and Atasyl Arabidopsis crude extract. An
anti-AtASY1 antibody was used to detect the protein. However, no signal was detected.
When the proteins from Arabidopsis crude extract were separated by their molecular
weight only, AtASY1 was detected by western blot. Arabidopsis crude extract is relatively
poor in meiotic proteins which renders biochemical study challenging. To overcome this
limitation, Brassica oleracea, a close relative species to Arabidopsis, was chosen for
biochemical analysis. Anthers with meiocytes at early prophase | were selected and

proteins were extracted as described in Materials and Methods. Proteins were then
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separated by their isoelectric point and by their molecular weight using a two dimensional
gel electrophoresis. An anti-AtASY1 antibody was used to specifically visualise AtASY1
protein. Several dots were observed on two horizontal lanes (Figure 5.6B). The lane with
the higher molecular weight corresponded to a molecular weight of 70 kDa (similar to the
estimated molecular weight of ASY1) while the second lane corresponded to a molecular
weight of 50 kDa. Between 9 and 11 spots were observed on the slow migrating lane of
spots. The spots were brighter close to pH 5.6, with the most intense spot found at the
extreme left side of the gel. BOASY1 has a predictive isoelectric point of 5.28. The
brightest signal close to pH 5.6 likely corresponds to the non-phosphorylated form of
AtASY1. In addition, the presence of several spots on the second dimensional gel suggests
that BoASY1 was phosphorylated at multiple sites and was present in multiple
phosphorylation states. On a one dimensional gel electrophoresis, ASY1 was detected at
the predicted molecular weight of 70 kDa and at a lower molecular weight (55 kDa) from
Arabidopsis and Brassica oleracea crude extracts (Figure 5.6C). This observation was
consistently observed from different samples and the ratio between the two forms was
variable. The fast migration band may represent a degradation product of the protein,
although this has not been formally demonstrated. However, the two forms of ASY1 that
were detected by one dimensional gel electrophoresis are consistent with the two lanes of
spots observed on the two dimensional gel electrophoresis. Interestingly, the fast migrating
lane of spots has the spots at a similar position on the horizontal axis as the slow migrating
lane of spots. This suggests that the truncated AtASY1 protein was present in a similar
phosphorylation status as the full length BoASY1 protein (Figure 5.6B). However, it was
not possible to confirm that the signal detected by the anti-AtASY1 antibody was BoOASY'1

because of the lack of a Boasyl mutant.
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Figure 5.6. BOASY1 is phosphorylated at multiple sites

(A) Schematic representation of AtASY1 with the 8 [S/T]Q sites. The phospho-site that
has been mutated and corresponding to residue threonine 295 is represented in red.

(B) 2 dimensional gel electrophoresis using an anti-AtASY1 antibody on Brassica
oleracea crude extract.

(C) One dimensional gel electrophoresis using an anti-AtASY1 antibody on Brassica
oleracea crude extract.
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5.5. AtASY1-T295A mutation leads to reduced fertility and a reduced

number of inter-homologue COs in Arabidopsis

To investigate the biological significance of AtASY1 T295 phosphorylation, a single point
mutation was introduced in the coding sequence of AtASY1 to substitute the codon ACA by
GCA at position 883. This mutation in the nucleotide sequence generates a substitution of
the residue threonine by an alanine at the position 295 of AtASY1 (referred as AtASY1-
TA). The substitution of this residue mimics the absence of phosphorylation of the protein
at this phospho-site. The mutated coding sequence of AtASY1 was cloned into the Early
Gate vector pEG100 and the expression of the transgene was driven by 35S promoter. This
construct was used to transform plants heterozygous for the T-DNA insertion in AtASY1
(this work was done by Eduardo Corredor). Four transgenic plants homozygous for the T-
DNA insertion in AtASY1 and expressing AtASY1-TA were identified (this work was done
by Adriana Machlicova). The molecular characterisation of all four lines confirmed the
presence of the mutation T295A at the TQ site within AtASY1 (this work was done by

Maheen Ferdous).

All four independent transgenic plants were genotyped. DNA from wild-type and Atasyl
plants was extracted and used as control. All four transgenic plants were homozygous for
the T-DNA insertion in AtASY1 (Figure 5.7A,B) and had the transgene AtASY1-TA (Figure
5.7C). These plants will be referred as Atasyl::AtASY1-TA 1, Atasyl::AtASY1l-TA 2,
Atasyl::AtASY1-TA 3 and Atasyl::AtASY1-TA 4. Atasyl::AtASY1-TA 1-4 plants showed
normal vegetative growth but fertility was greatly reduced compared to wild-type plants

(Figure 5.8A-E,G-K). The fertility was analysed by measuring the length of the siliques
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and scoring the number of seeds per silique. Atasyl plant was used as a control. Analysis
of fertility revealed that the fertility of Atasyl::AtASY1-TA 1-4 was drastically reduced at a
level similar to Atasyl fertility (Figure 5.8B-L and Figure 5.9A,B). The reduced fertility
observed in Atasyl::AtASY1-TA 1-4 suggests that meiosis may be affected as in Atasyl. To
confirm this, DAPI-stained chromosome spread preparations from wild-type,
Atasyl::AtASY1-TA 1-4 and Atasyl PMCs were examined by fluorescence microscopy. In
wild-type PMCs, chromosomes began to undergo a gradual condensation of the
pericentromeric heterochromatin at leptotene (Figure 5.10A). At the onset of zygotene, the
chromosomes were more condensed and pairing between homologous chromosomes was
apparent. At pachytene, homologous chromosomes were fully synapsed and chromosomes
were shorter and tightly associated (Figure 5.10D). Homologous recombination resulted in
the formation of inter-homologue COs and the formation of five bivalents at diakinesis and
metaphase | (Figure 5.10G). The segregation of chromosomes towards opposite poles of
the cells at anaphase | and anaphase Il resulted in the formation of four haploid gametes at
tetrad (Figure 5.10J,M). In Atasyl::AtASY1-TA1-4, chromosome behaviour was apparently
similar to wild-type in G2 and through early prophase | (Figure 5.10B and Figure 5.11A-
C). However, no pachytene stage was observed and the chromosomes failed to synapse
during mid-prophase | (Figure 5.10E and Figure 5.11D-F). By metaphase I, the presence of
univalent chromosomes was apparent suggesting that a proportion of the chromosomes
failed to form the obligate CO with their homologue (Figure 5.10H and Figure 5.11G-I).
The absence of chiasma on some chromosomes led to their mis-segregation at anaphase |
and resulted in the formation of aneuploid polyads (Figure 5.10K,N and Figure 5.11J-0O).
DAPI-stained chromosome spread preparation of Atasyl PMCs showed that homologous

chromosomes failed to pair, recombine and synapse during prophase | (Figure 5.10C,F,1I).
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In addition, mis-segregation of chromosomes and aneuploid gametes at tetrad were
observed (Figure 5.10L,0). The meiotic defect of Atasyl reported in this study and
previously described by Caryl et al. (2000) were indistinguishable to the meiotic defected

observed in Atasyl::AtASY1-TA1-4 (Figure 5.10 and Figure 5.11).

Since the four Atasyl::AtASY1-TA lines exhibited the same cytological phenotype,
Atasyl::AtASY1-TA-1 plant was used for further analysis. The presence of univalents at
metaphase | of Atasyl::AtASY1-TA PMCs suggests that not all homologous chromosomes
formed the obligate CO. To quantify the number of COs formed per nucleus, a survey of
50 meiocytes at metaphase | was carried out in wild-type and Atasyl::AtASY1-TA-1 to
determine the mean number of chiasma, which is the cytological representation of a CO,
per nucleus. In wild-type PMCs, the number of chiasma ranged between 8 and 12 per
nuclei with a mean chiasma frequency of 9.81 (Figure 5.12A). In contrast, the mean
chiasma frequency was significantly reduced in Atasyl::AtASY1-TA-1. The number of
chiasmata was variable between nuclei, ranging between 0 and 5 chiasmata, with an
overall mean chiasma frequency of 2.36 (Figure 5.12B). Since the meiotic defects
observed on DAPI-stained chromosome spread preparation of Atasyl and Atasyl::AtASY1-
TA-1 PMCs were indistinguishable, the mean chiasma frequency was compared between
the two mutant lines. In Atasyl, the number of chiasmata was found to be between 0 and 5
with an overall mean chiasma frequency of 2.22 per nucleus (Figure 5.12C). The overall
mean chiasma frequency was not significantly different between the two mutant lines
(n=50; P=0.642) suggesting that the phosphorylation of AtASY1 at residue threonine 295

is essential for the function of the protein in inter-homologue CO formation.
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Figure 5.7. Genotyping of Atasyl:AtASY1-TA transgenic plants

(A) Amplification of the region located between the T-DNA insertion and AtASY1 genomic
locus

(B) Amplification of the wild-type AtASY1 genomic locus

(C) Amplification of AtASY1-TA transgene

Extracted DNA from wild-type and Atasyl plants were used as controls
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Wild-type B Atasyl:AtASY1-TA 1@ C Atasy1:AIASY1-TA 2
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Figure 5.8. Atasyl:AtASY1-TA mutant phenotype

Atasyl:AtASY1-TA 1 (B,H), Atasyl:AtASY1-TA 2 (C,l), Atasyl:AtASY1-TA 3 (D,J) and
Atasyl :AtASY1-TA 4 (E,K) had normal vegetative growth but fertility was reduced. Wild-
type (A,G) and Atasyl (F,L) plants were used for comparison .

211



16
14
12

Silique length
(o]

oON A~ O

TA1

Atasyl Wild-type

Seeds per silique

70

60

50

40

30

20

10 ﬁ
(0]

TA1l Atasyl Wild-type

Figure 5.9. Reduced fertility in Atasyl:AtASY1-TA 1 and Atasyl plants
The silique length (A) and the number of seeds per silique (B) were similarly reduced in
Atasyl and Atasyl:AtASY1-TA 1 (TA 1) plants compared to wild-type plants.
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Metaphase | Mid-prophase | Leptotene
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Figure 5.10. Meiotic stages from wild-type, Atasyl :AtASY1-TA 1 and Atasyl PMCs
DAPI-stained chromosome spread of wild-type (A,D,G,J,M), Atasyl :AtASY1-TA 1 (TA 1)
(B,E,H,K,N) and Atasyl (C,F,1,L,0) PMCs. Leptotene (A,B,C), mid-prophase | (D,E,F),
metaphase | (G,H,I), dyad (J,K,L) and tetrad (M,N,O). Nuclei were counterstained with
DAPI (blue). Scale bar = 10 uM.
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Figure 5.11. Meiotic stages from Atasyl :AtASY1-TA 2, Atasyl :AtASY1-TA 3 and

Atasyl :AtASY1 TA-4 PMCs

DAPI-stained chromosome spread of Atasyl :AtASY1 TA-2 (TA 2) (AD,G,J,M),
Atasyl :AtASY1-TA 3 (TA 3) (B,E,H,K,N) and Atasyl :AtASY1 TA-4 (TA 4) (C,F,I,.L,0)
PMCs. Leptotene (A,B,C), mid-prophase | (D,E,F), metaphase | (G,H,I), dyad (J,K,L) and
tetrad (M,N,O). Nuclei were counterstained with DAPI (blue). Scale bar = 10 uM.
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Wild-type

Figure 5.12. Inter-homologue CO formation is reduced in Atasyl :AtASY1-TA 1

DAPI-stained chromosome spread of wild-type (A), Atasyl :AtASY1-TA 1 (TA 1) (B) and
Atasyl (C) PMCs. Metaphase | were labelled with 45S (green) and 5S (red) ribosomal
DNA. The five bivalents were identified with the fluorescent probes and annotated on (A).

Nuclei were counterstained with DAPI (blue). Scale bar = 10 uM.
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5.6. Synapsis is defective in Atasyl::AtASY1-TA

Since DAPI-stained chromosome spread preparation of Atasyl::AtASY1-TA1l-4 PMCs
showed that the chromosomes failed to synapse, the formation of the SC was investigated.
AtZYPla and AtZYP1lb are two closely related proteins forming the SC transverse
filament in Arabidopsis (Higgins et al, 2005). AtZYP1la and AtZYP1b can be detected on
the synaptic regions of chromosome spread preparation of wild-type PMCs by using an
anti-AtZYP1 antibody that recognises AtZYPla and AtZYP1b. In wild-type PMCs,
AtZYP1 was first detected at zygotene. AtZYP1 signal formed foci and short stretches as
mentioned in Chapter 4. At pachytene, when the homologous chromosomes were fully
synapsed, AtZYP1 formed a continuous signal (Figure 5.13A). In Atasyl::AtASY1-TA-1,
AtZYP1 formed foci and short stretched but failed to form a continuous signal at mid-
prophase | (Figure 5.13B). Some foci were found thicker in appearance and could
represent polycomplexes of AtZYP1. Cytological analysis of AtZYP1 revealed a similar
polymerisation defect for the three other transgenic lines Atasyl::AtASY1-TA 2-4 (Figure
5.13C-E). The presence and the length of AtZYP1 stretches were variable between nuclei.
The variation in AtZYP1 polymerisation likely correlated with the variation in the number
of residual COs formed in Atasyl::AtASY1-TA 1-4. The defect in SC formation observed in
Atasyl::AtASY1-TA is consistent with the defect in chromosome pairing observed on
DAPI-stained chromosome spread preparation of Atasyl::AtASY1-TA 1-4 PMCs. SC
formation was also analysed in Atasyl. Similarly to Atasyl::AtASY1-TA 1-4 PMCs,
AtZYP1 failed to fully polymerise and AtZYPL1 signal formed foci and short stretches of

variable length (Figure 5.13F).
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Figure 5.13. AtZYP1 polymerisation is defective in Atasyl:AtASY1-TA
Immunolocalisation of AtZYP1 at mid-prophase | of wild-type (A), Atasyl:AtASY1-TA 1
(B), Atasyl:AtASY1-TA 2 (C), Atasyl:AtASY1-TA 3 (D), Atasyl:AtASY1-TA 4 (E) and
Atasyl (F) nuclei. Nuclei were counterstained with DAPI (blue). Scale bar = 10 uM.
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5.7. AtASY1-TA fails to correctly associate with the chromosome axes

In Atasyl::AtASY1-TA PMCs, the majority of the chromosomes failed to form the obligate
CO resulting in the presence of univalent at metaphase | and non-disjunction of
chromosomes at anaphase 1. A similar defect in homologous recombination was reported
for hopl and hopl T318A mutant (Carballo et al, 2008). To address the basis for the
reduction in inter-homologue CO formation, the localisation of AtASY1 was studied by
immunocytochemistry analysis on chromosome spread preparation of wild-type and
Atasyl::AtASY1-TA 1 PMCs using an anti-AtASY1 antibody. In wild-type PMCs, AtASY1
formed numerous chromatin-associated foci during early G2. AtASY1 signal progressively
elongated during late G2 to form a continuous signal associated with the underlying
chromosome axes by leptotene (Figure 5.14A,B). The distribution of AtASY1 was not
evenly distributed along the chromosome axes and AtASY1 was organised in domains of

hyper and lower abundance.

In Atasyl:AtASY1-TA 1 PMCs, AtASY1 signal formed numerous chromatin-associated
foci at G2. The localisation of AtASY1 was indistinguishable from wild-type. However,
AtASY1 appeared more diffuse and less continuous at the onset of leptotene in
Atasyl:AtASY1-TA 1 PMCs (Figure 5.14C,D). Dual immunolocalisation of AtASY1 and
AtSMC3 showed that AtASY1 signal was mostly not overlapping with AtSMC3 signal.
AtASY1 signal was found rather adjacent to AtSMC3 signal. A similar abnormal
localisation of AtASY1 was observed for Atasyl:AtASY1-TA 2 and Atasyl:AtASY1-TA -3
PMCs (Figure 5.14E,F),. However, the signal was not diffuse for these 2 lines. The

diffuseness observed in Atasyl:AtASY1-TA 1 could result from a difference in gene
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expression between the mutant lines. No AtASY1 signal was detected in Atasyl:AtASY1-
TA 4 (Figure 5.14G). After a few generations of growth, the transgene can become silence
which could explain the absence of AtASY1 detection in Atasyl:AtASY1-TA 4. As a
negative control, immunolocalisation using an anti-AtASY1 antibody confirmed that no
signal was observed in Atasyl mutant (Figure 5.14H). The abnormal localisation of
AtASY1 with the substitution T295A results in the defect in inter-homologue CO

formation observed on DAPI-stained chromosome spread preparation of PMCs.
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Figure 5.14. Dual immunolocalisation of AtASY1 and AtSMC3

Immunolocalisation of AtASY1 (green) of G2 nuclei from wild-type (A) and
Atasyl:AtASY1-TA 1 (C). Immunolocalisation of AtASY1 (green) of mid-prophase I nuclei
from wild-type (B), Atasyl:AtASY1-TA 1 (D), Atasyl:AtASY1-TA 2 (E), Atasyl:AtASY1-TA
3 (F), Atasyl:AtASY1-TA 4 (H) and Atasyl (H). Nuclei were counterstained with DAPI
(blue). Scale bar = 10 uM.
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5.8. AtASY1 T295 is phosphorylated along the chromosome axes during

early prophase I

To investigate the spatio-temporal localisation of AtASY1 T295 phosphorylation, an
antibody raised against AtASY1 T295 phosphorylation (AtASY1 T295p) was generated.
Dual immunolocalisation of AtASY1 T295p and AtASY1 was carried out on chromosome
spread preparation of Brassica oleracea and Arabidopsis thaliana PMCs. AtASY1 T295p
signal had a similar localisation pattern between the two organisms. In the transition from
S-phase/G2, ASY1 formed numerous faint foci that were associated with the chromatin
(Figure 5.15A). However, no ASY1 T295p signal was detected at this stage (Figure
5.15B). At mid-G2, when ASY1 signal formed short stretches and numerous foci, ASY1
T295p formed numerous foci (Figure 5.15C-D). The number of ASY1 foci outhumbered
the number of ASY1 T295p foci. At the onset of leptotene, ASY1 and ASY1 T295p
formed an overlapping continuous signal (Figure 5.15E-G). At mid-prophase |, ASY1
T295p signal was faint and punctuate on the synaptic regions in Brassica. The ASY1
T295p signal was not always differentiable from the background noise (data not shown). In
Arabidopsis, AtASY1 T295p signal had a similar pattern as ASY1 T295p signal described
in Brassica (Figure 5.15H). At zygotene, AtASY1 T295p signal was faint but continuous
on the synaptic regions in Arabidopsis (Figure 5.151). It was found that AtASY1 T295p
signal was affected when an anti-AtASY1 T295p antibody was used with an anti-AtASY1
antibody during the immunocytochemistry procedure on Arabidopsis PMCs. Therefore, an
anti-AtSMC3 antibody was used in conjunction with an anti-AtASY1 T295p antibody for

all subsequent experiments. The specificity of the anti-AtASY1 T295p antibody was tested
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by immunolocalisation on Atasyl:AtASY1-TA 1. No signal was detected confirming the

specificity of the antibody (Figure 5.15J).
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Figure 5.15. ASY1 T294/T295 is phosphorylated from mid-G2 onwards in Brassica
oleracea and Arabidopsis.

Immunolocalisation of AtASY1 (A,C,E,G) and AtASY1 T294/T295 (B,D,F-J) in Brassica
oleracea (A-G), wild-type Arabidopsis (H,I) and Atasyl:AtASY1-TA1l (J) PMCs. (A-B)
late S-phase/early G2, (C-D) G2, (E-H,J) leptotene, (I) zygotene, (J) leptotene. (G) Merge
image of ASY1 (green) and AtASY1 T294 (magenta). Scale bar = 10 uM.
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5.9. AtASY1 T295 is phosphorylated in response to the formation of

DSBs in a pathway dependent on AtATM/ALATR.

The phosphorylation of Hopl and HORMAD1/HORMAD? is dependent on the formation
of DSBs (Carballo et al, 2008; Fukuda et al, 2012). Immunolocalisation of AtASY1 T295p
was carried out in Atspol1-1 mutant. In this mutant, the formation of DSBs was abolished.
The signal intensity of AtASY1 T295p was significantly reduced in Atspoll-1 compared
to wild-type PMCs. To quantify the degree of AtASY1 T295 phosphorylation, images
were captured as Z-stacks of 10 sections of 0.1 um each. The maximum intensity
projection of AtASY1 T295p for each nucleus was generated and the signal intensity was
calculated using imageJ. The mean maximum intensity projection of AtASY1 T295p from
15 wild-type nuclei was normalised to 1. Using this approach, the degree of AtASY1 T295
phosphorylation was estimated to be reduced to 40.3 % the wild-type level in Atspoll-1
PMCs (n=15, P=3.10") (Figure 5.16A,B,F). In yeast, Hopl T318 is phosphorylated by
Mec1/Tell in response to the formation of DSBs. To analyse the role of AtATM/ALATR in
the phosphorylation of AtASY1 T295, immunolocalisation of AtASY1 T295p was carried
out in AtatmAtatr double mutant. Using the same approach as previously described, the
degree of AtASY1 T295 phosphorylation was found to be reduced to 31.4 % the wild-type
level in Atatm/Atatr double mutant (n=15, P=5.10°) (Figure 5.16A,C,F). In contrast, the
signal intensity of AtASY1 T295 phosphorylation was not significantly reduced in Atatm
mutant (n=15, P=0.26) and Atatr mutant (n=15, P=0.52) (Figure 5.16A,D,E,F). Although
the signal intensity of AtASY1 T295p was reduced in both Atspoll-1 and Atatm/Atatr

double mutant, AtASY1 T295p formed a continuous signal along the underlying axes as
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observed when the exposure time for capturing the images was increased (Figure

5.17A,B,C,D,E).
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Figure 5.16. AtASY1 T295 is phosphorylated in response to the formation of DSBs in
a pathway dependent on AtATM/AtATR.

Maximum intensity projection of AtASY1 T295p of chromosome spread preparation on
wild-type (A), Atspoll-1-4 (B), Atatm/Atatr (C), Atatm (D) and Atatr (E) PMCs. Scale bar
= 10 uM. (F) Quantification of the AtASY1 T295p signal intensity. The mean AtASY1
T295p signal intensity of wild-type nuclei was normalised to 1. The mean signal intensity
was calculated by analysing 15 early prophase | nuclei for each line. The black stars
represent a statistical difference in the mean signal intensity between wild-type and
mutants (ANOVA test).
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Figure 5.17. AtASY1 T295 is phosphorylated along the chromosome axes in the
absence of meiotic DSBs and AtATM/AtATR.

Immunolocalisation of AtASY1 T295p (green) of chromosome spread preparation on wild-
type (A), Atspoll-1-4 (B), Atatm/Atatr (C), Atatm (D) and Atatr (E) early prophase |
nuclei. Scale bar = 10 uM.
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5.10. AtASY3 and AtPCH2 are required for AtASY1-T295

phosphorylation

Ferdous et al. (2012) showed that AtASY3 was essential for the proper localisation of
AtASY1 along the axes. In the absence of AtASY3, AtASY1 formed punctuate chromatin-
associated foci. The mean chiasma frequency was higher in Atasy3 compared to Atasyl
PMCs. The difference in the number of COs was dependent on AtASY1. This indicates
that AtASY1 associated with the chromatin was competent for mediating inter-homologue
COs in the absence of AtASY3 (Ferdous et al, 2012). To investigate if AtASY1 foci
observed in Atasy3 mutant were phosphorylated at residue T295, immunocytochemistry
analysis on chromosome spread preparation was carried out with an anti-AtASY1 T295p
antibody. Punctuate AtASY1 T295p foci overlapping with AtASY1 foci were detected
during mid-prophase | of Atasy3 PMCs (Figure 5.18A-D). The number of AtASY1 T295
phosphorylation was significantly lower than the number of AtASY1 and only 48.7 % of

AtASY1 foci (n=10) were co-localising with AtASY1 T295p foci.

In budding yeast, Pch2 and Tell function in the same pathway to phosphorylate Hopl (Ho
& Burgess, 2011). To address the potential role of AtPCH2 in the phosphorylation of
AtASY1 T295, dual immunolocalisation of AtSMC3 and AtASY1 T295p was carried out
on wild-type and Atpch2 PMCs. AtASY1 T295p signal was aberrant, forming numerous
foci and faint stretches in Atpch2 mutant (Figure 5.18E-G). In this study, a mean of 144.8
AtASY1 T295p foci (n=10) was observed. The majority of AtASY1 T295p foci were

found associated with AtDMC1 foci (84.6 %, n=5). At mid-prophase I, AtASY1 T295
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phosphorylation signal formed a brighter and more continuous signal on the SC in Atpch2

mutant (Figure 5.18H-J).

AtSYNL1 is a component of the cohesin ring complex and is involved in the formation of
the chromosome axes. The phosphorylation of AtASY1 T295 was investigated in Atsynl
mutant. AtASY1 was found to be phosphorylated at the residue T295 during prophase | of

Atsynl PMCs (Figure 5.18K-M).
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Figure 5.18. Phosphorylation of AtASY1 T295 is dependent on AtASY3 and AtPCH2

(A-C) Immunolocalisation of AtASY1 (B) and AtASY1 T295p (A,C) of chromosome
spread preparation on wild-type (A) and Atasy3 (B-C). (D) Merge image of AtASY1
(green) and AtASY1l T295p (magenta) immunolocalisation in Atasy3. (E,F)
Immunolocalisation of AtASY1 T295p (E) and AtDMC1 (F) in Atpch2. (G) Merge image
of AtDMC1 (green) and AtASY1 T295p (magenta) immunolocalisation in Atpch2. (H,I)
Immunolocalisation of AtASY1 T295p (H) and AtZYPL1 () in Atpch2. (J) Merge image of
AtZYP1 (green) and AtASY1 T295p (magenta) immunolocalisation in Atpch2. (K,L)
Immunolocalisation of AtASY1 (K) and AtASY1 T295p (L) in Atsynl. (M) Merge image
of AtASY1 (green) and AtASY1 T295p (magenta) immunolocalisation in Atsynl. Scale
bar = 10 pM.
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5.11. Discussion

5.11.1. Remodelling of the chromosome axes during during prophase |

During meiosis, DSBs are repaired by homologous recombination using the homologous
chromosomes as template. In budding yeast, the chromosome axes are essential to promote
the homologue bias and counteract the sister bias established by the cohesin subunit Rec8
(Hong et al, 2013; Kim et al, 2010). Several lines of evidence suggest that the formation of
the chromosome axes initiates before the formation of DSBs (Kim et al, 2010; Sanchez-
Moran et al, 2007a). In addition, the formation of DSBs and their subsequent repair occurs
in the context of the axes. However, the chromosome axes are not static and are
remodelled during prophase | according to the chromatin and DNA damage status. Hence,

chromosome axis morphogenesis and DSB repair are two co-ordinated processes.

The chromosome axes can be visualised cytologically by immunocytochemistry study of
axis components. In Arabidopsis, four cohesin subunits have been characterised and were
found localising with the underlying chromosome axes (Chelysheva et al, 2005; Lam et al,
2005). In addition, the structural axis component AtASY3 and the axis-associated protein
AtASY1 form a complex to mediate inter-nomologue CO formation. The formation of the
chromosome axes initiates at early G2 as suggested by the progressive polymerisation of
all 6 axis components and by the presence of short stretches of chromosome thread on
DAPI-stained chromosome spreading of Arabidopsis PMCs (Ferdous et al, 2012). Storlazzi
et al. (2008) showed that the early recombination events occurred between the two

homologue axes. The authors also reported that the sites of DSB were locally depleted in
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cohesin (Storlazzi et al, 2008). During early prophase I, the chromatin undergoes cycles of
expansion and contraction (Higgins et al, 2012; Kleckner et al, 2004). The expanding
chromatin generates compression stress against the underlying chromosome axes which are
thought to be essential to designate a subset of DSB sites to become CO sites and to spread
CO interference along the chromosomes. The resolution of the chromosome axis structure
using conventional widefield epifluorescence microscopy is insufficient to study the local
remodelling of the axes at the site of DSBs during early prophase | in Arabidopsis.
However, the chromosome axes were found remodelled on the synaptic regions. In wild-
type PMCs, AtASY1 signal intensity was significantly weaker on the synaptic regions.
This observation was inversely correlated with the increase in the signal intensity of
AtASY3 and the cohesin subunits. The partial depletion of the functional orthologues of
AtASY1 during mid-prophase | has been extensively described in budding yeast (Joshi et
al, 2009; Zanders & Alani, 2009), mice (Roig et al, 2010) and nematodes (Martinez-Perez
et al, 2008). The increase in the signal intensity of cohesin subunits and AtASY3 is
unclear. The formation of the SC is asynchronous in Arabidopsis. A CO-designated site
matures to form an intermediate joint molecule and the SC elongates outwards from this
site. Several AtRADS51 foci are localising along the nascent SC suggesting that the non
CO-designated DSB sites are not yet repaired at the time the SC nucleates. It is possible
that the accumulation of cohesin and the depletion of AtASY1 direct the repair of the non
CO-designated DSB sites towards the sister chromatids. The increase in cohesin could also
be important for the second end capture and the formation of dHJs. The concomitant
increase in the signal intensity of AtASY3 may not interfere with the inter-sister bias
imposed by the cohesin. The role of AtASY3 in inter-homologue CO formation may be

indirect and reside in the proper association of AtASY1 with the axes. Alternatively, the
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increase in the signal intensity of AtASY3 and cohesin subunits may simply be a

cytological representation of the close juxtaposition of the two homologous axes.

5.11.2. AtPCH?2 is essential for the re-distribution of AtASY1 on the synaptic regions

Pch2 protein has an AAA ATPase activity in-vitro and its function during meiosis is
conserved between plants (Miao et al, 2013), mammals (Roig et al, 2010) and budding
yeast (Joshi et al, 2009; Zanders & Alani, 2009). Pch2 physically interacts with Hopl in-
vitro and can promote both the assembly and the disassembly of Hopl on DNA molecules
(Chen et al, 2014). The formation of the SC is defective in Atpch2/tripl3 mutants in
Arabidopsis and mice (Joshi et al, 2009; Roig et al, 2010). However, the defect in SC
elongation does not result from the persistence of AtASY1/HORMADL1 on the SC but
from a defect in DSB repair and CO formation as suggested by the analysis of a
hypomorphic trip13 mutant (Li & Schimenti, 2007). A more severe trip13 mutant presents
a defect in the localisation of recombination proteins as described in the hypomorphic
tripl3 mutant but also a defect in SC formation (Roig et al, 2010). Interestingly, S. pombe
lacks both a Pch2 orthologue in its genome and a SC. It is possible that TRIP13 and
AtPCH2 have a role in SC formation independently of their role in early recombination
steps. AtPCH2 was found localising with AtZYP1 polycomplexes in T-DNA mutant lines
defective for homologous recombination. This indicates that AtPCH2 can certainly
associates with AtZYP1 independently of additional factors in the homologous
recombination pathways. Moreover, CRC1, the orthologue of Pch2 in rice, was found

interacting with ZEP1, a component of the SC transverse filament (Miao et al, 2013).
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Recently, Chen et al., 2014 showed that the ATP hydrolysis activity of Pch2 was essential
to dissociate Hopl from DNA molecules. AtPCH2 could have a dual role in associating
AtASY1 with the underlying axes during early prophase | and disassembling AtASY1 on
the synaptic regions at mid-prophase I. This is in accord with the localisation defect of
AtASY1 observed in Atpch2 mutant using 3D structure illumination microscopy
(Nuntasoontorn and Franklin, unpublished). In addition, an improper association of
AtASY1 with the chromosome axes and specifically with AtASY3 can explain the defect
in AtASY1-T295 phosphorylation along the axes. Dual immunolocalisation of AtASY1
and AtPCH2 revealed that AtPCH2 forms domains of high and low abundance on the SC
and that the hyper-abundant domains of AtPCH2 mostly co-localised with the hyper-
abundant domains of AtASYL1. Interestingly, AtASY1 was not depleted on the short
stretches of AtZYP1. This suggests that the antagonistic localisation of AtASY1 and
AtZYP1 is temporally regulated and the partial depletion of AtASY1 from the synaptic
regions occurs after the SC had formed short stretches. Zickler and Kleckner (1999)
proposed that the formation of the SC occurs in two waves. The SC first nucleates at the
SISs and starts to elongate. A mechanical stress is then imposed on the nascent SC and the
improperly localised SC is depolymerised. A second wave of SC formation occurs where
the SC can no longer nucleate de-novo. SC will elongate from the remaining SC stretches
under less stringent conditions to ensure maximum synapsis (Zickler & Kleckner, 1999). In
this scenario, it is most straightforward to speculate that the partial depletion of AtASY1

from the synaptic regions initiates after the first wave of SC formation had occurred.

The disassembly of AtASY1 from the synaptic regions is coupled with the DNA damage

status. In Arabidopsis, the number of SISs outnumbers the number of COs. The SC
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elongates along chromosomal regions where the non CO-designated DSBs are undergoing
repair using the sister chromatids as the template. It is important that the inter-homologue
bias is removed, after a CO-designated site has been implemented to mature into an
intermediate joint molecule, to favour the repair of the DSBs surrounding the CO-
designated site towards the sister chromatids. In the absence of AtPCH2, AtASY1 T295 is
phosphorylated and presumably active in mediating inter-homologue CO formation. The
active form of AtASY1 would maintain AtDMC1 on the synaptic regions. This can explain
the persistence of AtDMC1 on the chromatin in mice tripl3 mutant (Roig et al, 2010;
Woijtasz et al, 2009). In addition, several lines of evidence suggest that Dmc1 inhibits the
recombinase activity of Rad51 (Lao et al, 2013; Uanschou et al, 2013). The persistence of
an active form of DMCL1 at the DSB sites can result in the persistence of unrepaired DSBs
and eventually the formation of additional COs at regions surrounding the initial CO-
designated site. This situation can specifically occur if the chromosome axes present
additional morphological defects. This model is supported by the delay in the progression
of prophase | observed in Arabidopsis Atpch2 mutant and the delay in the progression of

CO and NCO recombination in pch2 mutant in budding yeast (Borner et al, 2008).

5.11.3. AtPCH2 has an additional role in early prophase |

Immunolocalisation of AtPCH2 from wild-type PMCs revealed numerous chromatin-
associated foci from late S-phase/early G2. At the onset of leptotene, AtPCH2 formed
more abundant foci that are associated with AtASY1. However, a similar localisation
pattern, although slightly weaker, was observed for all three Atpch2 mutant lines. The

signal observed during G2 and leptotene in wild-type PMCs may not be specific to
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AtPCH2 and the anti-AtPCH2 antibody may cross-react with other proteins in Arabidopsis.
In contrast, the signal overlapping with the SC is specific to AtPCH2 protein as it was only
detected in wild-type PMCs. The role of Pch2/TRIP13 in the repair of DSBs and CO
formation is poorly understood. In mice, the number of DMCL1 persists on the chromatin in
trip13 (Roig et al, 2010; Wojtasz et al, 2009). In budding yeast, there is an increase in gene
conversion in Atpch2 and a defect in Hopl phosphorylation at an early stage of the
homologous recombination pathway in both pch2 single mutant and pch2/redl double
mutant (Joshi et al, 2009; Lo et al, 2014). In addition, Pch2 acts in the same pathway as
Xrs2 and Tell to phosphorylate Hop1l at threonine 318 (Ho & Burgess, 2011). The authors
showed that Pch2 physically interacts with Xrs2 suggesting that Pch2 may have a role
during the resection of DSBs. In addition, Pch2 is involved in the distribution of COs, CO
interference and CO homeostasis, although CO interference and CO homeostasis can be
uncoupled under certain conditions in pch2 mutant (Ho & Burgess, 2011; Zanders &
Alani, 2009; Zanders et al, 2011). CO designation occurs at/prior to the strand
invasion/exchange. It is possible that Pch2 localises at the DSB sites by interacting with
Xrs2 and promotes inter-homologue bias by elevating Tell kinase activity and subsequent
phosphorylation of Hopl. Pch2 has certainly a role in CO designation as suggested by the
redistribution of COs in yeast and plants (Joshi et al, 2009; Nuntasoontorn and Franklin,
unpublished). The Pch2 function in CO designation could be dependent on Zip3. In yeast,
Zip3 is a component of the ZMM complex and is thought to be the earliest marker of COs
(Agarwal & Roeder, 2000). Interestingly, Joshi et al, (2009) reported an increase in the
number of Zip3 foci in pch2 mutant compared to wild-type. In this model, Pch2 could act
on both CO formation and CO designation. In the absence of Pch2, more DSB sites are

designated to form a CO but the absence of Pch2 results in a less efficient formation of
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COs. The reduction in the phosphorylation of Hopl could be responsible for the defect in
CO formation. However, the degree of CO formation has not been globally assessed in a
yeast pch2 mutant. In addition budding yeast forms an average of 5 COs per bivalent and a
subtle defect in CO formation would not be detected by monitoring sporulation frequency
and spore germination. This attractive model could explain both the persistence of DMC1
in tripl3 in mice and the defect in CO formation and AtASY1 phosphorylation in

Arabidopsis (Roig et al, 2010; Wojtasz et al, 2009).

CO interference is weaker in pch2/Atpch2 mutant in budding yeast and plants. Zip3 foci
and AtMLH1 foci were found more closely distributed in yeast pch2 mutant and in
Arabidopsis Atpch2 mutant, respectively (Joshi et al, 2009). This indicates that the weaker
strength of interference certainly account for a defect at the time CO interference is
spreading rather than an indirect consequence of a differential timing of CO formation. If
Pch2 has a role in chromosome axis morphogenesis before nucleation of the SC, this could
have an impact on the strength of interference. In line of this scenario, the chromosome

axis length was found shorter in trip13 (Roig et al, 2010).

5.11.4. Phosphorylation of AtASY1 T295 is essential to associate AtASY1 with the

chromosome axes

AtASY1 functional orthologues are phosphorylated in yeast and mammals during early
prophase I. Phosphorylation of Hopl at residue T318 (conserved residue with AtASY1
T295) is mediated by Mecl/Tell in response to the formation of meiotic DSBs. Hopl

T318 phosphorylation is required to recruit Mek1 at the sites of DSBs and for activation of
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Mek1 kinase activity. Mek1 will then phosphorylate Rad54 which prevents the formation
of a Rad51-Rad54 complex and hence promotes the homologue bias (Niu et al, 2009). In
addition, the interaction between Mekl and Hopl maintains Hopl in a phosphorylated
form (Chuang et al, 2012). Hop1l is phosphorylated at multiple sites as suggested by the
presence of several slow-migration bands observed on an electrophoretic mobility shift
assay and by mutational analysis of several [S/T]Q sites of Hopl (Carballo et al, 2008).
Hopl localisation was not thoroughly studied in these mutants. Hopl
S298A/S311A/T318A can properly associate with the chromatin. However, the
localisation of Hopl in the context of the chromosome axes was not analysed (Carballo et
al, 2008). In mice, two HORMA domain-containing proteins have been characterised.
HORMAD1 and HORMAD?2 were found phosphorylated at multiple sites. HORMADL is
phosphorylated at the residue serine 375 from early prophase | on the unsynapsed
chromosome axes (Fukuda et al, 2012). At mid-prophase I, HORMAD1 S375 is
phosphorylated on the XY chromosomes only. The biological significance of HORMAD1
S375 phosphorylation was not investigated. However, the specific localisation of
HORMAD1 S375 phosphorylation on the unsynaptic regions and XY chromosomes
suggests that it may be associated with the meiotic silencing of unsynapsed chromatin
(Fukuda et al, 2012). AtASY1 shows structural and functional similarities with its
orthologues. AtASY1 has a HORMA domain located in the N-terminus, localises on the
unsynapsed regions, is essential for inter-hnomologue CO formation and is phosphorylated
at multiple sites as suggested by 2-D gel electrophoresis analyses. Moreover, BOASY1 was
found phosphorylated at 11 sites, including the residue threonine 294. Mutational analysis
revealed that AtASY1 T295 phosphorylation is required to properly associate AtASY1

with the chromosome axes. In Atasyl::AtASY1l T295A, AtASY1 signal formed short
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stretches that were co-localising with the chromosome axes. However, most of AtASY1
signal was aberrant and was distributed adjacent to the chromosome axes rather than on
them. Immunolocalisation of AtASY1 T295p showed that AtASY1 T295 was
phosphorylated along the chromosome axes in Atspoll-1-4 and Atatm/Atatr mutants. In
addition, the phosphorylation of AtASY1 T295 was concomitant with the formation of the
chromosome axes and the formation of a continuous signal of AtASY1. This indicates that
the phosphorylation of AtASY1 T295 is required to associate AtASY1 with the
chromosome axes. The kinase involved in the phosphorylation of AtASY1 T295 remains
to be characterised. The localisation defect of AtASY1 differs between Atasyl;AtASY1-TA
and Atasy3 mutants. This suggests that the defect in AtASY1 localisation observed in
Atasyl;AtASY1-TA is not due to a defect in AtASY1-AtASY3 interaction. The
phosphorylation of AtASY1 T295 may be important to structure the protein and modulate
the turnover of the protein. Interestingly, the phosphomimic Hopl T318E does not restore

Hop1 function in CO formation (Carballo et al, 2008).

5.11.5. AtASY1 T295 is phosphorylated in response to the formation of DSBs

To address the level of AtASY1 T295 phosphorylation in various mutant lines,
immunolocalisation was carried out using an anti-AtASY1 T295p antibody. Images were
captures as Z-stacks of 10 sections of 0.1 um each and the maximum intensity projection of
AtASY1 T295p signal was quantified for each nucleus. Quantitative comparison of
AtASY1 T295p signal intensity between mutant lines revealed that the signal intensity was
weaker in Atspoll-1-4 and Atatm/Atatr. Although AtASY1 T295p signal intensity was

reduced in Atatm and Atatr single mutant, the difference in the signal intensity between
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each mutant line and wild-type was not statistically different. This indicates that both
AtATM and AtATR are involved in the phosphorylation of AtASY1 T295 in response to

the formation of DSBs.

In yeast, Hopl T318 is phosphorylated by Mec1 and Tell. Carballo et al. (2008) suggested
that Hopl was phosphorylated by Mecl/Tell in response to the formation of meiotic
DSBs. Hopl phosphorylation was not detected in spoll mutant using an eletrophoretic
mobility shift assay. In addition, Mecl was essential for Hopl phosphorylation while Tel
kinase activity was found important for Hopl phosphorylation only when Mecl was
absent. However, Tell could not fully compensate for the absence of Mec1 function in the
phosphorylation of Hopl (Carballo et al, 2008; Chuang et al, 2012). In mice, two
independent studies showed that HORMADL is phosphorylated in spoll mutant (Fukuda
et al, 2012; Kogo et al, 2012). HORMAD1 S375 phosphorylation is mostly dependent on
the formation of meiotic DSBs. However, an eletrophoretic mobility shift assay suggested
that additional residue(s) is/are phosphorylated in the absence of DSB formation (Fukuda
et al, 2012). ATM, the orthologue of Tell, is dispensable for HORMAD1 and HORMAD?2
phosphorylation. In contrast, the phosphorylation of HORMAD1 and HORMAD?2 was
reduced in atr mutant, the mice orthologue of Mec1 (Fukuda et al, 2012; Kogo et al, 2012;

Royo et al, 2013; Shin et al, 2010).

Although, Hopl T318 appears evolutionary conserved with AtASY1 T295, significant
differences exist. The low resolution of the eletrophoretic mobility shift assay compare to
immunocytochemistry analyses could explain the difference in Hop T318/AtASY1 T295

phosphorylation in the context of mecl/tell and Atatm/Atatr and spoll mutants. The

241



increase in AtASY1 T295p signal intensity in response to DSB formation can results from
an increase in the phosphorylation of AtASY1 T295 and/or a stabilisation of the pre-
existing phosphorylation status of AtASY1 T295. In addition, the increase in AtASY1
T295p signal intensity by AtATM/AtATR may be indirect. In budding yeast, the
association of Mekl with Hopl is sufficient to stabilise Hopl T318 phosphorylation
(Chuang et al, 2012). A similar mechanism may exist in plants where (an) additional
factor(s), dependent on the formation of meiotic DSBs and on AtATM/AtATR, would
modulate AtASY1 T295 phosphorylation status. This/these factor(s) could be the
phosphorylation of AtASY1 at other [S/T]Q sites by AtATM/AtATR in the response of
DSBs. This could in turn make the residue T295 more accessible to a kinase or less
accessible to a phosphatase. This/these factor(s) could also be a protein or another post-
translational modification of AtASY1 that would have a positive effect on AtASY1 T295

phosphorylation.

5.11.6. Phosphorylation of AtASY1 T295 is partially dependent on AtASY3 and

AtPCH2

To identify additional factors involved in the phosphorylation of AtASY1 T295,
immunolocalisation of AtASY1 T295p was carried out in various chromosome axis
mutants. AtASY3 and AtSYN1 are two components of the chromosome axes. Both
proteins are essential for the proper localisation and domainal organisation of AtASY1
along the axes. In Atasy3 mutant, AtASY1 T295 was phosphorylated. However, the
number of AtASY1 foci was substantially higher than the number of AtASY1 T295p foci.

AtASY1 formed foci of different abundance in Atasy3 mutants. There was no positive
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correlation between the large AtASY1 foci and the presence of AtASY1 T295p foci.
AtASY3 forms a complex with AtASY1 in a yeast two-hybrid assay and in-vivo. In
addition, AtASY3 is required for the correct association of AtASY1 with the axes. It is
possible that only a proportion of AtASY1 foci are properly organised on the axes and can
therefore become phosphorylated at the residue T295. Electron microscopy analyses of
silver stained meiotic prophase I nuclei of Atasy3 mutant indicates that the chromosome
axes present some structural alterations (Ferdous et al, 2012). These defects in axes could
affect the tendency for AtASY1 T295 to be phosphorylated. However, AtSYNL is
important for the chromosome axis morphogenesis. AtASY1 can efficiently associate with
the aberrant chromosome axes and is proficient in T295 phosphorylation in Atsynl. This
suggests that AtASY3 rather than the chromosome axis status is important to promote
AtASY1 T295 phosphorylation. Similarly, the phosphorylation of Hopl and HORMAD1
is defective in redl and sycp3 mutants, the functional orthologues of AtASY3 in budding

yeast (Carballo et al, 2008) and mice, respectively (Fukuda et al, 2012).

Pch2 is an AAA-ATPase family member and is important for remodelling Hopl from the
synaptic regions. Recently, Ho and Burgess (2011) showed that Pch2 is involved in the
same pathway as Tell to phosphorylate Hopl. Interestingly, AtASY1l T295
phosphorylation was abnormal in Atpch2 mutant from early prophase 1. AtASY1 T295
phosphorylation signal was discontinuous and formed bright foci that were mostly
associated with AtDMC1 foci. 3D structure illumination microscopy analysis of
chromosome spread preparation of Atpch2 PMCs suggests that AtASY1 localisation is
abnormal (Nuntasoontorn and Franklin, unpublished). AtASY1 may fail to properly

associate with the axes which will in turn prevent AtASY1 T295 from being
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phosphorylated. Interestingly, the signal intensity of AtASY1 T295p foci associated with
AtDMC1 foci was similar to wild-type level in Atpch2. Additional factors, possibly
dependent on the formation of DSBs, ensure that AtASY1 T295 is phosphorylated at the
sites of DSBs to promote inter-homologue bias. However, AtASY1 T295 phosphorylation

was defective outwards of these sites.
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Chapter 6

Discussion
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6.1. Introduction

During meiosis and mitosis, the chromatin is organised stochastically in loop arrays. The
formation and stabilisation of chromatin loop arrays is dependent on both cohesin and
condensin but independent of the presence of a chromosome axis (Naumova et al, 2013;
Sofueva et al, 2013; Zickler & Kleckner, 1999). The meiotic chromosome axes differ
significantly from the mitotic axes. Components of the meiotic chromosome axes are
thought to localise on the chromatin during G2 and promote the formation of meiotic DSBs
(Ferdous et al, 2012; Kim et al, 2010). In addition, several evidences suggest that the
chromosome axes are required for the repair of SPO11-dependent DSBs using the
homologous chromosomes as a template (Blat et al, 2002; Carballo et al, 2008; Daniel et
al, 2011; Ferdous et al, 2012; Fowler et al, 2013; Hong et al, 2013; Kim et al, 2010;
Mallela et al, 2011; Niu et al, 2005; Prieler et al, 2005; Shin et al, 2010). In contrast, a
homologue bias would be detrimental during interphase of mitotic cells. The mis-
regulation of meiotic specific gene expression and the presence of meiotic axis proteins
during mitosis have been associated with tumours (Hosoya et al, 2012; lanzini et al, 2009;
Kalejs et al, 2006). Moreover, the status of the meiotic axes is thought to have an important
role for the designation of future CO sites and the propagation of CO interference along the
chromosomes (Kleckner et al, 2004). However, the composition of the chromosome axes,
the regulation of its morphology and its function during meiosis are poorly understood in

plants.

The aims of this study were to conduct a further investigation into the function of AtASY1

during DSB formation and DSB repair.
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6.2. AtASY1 physically interacts with AtASY3 to mediate inter-nomologue CO

formation

AtASY1 and AtASY3 share structural and functional similarities with Hopl/Redl and
SYCP2-3/HORMADI1-2 in yeast and mice, respectively. In yeast, Hopl physically
interacts with Redl to activate the kinase activity of Mekl and promote homologue bias
(Niu et al, 2009; Wan et al, 2004). In Arabidopsis, AtASY1 was found interacting with
AtASY3 in yeast two-hybrid and pull down assays. The functional significance of this
interaction is unknown. AtASY1 and AtASY3 localised along the chromosome axes
during early prophase I. AtASY1 was not required for AtASY3 localisation. However, the
organisation of AtASY1 localisation along the axes is dependent on AtASY3. This
suggests that the interaction between AtASY1 and AtASY3 may be essential to
recruit/stabilise AtASY1 with the axes. Similarly, Red1 and SYCP3 are epistatic to Hopl
and HORMADL1 for localisation on the chromatin in budding yeast (Smith & Roeder,

1997) and mice (Fukuda et al, 2010; Shin et al, 2010), respectively.

Components of the chromosome axes are required for wild-type level of DSBs. Hopl and
Red1 are essential for the formation of DSBs in yeast (Carballo et al, 2008; Kim et al,
2010; Niu et al, 2005). In mice, a substantial reduction in the level of SPO11-
oligonucleotides and chromatin-associated DMC1/RAD51 foci was detected in hormadl
mutant suggesting that the protein is involved in the formation of DSBs (Daniel et al, 2011,
Shin et al, 2010). In Arabidopsis, the number of early recombination nodules was
decreased in Atasy3 mutant but not in Atasyl mutant (Ferdous et al, 2012). However,

AtASY1 was important for the localisation of AtPRD3 on the chromatin and both AtPRD3
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and AtSPO11-1 foci were found associated with AtASY 1 foci during G2. It is possible that
AtASY1 has a role in the distribution of the DSBs along the chromosome axes rather than
a global effect on the formation of DSBs. It is unclear if AtASY3 forms a complex with
AtASY1 before the formation of DSBs. AtASY1 localisation appeared normal at G2 in
Atasy3 mutant. A similar wild-type localisation pattern of AtASY1 was detected in Atsynl
mutant. AtASY1 is an axis-associated protein and may localise both on the chromatin loop
and on the axes during G2. This dual localisation of AtASY1 would render the study of its
axis localisation during G2 more challenging. It is more straightforward to speculate that
AtASY1 associates with the chromatin loops independently of axes components and
associates with the axes in a process dependent on AtASY3 prior to formation of DSBs.
AtASY1 would be re-localised from an “on chromatin loop” configuration to an “axis-
associated” configuration during axis formation as suggested by immunogold localisation
of AtASY1 on chromosome spread preparation of Brassica oleracea PMCs (Armstrong et
al, 2002). The redistribution of AtASY1 localisation may be correlated with the
progressive organisation of the chromatin into loop arrays and the formation of the
underlying chromosome axes. The association of AtASY1 with the axes prior to DSB
formation would modulate the distribution and/or turnover of the pre-DSB machinery and

ensure an effective stabilisation of AtDMC1 on these sites after DSBs had occurred.

The presence of a homologue bias has been well documented in budding yeast. Almost
half of the DSBs are repaired to form a CO. This results in the formation of an average of 5
COs per bivalent. In contrast, the ratio DSB:CO is considerably lower and estimated at 6-9
and 11 in mice (Cole et al, 2012) and Arabidopsis, respectively (Ferdous et al, 2012). In

addition, the forkhead kinase Mekl, essential to form the barrier against the sister
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chromatid has not been characterised in mammals and plants. In higher eukaryotes, the
homologue bias may be less efficient and a more complex and regulated process may
operate to ensure that a subset of the DSB sites is CO-designated sites. The complex
HEI10/RNF212 may be a key factor in this crucial step and in limiting the number of COs
per nucleus in mice (Qiao et al, 2014). The absence of AtASY1 or AtASY 3 significantly
reduces the number of inter-homologue COs in Arabidopsis PMCs. Interestingly, the
number of inter-homologue COs is higher in Atasy3 mutant compared to Atasyl mutant
and these COs are dependent on AtASY1l. AtASY1 and HORMAD1 are essential to
associate DMC1 with the chromatin (Sanchez-Moran et al, 2007a; Shin et al, 2013).
DMC1 is a recombinase with an activity directed towards the homologous chromosomes.
In the absence of DMC1, the DSBs are repaired using the sister chromatids as a template.
In budding yeast, Red1 was shown to be required to promote the loading of Dmcl at R-
band isochores (Blat et al, 2002). The localisation of Hop1l is defective in red1l mutant and
the function of Red1 in promoting DMC1 loading may be indirect and dependent on Hopl
function. The role of AtASY3 in inter-homologue CO formation cannot be separated from
its structural role in recruiting AtASY1 to the axes. In Atasy3, AtASY1 forms foci that
associate with AtDMC1 foci, which presumably mark the sites of DSBs. In addition, 48.7
% of AtASY1 foci were found phosphorylated at residue T295 in Atasy3. This suggests
that AtASY1 is proficient in maintaining AtDMC1 at some DSB sites to mediate inter-
homologue CO formation. The function of AtASY3 in CO formation may simply rely in a
structural role to properly recruit/maintain AtASY1 on the axes. The observation that some
but not all AtASY1 foci were phosphorylated in Atasy3 may represent a differential in the
turnover of AtASY1 protein. Additional factors may also be involved to ensure the

association of AtASY1 to the axes in the absence of AtASY3. Such factors could be other
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axes proteins or factors specific to the homologous recombination pathway. Chambon and
Grelon identified a new coiled-coil protein AtASY4 that localises with the axes.
Interestingly, AtASY4 was pull-downed by an anti-AtASY1 antibody from Brassica
oleracea meiocyte extract (Osman and Franklin, unpublished) and interacts with AtASY3
in a yeast two-hybrid assay. The epistatic relationship between AtASY4 and

AtSAY3/AtASY1 remains to be determined.

6.3. The formation of meiotic DSBs occurs in the context of the chromosome axes

The formation of meiotic DSBs is thought to occur in the context of the chromosome axes.
The DSB sites are associated with the chromatin loops while some components of the pre-
DSB machinery are associated with the axes. In addition, the distribution of Spoll-
accessory proteins along the axes is modulated by the components of the underlying
chromosome axes in yeast (Fowler et al, 2013; Kee et al, 2004; Panizza et al, 2011). The
tethering of the chromatin loops to the chromosome axes implies additional controls over
the formation of DSBs. It is thought that only one DSB occurs per chromatin loop.
Moreover, the formation of a DSB at a given initiation site inhibits the formation of a DSB
at the same genomic region but on the homologous chromosome (Zhang et al, 2011). This
control is crucial to ensure proper repair of the DSBs by homologous recombination. The
regulation of the association of Spoll-accessory proteins with the axes forms a first layer
of control and determines the genomic regions where the meiotic DSBs will form. In
addition, the tethering of the chromatin loops to the axes results in the contraction of the
loops and hence disfavours the loading of the Spoll-accessory proteins on the loops and

inhibits the formation of additional DSBs in the surrounding region. A third control occurs
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in response to the formation of DSBs. DSB formation activates the kinase activity of
Mecl/Tell which inhibits the formation of additional DSBs (Joyce et al, 2011; Lange et al,
2011; Zhang et al, 2011). In yeast, the axis-associated-Spoll-accessory-protein Rec114 is
phosphorylated by Mec1/Tell. The phosphorylation of Rec114 inhibits the formation of
DSBs (Carballo et al, 2013). Finally, the depletion of Spoll-accessory-proteins from the
synaptic regions as described in yeasts (Carballo et al, 2013) and mammals (Kumar et al,

2010) is another control over the formation of DSBs.

In Arabidopsis, four AtSPO11-accessory proteins have been characterised (De Muyt et al,
2009; De Muyt et al, 2007; Zhang et al, 2012). The function of AtPRD3 was further
investigated in this study. AtPRD3 is essential for the formation of DSBs as suggested by
the absence of early recombination proteins on the chromatin in Atprd3 mutant.
Immunocytochemistry analyses showed that AtPRD3 associated with AtASY1 foci at G2.
AtPRD3 and AtSPO11-1 were mutually independent for their localisation suggesting that
the two proteins are part of two distinct pre-DSB complexes. AtPRD3 was found
interacting with AtASY1 and AtASY3 in a yeast two-hybrid assay and AtPRD3 was pull-
downed by an anti-AtASY1 antibody from Brassica oleracea meiocyte extract. In
addition, genes encoding axis proteins and for PRD3 underwent a selective differentiation
to overcome the increase in ploidy in Arabidopsis arenosa tetraploid. This highlights the
evolutionary adaption of axes proteins and axis-associated-AtSPO11-accessory proteins to

adapt meiosis to cellular challenges such as an increase in ploidy (Yant et al, 2013).

Althought it is not technically feasible to visualise the tethering of the chromatin loops to

the axes, AtPRD3 likely associates with the chromosome axes to promote the tethering of
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the chromatin loops to the axes and/or activate the topoisomerase-like transesterification

activity of AtSPO11-1/2 when the chromatin loops are tethered with the axes.

6.4. AtATM is essential to limit the formation of meiotic DSBs in Arabidopsis

The formation of DSBs must be regulated during meiosis. Too few DSBs result in a defect
in CO formation while too many DSBs can be deleterious for the cells. ATM/ATR kinases
are essential for the repair of meiotic DSBs. Recently, ATM/Tell and ATR/Mecl kinase
activities were shown to be involved in a negative feedback loop for DSB formation in
mammals (Lange et al, 2011), yeasts (Carballo et al, 2013; Zhang et al, 2011) and flies

(Joyce et al, 2011).

Several factors exist to determine the DSB sites and regulate the formation of DSBs. The
chromosome axes are required for the formation of DSBs. It has been shown that some
components of the chromosome axes recruit components of the pre-DSB complexes
(Fowler et al, 2013; Panizza et al, 2011). The axis components determine the distribution
of these SPO11-accessory proteins along the axes which will in turn favour the formation
of DSBs. However, ATM/Tell and ATR/Mecl does not seem to be involved in the
regulation of the association between SPO11-accessory proteins and the axes. This is
supported by the persistence of Rec114 on the axes when 8 [S/T]Q sites were replaced by
aspartic acids to phosphomimic the phosphorylated form of the protein. In addition,
SPO11-accessory proteins persist on the unsynapsed regions until the SC starts to nucleate
in yeasts (Carballo et al, 2013) and mammals (Kumar et al, 2010). The formation of the SC

rather than the formation of DSBs seems to be a determining factor for the removal of
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SPO11-accessory proteins from the chromosome axes. Interestingly, the localisation of
AtPCH2 with the axes is concomitant with the nucleation of the SC. AtPCH2 was found
interacting with AtPRD3 in a yeast two-hybrid assay. In budding yeast, Pch2 has an AAA
ATPase hydrolysis activity. Pch2 interacts with Hopl in a pathway dependent on ATP and
it is thought that Pch2 depletes Hopl from the synaptic regions (Borner et al, 2008; Chen
et al, 2014). Similarly, Pch2 could be involved in the depletion of SPO11-accessory
proteins associated with the axes on the synaptic regions. The formation of the SC is
coordinated with the progression of the DNA damage status and the homologous
recombination pathway. The formation of the SC could be a distinct signal to ATM/ATR

kinase activity, to permanently inhibit the formation of DSBs.

In Arabidopsis, AtATM/AtATR inhibits the formation of DSBs. The proteins
phosphorylated by AtATM/AtATR during meiosis are unknown. However, two AtSPO11-
accessory proteins, AtPRD1 and AtPRD3, are enriched in [S/T]Q sites. AtPRD1 was found
forming a complex with AtSPO11-1 (De Muyt et al, 2007). In contrast, AtPRD3 interacts
with axis components and AtSPO11-1 and AtPRD3 are mutually independent for their
localisation. This suggests that AtATM/AtATR could inhibit the formation of DSBs by
phosphorylating components of two distinct pre-DSB complexes. An AtPRD1-containing
complex is thought to be located on the chromatin loops and is probably involved in the
stabilisation of AtSPO11-1 on the chromatin. In contrast, an AtPRD3-containing complex
is associated with the underlying chromosome axes and is involved in the tethering of the
chromatin loops to the axes or involved in the activation of the topoisomerase-like

transesterification activity of AtSPO11-1/2 when the chromatin loops are tethered with the
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axes. The inhibition of the two distinct complexes could efficiently inhibit the formation of

additional DSBs.

Additional factors could be involved in the temporal formation of DSBs. During meiosis,
the chromatin loops undergo cycle of expansion and contraction. The first expansion of the
chromatin is thought to occur during G2 at the time of the formation of DSBs.
Interestingly, AtSPO11-1 was found localised on the chromatin at G2 but was no longer
associated with the chromatin at the onset of leptotene in both wild-type and Atprd3 nuclei.
In Atprd3 mutant, the formation of meiotic DSBs is defective. Meiosis is a well
evolutionary conserved biological process and it is likely that the AtSPO11-accessory
proteins associated with the chromosome axes at G2, remain associated with the axes at the
onset of leptotene when the DSBs are not formed. In contrast, the pre-DSB complex
containing AtSPO11-1 and localising on the chromatin loop may be destabilised when the
chromatin is contracting. This would explain the absence of AtSPO11-1 signal in Atprd3
mutant during early prophase | and would represent an additional layer of control over the

temporal formation of DSBs during meiosis.

6.5. AtPCH2 modulates the distribution of AtASY1 during prophase I and mediates

SC formation and CO formation

PCH2 is a conserved protein found in yeasts, mammals and plants. PCH2 is required for
CO formation, CO interference and SC elongation (Joshi et al, 2009; Miao et al, 2013;
Roig et al, 2010; Zanders & Alani, 2009). Pch2 interacts with Hopl and modulates the

association/dissociation of Hopl with DNA molecules in-vitro (Chen et al, 2014).
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Hopl/HORMAD1 was found depleted from the synaptic regions in wild-type budding
yeast and mice. In contrast, Hopl/HORMADL1 persisted on the synaptic regions in
pch2/tripl3 mutants supporting a role for Pch2 in regulating the association of
Hopl/HORMAD1 with DNA molecules (Borner et al, 2008; Roig et al, 2010; Wojtasz et
al, 2009). The role of Pch2 in remodelling the axes is dependent on its AAA ATPase

activity in yeast (Chen et al, 2014).

In plants, immunocytochemistry analysis on chromosome spread preparation using an anti-
AtPCH2 antibody showed that AtPCH2 was co-localising with the SC at mid-prophase I.
Similarly, CRC1 co-localised with the SC and interacted with the transverse filament ZEP1
in rice (Miao et al, 2013). Moreover, AtPCH2 was found associated with AtZYP1
polycomplexes in Arabidopsis asynaptic mutants. This indicates that AtPCH2 and AtZYP1
can aggregate independently of factors involved in the homologous recombination
pathway. The localisation of AtPCH2 at the SISs is consistent with a role in CO formation
and CO interference. However, recent studies indicate that Pch2 may have a role at an
earlier step of the homologous recombination pathway. The number of DSBs was reduced
in pch2 mutant in budding yeast (Farmer et al, 2012) and abolished in crcl mutant in rice
(Miao et al, 2013). In addition, the phosphorylation of AtASY1 T295 occurred prior to the
nucleation of the SC in Arabidopsis. However, AtASY1 T295 was phosphorylated at
numerous sites on the chromatin but failed to be phosphorylated along the chromosome
axes in Atpch2 mutant. Ho and Burgess (2011) showed that Pch2 has a role at the DSB end
resection step and is involved in the same pathway as Tell for the phosphorylation of

Hopl (Ho & Burgess, 2011).
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CO interference was found weaker in pch2/trip13 mutant. The mechanism propagating CO
interference along the chromosomes is unknown. The most widely accepted model for
explaining the propagation of CO interference is the stress relief model (Kleckner et al,
2004). In this model, the propagation of CO interference is dependent on both the
chromatin and the chromosome axes status. Any structural alteration in the chromosome
axes may affect the strength of CO interference, although this has not been formally
demonstrated. The axis length was shorter in trip13 mutant and the number of ZIP3 foci,
an early marker of CO sites in budding yeast, was significantly increased in pch2 mutant
suggesting that PCH2/TRIP13 may have a role in the structure of the axes and in the
designation of the CO sites (Joshi et al, 2009; Roig et al, 2010). This is consistent with a

defect in CO formation and CO interference reported in pch2/trip13 mutants.

In Atpch2/tripl3 mutant, AtASY1 and HORMADZ1 persisted on the synaptic regions. Both
proteins are required to maintain the association of DMC1 with the chromatin (Sanchez-
Moran et al, 2007a; Shin et al, 2013). DMC1 is a meiotic specific recombinase involved in
the repair of meiotic DSBs towards the homologous chromosomes. Consistent with this
observation, DMC1 persisted on the synaptic regions in tripl3 mutant (Roig et al, 2010;
Wojtasz et al, 2009). The weaker strength in CO interference reported in pch2/tripl3
mutant may result from a differential timing of CO formation. A proportion of the CO-
designated DSB sites will be repaired to form CO. However, the absence of PCH2/TRIP13
results in the failure to form wild-type level of COs. The persistence of
AtASY1/HORMADL1 on the synaptic regions and the close juxtaposition of the two
homologue axes may maintain the homologue bias and some DSBs may be repaired and

form a CO at a later time than the first wave of CO formation. Alternatively, the increase
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of Zip3 foci and the delay in the progression of CO and NCO recombination reported in
pch2 mutant in budding yeast suggests that more DSB are CO-designated (Borner et al,
2008; Joshi et al, 2009). However, the defect in SC formation affects the efficiency of CO
implementation thus resulting in an overall reduction of CO formation. On the synapsed
regions, the CO implementation is established and mediate CO formation to form COs that

are closer together than in wild-type.

6.6. AtASY1 T295 phosphorylation is required to maintain AtASY1 associated with

the chromosome axes

AtASY1/Hopl is a HORMA-containing protein essential for the formation of inter-
homologue COs. AtASY1 and its functional and structural counterparts in yeasts and
mammals are phosphorylated at multiple sites. In budding yeast, the phosphorylation of
Hopl at [S/T]Q sites is required for the homologue bias (Carballo et al, 2008). In contrast,
the biological significance of HORMADL phosphorylation is unclear. However, the
phosphorylation of HORMAD1 S375 was suggested to be associated with the meiotic
silencing of unsynapsed chromatin (Fukuda et al, 2012). Hopl, HORMAD1 and AtASY1
phsophorylation occur in response to the formation of DSBs and are dependent on the
kinase activity of ATM/Tell and/or ATR/Mecl. However, some divergence exists between
the three proteins. Hopl was not found phosphorylated in spoll mutant (Carballo et al,
2008). In contrast, HORMAD1 was phosphorylated at wild-type level in atm mutant and a
residual level of phosphorylation was detected in spoll mutant (Fukuda et al, 2012; Kogo
et al, 2012; Royo et al, 2013; Shin et al, 2010). In Arabidopsis, a basal level of AtASY1

T295 phosphorylation was observed in Atspoll-1 mutant. In addition, AtASY1 T295
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phosphorylation was significantly reduced in Atatm/Atatr double mutant. The role of
AtATM and AtATR in AtASY1 T295 phosphorylation may be indirect. In Atspoll-1, the
phosphorylation of AtASY1 T295 accumulated progressively during prophase 1.
AtATM/ALATR are activated in response to the formation of DSBs and may target
proteins that will promote the phosphorylation of AtASY1 T295. In budding yeast, Hopl
and Redl form a complex. The phosphorylation of Hopl by Mecl/Tell promotes the
recruitment of Mek1 at the DSB sites. The kinase activity of Mekl is then activated and
the protein promotes homologue bias. In addition, the stabilisation of Mek1-Hopl complex
is important to maintain the phosphorylation status of Hopl T318 (Chuang et al, 2012). A
similar mechanism may exist in plants where a protein, dependent on the initiation of
homologous recombination, associates with the axes and alters the phosphorylation status
of AtASY1. AtASY1 T295 phosphorylation may be in a near equilibrium state between
phosphorylation and dephosphorylation/turnover of the protein prior to formation of DSBs.
The phosphorylation of the protein would be the prominent state. This would explain the
weak progressive accumulation of AtASY1 T295 phosphorylation during prophase | of
Atspoll-1 PMCs. Following DSB formation, AtATM/ATATR activates a factor that alters
the near equilibrium state of AtASY1 T295 phosphorylation and increases the level of
AtASY1 T295 phosphorylation. The factor could be a protein or the phosphorylation of

AtASY1 at another [S/T]Q site.

The phosphorylation of AtASY1 T295 was concomitant with the formation of the
chromosome axes. Moreover, AtASY1 T295 was phosphorylated in Atspoll-1 mutant
where the axes were properly formed. In contrast, AtASY1 T295A failed to localise along

the axes and formed a diffuse signal on the chromatin. This indicates that the
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phosphorylation of AtASY1 T295 is important for the association of AtASY1 with the
axes. Interestingly, AtASY3 was not essential for the phosphorylation of AtASY1 T295.
AtASY1 T295 was found phosphorylated in Atasy3 mutant and the number of inter-
homologue CO was higher in Atasy3 mutant compared to Atasyl mutant. These additional
COs were dependent on AtASY1. This implies that AtASY1 T295 can be phosphorylated
in the absence of AtASY3. In addition, the phosphorylation of AtASY1 T295 stabilises the
protein on the chromatin. Phosphorylated AtASY1 T295 is proficient in mediating inter-
homologue CO formation and likely accounts for the formation of the additional COs

observed in Atasy3 mutant compared to Atasy3/Atasyl double mutant.

6.7. Conclusion

This study applied a combination of biochemical assays, cytological procedures and
mutational analysis to investigate the interplay between the chromosome axes and the DSB
repair by homologous recombination during Arabidopsis meiosis. This study showed that
the formation of DSBs is temporally correlated with the formation of the chromosome
axes. In addition, the chromosome axes have an important role during the formation of
DSBs. The axes determine the number of DSBs formed per nuclei and modulate the
distribution of the AtSPO11-accesssory protein AtPRD3. The initiation of the homologous
recombination results in the remodelling of the chromosome axes with an increase in the
phosphorylation level of AtASY1 T295, the nucleation of the SC and the depletion of
AtASY1 from the synaptic regions. The proper remodelling of the chromosome axes is

essential to ensure wild-type level of inter-homologue COs and CO interference.
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To summarise, AtASY1 localises as numerous chromatin-associated foci at G2 (Figure
6.1.a). During the formation of the chromosome axes, AtASY1 associates with the nascent
chromosome axes forming domains of hyper and lower abundance. The domainal axis
organisation of AtASY1 is dependent on the cohesin subunit AtSYN1 and the recruitment
of AtASY1 along the axes is dependent on the structural axis component AtASY3 (Figure
6.1.b). In the absence of DSB formation, AtASY1l T295 becomes progressively
phosphorylated from G2/leptotene transition (Figure 6.1.g). The kinase involved in the
phosphorylation of AtASY1 T295 remains to be characterised. In contrast, two distinct
pre-DSB complexes, containing AtPRD3 or AtSPO11-1, associates with AtASY1 foci in
wild-type PMCs. The distribution of AtPRD3 is regulated by AtASY1 but not AtSYN1. As
illustrated on the hypothetic model (Figure 6.1.), following the formation of meiotic DSBs,
the MRN complex is thought to be recruited at the sites of DSB (Figure 6.1.d) and
activates the kinase activity of AtATM/AtATR (Figure 6.1.e). AtATM/AtATR will then
inhibit the formation of additional DSBs (Figure 6.1.f). AtPRD1 and AtPRD3 are two
AtSPO11-accessory proteins enriched in [S/T]Q sites and are potential targets of
AtATM/ATATR. In addition, AtATM/AtATR increases the phosphorylation of AtASY1
T295 (Figure 6.1.9), either directly or indirectly. The phosphorylation of AtASY1 T295 is
thought to have a role in promoting the formation of inter-hnomologue COs (Figure 6.1.h),
although this can not be formally tested. The function of AtASY1 in the formation of inter-
homologue COs relies at least in part in the maintenance of AtDMCL1 at the sites of DSBs
to favour CO formation. AtDMC1 recombinase direct the single stranded 3’ DNA tails
towards the homologous chromosomes resulting in the formation of D-loop structures and
the nucleation of the SC. AtPCH2 localisation on the chromatin occurs concomitantly with

SC formation. AtPCH2 remodels the axes by partially depleting AtASY1 from the synaptic
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regions, promotes inter-homologue CO information and has a role in CO interference
(Figure 6.1.J). AtPCH2 was found interacting with AtPRD3 in a yeast two-hybrid assay.
Immunocytochemistry analyses on chromosome spread preparations of wild-type PMCs
using an anti-AtPCH2 antibody showed numerous chromatin-associated foci of AtPCH2 at
G2. AtPCH2 could have a role in the formation of DSBs by regulating AtPRD3 activity
(Figure 6.1.c). Additionally, AtPCH2 could deplete AtPRD3 from the synaptic regions in a

process similar to the depletion of AtASY1 (Figure 6.1.).

Late G2 Leptotene Zygotene

AtPRD3 d AtDMC1

4 AINBS1 AtRADS0 ¢ g = i AtPCH2
Remodeling of
a 2 S . i the chromosome

EESE = ' axis
(b BB PB-p P P BPPR L o5

AtPCH2
DSB
(AtSPO11-1
IAtSPO11-2)

Figure 6.1. A hypothetic model illustrating the interplay between chromosome axis
morphogenesis and homologous recombination in Arabidopsis meiosis.

At S-phase/early G2, AtASY1 forms punctuate chromatin-associated foci (a). At mid-G2,
AtASY1 presents a domainal organisation of hyper- and lower-abundance along the
underlying nascent chromosome axes (b). AtSPO11-1-dependend DSBs occurs in the

context of the chromosome axes. The direct interaction between AtPCH2 and AtPRD3
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suggests that AtPCH2 may have a role in DSB formation (c). The MRN complex is
recruited at the DSB sites (d) and activates the kinase activity of AtATM and AtATR (e).
AtATM/ALATR are involved in a negative feedback loop inhibiting the formation of DSBs
(). In addition, AtATM/AtATR phosphorylate proteins involved in DSB repair and the
homologous recombination pathway. AtASY1 is phosphorylated at residue T295 by
AtATM/ALATR (g). The phosphorylation of AtASY1 T295 is required to maintain the
protein associated with the axes and to indirectly mediate inter-hnomologue CO formation
(h). AtPCH2 regulates the phosphorylation of AtASY1 T295 (i). In addition, AtPCH2 is an
integral component of the SC and remodels the axes by depleting AtASY1 from the axes

as the SC elongates (j).
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Appendix 1. T-DNA insertion mutant lines

Mutant line Gene number Allele WT primer T-DNA
set primer set
Atasyl At1G67370 Salk_144182 ASY1F-ASY1R | LB1.3F-ASYIR
Atasy3 At2G46980 Salk_143676 ASY3F-ASY3R | LB1.3F-ASY3R
Atsynl At5G05490 Salk_091193 SYN1F- SYNIR LB1.3F-
SYNIR
Atspo11-1-4 At3G13170 WiscDsLox_461- SPO114F- WSF-
464319 SPO114R SPO114F
Atatr At5G40820 Salk_032841 ATRF-ATRR | LB13F-ATRR
Atatm At3G48190 Salk_089805 ATMF-ATMR | LBL3F-ATMR
Atprd3 At1G01690 GABI677D06 PRD3F- GABILB-
PRD3R PRD3F
Atrad51 At5G20850 Sail_873_C08 RAD51F- SailLB-
RAD51R RAD51R
Atpch2-1 At4g24710 Sail_1187_C06 PCH21F- SailLB-
PCH21R PCHZ2IR
Atpch2-2 At4g24710 SALK_031449 PCH22F- LB1.3F-
PCH22R PCH22R
Atpch2-3 At4g24710 SALK 130138 PCH23F- LB1.3F -
PCH23R PCH23R
Atdmc1 AT3G22880 | Feldmann line 3668 DMCIC- DMC1A-
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DMC1D DMC1B

Atmsh5 At3920475 SALK_110240 MSHS5F- LB1.3F -

MSH5R MSH5R

Table 1.1. List of T-DNA insertion mutant lines

WT and T-DNA primer sets were used to discriminate between wild-type, heterozygote
and homozygote plants for the insertion of the T-DNA. WT primer set amplified a
genomic region of the gene of interest only if it does not contain a T-DNA inserted. T-
DNA primer set amplified a region comprising the left border of the T-DNA and the

sequence of the gene of interest adjacent to the left border of the T-DNA inserted

Appendix 2. Growth media

All media were prepared with MilliQ water and sterilized by autoclave.

Autoclave was carried out at 15 psi at 121 °C for 20 min.

2.1. Bacterial growth media

LB

Bacto-tryptone 10g
Bacto-yeast extract 50
NaCl 10¢

Adjusted pH to 7.0 with 1 M NaOH

325




Made up to 1 L with MilliQ water

Sterilised by autoclaving

LA

Bacto-tryptone 109
Bacto-yeast extract 50
NaCl 109
Bacto-agar 159

Adjusted pH to 7.0 with 1 M NaOH
Made up to 1 L with MilliQ water

Sterilised by autoclaving

SOB

Bacto-tryptone 209
Bacto-yeast extract 5¢g
NaCl 0.50¢g
KCI 0.187 ¢

Adjusted pH to 7.0 with 1 M NaOH

Made up to 980 ml with MilliQ water
Sterilised by autoclaving

Added the following filter-sterilised solutions:

1M MgCl, 10 ml
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1M MgSO4 10 ml

SOC

Bacto-tryptone 209
Bacto-yeast extract 5¢
NaCl 0.50¢g
KCI 0.187¢

Adjusted pH to 7.0 with 1 M NaOH
Made up to 960 ml with MilliQ water
Sterilised by autoclaving

Added the following filter-sterilised solutions:

1M MgCl, 10 ml
1M MgSQO, 10 ml
1M glucose 20 mi

Stock solution antibiotics

100 mg/ml Ampicillin
Ampicillin (SIGMA) 1g
Made up to 10 ml of MilliQ water

Filter-sterilised through a 0.2 um filter

50 mg/ml Kanamycin
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Kanamycin (SIGMA)

Made up to 10 ml of MilliQ water

Filter-sterilised through a 0.2 um filter

50 mg/ml Rifampicin
Rifampicin (SIGMA)

Made up to 10 ml of DMSO

Filter-sterilised through a 0.2 um filter

2.2. Yeast growth media

YPDA broth

Difco peptone

Yeast extract

Glucose

Adenine hemisulfate

Adjusted pH to 6.5 with 1 M NaOH
Made up to 1 L with MilliQ water

Sterilised by autoclaving

YPDA agar

Difco peptone

05¢

209
109
209

30 mg

209
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Yeast extract 109

Agar 209
Glucose 20 ¢
Adenine hemisulfate 30 mg

Adjusted pH to 6.5 with 1 M NaOH
Made up to 1 L with MilliQ water

Sterilised by autoclaving

SD dropout broth

1sachet Ready-To-Go yeast media pouches (Clontech) was used with 500 ml MilliQ water
Adjusted pH to 5.8 with 1 M NaOH

Sterilised by autoclaving

SD drop-out agar

1 sachet Ready-To-Go yeast media pouches (Clontech) was used with 500 ml MilliQ water
Adjusted pH to 5.8 with 1 M NaOH

Sterilised by autoclaving
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2.3. Plant media

MS media

Murashige and Skoog

Agar

Made up to 1 L with MilliQ water
Adjusted pH to 5.8 with 1 M KOH

Sterilised by autoclaving

Stock solution glufosinate ammonium

50 mg/ml glufosinate ammonium (SIGMA)

Made up to 1 ml of MilliQ water

Appendix 3. Reagent preparation

229

10.0g

50 mg

All buffers and solutions were made with MilliQ water

3.1. Protein electrophoresis and western blotting solution
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SDS-PAGE

Per Biorad gel RESOLVING STACKING
10% 12%
MilliQ water 4.0ml 3.3ml 1.7ml
(30%/0.8% wi/v) Acryl/Bis- 3.3ml 4.0ml 0.4ml
acrylamide
Tris 2.5ml 2.5ml 0.3ml
10% (w/v) SDS 0.1mi 0.1ml 25 ul
10% (w/v) ammonium persulfate 0.1ml 0.1ml 25 ul
TEMED 4.0ul 4.0ul 2.5 ul

Table 3.1. Components of resolving and stacking gels and their amounts.

For running solution, Tris solution was made at 1.5M, pH8.0

For stacking solution, Tris solution was made at 1M, pH6.0

5X SDS loading dye:

Tris-HCI (2M, pH6.8) (v/v)
SDS (w/v)

Glycerol (w/v)
-mercaptoethanol (w/v)

bromphenol blue

67.5%
10 %
50 %
5%

few grains
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5X ELFO buffer

Tris (wW/v) 1.5%
Glycine (w/v) 7.2%
SDS (w/v) 0.5%

Adjusted pH to 8.3 with 1 M HCI.

Coomassie stain solution

Coomassie blue R-250 (w/v) 0.1%
Methanol (v/v) 45%
Glacial acetic acid (v/v) 45%
MilliQ water (v/v) 10%

Coomassie destain solution

Methanol (v/v) 20%
Glacial acetic acid (v/v) 7%
MilliQ water (v/v) 63%

Ponceau S stain

Ponceau S (w/v) 0.1%
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Glacial acetic acid (v/v)

1.0%

MilliQ water (v/v) 98.9%
Protein transfer buffer

Glycine (w/v) 1.4%

Tris (wW/v) 0.3%

Methanol (v/v) 20%

MilliQ water (v/v) 78.3%

Adjusted pH to 8.3 with 1 M HCI

10X TBST Buffer

NaCl (w/v) 8.0%

KCI (w/v) 0.2%

Tris (w/v) 3.0%

Tween 20 (v/v) 1.0%

MilliQ water (v/v) 88.0 %

Adjusted pH to 7.4 with 1 M HCI

Blocking buffer

Dried skimmed milk powder (w/v) 50%
1X TBST buffer (v/v) 95.0 %
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IP buffer

Tris-HCI pH 7.5 20 mM
NaCl 150 mM
Glycerol 1ml
EDTA 2 mM
Complete protease inhibitor cocktail (Roche) 1 tablet

Made up to 10 ml with BPC water grade

Filter-sterilised through a 0.2 um filter

TCA buffer

Tris-HCI (pH 8.0) 20 mM
Ammonium acetate 50 mM
EDTA 2 mM
Phenylmethyl-sulfonyl fluoride 1mM
Complete protease inhibitor cocktail (Roche) 1 tablet

Made up to 10 ml with BPC water grade

Filter-sterilised through a 0.2 um filter

TCA-Laemmli loading buffer

SDS/glycerol stock solution 480 pl
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Tris/EDTA stock solution 400 pl

B mercaptoethanol 50 ul
Phenylmethyl-sulfonyl fluoride 0.35mg
Complete protease inhibitor cocktail 1 tablet
BPC water grade 30 ul

SDS/glycerol stock solution

SDS (w/v) 21 M
Glycerol (v/v) 3.5ml
Tris base 83.3 mM
Bromophenol blue few grains

Made up to 12 ml with BPC water grade.

Filter-sterilised through a 0.2 um filter

Tris/EDTA stock solution

Tris base 200 mM
EDTA 20 mM
Made up to 10 ml with BPC water grade

Filter-sterilised through a 0.2 um filter
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Elution buffer

Glycine 50 mM
NaCl 150 mM
BSA (SIGMA) (w/v) 10 %

Adjusted pH to 2.4 with 1 M NaOH.

3.2. DNA extraction and DNA electrophoresis gel

Extraction buffer

2M Tris-HCI pH 9.5 2.5 ml
1M EDTA 500 wl
2M KCI 6.25 mi

Made up to 50 ml with MilliQ water

Dilution buffer

3 % bovine serum albumin (w/v, SIGMA)

TBE
Tris-HCI 445 mM
Boric acid 445 mM
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EDTA 1.0 mM

6X DNA loading buffer

Glycerol (v/v)
Bromophenol blue
Xylene cyanol FF (w/v)

1 XPIM

Leupeptin (10 mg/ml in DMSO)
Pepstatin (10 mg/ml in DMSO)
Chymostatin (10 mg/ml in DMSO)

MilliQ water

3.3. Cytology

Fixative solution

Ethanol (v/v)

Glacial acetic acid (v/v)

Alexander’s stain solution

Ethanol

30 %
few grains

0.25 %

1ul
1ul
1ul

997 pl

75 %

25 %

10 mi
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Malachite green (1% in 95% Ethanol)
Fuchsin acid (1% in MilliQ water)
Orange G (1% in MilliQ water)
Phenol

Glacial acetic acid

Chloral hydrate

Glycerol

MilliQ water

Citrate buffer

Citric acid

Sodium citrate

Stock digestion medium

Cellulose (SIGMA)
Pectolysase (SIGMA)

Citrate buffer

1mil
5ml
0.5ml
5¢
2ml
5¢
25 ml

50 ml

445 mM

55.5 mM

100 mg
100 mg

10 ml

Enzyme solution for DAPI-stained chromosome spread

Stock digestion medium

Citrate buffer

333 pl

667 pl
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DAPI Counterstaining solution

DAPI (SIGMA) (1 mg/ml in MilliQ water)

Vectashield mounting medium (Vector)

20X SSC

NaCl

Trisodium citrate

Adjusted pH to 7.0 with 1 M HCI.

Pepsin solution

MilliQ water
Hcl 5M

Pepsin

Hybridisation solution

Detran sulphate
Deionised formamide
20x SCC

MilliQ water

Filter-sterilised through a 0.2 um filter

10 pl

1ml

3M

300 mM

99.8 ml
0.2ml

10 mg

19
5 ml
1ml

7 ml

339



20X SSC
Tween 20

MilliQ Water

PBST

Phosphate saline buffer (Oxoid)
Triton X100

MilliQ Water

EM digestion mix

Cytohelicase
Sucrose

Polyvinylpyrollidone

Made up to 25 mL with MilliQ water

Filter-sterilised through a 0.2 um filter

EM block

BSA

PBST

20 ml
50 ul

100 ml

1 tablet
100 pl

100 ml

0.375 g

0.25g

10 ml
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Filter-sterilised through a 0.2 um filter

Appendix 4. Primer sequences

Primer Nucleotide sequence (5’to 3°) T™m PCR
(°C) | technique

pGAD-ASY3 CAGATTACGCTCATATGAGCGACTATAGAAGCTTC 68.3 cloning
1-793 F

pGAD-ASY3 CACCCGGGTGGAATTTCAATCATCCCTCAAACATTCTG | 71.6 cloning
1-793 R

PGBK-ASY3 | AGGAGGACCTGCATATGAGCGACTATAGAAGCTTC | 70.6 cloning
1-793 F

PGBK-ASY3 | GGATCCCCGGGAATTTCAATCATCCCTCAAACATTCTG | 71.6 cloning
1-793 R

PGAD-ASY3 | CACCCGGGTGGAATTTCAATCATCCCTCAAACATTCTG | 71.6 cloning
1-510R

PGBK-ASY3 | GGATCCCCGGGAATTTCAATCATCCCTCAAACATTCTG | 71.6 cloning
1-510R
pGAD- CACCCGGGTGGAATTCAGCGACCTAAGTTGGCACCAG | 75.0 cloning

ASY3 280 R ¢
pGBK- GGATCCCCGGGAATTCAGCGACCTAAGTTGGCACC 75.0 cloning

ASY3 280 R

PGAD-ASY3 CAGATTACGCTCATGAAGGCTTGGGAAGGGCTGTT | 71.8 cloning
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623-793 F

PGBK-ASY3 | AGGAGGACCTGCATGAAGGCTTGGGAAGGGCTGTT | 74.2 | cloning
623-793 F

PGAD-ASY1 | CAGATTACGCTCATATGGTGATGGCTCAGAAGCTGAA | 70.6 | cloning
F

PGAD-ASY1 | CACCCGGGTGGAATTCAATTAGCTTGAGATTTCTGACG | 72.4 | cloning
R CTT

PGBK-ASY1 | AGGAGGACCTGCATATGGTGATGGCTCAGAAGCTGAA | 72.8 | cloning
F

PGBK-ASY1 | GGATCCCCGGAAATTCAATTAGCTTGAGATTTCTGACG | 71.4 | cloning
R CTT

pGAD-PRD3 CAGATTACGCTCATATGAAGATGAATATT 59.6 | cloning
=

pGAD-PRD3 CACCCGGGTGGAATTTCAGTTAATTATTAT 62.7 | cloning
R

pGBK-PRD3 AGGAGGACCTGCATATGAAGATGAATATT 62.4 | cloning
=

pGBK-PRD3 GGATCCCCGGGAATTTCAGTTAATTATTAT 62.7 | cloning
R

T7F TAATACGACTCACTATAGGGC 55.9 | sequencing

ASY3 genome GGTCTCCGAGATCGTCTCATCGG 66.0 | sequencing
F1

ASY3 genome GGTGCCAACTTAGGTCGCAAGTGC 66.1 | sequencing
F2
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ASY3 genome CCTCTCAAGGGACAACAGGCC 63.7 | sequencing
F3
ASY3 genome GCCGAAACAAGATTACAAGAGC 58.4 | sequencing
F4
ASY1 genome AGCAGAGATCACTGAGCAGG 59.4 | sequencing
F1
ASY1 genome ACGCTAAAGGTCAAGAGCGTGC 62.1 | sequencing
F2
ASY1 genome ATGGACAGGATGACCCAAGAGG 62.1 | sequencing
F3
PRD3 genome TCTTGAAACTGAACGCATACAGC 58.9 | sequencing
F1
PRD3 genome ACCACAATTTCCGAGAAATCC 55.9 | sequencing
F2
SailLB TTCATAACCAATCTCGATACAC 54.7 | genotyping
GABILB ATATTGACCATCATACTCATTGC 55.3 | genotyping
LB1.3F ATTTTGCCGATTTCGGAAC 52.4 | genotyping
WSE AACGTCCGCAATGTGTTATTAAGTTGTC 62.2 | genotyping
ASY1F CAATAACACAGACCCTTCATC 55.9 | genotyping
ASY1R CTCTGTTCAAGTTCTCTCAG 55.3 | genotyping
ASY3F AGGAGATGCTTCTGGAGAAC 57.3 | genotyping
ASY3R CTGGTGCCAACTTAGGTCGC 61.4 | genotyping
SYN1F CTTCTTAAGGATGGCCGCTAC 59.8 | genotyping
SYNIR CCACTTTTATGGGCAATGAAG 55.9 | genotyping
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SPO114F GAGGATATCCAGATGTCTC 54.5 | genotyping
SPO114R AGGAGAGCTTACTTCACGAC 57.3 | genotyping
ATRF GAATTCTCTACTTCAAGGGTTCCG 61.0 | genotyping
ATRR CCACATTTGGACGGCTGGTCAGC 66.0 | genotyping
ATMF CATCTTCCAACACCATCTCAATGGG 63 | genotyping
ATMR GAAGAACGAACTGCTTCCTTTACCC 63 | genotyping
PRD3F GTGACATCATGCAAGCCAATCGAGGAAC 66.6 | genotyping
PRD3R CTGAATCTCTCTGGTGAACGTGTGACAG 66.6 | genotyping
RAD51F TTCAGGATGGTGTCTCAGAGC 59.8 | genotyping
RAD5IR ATGCCAAGGTTGACAAGATTG 55.9 | genotyping
ASY1TAF CGCTAAAGGTCAAGAGCGTG 59.4 | genotyping
ASY1TAR CTCTCTGGTGTCTTGTCTCTC 59.8 | genotyping
PCH21F CAGTGCAAATAGCCGTCGCTGAG 64.2 | genotyping
PCH21R CTCACATGGTCCTTCTTCAATGAGC 63.0 | genotyping
PCH22F CCATCCGGTGCAACTCCAGGTC 65.8 | genotyping
PCH22R CCATCTTCCTCCACCATCTCTTGG 64.4 | genotyping
PCH23F GGATTATTCTTTTGCACGGACCACC 63.0 | genotyping
PCH23R GTCCGATCACTTCACAACTATTGGTG 63.2 | genotyping
DMC1A CCTGCAATGGTCTCATGATGCATAC 63.0 | genotyping
DMC1B GATGCAATCGATATCAGCCAATTTTAGAC 62.4 | genotyping
DMC1C AGGTACTCTGTCTCTCAATG 55.3 | genotyping
DMC1D ACTAATCCTTCGCGTCAGCAATGC 62.7 | genotyping
MSH5F AACCGATCGTCATTTGTTCTG 55.9 | genotyping
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MSH5R

CACTAAGGCCTGCTGAATTTG

57.9 | genotyping

Table 4.1. List of primer sequences and their annealing temperature

Appendix 5. Vector list

NAME SUPPLIER RESISTANCE USE
GENE
pGADT7 Clontech Kanamycin Yeast two hybrid
pGBKT7 clontech Ampicillin Yeast two hybrid
pEG100 Provided by Kanamycin Arabidopsis
Eduardo Corredor transformation
pDrive Qiagen Ampicillin/ Cloning
Kanamycin

Table 5.1.: List of vectors used during this study
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Ferdous M., Higgins JD., Osman K., Lambing C., Roitinger E., Mechtler K., Armstrong
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Abstract

In this study we have analysed AtASY3, a coiled-coil domain protein that is required for normal meiosis in Arabidopsis.
Analysis of an Atasy3-1 mutant reveals that loss of the protein compromises chromosome axis formation and results in
reduced numbers of meiotic crossovers (COs). Although the frequency of DNA double-strand breaks (DSBs) appears
moderately reduced in Atasy3-1, the main recombination defect is a reduction in the formation of COs. Immunolocalization
studies in wild-type meiocytes indicate that the HORMA protein AtASY1, which is related to Hop1 in budding yeast, forms
hyper-abundant domains along the chromosomes that are spatially associated with DSBs and early recombination pathway
proteins. Loss of AtASY3 disrupts the axial organization of AtASY1. Furthermore we show that the AtASY3 and AtASY1
homologs BoASY3 and BoASY1, from the closely related species Brassica oleracea, are co-immunoprecipitated from
meiocyte extracts and that AtASY3 interacts with AtASY1 via residues in its predicted coiled-coil domain. Together our
results suggest that AtASY3 is a functional homolog of Red1. Since studies in budding yeast indicate that Red1 and Hop1
play a key role in establishing a bias to favor inter-homolog recombination (IHR), we propose that AtASY3 and AtASY1 may
have a similar role in Arabidopsis. Loss of AtASY3 also disrupts synaptonemal complex (SC) formation. In Atasy3-1 the
transverse filament protein AtZYP1 forms small patches rather than a continuous SC. The few AtMLH1 foci that remain in
Atasy3-1 are found in association with the AtZYP1 patches. This is sufficient to prevent the ectopic recombination observed
in the absence of AtZYP1, thus emphasizing that in addition to its structural role the protein is important for CO formation.
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Introduction

Meiotic recombination is initiated by the formation of Spoll-
catalysed DSBs during early prophase I [1]. Each break is resected
to produce 3’ single-stranded DNA tails which then interact with
the RecA homologs Rad51 and Dmcl to form nucleoprotein
filaments. The filament on one side of the break then invades the
homologous duplex DNA on either of the two non-sister
chromatids resulting in strand displacement to form a displace-
ment loop (D-loop). Extension of the invading strand via DNA
synthesis increases the size of the D-loop, thus enabling the capture
of the 3'-end of the DNA from the other side of the DSB. Further
DNA synthesis and ligation of the DNA ends leads to the
formation of two four-way junctions termed a double-Holliday
junction (dHj) that, on resolution, results in the formation of a CO
(reviewed in [2]).

An important feature of meiotic recombination is its close
coordination with the alignment, pairing and synapsis of
homologous chromosomes during prophase I (reviewed in [3]).

@ PLoS Genetics | www.plosgenetics.org

Mutants that are defective in chromosome axis or SC morpho-
genesis exhibit a profound effect on recombination and subsequent
CO formation. For example, during meiosis in budding yeast IHR
predominates over inter-sister chromatid recombination, this bias
being in part dependent on the chromosome axis proteins Hopl
and Red! [4]. The Hopl-related proteins AtASY1 and Hormad1/
2 are thought to perform the equivalent role in Arabidopsis and
mouse respectively [5-7]. It is proposed that AtASY1 is essential
for AtDMC1-dependent IHR. In the absence of AtASYI, the
association of AtDMC]1 with the early recombination intermedi-
ates appears compromised such that virtually all IHR is aborted
[8]. Mutation of the budding yeast SC transverse filament gene
ZIPI results in a failure of CO-designated intermediates to
progress to form COs [9]. CO formation is also affected, albeit in a
distinct manner, in the corresponding Arabidopsis and rice mutants
[10,11]. In the case of Arabidopsis lacking the Zipl homolog,
AtZYP1, there is a moderate reduction in CO frequency which is
accompanied by the occurrence of recombination between non-
homologous chromosomes. In rice, mutation of the JFEPI gene
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Author Summary

Homologous recombination (HR) during prophase | of
meiosis leads to the formation of physical connections,
known as chiasmata, between homologous chromosomes
(homologs). Chiasmata are essential for accurate homolog
segregation at the first meiotic division. HR is initiated by
the formation of DNA double-strand breaks (DSBs). As DNA
replication prior to meiosis results in the duplication of
each homolog to form two identical sister chromatids, a
DSB in one sister chromatid could potentially be repaired
using the other as the repair template rather than one of
the two non-sister chromatids of the homolog. If this route
were predominant, the formation of chiasmata would be
disfavored and chromosome segregation would be
compromised. However, during meiosis there is a strong
bias towards inter-homolog recombination (IHR). In this
study we have identified AtASY3, a component of the
proteinaceous axes that organize the chromosomes during
meiosis in Arabidopsis. We find that AtASY3 interacts with
AtASY1, a previously identified axis protein that is essential
for crossover formation. We show that loss of AtASY3
disrupts the axis-organization of AtASY1. This results in a
substantial reduction in chiasmata, and there is extensive
chromosome mis-segregation. We propose that loss of
AtASY3 affects the efficiency of the inter-homolog bias.

leads to an apparent increase in CO/chiasma frequency. The
interrelationship between recombination proteins and meiotic
chromosome organization is further emphasized in a study in the
filamentous fungus Sordaria macrospora [12]. This revealed that, in
addition to their previously described recombination functions,
Mer3, Msh4 and Milhl have roles in ensuring accurate
juxtaposition of the homologous chromosomes. Nevertheless,
understanding the functional interrelationship between the
recombination machinery and the chromosome axes and SC
and the extent to which it is conserved between species has proved
challenging. Although the structural organization of meiotic
chromosomes is conserved, the chromosome axis and SC proteins
exhibit a high level of primary sequence divergence. This limits the
efficacy of straightforward homology searches as a route to
identification of homologues in different species [13] and raises the
question of how functionally related these proteins may be.

As one approach to overcome this problem we have begun to
make an inventory of proteins present in meiocytes from Arabidopsis
and the closely related species, Brassica oleracea, in order to analyze
novel meiotic proteins and identify meiotic protein complexes
((14], KO, KM, ER and FCHF wunpublished). Used in
combination with homology searches this has enabled us to
identify an Arabidopsis meiosis-specific coiled-coil protein, AtASY3.
Analysis of AtASY3 has revealed that it is a component of the
chromosome axes during meiotic prophase I. We demonstrate that
loss of AtASY3 compromises AtASY1 localization leading to a
reduced level of CO formation and a defect in chromosome
synapsis. Our study provides further insights into the role of
chromosome axis-associated proteins and the SC in the control of
CO formation.

Results

Reduced fertility and meiotic defects in plants lacking the
coiled-coil protein AtASY3

Analysis of proteins from B. oleracea meiocytes by mass
spectrometry (MS) resulted in the detection of 4 peptides with
homology to the predicted product of the Arabidopsis gene,
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At2¢46980 (Figure S1A). We noted that At2g46980 (referred to
hereafter as 4t4SY3) is predicted to encode an 88 kDa protein with
a coiled-coil domain in its C-terminus region (Figure SIB). A
database search revealed that the predicted coiled-coil protein was
most closely related to a rice meiotic gene PAIR3 (25.6% identity)
and had weak homology to Redl from budding yeast (16.4%
identity) [15-18]. RT-PCR analysis indicated that At4SY3 was
transcribed in reproductive tissues but not in vegetative tissues
suggesting a potential role during the reproductive stage of
development (Figure S1C). Thus we decided to characterize
AtASY3 turther, to determine whether it encoded a meiotic protein
and to establish its role.

We obtained three T-DNA insertion lines of 4(4513 from the
Nottingham Arabidopsis Stock Centre (NASC) (Figure S1B).
Molecular characterization of each line confirmed the positions of
the T-DNA insertions within At4S513 (Figure S2). Homozygous
plants from each line showed normal vegetative growth but
fertility was reduced by around 75% (Figure S3A).

The reduction in fertility was consistent with a defect in meiosis.
To confirm this, DAPI-stained chromosome spread preparations
from pollen mother cells (PMCs) were examined by fluorescence
microscopy. Since the three lines were cytologically indistinguish-
able, the analysis of Atasy3-1 is presented in Figure 1 and Atasy3-2
and Atasy3-3 are shown in Supplementary Figure S3B. Chromo-
some behavior was apparently normal from G2 through early
prophase I (Figure 1A, 1G). However, normal pachytene nuclei
were not observed (Figure 1B, 1H). As the chromosomes began to
condense during late diplotene/diakinesis it became clear that a
proportion of the homologous chromosome pairs had failed to
form chiasmata (Figure 1C, 1I). This was confirmed by the
presence of univalent chromosomes at metaphase I leading to mis-
segregation at both meiotic divisions resulting in the formation of
aneuploid tetrads (Figure 1D-1F, 1J-1L).

That the meiotic phenotype was due to mutation of At4S513 was
confirmed by an allelism test in which a homozygous Alasy3-1/
Atasy3-2 double mutant was found to exhibit meiotic defects
indistinguishable from the parental lines (Figure S3A-S3C) and a
complementation test in which a full length 44573 cDNA cloned
under the control of the AtDMC1 promoter in pPF408 [19], was
found to restore normal meiosis in Atasy3-1 (Figure S3D-S3I).

Cytological analysis of AtASY3 and AtASY1 localization
during meiotic prophase | in wild type

The distribution of AtASY3 was studied by immunolocalization
on chromosome spread preparations of wild-type PMCs using anti-
AtASY3 antibody (Figure 2). AtASY3 foci were first detected on the
chromatin at late G2 together with accumulation of the protein in
the nucleolus (Figure 2A). At leptotene the nucleolar signal of
AtASY3 disappeared and the protein was detected along the
chromosome axes (Figure 2B). This persisted through zygotene and
pachytene during which partial colocalization with the SC transverse
filament protein AtZYP1 [10] was observed (Figure 2C—2F).

In wild-type meiocytes at the transition from late G2 to
leptotene, which is cytologically typified by a prominent
centralized nucleolus, numerous chromatin-associated foci and
short stretches of AtASY1 staining were observed (Figure 2G). By
leptotene these developed into a linear, yet not entirely uniform,
signal along the axes. Analysis using deconvolution software (see
Materials and Methods) revealed that the variation in signal
intensity at leptotene arises because AtASY1 is distributed along
the axes as a series of diffuse hyper-abundant patches or domains
separated by stretches of lower abundance (Figure 2H). This is
accentuated at pachytene when the DAPI-stained chromosomes
appear as thick, rope-like structures. At this stage the AtASY]1
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Figure 1. Meiotic stages. From wild-type (A-F) and Atasy3-1 (G-L) pollen mother cells. (A,G) Leptotene. (B,H) Pachytene. (C,l) Diakinesis. (D,J)
Metaphase I. (E,K) Dyad. (F,L) Tetrad. Early prophase | stages in Atasy3-1 are similar to that of wild-type, however, at pachytene (H) homologous
chromosomes fail to undergo full synapsis in Atasy3-1. Some univalents are present at diakinesis (I) and metaphase | (J) in Atasy3-1 which can lead to
chromosome mis-segregation at meiotic divisions and give rise to unbalanced dyad (K) and tetrad (L) nuclei. Bar, 10 um.
doi:10.1371/journal.pgen.1002507.g001

signal is depleted along the axis and the domains become foci-like nucleus = 160; n = 10). The tendency for AtASY1 to form domains
in appearance (Figure 2I). The foci appear relatively evenly along the axis is supported by electron microscopy (EM) studies in
distributed and consistent in number (Mean number of foci per the plant Crepis capillaris. Immunologold localization of ASY1 in
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Figure 2. Immunolocalization of AtASY3 and AtASY 1. Immunolocalization of AtASY3 (red) on DAPI stained (blue) wild-type meiocytes during
meiotic prophase | (A-F). (A) Late G2, (B) Leptotene, (C) Zygotene, (D) Pachytene, dual localization with AtZYP1 (green) (E) and merged image (F).
Immunolocalization of AtASY1 (red) on DAPI stained wild-type meiocytes during prophase | (G-1). (G) Late G2, (H) Leptotene (deconvoluted image), (I)
Pachytene (deconvoluted image). Bar, 10 um. (J) Immunogold labelling of AtASY1 on Crepis capillaris at meiotic prophase I. Bar 100 nm.

doi:10.1371/journal.pgen.1002507.9002

chromosome spread preparations of C. capillaris meiocytes reveals
that the gold particles form discrete axis-associated clusters rather
than an evenly distributed signal (Figure 2J).

Organization of the chromosome axis proteins and
synaptonemal complex in Atasy3-1

Application of anti-AtASY3 antibody to prophase I spread
preparations of chromosomes from Atasy3-1 PMCs did not result
in any AtASY3 signal (Figure 3A). This confirmed the specificity of
the anti-AtASY3 antibody and supported the RT-PCR analysis
which indicated that the At4S)Y3 transcript was absent in the
mutant lines (Figure S1D).

Since AtASY3 localized to the chromosome axes during
prophase I, we investigated the effect of loss of the protein in
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Atasy3-1 on other axis components. Immunolocalization of the
cohesin proteins AtSMC3 and AtSYNI, the Arabidopsis ortholog of
the budding yeast meiotic cohesin Rec8 [20,21], on spread
preparations of Atasy3-1 PMCs was indistinguishable from wild-
type. Both proteins were detected as linear chromosome axis-
associated signals during prophase I (Figure 3B-3E), suggesting
global sister chromatid cohesion is present. In contrast, localization
of AtASY3 was dependent on the cohesin complex, as it was
completely disrupted in an A#syn/ mutant (Figure 3I).
Localization of AtASY1 in Atasy3-1 meiocytes at late G2/early
leptotene was similar to wild-type, with numerous chromatin-
associated foci and short stretches of signal observed (Figure 3G).
As prophase I progressed, AtASY1 co-localized with the axes.
However, rather than forming a linear signal with the underlying
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A Atasy3-1

G Atosy3-1

H Atasy3-1

J Atasy3-1/Atspol1-1-4
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C Atasy3-1

L Atasy3-1

Figure 3. Immunolocalisation of chromosome axis proteins on Arabidopsis wild-type and chromosome axis mutants. At prophase | (A)
AtASY3 (red) on Atasy3-1, (B) AtSMC3 (red) on wild-type and (C) Atasy3-1, (D) AtSYN1 (red) on wild-type and (E) Atasy3-1. (F) AtASY3 (red) on an Atsyn1
mutant, G) AtASY1(red) on Atasy3-1 at late G2 and (H) at late prophase |, (I) Immunolocalization of AtASY3 (red) on an Atasy1 mutant at leptotene, (J)
AtASY1(red) on an Atspol1-1-4/Atasy3-1 mutant at late prophase |, (K) Immunolocalization of AtZYP1 (red) on wild-type at pachytene and (L) on
Atasy3-1 at late prophase |. DNA is stained with DAPI (blue) for all. Bar, 10 um.

doi:10.1371/journal.pgen.1002507.9g003

domain organization observed in wild-type, the protein was
detected as discrete, evenly-distributed foci which persisted until
the chromosomes began to condense at the end of prophase I
(Figure 3H). These appeared rather heterogeneous in shape and
size. The mean number of the AtASY1 foci was 69 per nucleus
(n =30), but there was considerable variation between individual
nuclei, with the number ranging from 39-115.

In contrast to the aberrant localization of AtASY1 in Atasy3-1,
that of AtASY3 in an Atasy!/ mutant was indistinguishable from
wild-type. This suggests that while normal localization of AtASY1
is dependent on AtASY3, this relationship is not reciprocal
(Figure 3I). The same situation has been observed in budding yeast
where Hopl loading requires Red1 but not vice-versa [22].

Previously we have shown that the association of AtASY1 with
the chromosome axes is independent of AtSPO11-induced DSB
formation [8]. Consistent with this we observed that the axis-
associated AtASY1 foci remained in an Atasy3-1/Atspoll-1-4
double mutant (Figure 3J). As anticipated, the double mutant
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failed to form chiasmata, confirming that those detected in Atasy3-
I are DSB-dependent (Figure S4B A,B).

As the initial cytological analysis of Atasy3-1 indicated a defect in
chromosome synapsis we investigated this in more detail. In wild-
type meiocytes, the SC transverse filament protein, AtZYPI,
polymerized to form the linear central region of the SC, such that
at pachytene each pair of homologous chromosomes was fully
synapsed (Figure 3K) [10]. In Atasp3-1 the linearization of AtZYP1
to form a continuous SC did not occur. In most cases the AtZYP1
signals remained as foci or on occasion formed short stretches that
were often abnormally thick and distorted in appearance. In some
instances these structures could represent the accumulation of
polycomplexes, nucleating at sites where AtZYP1 was unable to
polymerize correctly along the lateral elements of the paired
homologs (Figure 3L).

That SC formation was disrupted in Atasy3-1 was supported by
the analysis of silver-stained chromosome spread preparations
using electron microscopy. In wild-type, fully synapsed homolo-
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gous chromosomes were observed at pachytene (Figure 4A). In
chromosome spread preparations of the Atasy3 mutants using the
same conditions the nuclei were diffuse and the chromosome axes
could not be readily discerned (Figure 4B). However, by modifying
the chromosome spreading conditions (see Materials and Methods)
it was possible to detect nuclei where more extensive regions of
axis were visible (Figure 4C). In some cases these were aligned,
although the spacing often appeared variable. These observations
support the immunolocalization studies that indicated that SC
formation was disrupted. They also suggest that although
chromosome axes are formed in Atasp3-1, there is likely some
structural defect, possibly making them more susceptible to
fragmentation by the chromosome spreading procedure. Alterna-
tively, axis formation may be incomplete in the mutant.

Chiasma frequency is significantly reduced in Atasy3
mutants

To quantify the reduction in COs in the Afasy3 mutants we
analysed the chiasma frequency and distribution in 50 Atasy3-1
PMCs. This revealed nuclei containing 0-6 chiasmata with an
overall mean chiasma frequency of 3.3 (Figure 1], Figure S4A,
Table S1). Similar results were obtained for Atasy5-2 (3.17 n=50)
and Atasy3-3 (3.32 n=50). These observations contrast with wild-
type nuclei which contain 8-12 chiasmata with an overall mean of
9.76 [23]. Inspection of the chiasma distribution in the Atasy3
mutants revealed that 74.8% of the residual chiasmata were
localized to the distal regions of the chromosomes. This figure is
unchanged from that of wild-type (73.8% n =50) (Table S1).

To further analyze the functional relationship between AtASY3
and AtASY1 we constructed an Atasy5-1/Atasyl double mutant
and compared the effect on chiasma formation to that in the
Atasy3-1 and Atasyl single mutants. This revealed a reduction in
the mean chiasma frequency from 3.3 (n = 50) observed in Atasy3-1
to 1.78 (n=50; P<10™7) in Atasp3-1/Atasyl, but no significant
difference between the double mutant and Atasy/ (1.88 n=>50;
P=0.681) (Figure S4B C,D). Thus AtASY1 is epistatic to AtASY3
with regard to CO formation, whereas the relationship is reversed
in terms of protein loading. A similar relationship exists for DSB
formation and Redl and Hop! loading in budding yeast [22,24].
Whereas Hop1 loading is greatly reduced in a red/ mutant, but not
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vice-versa, a hopl mutant exhibits a stronger defect in DSB
formation. Our data suggest that the higher CO frequency in
Atasy3-1 as compared to Atasy3-1/Atasyl may be attributable to the
AtASY1 foci that remain in the single mutant, but that this is
insufficient to promote wild-type levels of COs. However, this
interpretation assumes that immunolocalization detects all the
axis-associated AtASY1 that is present in Atasy3-1.

In budding yeast a group of proteins referred to as ZMM,
comprising Zipl, Zip2, Zip3, Zip4, Msh4, Msh5 and Mer3, are
crucial for the formation of interference-sensitive COs [9].
Homologs of the MM genes have been identified in Arabidopsis
where their mutation results in a ~85% reduction in CO
formation [reviewed in 25]. The remaining COs (~15%) exhibit
a random numerical distribution based on a Poisson analysis
[26,27]. Since loss of AtASY3 resulted in a substantial reduction in
chiasmata/COs we surmised that the protein was required for the
formation of normal levels of ZJMAM-dependent COs. To
investigate this, an Atasy3-1/Atmsh4 double mutant was construct-
ed and the chiasma frequency determined to establish if loss of
AtASY3 resulted in any reduction in chiasmata over that observed
in Atmsh4. In a survey of 30 metaphase I nuclei from the Atasy3-1/
Atmsh4 line no chiasmata were detected, whereas the mean
chiasma frequency in the A#msh4 mutant was 1.1 (n= 30) (Figure
S4B E,F). This indicates that AtASY3 has a role in the formation
of all meiotic COs.

Loss of AtASY3 affects DSB formation and localization of

recombination pathway proteins

To address the basis for the reduced chiasma formation in
Atasy3-1, we began by investigating the level of DSB formation in
the mutant. The meiosis-specific histone H2AX is rapidly
phosphorylated in chromatin surrounding the site of a DSB
[28,29,30]. This phosphorylated form, YH2AX, can be detected
by immunolocalization as foci in chromosome spread preparations
from meiocytes. In wild-type nuclei a mean of 160.8 (n=15)
YH2AX foci were detected at leptotene (Figure 5A). In Atasy3-1 the
corresponding number was 114.2 (n=5) (Figure 5B). This
suggested that the formation of DSBs was significantly reduced
in the Atasy3-1 mutant (P<<0.01). However, based on these
observations we cannot exclude the possibility that the observed

Figure 4. Electron micrographs of silver stained meiotic prophase | nuclei in wild-type and Atasy3-1. (A) wild-type, (B) Atasy3-1 (C)
Atasy3-1 (modified method) showing aligned stretches of axis (arrow). Bar, 10 um.

doi:10.1371/journal.pgen.1002507.9g004
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Figure 5. Dual immunolocalisation of AtASY1 and AtZYP1 with recombination pathway proteins in wild-type and Atasy3-7 meiotic
prophase I nuclei. (A) AtASY1 (green) and yH2AX (red) on wild-type and (B) Atasy3-1 at leptotene, (C) AtASY1 (green) and AtDMC1 (red) on wild-
type and (D) on Atasy3-1 at leptotene. (E) AtZYP1 (green) and AtMSH4 (red) on wild-type and (F) on Atasy3-1 (AtMSH4 arrowed). (G) AtZYP1 (green)
and AtMLH1 (red) on wild-type and (H) on Atasy3-1 (AtMLH1 arrowed). DAPI (blue) for all. Bar, 10 um.

doi:10.1371/journal.pgen.1002507.g005

difference in the number of foci in the mutant compared to wild-
type was due to an accelerated turn-over of DSBs. It also assumes
that H2AX is phosphorylated at all DSBs in the mutant.

Immunolocalization of AtDMC1 and AtRAD51 [31,32]
revealed a significant reduction in the number of foci observed
in Atasy5-1 at leptotene relative to wild-type. In the case of
AtDMC1, the figures for Atasy3-1 and wild-type were 106.8 (n=5)
and 143.8 n=5) (P=0.02) respectively (Figure 5C, 5D). For
AtRADS51, the mean number of foci in Atasy3-1 was 99.8 (n=15)
compared to 141 (n=15) (P<<0.01) in wild-type meiocytes (Figure
S5A, S5B). Although the numbers of AtDMC1 and AtRADS1 foci
only indirectly reflect the number of DSBs, these figures are
consistent with the decrease in YH2AX foci observed in Atasy3-1.

The MutS homolog AtMSH#4 is required for the formation of
normal levels of interference sensitive COs [23]. In wild-type,
AtMSH#4 foci accumulate on the chromosomes at leptotene and
these gradually reduce in number through zygotene. By early
pachytene only a few remain and they continue to dissociate from
the chromatin such that by late pachytene they have disappeared
[23]. Similarly, in this study we observed a mean of 140 (n=1>5)
AtMSH4 foci in wild-type nuclei at leptotene which gradually
reduced to around 10 foci detectable at early pachytene (Figure
S5C; Figure 5E). A similar pattern of turnover of AtMSH4 foci
was observed in Atasy3-1. However, the peak number of foci
observed at each stage was lower than in wild-type. At leptotene a
mean of 109.8 (n=135) foci were recorded (Figure S5D). The foci
reduced in number to between 0—4 at early pachytene and were
found to associate with the stretches of AtZYPI1 protein present in
Atasy3-1 (Figure 5F).

The MutL. homologue, AtMLHI, is thought to mark the sites of
COs/chiasmata [33]. Dual-immunolocalization of AtMLHI1 and
AtZYP1 on chromosome spread preparations revealed 8-12
AtMLHI] foci (mean = 9.8, n = 10) in wild-type nuclei at pachytene
(Figure 5G). In Atasy3-1 this was significantly reduced to a mean of
3.2 AtMLHI foci (P<0.001; n=10) per nucleus which is
consistent with the observed chiasma frequency. These foci
invariably co-localized with the patches of AtZYP1 that remained
in the Atasy3-1 meiocytes (Figure SH).

These observations reveal a coordinate reduction in the number
of YH2AX, AtDMCI1, AtRAD51 and early AtMSH4 foci to
around 60% of the number observed in wild-type. However, there
must be an additional defect or defects since the overall number of
crossovers, based on AtMLH1 foci and chiasma counts, is only
around 30% of the wild-type level. Nevertheless, there is no overall
repair defect as there is no evidence of chromosome fragmenta-
tion. Previously we have reported that loss of AtASY1 also leads to
a major defect in CO formation, but with no obvious defect in
DSB formation suggesting that DSBs occur at or near the wild-
type level [8]. This was based on immunolocalization of YH2AX
foci in squash preparations of meiocytes at early prophase I. Since
our analysis of Atasy3-1 was carried out using chromosome spread
preparations we decided to determine the number of YH2AX foci
in Atasyl using the same approach. This revealed that the mean
number of YH2AX foci was 129.5 (n = 10) (Figure S5E, S5F). Thus
as previously [8], there is no evidence of a major depletion of
YH2AX foci in Atasyl, but a slight reduction cannot be excluded
(P=0.12).

@ PLoS Genetics | www.plosgenetics.org

Interplay between the recombination and chromosome
axis proteins

Dual localization of YH2AX and AtASY1 in wild-type nuclei
revealed the YH2AX foci were adjacent to the hyper-abundant
domains of AtASY1 and showed a slight tendency to overlap
(Figure 5A). This observation is consistent with the proposal that
the nascent DSB is tethered to the chromosome axis more or less
coincident with its formation [4,34,35]. Similarly dual localization
of AtDMC1 and AtASY1 revealed a close association of the
AtDMC]1 foci with the AtASY1-stained axis, but the signals were
largely distinct and did not overlap (Figure 5C).

Despite the fact that AtASY1 was present as discrete foci rather
than hyper-abundant domains in Atasy3-1, these were virtually all
(97.4% n=35) found in association with a YH2AX signal
(Figure 5B). In a control designed to detect fortuitous co-
localization (see Materials and Methods) this figure was 39%
(n=15). However, in the sample of cells analysed the mean number
of YH2AX foci was greater than the number of AtASY1 foci
(114.2 versus 87.8 respectively, n=35). Hence, not all of the
YH2AX foci co-localize with AtASY1 in Atasy3-1. The AtASY1
foci in Atasy3-1 were also found in association with the AtDMC]1
foci (95%, n =5) (Figure 5D). However, in this case, unlike in wild-
type, there was a tendency for signals to overlap. Hence it would
appear that the two proteins end up localized at the same sites on
the chromosomes but their spatial relationship may be perturbed
in the absence of AtASY3.

We have previously shown that the stable association of
AtDMCI1 foci to the chromosome axes during early prophase I
requires AtASY1 [8]. Since AtASY1 localization is disrupted in
Atasy3-1, we investigated the localization of AtDMCI in Atasy3-1
in more detail. The chronology of AtDMCI localization was
determined by carrying out the immunolocalization of the protein
together with prior BrdU pulse-labeling of the PMCs during
meiotic S-phase as described previously [8]. This revealed that in
Atasy3-1, Atasyl and wild-type maximum numbers of AtDMC1
foci accumulated on the chromosomes around 12 h following the
BrdU-pulse. However, at 24 h while numerous AtDMCI1 foci still
remained in both Atasy3-1 and wild-type, they were entirely absent
in Atasyl (Figure S6). These data indicate that the rapid loss of
AtDMCI1 foci observed in Atasy! does not occur in Atasy3-1. That
turnover of AtDMCI foci in Atasy! is more rapid than in wild-type
could suggest that some normal barrier to progression is absent,
such that recombination proceeds but CO-designation is defective.
Since the initial rate of accumulation of AtDMCI1 is normal in
Atasy3-1 it would suggest that the reduced number of foci in the
mutant may reflect a reduction in DSBs rather than an increase in
turnover. Furthermore, it suggests that despite the overall
depletion of AtASY1, the residual protein is sufficient to ensure
that the temporal localization of AtDMCI1 is similar to that in
wild-type meiocytes.

AtASY3 and AtASY1 and their Brassica homologs are able
to interact

The finding that normal axis-association of AtASY1 was
dependent on AtASY3 combined with the observation that the
two proteins co-localized during prophase I suggested both a
functional and possibly a direct physical inter-relationship between

February 2012 | Volume 8 | Issue 2 | €1002507



them. To obtain evidence that AtASY3 and AtASY! may be
components of a meiotic complex and possibly interact i planta we
conducted a co-immunoprecipitation (ColP) experiment using
anti-AtASY1 antibody. Since extracting protein in sufficient
quantities from Arabidopsis meiocytes is impractical due to the
small size of the anthers, we used meiocyte extracts from B. oleracea.
In previous studies we have shown that an anti-AtASY1 antibody
recognizes the corresponding Brassica protein, BoASY1, which
shares 83% amino acid sequence identity with AtASY1 [36].
Similarly, analysis of BoASY3 from B. oleracea indicated that it
encodes a protein with 77% sequence identity with its Arabidopsis
counterpart (Figure S7) and that it localized to the chromosome
axes during prophase I of meiosis (Figure S8). Co-immunoprecip-
itating proteins were identified by MS of tryptic peptides followed
by searches against a combined Brassica database containing the
BoASY1 and BoASY3 full-length sequences (see Materials and
Methods for details). BoOASY1 was identified as the top hit with 40
unique peptides corresponding to 397/599 amino acids (65%
coverage) and BoASY3 as the second hit with 28 peptides
corresponding to 297/776 amino acids (38% coverage) (Figure
S9A). Both proteins were absent from the control sample. Thus it
would seem probable that BoASY1 and BoASY3 are components
of a complex and given the close conservation with Arabidopsis, is
likely the case for AtASY1 and AtASY3.

To determine if the proteins can directly interact, the full-length
cDNAs of each gene were cloned as in-frame fusions with the
GAL4 DNA binding domain (DBD) and the GAL4 activator
domain (AD) in the yeast two hybrid plasmids pGBKT7 and
pGADT7 respectively. Plasmids encoding the AtASY1-DBD and
AtASY3-AD fusions and the reciprocal pair of constructs were co-
transformed into yeast. At the same time control transformations,
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where one of the constructs was replaced by the corresponding
empty vector, were also carried out. All plasmid combinations
enabled the transformed yeast to grow on synthetic dropout
medium (-Leu/-Trp) that selected the auxotrophic markers on the
cloning vectors. When the plasmid combinations were tested on
low stringency selective plates (-Leu/-Trp/-His) the yeast cells
containing AtASY1 and AtASY3 as reciprocal DBD/AD fusions
enabled significant growth at all dilutions. Some slight growth was
also detected in controls containing the AtASY1-DBD and
AtASY3-AD plasmids. However, under higher stringency selection
(-Leu/-Trp/-His/-Ade) growth was entirely restricted to the
combinations carrying both genes (Figure 6). Further experiments
with a series of plasmids in which truncated regions of AtASY3
were fused to the GAL4 activator domain indicated that the
interaction of AtASY3 with AtASY1 was dependent on amino acid
residues 623-793 of AtASY3 which correspond to the predicted
coiled-coil region (Figure 6). These data suggested that AtASY1
and AtASY3 can interact and likely do so i planta.

Discussion

AtASY3 is a component of the meiotic chromosome axes

in Arabidopsis

We have identified AtASY3, a chromosome axis protein that is
required for normal levels of COs and SC formation in Arabidopsis.
AtASY3 is predicted to contain a coiled-coil domain towards the
C-terminus. This structural feature is found in other meiotic
proteins, such as Redl in budding yeast, SCP3/Corl in mammals
and OsPAIR3 in rice, that are components of the axial regions of
the SC, yet on the basis of amino acid sequence homology are
reported to have no close homologs in other species
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Figure 6. Yeast two-hybrid analysis of AtASY3 and AtASY1 with schematic illustration of predicted domains and relative positions
of amino acid residues. Plasmid constructs were co-transformed into Y2HGold yeast cells before plating on SD -Leu/-Trp (-LT), SD -Leu/-Trp/-His
(-LTH) and SD -Leu/-Trp/-His/-Ade (-LTHA). Growth on -LTH and -LTHA confirms a protein-protein interaction between AtASY1 and AtASY3 that is

dependent on AtASY3 residues 623-793.
doi:10.1371/journal.pgen.1002507.9g006
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[15,16,18,37,38]. AtASY3 appears similar in this respect.
Although it shares 77% sequence identity with BoASY3 from
the closely related B. oleracea, the level of sequence identity with
Redl and OsPAIRS3 is limited, at 16.4% and 25.6% respectively.
This sequence divergence appears to be a recurrent feature of
proteins that are components of the chromosome axes.

DSBs appear reduced and crossover formation is
compromised in Atasy3-1

In Arabidopsis the level of DSBs may be inferred from the
number of YH2AX and/or AtDMCI1 or AtRAD51 foci detected in
meiocytes at early prophase I [8]. Our data suggested a consistent
reduction in DSBs from 150-160 in wild-type meiocytes to about
100 in Atasy3-1, an overall reduction of around 33%. However, as
DSB detection is indirect, we cannot formally rule out the
possibility that not all DSBs are detected in the mutant.
Nevertheless, as the number of YH2AX foci is very similar to
those of the strand-exchange proteins this seems a reasonable
conclusion.

The physical association of the recombination machinery and
the chromosome axes has been known for many years [3,34,39].
Recent studies in budding yeast indicate that the DSB machinery
becomes tethered to the chromosome axes prior to break
formation and that the axis components Redl and Hopl are
required for this [4,35]. Analysis of 7¢d/ mutants has revealed a
defect in DSB formation [40-42]. It is conceivable that AtASY3
may play a similar role in axis organization that is crucial to enable
normal levels of DSB formation. The reduction in foci
corresponding to YH2AX and the strand-exchange proteins is
consistent with a scenario whereby DSB formation occurs in the
context of the axis, rather than the recombination complex
associating with the axis following break formation, as in the latter
instance, a reduction in YH2AX foci would not be anticipated.
However, it remains possible that depletion of AtASY3 may
induce a change in chromatin structure that in turn results in a
reduction in DSBs.

Although DSB formation appears to be significantly reduced in
Atasy3-1, any reduction due to the loss of AtASY1 appears more
marginal. This is in broad agreement with our earlier study [8]. It
is worth noting that this difference mirrors chromosome axis
formation in the two mutants. Whereas loss of AtASY3 disrupts
the axes, the Atasy] mutant has clearly defined axes, albeit with
some minor discontinuities, seemingly indicating the importance
of the chromosome axes for efficient DSB formation [43].
However, it contrasts with observations in budding yeast and
mouse, where mutants lacking Hopl and HORMAD respectively
exhibit strongly reduced numbers of DSBs [44,45]. At present the
basis and significance of this difference remains unknown. It may
reflect an underlying difference in the control of DSB formation,
although the formation of DSBs in hopl and red/ mutants in
different budding yeast strains also shows some variation [40,46].

A reduction in the mean chiasma/CO frequency to around
30% of the wild-type level was observed in all Atasy3 lines. Analysis
of the Aimsh4/Atasy3-1 double mutant indicates that loss of
AtASY3 compromises the formation of COs which are subject to
CO interference, and also non-interfering COs. This would
suggest that AtASY3 plays a crucial role at an early stage in the
recombination pathway. A reduction in CO formation is also a
characteristic of mutants in the axis-associated proteins Redl and
OsPAIR3 [18,24,40,41]. A recent study in budding yeast has
indicated that loss of Redl results in a conversion from inter-
homolog bias to inter-sister bias for DSB repair. It is proposed that
this is due to a loss of constraint on Rec8 loading at the
recombination site, thus favoring inter-sister recombination [4]. It
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is conceivable that a similar situation arises through the loss of
AtASY3. If so, this could explain why there is a proportionally
greater reduction in CO formation in Atasy3-1 than might be
expected from the apparent reduction in DSBs. Simple extrapo-
lation would suggest that if the ratio of COs to non-COs was
maintained in the mutant, the mean CO/chiasma frequency
would be 67 rather than the 3.5 observed. This implies that there
is a loss of inter-homolog bias and that a greater proportion of the
DSBs are repaired via another route such as inter sister-chromatid
exchange. Alternatively, loss of AtASY3 may result in preferential
processing of some or all of the recombination intermediates to
favor non-COs rather than COs. At present the data does not
enable us to distinguish between these possibilities.

The observation that 75.7% of the chiasmata that remain in
Atasy3-1 are sub-telomeric/distal is consistent with previous studies
in Arabidopsis showing that the telomeres cluster on the nucleolus
during early prophase I and as a result the sub-telomeric regions of
the homologous chromosomes are placed in proximity [47]. A
similar situation was observed in Atasy/ where virtually all the
residual chiasmata are distal [48].

Axis-association of AtASY1 is AtASY3-dependent and
occurs in the absence of DSB formation

Deconvolution of the linear AtASY1 signal in wild-type
meiocytes at leptotene through early pachytene revealed that it
comprises evenly-spaced axis-associated domains of hyper-abun-
dance interspersed with more lightly staining regions. This
organization was supported by immunogold studies in meiocytes
from C. capillaris. The number of AtASY1 domains appeared quite
consistent, at around 160 per nucleus. The organization of
AtASY1 is highly reminiscent of that of Hopl which has been
observed to form domains of alternating hyper-abundance and
lower-abundance in budding yeast at early pachytene [49,50].
Loss of AtASY?3 resulted in a significant effect on the distribution
of AtASY1, such that axis-associated foci were observed during
prophase I. These were fewer in number than the AtASY]I
domains observed in wild-type and this varied from cell to cell
ranging from 39-115 in the sample examined. Nevertheless, dual-
localization studies with YH2AX and AtDMCI indicated that
these AtASY1 foci coincided with sites of recombination.
However, further investigation will be required to determine
whether or not localization of AtASY1 at the axial region still
occurs with normal spatial specificity in Atasy3-1. Studies in
budding yeast initially reported that localization of the AtASY1
homolog, Hopl, was dependent on the chromosome axis protein
Redl [22]. However, more recently it was suggested that while
normal levels of Hopl loading require Redl, some Hopl is loaded
at the sites of DSBs independently [46]. Our observations suggest
a similar relationship between AtASY1 and AtASY3.

In wild-type, the AtASY1-abundant regions along the axes at
prophase I correlated both spatially and numerically with the
YH2AX and AtDMCI1 foci, suggesting that the DSBs are
positioned within AtASY1-enriched domains. This is consistent
with the proposed role of AtASY1 in promoting IHR [8].
Interestingly, whereas the YH2AX and AtASY1 signals over-
lapped, the AtDMCI1 signal was adjacent to, but did not merge
with the AtASY signal. Further study will be required to explore
the significance of this observation. It appears that a similar spatial
relationship between DSBs and AtASY1 is maintained in Atasy3-1
as virtually all the AtASY1 foci in the mutant co-localize with
YH2AX. Thus, it suggests that recruitment of AtASY1 and the
recombination machinery to the axial region is spatially
coordinated. However, these may not be interdependent events
since localization of AtASY! in the Atspoll-1-4 null mutant
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appears, based on immunofluorescence, normal [8]. Similarly in
this study, examination of AtASY1 localization in an Atasy3-1/
Atspol 1-1-4 double mutant suggests that the AtASY1 foci observed
in Atasy3-1 are still formed and associated with the axial region.
Nevertheless, further studies will be required to establish if the
AtASY1 domains observed in Atspol1-1-4 and Atasy3-1/Atspol 1-1-
4 are identical to those in the wild-type. If so, then it suggests that
AtASY1 is initially recruited to predetermined chromosomal
regions that also encompass DSB hotspots, possibly establishing a
spatial relationship favoring IHR. Alternatively, it is conceivable
that the AtASY1 domain formation observed in wild-type may be
guided or influenced by DSB formation or the pre-DNA break
recombinosome complex. Studies in budding yeast have also led to
the proposal that the interhomolog bias is established before DSB
formation with enforcement of the bias occurring at the transition
from the nascent DSB to a joint molecule recombination
intermediate [41].

Although the majority of the AtASY1 foci in Atasy3-1 were
associated with YH2AX foci at early prophase I, there were
additional YH2AX signals that did not colocalize. If loss of DSBs
and the destabilization of AtASY1 localization observed in Atasy3-
1 occurs stochastically, then, given that formation of AtASY1 foci
and DSBs does not appear to be co-dependent, one would expect
to see a similar proportion of YH2AX and AtASY1 foci that were
not associated with one another. As this does not appear to be the
case, it seems possible that a sub-set of DSBs occur in regions that
are not associated with AtASY1. It may simply be that although
the AtASY foci that persist in Atasy3-1 correspond to the position
of the domains observed in wild-type they are substantially
smaller. Hence a proportion of the YH2AX foci no longer co-
localize despite the normal spatial recruitment of the recombina-
tion complexes to the chromatin. Alternatively, some DSBs may
occur in regions of lower AtASY1 abundance. Previously, it has
been proposed in budding yeast that some DSBs are formed at
random sites that are not associated with DSB hotspots [41].
Hence, if the AtASY] domains are coincident with hotspots,
which would seem logical, this may also be the case in Arabidopsts.

Evidence suggests that AtASY3 and Red1 share
functional similarities

Despite amino acid sequence variation it has been suggested
that Redl and SCP3/Corl may be structural analogs [15].
Nevertheless, to date a functional ortholog of Redl in a multi-
cellular organism has not been reported. However, the studies
described here suggest that AtASY3 has at least some functional
similarity to Redl. The most compelling evidence arises from the
close functional interrelationships that both proteins share with
their corresponding HORMA domain proteins. Loss of Redl and
AtASY3 proteins results in a disruption of Hopl and AtASY1
localization respectively, during prophase I [22]. In budding yeast
Redl has been shown to interact with Hopl in co-immunopre-
cipitation experiments [46]. Yeast two-hybrid studies have shown
that the 290 amino acids at the C-terminus of Red] are essential
for the interaction with Hopl. This part of the protein is predicted
to form a coiled-coil domain. In this study MS analysis of proteins
that were co-immunoprecipitated from Brassica meiocytes using an
anti-AtASY1 antibody revealed a likely interaction between
BoASY1 and BoASY3, the homologs of AtASY1 and AtASY3
respectively. That AtASY3 and AtASY1 can directly interact was
confirmed by yeast two-hybrid analysis. Moreover further study
revealed that the C-terminal of AtASY3 that contains a predicted
coiled-coil region is essential for the interaction between the two
proteins. Studies indicate that Red! is required for normal levels of
DSB formation. This also appears to be the case for AtASY3,
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although this effect does not appear as pronounced in Atasy3-1 as
that in a red/ mutant where a reduction in DSB formation to
~25% of wild-type has been reported [42].

It seems likely that PAIR3 in rice may also be a functional
homolog of Redl. While a direct interaction with the rice
HORMA domain protein OsPAIR2 has not yet been demon-
strated, localization of OsPAIR2 is OsPAIR3 dependent and an
Ospair3 mutant has a similar phenotype to that of Atasy3-1 [17,18].

SC nucleation is sufficient to prevent aberrant ectopic
recombination

In addition to its structural role within the SC, the budding
yeast protein Zipl has been shown to play a key role in meiotic
recombination [51,52]. Zipl together with other members of the
ZMM group of proteins, Zip2, Zip3, Zip4, Msh4, Msh5 and
Mer3, is crucial for the formation of interference-dependent COs
[51]. In Arabidopsis loss of AtZYP1 only results in a modest
reduction in chiasma frequency to about 80% of the wild-type
level. However, many of the remaining chiasmata occur between
ectopic chromosome regions, possibly between duplicated se-
quences that amount to around 60% of the Arabidopsis genome
[10]. The studies described here revealed that loss of AtASY3 had
a profound effect on the formation of the SC. In most nuclei it
appeared that alignment of the chromosome axes was extensively
disrupted and immunolocalization studies with the transverse
filament protein AtZYP1 indicated little evidence of normal SC
assembly. In general, nuclei contained a mixture of AtZYP1 foci or
occasional short stretches which appeared abnormally thickened
and deformed. Although Atasy3-1 is essentially asynaptic, there is
no evidence of the non-allelic recombination observed in plants
lacking AtZYPI. The bivalents that remained in the Atasy3-1
meiocytes at metaphase I comprised homologous chromosomes
and there was no evidence of multivalent formation. Immunolo-
calization studies revealed a reduction in AtMLHI foci that
reflected the reduction in chiasmata in Atasy3-1. These AtMLHI
foci, which are thought to localize to CO sites [33], were
invariably associated with the residual AtZYPI present in the
mutant. Hence, it would appear that the presence of AtZYP1 at
the site of recombination is important for the prevention of non-
allelic recombination, but extensive SC polymerization is not
required. This finding provides further evidence that in addition to
SC formation, AtZYP1 plays an important role in the formation of
COs in Arabidopsis.

In summary, these studies provide further insight into meiotic
CO formation. Moreover they emphasize that despite the lack of
sequence homology between the chromosome axes components
from different species, it seems likely that a close functional
relationship remains.

Materials and Methods

Plant material and nucleic acid extraction

A. thaliana ecotype Columbia (0) was used for wild-type analysis.
T-DNA insertion lines SALK_143676, SALK_050971 and
SAIL_423_HO1 were obtained from NASC for mutant analysis
[53]. Plants were grown, material harvested and nucleic acid
extractions were performed as previously described by Higgins

et al. [23].

T-DNA insertion site mapping

The T-DNA insertion site of the mutant lines was confirmed as
previously described [23] (Figure S2). Details of the primers used
are presented in Table S2.
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Complementation of Atasy3-1

Primers ASY3-CM-F1 and ASY3-CM-R1 (Table S2) were used
to amplify the entire AtASY3 coding sequence with flanking 5’
and 3" UTR regions from ¢cDNA clone pda 19140 (Riken, Japan).
The PCR product was cloned into the binary vector pPF408 [19]
using Spel sites incorporated into the primers. The construct was
confirmed by sequencing. The binary plasmid construct was
introduced into Agrobacterium tumefaciens LBA 4404 and plants
transformed as previously described [23].

RNA extraction and RT-PCR
RNA extraction and RT-PCR was carried out as previously
described [54]. Details of the primers are given in Table S2.

Nucleic acid sequencing
Nucleotide sequencing was carried out by the Genomics and

Proteomics Unit, School of Biosciences, University of Birming-
ham, UK.

Antibody production

Primers ASY3-AB-F1 and ASY3-AB-R1 (Table S2) were used
to amplify a 702bp fragment comprising amino acid residues 560
to 793 of AtAST3 from cDNA clone pda 19140 (Riken, Japan). The
PCR product was cloned into the expression vector pET21b
(Novagen) using Ndel and Xho! sites incorporated into ASY3-AB-
F1 and ASY3-AB-R1 respectively. Recombinant His-tagged
protein was isolated from FE. coli BL21 (Novagen) under native
conditions using Ni-agarose following the manufacturer’s protocol
(QIAGEN). Polyclonal antiserum against the recombinant protein
was raised in rabbit (BioGenes GmbH, Germany).

Cytological procedures

Cytological studies were carried out as previously described
[23]. The following antibodies were used: anti-AtASY3 (rabbit, 1/
200 dilution) anti-AtASY1 (rabbit/rat, 1/1000 dilution), anti-
AtMSH#4 (rabbit, 1/500 dilution), anti-AtZYP1 (rabbit/rat, 1/500
dilution), anti-AtSMC3 (rabbit 1/500 dilution), anti-AtSYN1
(rabbit 1/500 dilution), anti-AtDMC1 (rabbit 1/500 dilution),
anti-AtRADS1 (rabbit, 1/500 dilution), anti-AtMLH]1 (rabbit/rat,
1/200 dilution) and anti-yH2AX (ser 139, catalog no. 07-164
Upstate Biotechnology; rabbit, 1/100 dilution) [10,23,55]. Mi-
croscopy was carried out using a Nikon 90i Fluorescence
Microscope (Tokyo, Japan). Image capture, image analysis and
processing were conducted using NIS-Elements-F software (Nikon,
Tokyo, Japan). Image deconvolution was carried out using the
function “Mexican hat”. This allows better discrimination of the
signals. This function performs filtration on the intensity
component (or on every selected component - when working with
multichannel images) of an image using convolution with 5x5
kernel. Mexican Hat kernel is defined as a combination of
Laplacian kernel and Gaussian kernel it marks edges and also
reduces noise. In double-staining experiments the level of chance
overlap of foci was assessed using the misorientation method
whereby one of the two images is rotated throughl80 degrees
following which colocalizing foci are counted as previously
described [56].

Electron microscopy and immunogold labeling was performed
as previously described [36,57] except for the modified Atasy3
chromosome spread protocol where the detergent was Triton X-
100 0.1%+Lipsol 0.05% and the digestion time was increased to
7 min.

Chiasma counts were carried out as previously described [58].
Chromosome spread preparations from PMCs at metaphase I
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were examined by light microscopy after fluorescence i situ
hybridization (FISH) using 45S and 5S rDNA probes. The use of
FISH enabled the identification of individual chromosomes. The
overall shape of individual bivalents allowed the number and
position of individual chiasmata to be determined and this was also
informed by the position of the FISH signals.

Statistical procedures
The statistical procedures were carried out as described
previously [23].

Proteomic analysis of Brassica meiocytes

AtASY3 peptides were initially identified in meiocyte extracts
prepared from Brassica oleracaea var. alboglabra A12DHd as
previously described [14]. Co-IP experiments were conducted on
meiocytes extracted from the same material. Protein extraction
was under non-denaturing conditions at 4°C. Briefly, tissue was
powdered by grinding in liquid nitrogen, resuspended in IP Buffer
(20 mM Tris-HCI pH 7.5, 150 mM NaCl, 10% glycerol, 2 mM
EDTA, 0.1% NP40, protease inhibitor cocktail (Roche,
#11836170001), phosphatase inhibitor (Thermo Scientific
#78420)) and cell debris removed by centrifugation. Protein
extracts were used immediately. Antibodies were cross-linked to
Affi-Prep Protein A beads (Bio-Rad, #156-0006) using DMP
(Sigma #D8388) and pre-eluted with glycine to remove any non-
cross-linked antibody. Meiocyte extracts were pre-cleared by
incubation with non-specific IgG. Parallel Co-IPs were carried out
using affinity purified anti-AtASY1 antibody and an unrelated
antibody as a control. Following washing to remove non-specific
proteins, bound proteins were glycine-cluted, trypsin-digested and
analysed on an LTQ-Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific). Since a complete sequence of the Brassica oleracea
genome is currently unavailable, protein identification was carried
out against a combined Brassica rapa/napus/oleracea database,
downloaded from NCBI (http://www.ncbi.nlm.nih.gov) in 2010,
into which the BoASY1 and BoASY3 full-length sequences had
been manually inserted. For details of the MS analysis see Figure
S9B.

Yeast 2-hybrid analysis

Yeast two-hybrid screens were performed according to the
Yeastmaker Yeast transformation System 2 manual (Clontech,
USA). Briefly, Y2HGold yeast cells were co-transformed with
pGADT7 and pGBKT7 using the polyethylene glycol/lithium
acetate method. The co-transformed yeasts were grown in SD -
Leu/-Trp, SD -Leu/-Trp/-His and SD -Leu/-Trp/-His/-Ade for
testing protein-protein interaction through the activation of the
two reporter genes His3 and Ade2. The strength of the interaction
was assayed by drop test using serial dilutions of mid-exponential-
phase cultures. 3 pl drops of undiluted, 10- and 100-fold diluted
culture were spotted on the selective agar medium and incubated
at 30°C for 2 days. Details of the primers used for plasmid
construction are shown in Table S2. Plasmid constructs are as
shown in Figure 6.

Supporting Information

Figure S1 A. Peptides from Brassica oleracea meiocytes with
homology to gene At2g46980 (AtASY3) identified by mass
spectrometry. Peptides were identified in two independent
experiments using the procedure described in Sanchez-Moran
et al., 2005 Cytogenet and Genome Res. 109:181-189 [14]. The
Arabidopsis TAIR database was used for peptide identification. B. (i)
Diagrammatic representation of the 793 aa, 88 kDa AtASY3
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protein indicating the relative position of the putative coiled-coil
domain (black box). (if) Map of the ~3.5 kb At2g46980 locus
showing the exon/intron organization of At45Y3. The exons are
represented by numbered black boxes. The triangles indicate the
T-DNA insertion sites in Atasy3-1, Atasy3-2 and Atasy3-3. C.
Expression analysis of At4S13 using semi-quantitative RT-PCR
indicates that in wild-type (W) expression is highest in bud tissue
(B) with a low level present in open flowers (F). Expression is not
detected in stem (S) or leaf (L). 4t4513 expression is absent in the
Atasy3-1, Atasy3-2 and Atasy3-3 mutants. AtGAPD was used as an
expression control.

(PDE)

Figure 82 Nucleotide sequencing of the T-DNA insertion sites
in Atasy3-1, Atasp3-2 and Atasy3-3.

(PDI)

Figure 83 A. Fertility in Atasy3-1 is reduced compared to wild-
type Col 0. (A) wild-type, (B) Atasy3-1, (C) wild-type silique, (D)
Atasy3-1 silique. Bar 10 mm. Atasy5-1 exhibited a reduction in
mean silique length of 37% (n=50) and a reduction in seed-set of
73% (n=>50). B. Representative meiotic stages of Atasy3-2 (A-F)
and Atasy3-3 (G-L). Leptotene (A,G); pachytene (B,H); diakinesis
(C,I); metaphase (D,]); dyad (E,K) tetrad (FF,L). Bar, 10 um. C. An
allelism test was carried out by reciprocally crossing heterozygous
Atasy3-1 and Atasy3-2. Cytological analysis of Atasy3-1/Atasy3-2
reveals asynapsis at pachytene (A) and univalents in metaphase I
(B). This leads to mis-segregation at meiotic divisions resulting in
the subsequent formation of unbalanced tetrads (C). Bar, 10 pum.
Fertility in an Atasy3-1 complementation line (F) was restored to
the normal level observed in wild-type (D) in contrast to that of
Atasy3-1 (E). Bar, 10 mm. Cytological analysis confirmed that
normal meiosis was restored in the Atasy3-1 complementation line.
Homologous chromosomes underwent normal synapsis in pachy-
tene (G). A full complement of five bivalents was observed in
metaphase I (H). These underwent normal segregation leading to
the formation of balanced tetrads (I). Bar, 10 um.

(PDI)

Figure S4 A. Chromosome spread preparations from PMCis at
metaphase I were examined by light microscopy after fluorescence
i situ hybridization (FISH) using 45S (green) and 35S (red) rDNA
probes. The use of FISH enabled the identification of individual
chromosomes. The overall shape of individual bivalents allowed
the number and position of individual chiasmata to be determined
and this was also informed by the position of the FISH signals. IFor
full details of the chiasma scoring procedure see: Sanchez-Moran
et al. (2002) Genetics 162: 1415-1422 [58]. Analyses of metaphase
I nuclei of wild-type (A) a-b. Rod bivalents, single interstitial
chiasma in the long arm Chr. 2 and Chr. 4 respectively; c-e. Ring-
bivalents, 2 chiasmata Chr. 1, Chr 5 and Chr.3 respectively.
Atasy3-1 (B) a. Chr. 5 rod bivalent distal chiasma; b. Chr. 1 rod
bivalent distal chiasma, c. Chr. 4 rod bivalent single short arm
chiasma. Analysis indicated that mean chiasma frequency in
Atasy3-1 was significantly reduced to 3.40 in contrast to wild-type,
which had an overall mean chiasma frequency of 9.84. Bar,
10 um. B. Cytological analyses of metaphase I chromosome
spreads indicated the presence of univalents in Atasy3-1/Atspol1-1-
4 (A). No chiasmata were observed in this double mutant in
contrast to wild-type (B), where five bivalents were observed in all
of the metaphase I cells analysed. This confirms that the chiasmata
in Atasy3-1 are DSB-dependent. Comparison of the mean chiasma
frequency of Atasy3-1/Atasyl (C) and Atasyl (D) revealed no
significant difference between the double mutant and the latter
suggesting a close functional relationship between AtASY3 and
AtASY1. Analysis of 30 metaphase I nuclei from Atasy3-1/Atmsh4
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(E) shows that the double mutant fails to form chiasmata in
contrast to Atmsh4 (F), in which a mean chiasma frequency of 1.1
(n=30) was observed. Bar, 10 um.

(PDE)

Figure 85 Immunolocalization of recombination proteins in
Atasy3-1 and YH2AX in Atasyl. Immunolocalization of AtRAD51
(red) on DAPI stained (blue) wild-type (A) and Alasy3-1(B)
meiocytes at early prophase I. (C) and (D) show corresponding
images for AtMSH4. In both cases there is a reduction in foci in
the Atasy3-1 mutant. Immunolocalization of YH2AX (red) on
DAPI stained (blue) meiocytes from wild-type (E) and Atasy! (F).
(see main lext _for detals). Bar, 10 um.

(PDF)

Figure 86 Time-course analysis of AtDMCI (red) localization in
wild-type (WT), Atasyl and Atasy3-1. The study revealed that
AtDMCI foci in Atasy3-1 are stabilized and persist at least up to
24 h post BrdU (green) pulse-labeling at S phase before gradually
decreasing to very low numbers by 30 h. This observation was
similar to that in WT but contrast with that of Atasyl, where
AtDMC1 foci are destabilized soon after loading and their
numbers decrease rapidly at ~18 h. Almost all of AtDMCI1 foci in
Atasyl were lost by 24 h post BrdU pulse labeling as previously
reported by Sanchez-Moran et al. 2007 [8].

(PDF)

Figure S7 Sequence alignment of AtASY3 and BoASY3. The
proteins exhibit 77% sequence identity.

(PDF)

Figure S8 Immunolocalization of BoASY3 protein using anti-
AtASY3 antibody to wild-type Brassica oleracea chromosome spread
preparations from meiocytes at leptotene, zygotene and pachytene.
The BoASY3 protein localises to meiotic chromosomes as numerous
foci in leptotene and gradually polymerizes to form a continuous linear
signal by pachytene. The localisation of BoASY?3 is indistinguishable
to that of AtASY3 in drabidopsis. BoOASY3 could not be detected using
pre-immune anti-AtASY1 antiserum. Bar, 10 um.

(PDF)

Figure 89 A. BoASY3 sequence showing protein coverage
following co-immunoprecipitation with BoASY1 and MS analysis
(highlighted yellow). B. Mass spectrometry conditions.

(PDE)

Table S1 Chiasma counts for Atasy5-1 and wild-type. A. Atasy3-1
mean chiasma frequency 3.3 (n=150). Proportion of distal
chiasma = 74.8%. B. Arabidopsis (Col-0) wild-type mean chiasma
frequency 9.76 (n=150). Proportion of distal chiasma=73.8%.
The proportion of distal chiasmata is not significantly different in
the mutant.

(PDE)

Table 82 Primer sequences used during the study. Primers 1-8
were used for confirming T-DNA insertions sites; primers 9-12
were used for the analysis of 4t4573 expression; Primers 13 and 14
were used for complementation studies; primers 15 and 16 were
used for the production of recombinant AtASY3 for antibody
production. Primers 17-22 were for yeast two-hybrid studies. The
regions amplified are indicated; F'/R denotes forward and reverse.

(PDF)
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