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ABSTRACT

The chromatin provides a structural organization in which the DNA can be compacted up to
10,000-20,000 fold. Nevertheless, this compaction achieved by the chromatin structure has
to be highly dynamic and controlled in order to allow the different vital processes of the DNA
to occur such as transcription, replication, DNA repair, chromosome segregation and
recombination (mitosis and meiosis). Nucleosomes are the basic unit of chromatin
compaction that are positioned throughout the vast genomic DNA in higher eukaryotes. A
nucleosome consists of a pair of each histone protein H2A, H2B, H3 and H4 and the
associated 147 base pairs (bp) of DNA. They are important contributors to overall chromatin

organization.

In this study we have analysed different histone H2A isoforms in Arabidopsis thaliana. We
have analysed in more detailed the role of HAT1 or AtH2A1 (RATY5) gene which encodes for a
histone H2A isoform which has been reported to be essential for the T-DNA integration by
Agrobacterium tumefaciens into the Arabidopsis genome by root transformation. The mutant
Ath2al/rat5 in Arabidopsis has showed chromosome fragmentation and anaphase bridges in
mitosis. Furthermore, different connections between non-homologous and homologous
chromosomes have been identified during diakinesis and the presence of anaphase bridges

has also been observed at meiotic anaphase I.

We have also analysed different chromatin components named High Mobility Group
proteins. Structure Specific Recognition Protein 1 (SSRP1) is an HMG protein that has been
investigated In Arabidopsis thaliana. It has reported to play an important role in DNA repair

response, in DNA replication, and elongation and regulation of the transcription machinery.



In an Arabidopsis Atssrpl mutant we have observed defects during the meiotic anaphase I

and anaphase II that led to errors in chromosome segregation and reduced fertility.

We have also carried out a Small interfering RNA (siRNA) strategy to reduce the expression
of hSSRP1 in endothelial cells. The knocked down cells showed a clear reduction of beta-
tubulin microtubules in the mitotic spindle and errors in their organization that led to a poor
alignment of the chromosomes and missegregation. Furthermore, DNA repair and cytokinesis
were also affected in the siRNA knockdowns. Immunolocalization of hSSRP1 and hSPT16
have shown that both could be involved in DNA repair when localising to the chromatin
forming the FACT complex but also they could be deeply involved in spindle formation and

organization in higher eukaryotes. Especially, since hSSRP1 localises in the centrioles.
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1.1 Chromatin

An individual human body is normally built by around sixty trillion cells (Inoue et al., 2005).
Interestingly, each single cell in one individual contains the same genetic information (coded
in the DNA) which is mainly organised inside the cell nucleus (Maeshima et al., 2010). There
are two main problems for the DNA: space and accessibility. First of all, DNA has to be
accommodated into the nucleus. For instance, in humans, the different DNA molecules
(chromosomes) are around 2 meters long and they have to be packed into a nucleus of 10 um
of diameter. Secondly, DNA has to be accessible for the different biological processes of the
nucleus such as DNA replication, recombination, repair, gene expression, mitotic division
and meiosis to produce sexual gametes (Maeshima et al., 2010). The natural solution for
these problems has been provided by the association of the DNA with different proteins
forming a structure denominated chromatin. Chromatin is the fundamental component for
DNA organization (Maeshima et al., 2010) because of its dynamic structure which allows the
correct packaging and the complete accessibility required for the different vital processes

carried out by the DNA.

1.1.1 Classical model of chromatin structure

The classical model of the chromatin structure for higher eukaryotes can be divided in
different hierarchical levels of DNA compaction (Luger ef al., 1997). Thus, the first level of
chromatin compaction is the nucleosomal fibre also known as 10 nm fibre or ‘beads on a
string’ due to its appearance that can be achieved when the double strand of DNA is wrapped
around histones forming the nucleosome (Varga-Weisz and Becker, 2006). A further

structure level is achieved by the compaction of the nucleosome fibre into a Higher Order
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Chromatin fibre also known as the 30 nm fibre which compaction nature seems to be highly
polymorphic among species, among different cell types and along different regions on the
chromosomes (Luger et al., 1997; Maeshima et al., 2010). Furthermore, this Higher Order
Chromatin fibre can be further compacted by attaching itself into organised loops attached to

a proteinaceus structure or chromosome axis scaffold (Luger et al., 1997) (Figure 1).

Nucleosome
12x(H2A-HZ2B-H3-H4)

Double
Stranded &= Chromosome
DNA Axis

Higher order

Histone
H1

0 nm fibre

Figure 1. The classical model of chromatin compaction.

The figure shows the different levels of chromatin compaction: from the double stranded DNA,
nucleosome fibre, Higher order chromatin fibre, chromosome axis, up to the mitotic metaphase
chromosome. The first level of chromatin compaction is the nucleosomal fibre, also known as “10
nm” fibre or ‘beads on a string’ because of its appearance at the electron microscope (see image by
Victoria Foe in Essential Cell Biology 4™ ed. Page 185 Figure 5-20). The second level is the higher
order chromatin fibre also known as 30 nm fiber. The next level is the association of chromatin loops
into a chromosome axis or scaffold. The chromatin fibres attach to the scaffold by forming loops
(Diagram drawn and conceived by E. Sanchez-Moran).
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1.1.2 Nucleosome structure and Histone proteins

The nucleosome is the basic unit of the chromatin which consists of two pairs of each histone
molecule: H2A, H2B, H3 and H4 (also known as core histones) wrapped by approximately

147 base pairs (bp) of DNA (Luger et al., 1997) (Figure 2).

Core of eight histone molecules

HistoneH1

N
DNA

Nucleosomehas~147
\ basepairs of DNA
Amino acid tails on / wrapped around it
globular histones

Figure 2. Model of the structure and components of a nucleosome.
The core histone octamer (2X H2A/H2B/H3/H4) is shown together with the double strand of DNA
and linker histone H1 (Adapted from Belmont, 2006 and Hirs and Marra, 2009).

Histone proteins have a low molecular weight of approximately, 11,000-16,000 Dalton and
between 102-135 amino acids. They are rich in lysine and arginine (20% of the amino acid
composition) that gives a highly positive charge and contributes to the binding of the DNA
(negatively charged by the phosphate groups). The DNA wraps around the histone octamer
by approximately 1.75 turns. Core histones have a conserved structure with different folding
domains that consist of 3 a-helices linked by two loops. It is thought that histone folding
domains play an important role in the interaction between the histones themselves and with

the DNA. Furthermore, the amino terminal regions of histones (N-terminal tails) contain a
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high amount of lysines that protrude from the histone octamer (Bonenfant et al., 2007). It is
thought that these N-terminal tails are the target sites for post-translation modifications.
Moreover, these N-terminal tails can provide a site for other protein interactions which may
contribute to form the next level of chromatin compaction: the higher order chromatin (Valls

et al., 2005).

Chemical in vitro studies have shown that histones H2A and H2B appear to be a stable dimer
(H2A/H2B) while histones H3 and H4 appear to be stable enough to form a tetramer
((H3/H4)*) (Kamakaka and Biggins, 2005). The association of DNA to these histones
provide the stabilization of the octamer (Kamakaka and Biggins, 2005). In vitro, it has been
observed that exposure to high salt concentrations (like 1M NaCl), can separate the histones
from the octamer and from the DNA. On the other hand, when the concentration gets
reduced gradually to about 650 mM and 300 mM NaCl, the core histones start joining to the
naked DNA. Moreover, “beads on a string” structures can also be formed at a more reduced

salt concentration of 50 mM (Zhang et al., 2003).

1.1.3 Some histone variants

All eukaryotic histones are part of a large family of genes with several copies for each
histone. Some are identical or nearly in sequence (core histones) and others are similar but
with specific differences (histone variants). Core histones are deposited during DNA
replication at the S-phase whereas histone variants can be deposited during different stages of
the cell cycle (Kamakaka and Biggins, 2005). These histone variants have precise roles and
are usually located at specific locations. For example, centromeric histone 3 (CenH3) also

known as CENP-A in mammals is a histone variant for H3. This variant has an exclusive N-
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terminus that does not exist within the core histone H3. CENP-A is located entirely at the
centromere region and has not been discovered at any other regions of the chromosome.
CENP-A has a particular role during cell cycle of facilitating the attachment of microtubules
to the kinetochore (Sarma and Reinberg, 2005). Consequently, chromosomal centromeres
can be properly functional and achieve the accurate chromosome segregation. On the other
hand, H2A histone variants have been studied extensively. H2AX is a histone H2A variant
which contains a conserved residue (Ser 139) at its C-terminus that gets rapidly
phosphorylated as a result of responding to a DNA double strand break (Kamakaka and

Biggins, 2005; Sarma and Reinberg, 2005).

It has been reported that 33 different histone proteins found in A. thaliana are encoded by 47
genes. Thirteen of these genes (HTAI-13) encode different H2A proteins, 11 different
proteins of H2B have been found to be encoded by 11 HTB genes. A total of 8 different H3
proteins have been found to be encoded by 15 HTR genes and only one isoform of H4 protein
have been found to be encoded by 8 HFO genes (Tenea et al., 2009). HTAI is one of these
genes that has been studied extensively because it seems to be necessary for the T-DNA
transformation of Agrobacterium tumefaciens. It is reported that the disruption of this gene

contributes to the resistance to Agrobacterium transformation (RAT) (Tenea ef al., 2009).

1.1.4 Histone H1 and linker DNA

Higher eukaryotic cells also have a linker histone (H1/HS5). Histone HI binds to the linker
DNA that is located between the nucleosomes with a changeable length of 10-90 bp
(Woodcock and Dimitrov, 2001). The linker histone proteins contain 2 globular domains

located in their C- and N-terminal regions. They also contain 3 a-helix domains that may play
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an important role in stabilizing the interaction between core histones and the associated DNA
(Horn and Peterson, 2002). Moreover, it has been supposed that the linker histone proteins
might play an important function in facilitating the chromatin folding to a higher order
compaction and they are considered to be a target for post-translation modifications during

cell cycle and development (Horn and Peterson, 2002).

1.1.5 Chromatin Scaffold

Non-histone proteins can also provide the structure of the chromatin by forming a
chromosome axis and participating in the formation and attachment of the higher order
chromatin loops. Particular DNA sequences (AT-rich DNA) are the base for the attachment
of the chromatin loops to the protein scaffold also called matrix/scaffold attachment regions
(M/SARs). These attachments comprise the anchor domains. M/SARs can contain around
70% of A/T nucleotides and be from 300bp up to 2kb in length in higher eukaryotes. The
attachment between M/SARs and the scaffold is thought to play important functions such as

the regulation of gene expression (De, 2002).

Arabidopsis thaliana possesses around 2,000 M/SARs that may influence gene expression. It
has been estimated that 15% of transcription factor (TF) genes possess these attachment
regions to the scaffold. Most of these TFs are involved in gene expression which is necessary
for tissue and organ development. Several protein families have been located throughout the
chromosome axis such as, stability maintenance of chromosomes proteins (SMC) and high

mobility group proteins (HMG) (De, 2002).
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1.1.6 Structure-specific recognition protein 1 (SSRP1)

Structure specific recognition protein 1 (SSRP1) is one component of the HMG protein
family (Zeng et al., 2010). It is an abundant protein that binds to chromatin and has been
found to play a crucial role in the DNA repair response, DNA replication and the elongation

and regulation of transcription machinery (Kumari et al., 2009; Zeng et al., 2010).

SSRP1 contains two conserved domains, the N-terminal that interacts with SPT16 protein
(SuPpressor of Ty 16) and a tubulin binding domain. The association of SSRP1 and SPT16
forms the heterodimeric protein complex FACT (FAcilitates Chromatin Transcription). The
C-terminal domain of SSRP1 also includes an HMG domain which might play a key role in
binding to DNA (Figure 3) (Kumari et al., 2009; Zeng et al., 2010). According to Zeng and
collaborators (2010), the co-immunoprecipitation and mass spectrometry analysis for SSRP1
conducted to check the protein interactions of SSRP1 showed that a-tubulin is another protein

that might associate with SSRP1 in addition to SPT16.

Tubulin AtSPT16 DNA
binding binding . , ,
) - NNMrriigipons

w:

COOH

HMG-Box motif

AtSSRP1 (646 aa)

Figure 3. Schematic representation of the SSRP1 protein structure.

The diagram illustrates the structure of SSRP1 protein in Arabidopsis thaliana of which the red boxes
include the AT-hook regions (HMG domain) that produce a high affinity of binding to DNA and the
green box domains that bind into tubulin and SPT16 (Adapted from Zeng et al., 2010; Kumari ef al.,
2009).
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1.1.6.1 Role of FACT complex in chromatin

Chromatin is comprised of DNA, histones and non-histone proteins that interact in a dynamic
way in order to allow the several biological processes of the DNA. FACT is a complex of two
proteins including SSRP1 and SPT16. FACT has been found to have a key function in
chromatin condensation by the assembling and disassembling of some chromatin components

like histone proteins (Laurentino et al., 2011).

In 1998, the human FACT complex (hFACT) was revealed to be a necessary component for
elongation of transcription throughout chromatin (Orphanides et al., 198; Winkler et al.,
2011). The heterodimer proteins SSRP1 and SPT16 are essential for the FACT complex to

allow cell division to take place correctly (Winkler et al., 2011).

FACT has been described as a histone chaperone that plays a vital role of nucleosome
organization over the chromatin (histone assemble and disassemble). Consequently, the DNA
can be unwound and freed of histone proteins and in some cases to be accessible for several
biological processes such as DNA replication, recombination, repair and gene transcription
(Winkler et al., 2011; Laurentino et al., 2011). It has been found that FACT seems to have an
important role in DNA repair and seems to be correlated with the activation of histone variant
H2AX and P53 protein (Suppressor protein 53 in humans) as a response to DNA damage
(Winkler et al., 2011). Impacts on human cell viability have been observed when FACT is
depleted (Laurentino et al., 2011). FACT complex might also be playing a crucial role for

gamete formation and development in human (Laurentino et al., 2011).

The assembly of nucleosomes over the DNA take place gradually, (H3-H4), tetramer firstly
bind and rearrange along the DNA and (H2A-H2B) dimers join afterwards into the
nucleosome structure (Winkler ef al., 2011). The FACT complex is capable of positioning
and removing the nucleosomes along the DNA (Winkler et al., 2011). The binding between
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the complexes of hFACT and the histone dimers (H2A-H2B) can enable the release of

nucleosomes to allow gene transcription machinery to access the DNA (Winkler ez al., 2011).

1.1.6.2 The role of SSRP1 in Microtubule development

The formation of microtubules (MTs) is a crucial process for chromosome movement and
segregation during mitotic and meiotic divisions. SSRP1 protein seems to play a basic role of
MT regulation and could even assist the polymerization of tubulin. Null mutants for SSRPI
result in irregular chromosome segregation during mitosis in which the spindle structure and

formation are defective (Zeng et al., 2010).

1.1.7 Microtubules (MTs)

MTs are cylindrical structures that consist of a stable heterodimer of proteins including a-
and B-tubulin subunits. The a- and B-tubulin dimers polymerize end to end producing a
specific polarity. Thus, one end will have the a-tubulin exposed (- end) and the opposite end
will have the B-tubulin exposed (+ end). The elongation of microtubules only occurs in the
(+) ends (Struck and Dhonukshe, 2013; Hashimoto, 2013; Liu et al., 1993). The a- and B-
tubulin subunits bind to Guanosine 5’-Triphosphate (GTP). There is no hydrolysis of GTP
when this is bound to a-tubulin but the GTP can be hydrolysed to GDP when it is bound to 3-

tubulin, therefore, indicating its involvement in MT polymerisation (Struck and Dhonukshe,

2013).

a- and pB-tubulin dimers polymerize into protofilaments. The association of these

protofilaments will form a MT. MTs are long cylinders of about 24 nm in diameter which are
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hollow in the middle, formed by 13 globular protofilaments that are attached to each other

(Hashimoto, 2013).

Several functions have been ascribed for MTs in eukaryotes (Eckardt, 2006). MTs are
necessary for several biological processes including cell division, cell polarity, phragmoplast
assembly, homologous chromosomes and sister chromatid segregation as well as being
considered as a fundamental element for propagation in higher eukaryotic organisms

(Eckardt, 2006).

1.1.7.1 Microtubule Nucleation

Different polymers can be formed by the interactions between MTs themselves;
consequently, keeping them organized in arrays and bundles (Hashimoto, 2013). In animals,
MTs are polymerized from microtubules organization centres (MTOCs) like centrosomes,
while in plants MTs assemble in the absence of centrosomes (Pastuglia et al., 2006).
Nevertheless, it has been found that y-tubulin works as an anchor for the nucleation and the

organization of MTs in the plant kingdom (Liu et al., 1993).

In the animal and fungi kingdoms, the y-tubulin acts as a factor for the MTs nucleation which
localizes in the MTOCSs. In animals, MTs need to be growing in bundles and arrays that are
organised by the centrosomes (animals) or the spindle pole body (fungi). The centrosome
contains a pair of centrioles and pericentriolar material (PCM) that surrounds the centrioles.
PCM contains several associated proteins including vy-tubulin, pericentrin and ninein

(Eckardt, 2006). Furthermore, it has been found that the structure of y-tubulin in animals is

like a ring which helps form of the a- and B-tubulin heterodimer as well as maintaining their

28



stability. Additionally it helps MTs polymerization from (-) ends and it is a regulator of

mitotic checkpoints (Eckardt, 2006).

However, in the plant kingdom there are not MTOCs. Instead, MTs in plants polymerise
from a dispersed complex of proteins; these complexes of proteins include y-tubulin that is
found to be localised along MTs arrays (Eckardt, 2006). y-tubulin plays an important role of
MTs organization and nucleation in the plant kingdom. It is reported that when y-tubulin is
inhibited by using a specific antibody, it results in a failure of MT nucleation. Moreover,
depletion of this protein can affect the mitotic process. For example loss of the protein is
lethal during cotyledon growth, producing incorrect formation of phragmoplast and cell shape
organization. In addition, using RNAi knockdown technology for both y-tubulin genes
(TUBGI and TUBG?2), showed defects in the polarity formation of cells. Consequently, these
observations confirm that this protein is necessary for MTs organization and distribution in

plants (Eckardt, 2006).

1.1.7.2 y-tubulin organization in Arabidopsis thaliana

The A. thaliana genome encodes for 6 a-Tubulin genes (TUAs), 9 p-Tubulin genes (TUBs)
and 2 y-Tubulin genes (TUGs) (Struck and Dhonukshe, 2013). MTs are developed from small
polymerizing regions known as the gamma-tubulin ring complex (g-TuRC). Furthermore, the
formation of MTs is dependent on the presence of the g-TuRC. It has been found that in
plants the g-TuRC is made up of y-tubulin and five other gamma-tubulin complex proteins
(GCP2/3/4/5/6). Budding yeast has GCP2-3 that attaches to y-tubulin to form a small
complex known as y-TuSC (Hashimoto, 2013; Struck and Dhonukshe, 2013). However,

GCP4, GCP 5 and GCP 6 do not exist in budding yeast.
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The abundance of these GCP proteins in A. thaliana is diverse, in which y-tubulin is the

highest abundance molecule compared to GCP2-3 while the lowest abundant proteins are

GCP4, GCP5 and GCP6 (Liu et al., 1993). Table (1) presents some different functions of

tubulin components and their phenotypes when mutated in A4. thaliana:

Protein Function Mutant phenotype
o-tubulin Essential for MT organization Alteration of MT polymerization
(1-6) Attaches to GTP irreversibly Dwarf plant
MTs stability and orientation Reduction of root elongation
Defect of MT orientation
B-tubulin Basic element for MT Helical MT arrangement
(1-9) organization
GTP was hydrolysed to GDP
when bound to -tubulin
MT stability
y-tubulin Maintains MT formation Lethal to embryos (gametophytic or
(1-2) essential for the development of seeding stage )

mitotic spindle, phragmoplast

and cortical microtubules

unbalance of MT array formation
Disruption of both genes leading to
abnormal phragmoplast formation
Variation of nuclear division

during gametophytes

Table 1. Components of some of MT associated proteins and their functions.

(Struck and Dhonukshe, 2013).
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The g-TuRC includes two molecules (GCP2-GCP3) that join together to form the g-tubulin
small complex (gTuSC) (Figure 4). However, other components (GCP4-GCP6) can create
g-TuSC-like complexes (Figure 4); consequently, the assembly between two complexes (g-
TuSC and g-TuSC-like sub-complex) would result in the production of inactive g-TuRC.
Therefore, in the presence of other activating proteins and other targeting factors (sub-cellular
molecules) to gTuRC, this leads to activation and polymerization of MTs (Figure 4)

(Pastuglia, 2006; Hashimoto, 2013).

All GCPs have 2 motifs called GRIP1 and GRIP2 which play a crucial role by interacting
between g-TuRC associated proteins. GRIP1 motif is the main component for all GCPs

interactions. Furthermore, the GRIP2 motif assists binding between y-tubulin and GCPs

(Hashimoto, 2013).
} Activating
GRIP2 motif 2
. targeting
y-tubulin factors
Inactive gTuRC
) GCP2
GCP3
GRIP1 \
motif

APy
]

[ ) GCP4
GCP5

‘\ ]) GCP6

gTuSC-like subcomplexes

Figure 4. Schematic representation of the structure of MTs and g-TuRC complex in A. thaliana.

This model shows the structure of MTs and the assembly of g-TuRC that eventually plays a role for
MTs nucleation (adapted from Hashimoto, 2013).
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1.1.8 Arabidopsis Kinesin

The kinesin protein superfamily includes microtubule associated motor proteins that play a
crucial role in the intracellular transport of proteins. Kinesin motor proteins are evolutionary
conserved among all eukaryotic species. The kinesin motor proteins include a conserved
domain that is essential for the movement of several cargo materials such as mRNA,

organelles, signals and other protein mixtures (Li ef al., 2012; Zhu et al., 2012).

Surprisingly, it is observed that the kinesin motor proteins are the target protein for
microtubules within the cells. Therefore, it is found that kinesins also have a role in other
biological processes such as microtubule attachment to the chromosome centromeres, sister
chromatid separation to different poles (polarity), alignment of all chromosomes along the
metaphase plate in both meiosis and mitosis and the nucleation of spindles (Li et al., 2012).
Moreover, the occurrence of the kinesin motor proteins facilitate cross-linking between MTs
resulting in a parallel formation as well as focussing MTs to the minus (-) poles (Ambrose,

2007).

Kinesins have been categorized into two classes; the first class are the kinesins that are
responsible for microtubule organization allowing microtubule mobility and cross-linking
between microtubules. The second class are kinesins that maintain microtubule activity such
as movement of cellular elements and are also responsible for linking between chromosomes

and microtubules (Zhu et al., 2012).

Kinesin motor proteins include a N-terminal domain that consists of two globular heads
(attached to beta-tubulin), nick (target domains for the ATP hydrolysis that is essential for
kinesin movement), two alpha helical coiled-coil tails (stalk) and C-terminals (light chains)

that are responsible for cargo attachments (Figure 5) (Chen et al., 2002; Ambrose, 2007).
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Kinesins link to adenosine triphosphate (ATP) causing its hydrolysis that produces the energy
to allow the kinesin movement. The kinesin family contains a distinctive catalytic core
domain. This core domain consisting of 350 amino acids attaches to the microtubules binding
domains and ATP. So when they attach with each other, the ADP is released resulting in a
directional movement and orientation of the kinesin heads throughout microtubules (Zhu et

al., 2012).

Stalk domain
Coiled-coil C
a’e@ o Cargo

V
C- termmal tail domains
Light chains

Figure 5. Structure of kinesin motor protein.

N-terminal Globular
Motor domain

domains (heads)

In Arabidopsis, it is estimated that kinesin is encoded by 61 genes classified into 14 different
kinesin families (Ambrose, 2007; Chen et al., 2002; Zhu et al., 2012). In contrast, the human
genome is predicted to have 45 kinesin genes (Zhu et al., 2012). Bioinformatic analysis has
been conducted on plant kinesins, and it has been found that plants have unique kinesins
compared to animals. Therefore, it is predicted that kinesin motor proteins have a particular

role in the plant kingdom such as microtubule assembly and organization (Zhu et al., 2012).

1.1.8.1 Microtubules organization in ATK1 and ATKS

It has been determined that ATK1 and ATKS are (-) end motor proteins that have a role of
focusing microtubules in bundles toward to the (-) ends. It has been reported that these two

proteins are localising at both spindle poles and at the midzone (Zhu et al., 2012). By protein
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sequence alignment, it has been found that the identity between these proteins is 83%. These

proteins seem to be very important for the maturation of gametophytes (Zhu et al., 2012).

Kinesin-5 family proteins are necessary for spindle development, and they arrange the
spindle into anti-parallel microtubules and they localize on the midzone. The kinesin-5
family includes AtKRP125a, AtKRP125b and AtKRP125c¢ proteins. The function of
AtKRP125¢ seems to be a role in spindle organization. Furthermore, mutation of this gene
leads to irregular mono-polar spindle formation as well as spindle fragmentation. The same
phenotype has been observed in animals and fungi when kinesin-5 is mutated. In contrast,
there was no defective spindle assembly or organization when AtKRPI125a and AtKRP125b

were mutated (Bannigan et al., 2007; Zhu et al., 2012).

Mutation of atkl-1 produces unfocused spindles as well as defects in the bipolarity which
leads to abnormalities in chromosome segregation (Zhu et al., 2012). However, when atk5-1

was mutated, spindle pole positions spread out during mitosis.

1.2 Mitosis and meiosis

The mitotic cycle is the biological process that allows one cell to produce two genetically
identical daughter cells (Figure 6). These daughter cells share the same genetic information
to that of the parental cell. For this to be possible, before the mitotic process is started, DNA
replication is needed to take place during the S phase. Consequently, a pair of sister
chromatids is produced for every chromosome (Blow and Tanaka, 2005). During the early
mitotic stage (prophase), the sister chromatid pair is held to each other by the cohesin

complex proteins, also known as sister chromatid cohesion (Figure 7).
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Figure 6. Model of mitosis and meiosis.

Diagram representation of mitosis and meiosis showing two homologous chromosomes differentiated
by different colour: Paternal (orange) and maternal (blue).
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Figure 7. Cohesin Complex Structure in budding yeast.

Cohesin is an essential complex for facilitating the equal segregation between chromatids during
mitosis and meiosis. The complex of cohesin in Saccharomyces cerevisiae includes four subunits:
Smcl, Smc3, Sccl and Scc3 which form a ring structure around the sister chromatids.

At the end of prophase, the mitotic spindle fibres start polymerising and the nuclear
membrane breaks. The spindle attaches to the chromosome kinetochores at the centromeric
regions. Consequently, at metaphase, chromosomes are aligned at the centre of cells known
as metaphase plate or equatorial plate (Chan, 2003; Winey et al., 1995). During anaphase,
chromatid cohesion is released and chromatids are separated and pulled off from each other
to opposite poles (Miller, 2000). Eventually, at telophase, chromatids begin to decondense,
spindle disappears and the nuclear membrane is reformed around the chromosomes. At the
end of telophase, cytokinesis occurs and the cytoplasm division occurs to produce two

daughter cells. In plants, the cell wall can be constructed to form separate two daughter cells
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whereas in mammalian cytoplasm is cleaved (Albertson et al., 2005; Glotzer, 2005) (Figure

6).

Meiosis is the biological process that allows sexual reproduction to exist in higher
eukaryotes. The purpose from meiosis is to generate four haploid gamete cells from a diploid
cell. Thus, gametes carry half the quantity of the genetic material of the parental diploid cells

of the organism (Ma, 2006).

Meiosis and gametogenesis in general, take place in a specific tissue of every organism to
produce gametes (Hamoir, 1992). Meiosis involves two rounds of nuclear divisions, meiosis
I (or first meiotic division) and meiosis II (or second meiotic division). During meiosis I,
homologous chromosomes separate to different poles in a reductional division. Meiosis |
stages include: prophase I, metaphase I, anaphase I and telophase I. Moreover, meiosis
prophase I can be divided under five cytological sub-stages that include: leptotene, zygotene,

pachytene, diplotene and diakinesis (Stack and Anderson, 2001; Zickler and Kleckner, 1999).

At the beginning of S-phase, cohesion is established between sister chromatids. The cohesin
complex plays a very important role in keeping sister chomatids held together (Lee and Orr-
Weaver, 2001; Nasmyth and Haering, 2005). During mitosis, cohesion is released between
metaphase/anaphase stages which lead to proper segregations between sister chromatids to
opposite poles. However during meiosis, cohesion is actually released at two different times.
The first cohesion is released along the chromosome arms during anaphase I which
contributes to the proper homologue segregation. Cohesin complex is maintained at the
centromeres to hold the sister chromatids together until anaphase II. The second release
occurs at the end of anaphase II in which cohesion is totally released from centromeres and
sister chromatids are able to completely separate to opposite poles (Nasmyth and Haering,

2005).
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After S-phase, DNA replication is completed and a pair of sister chromatids hold by cohesins
formed each chromosome. Leptotene is the first visible stage of meiosis that can be
identified. During leptotene, each chromosome starts to condense within the cell nucleus and
appears as a thin and a long thread (La Cour and Wells, 1971). During zygotene, the
homologous chromosomes start to align side by side. At the same time chromosome synapsis
begins by the polymerisation of a special multiprotein structure (the synaptonemal complex
or SC). Chromosome pairing and synapsis are fully completed at pachytene. During this
stage, fully synapsed homologous chromosome pairs appear as thick threads. At diplotene,
homologous chromosomes start to separate from each other as a result of the gradual
depolymerisation of the SC. The homologous chromosomes start separating from each other
excluding the regions where homologous recombination has taken place, crossovers (COs)
also known cytologically as chiasmata (Albini and Jones 1984; Sanchez Moran et al., 2001).
Diakinesis is the last stage of prophase I. During this stage, homologous chromosome pairs,

also known as bivalents, are further condensed (Figure 8).

® & 0
o
: ] pe
(Gl ) Sphase D=p(G2 ) = ( Leptotene )
(¢] R 3
Q =
C  Zygotene >  Pachytene )  Diplotene )
] R °
= =
¢ o -

 Diakinesis )  Metaphasel >  Anaphasel )

Figure 8. Graphic diagram to show the different stages of meiosis I.

Green chromosome (paternal) and Orange chromosome (maternal) are duplicated throughout S-phase.
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During metaphase I, the nuclear membrane breaks and the spindle attaches to the
kinetochores of each homologous chromosome connected with each other by the chiasmata
(Crossovers) allowing the bivalents to orientate at the equatorial plate (Chan, 2003; Winey et
al., 1995). Consequently, this correct alignment of bivalents at the metaphase I plate leads to
the accurate separation of the homologous chromosomes at anaphase I. During this stage,
each one of the homologous chromosomes moves to the opposite poles of the cell.
Eventually, at telophase I the nuclear membrane reforms into two haploid nuclei and the
chromosomes get decondensed. The second nuclear division (meiosis II) is very similar to a
mitotic division where the sister chromatids get separated. Consequently, in male meiosis
four gametes are produced in which every cell has one haploid genome (Hamant et al., 2006;

Pawlowski et al., 2004; Zickler and Kleckner, 1999).

1.2.1 Kinetochore Assembly at Centromeres
There are three key structures which allow the correct chromosome segregation during cell
cycle and meiosis: the centromere (kinetochore), the sister chromatid cohesion and the

spindle (MTs).

The centromere is a fundamental component for the correct chromatid segregation during
mitosis (and second meiotic division) and for the segregation of homologous chromosomes
during the first meiotic division. The chromatin around centromeres contains specific DNA
sequences (tandem arrays of repeat sequences) and associated proteins which have been
found to have an essential role of kinetochore assembly and sister chromatid cohesion.
Abnormal behaviour of the centromere or the associated kinetochore can lead to aberrant

chromosome divisions.
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Kinetochores are complex dynamic structures which are composed of several different
proteins. These proteins are assembled and disassembled during the cell cycle and play a
crucial role for the accurate chromosome segregation during mitosis and meiosis. Some of
these proteins are part of the centromeric chromatin as CENP-A which is a centromeric
histone H3 variant included in the centromeric nucleosomes. CENP-A determines the
localisation of the kinetochore proteins at the centromere connecting the centromeric DNA to
and the kinetochore proteins (Sullivan et al., 2001). The kinetochore protein complex forms
at mitotic prophase or meiotic prophase I in order to attach the mitotic and meiotic spindle’s
MTs to the chromosome centromere. The kinetochore is formed by over 80 different proteins
which are localised in three different regions: inner plate, outer plate and fibrous corona

(Figure 9).

The different roles of the kinetochore include: to establish the site for attachment of the MTs
and associated motor proteins, to monitor the correct MT attachment by sensing the tension
provided by the spindle, to remove the MTs which are incorrectly attached, to provide a

checkpoint control and to ensure that all chromosomes are correctly aligned at metaphase.
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Figure 9. Centromere and kinetochore structure in higher eukaryotes.

The inner centromere regions include protein complex Chromosome Passenger Complex (CPC)
which includes the proteins BOR, SUR, Aurora B (AurB), MCAK and INCENP. CPC is involved in
the correction of errors in the attachement of MTs and centromeres and in the activation of the spindle
assembly checkpoint monitoring the tension. The kinetochore consists of a unique nucleosome which
includes the histone H3 variant CENP-A protein. The Inner-kinetochore includes several proteins
which associate at different stages of the cell cycle. The spindle pole component (SPC105/KNL-1)
seems to be essential in organizing and recruiting the outer layer in the kinetochore. The Outer-
kinetochore provides a multiprotein platform for different spindle-assembly checkpoint proteins like
Mtw1/Mis12 and proteins involved in the attachment of MTs like Ndc80/Hecl complex. The corona
region contains proteins like the Anaphase Promoting Complex/Cyclosome (APC/C) which is an E3
ubiquitin ligase which gets activated when the correct MTs tension is achieved at metaphase. This
activation allows APC/C to ubiquitinate the Securin attached to the Separase and thus allowing this
last protein to cleave the cohesion complexes and allow the separation of sister chromatids at
anaphase (Diagram drawn and conceived by Andrea Musacchio & Edward D. Salmon. 2007).
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1.2.2 Chiasmata formation in Arabidopsis

A chiasma can be described as the cytological observation of a crossover that has been
formed by homologous recombination (Rhoades, 1961). Chiasma formation is necessary to
produce an equal tension between the homologous chromosomes at metaphase I during
meiosis, so they can separate towards opposite poles at anaphase I. However, the absence of
chiasmata can lead to an unequal segregation of chromosomes at anaphase 1. Consequently,

random segregation of chromosomes throughout meiosis II would appear (Rhoades, 1961).

Analysing chiasmata allows the proper evaluation of the global homologous recombination
that occurs at an specific meiotic event. The goal of examination of the chiasma frequency at
metaphase | is to quantify the amount of recombination in individual meiotic events (Moran
et al., 2000 or 2001). The mean of chiasma frequency is variable through the Arabidopsis
chromosomes. Chromosome 1 which is the largest chromosome in size has a high mean
chiasma frequency of 2.14, whereas chromosomes 2 and 4 which are the smallest
chromosomes have a lower mean chiasma frequency of 1.54 and 1.56, respectively (Moran et

al., 2001).

1.3 DNA double strand breaks and homologous recombination

Living organisms are frequently exposed to different factors which can produce DNA
damage. These factors can be exogenous like radiation and chemical mutagens or
endogenous like errors during DNA replication or compounds produced by cellular
metabolisms (West et al., 2004). These damages can be repaired by different DNA repair

pathways which maintain the genome integrity in higher eukaryotes. One of the major lesions
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for DNA are DNA double strand breaks (DSBs). Two major, evolutionary conserved, repair
pathways are constantly competing to repair DSBs: homologous recombination (HR) and

non-homologous end joining (NHEJ) (West ef al., 2004).

HR depends on the presence of a homologous sequence of DNA, either in a sister chromatid
or in a non-sister chromatid. HR is an error-free accurate repair pathway. However, ectopic
recombination may take place during this process as a result of an abundance of other
homology sequences along the whole genomic DNA. Consequently, rearrangement of the
eukaryotic genome can be occurred. On other hand, NHEJ is another evolutionarily
conserved DSB repair pathway (Ferdous et al., 2012; Molinier et al., 2004). Unsuccessful
repair of DSBs may lead to gross genetic instabilities and eventually might cause cell death

(Tamura et al., 2002).

The initiation of meiotic homologous recombination in most eukaryotic organisms is
preceded by the formation of DSBs (Osman et al., 2011; Peoples et al., 2002; Burgess, 2002 ;
Celerin et al., 2000; Scott et al., 2004). The formation of DSBs precedes chromosome
pairing, synapsis and recombination between homologous chromosomes during prophase |
(Osman et al., 2011). However, in organisms such as Drosophila melanogaster and
Caenorhabditis elegans, pairing can be completed in the absence of DSBs formation

(Dernburg et al., 1998; McKim et al., 1998).
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1.3.1 Meiotic Homologous Recombination (HR)

1.3.1.1 Initiation of DNA DSBs

HR is initiated by key particular proteins which role is to induce DSBs. The mechanism and
proteins involved in the initiation of DSBs have been found to be conserved between most
species (Camerini-Otero, 2000 and Grelon et al., 2001). The protein SPO11 (Sporulation
Protein 11) is a topoisomerase-like type II protein that has been studied extensively in
budding yeast (Keeney et al., 1997). SPO11 have been found to play a key role of inducing
DNA DSBs. DSBs are occurring randomly throughout the chromatin loops and physically

move to the chromosome axis to be further processed (Keeney et al., 1997).

S. cerevisiae was the first organism in which meiotic DSBs were found to be induced by
SPO11 (Keeney et al., 1997). Based on the DNA homology sequence, it was found that
SPO11 sequence is similar to the archaeal TopoVI subunit (Bergerat et al., 1997). Since then,
different SPO11-associated proteins have been identified which play important roles in DSB
formation together with SPO11 (De Massy et al. 1995; Keeney et al., 1997). Several proteins
(including RADS50, MREI11 and SAE2) bind covalently to the 5' DNA sites of the DSB in
which they remain on both sides of the DSB before being removed by the resection proteins

(MRN complex) (Keeney et al., 1997).

SPO11 is a highly evolutionary conserved protein among higher eukaryotes showing its
importance in meiotic recombination (Bowring et al. 2006; Keeney, 2011; Celerin et al.
2000). The Arabidopsis thaliana genome encodes for three SPO11 homologous genes:
AtSPOI11-1, AtSPO11-2 and AtSPO11-3 but only AtSPO11-1 and 2 proteins are involved in
DSB formation at meiosis (Hartung and Puchta, 2001). In fungi and C. elegans, SPO11 genes
have been identified mainly specifically express in meiotic cells (Keeney, 2011; Hartung and

Puchta 2001; Ramesh et al. 2005; Hartung and Puchta 2000; Storlazzi et al., 2003).
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By using the protein sequence homology from yeast SPO11 protein it has been found that A.
thaliana has three paralogues for SPOI11 protein coded by three genes: AtSPOII-1,
AtSPOI11-2 and AtSPO11-3 (Hartung and Puchta, 2001; Ronceret ef al., 2009). AtSPO11-1
and AtSPO11-2 proteins apparently might be working as a heterodimer and are essential for
the initiation of meiotic recombination. Each one of these proteins contain different tyrosine

residues that seem to play a key role in inducing DSBs (Ronceret et al., 2009).

Cytological analysis utilised to investigate the phenotype of Atspoll-1 and Atspoll-2
mutants in 4. thaliana have shown their importance in the formation of DSBs. Atspoll-1
mutants have shown a severe reduction of fertility with no or a very limited number of
bivalents at metaphase I (Grelon et al., 2001). Moreover, Atspoll-2 mutants exhibited an
extreme reduction of fertility like A¢spoll-1 as well as a complete absence of bivalents at
metaphase 1. These observations emphasize that these proteins (AtSPO11-1 and AtSPO11-2)
are essential for DSBs formation (Stacey et al., 2006; Ronceret ef al., 2009). Nevertheless,
AtSPO11-3 is the third paralogue protein which has been found to play other important cell

roles such as cell growth and DNA replication in mitotic cells (Hartung et al., 2007).

Furthermore, other proteins have been reported to be essential for DSBs formation in A.
thaliana described as PRD proteins (Putative Recombination initiation Deficient): AtPRDI
(homologue function of MEI1 protein in mammalian and found to be a partner to AtSPO11-
1), AtPRD2 (orthologue of MEI4 in mouse) and AtPRD3 (homologue function of rice protein
called PAIR1) (Figure 10B). Mutation of any one of these proteins results in the same
phenotype as an Atspoll mutant in which no DSBs are produced, not chiasmata formed and

therefore univalents are only shown in metaphase I (Osman et al., 2011).

In contrast, budding yeast requires for several other proteins to work together with SPO11 to

be able to induce DSBs such as Mei4, Mrel1l, Rad50, Xrs2, Ski8, Mer2 Rec104, Rec114, and
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Rec102 (Figure 10A). It is reported that some orthologues of these proteins have evolved
different functions within the cell metabolism, for example, an orthologue of Ski8 in
Arabidopsis seems to have a different function which is not related to meiotic processes
(Jolivet et al., 2006). There are also other proteins still involved in different roles in meiosis

but which are not any longer required to induce DSBs like AtMRE11 and AtRADS50 (Osman

etal.,2011).
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Figure 10. Multiprotein complexes involved in the formation of meiotic DSBs.

Schematic represent Proteins that are essential of inducing DNA DSBs of both budding yeast A and
A. thaliana B (adapted from Edlinger and Schlogelhofer, 2011).

1.3.1.2 The processing of meiotic DNA DSBs

In budding yeast, meiotic recombination is initiated by the formation of DNA DSBs that is
essential for proper synapsis of homologous chromosomes (Keeney et al., 1997). These
DNA breaks are taking place when the tyrosine chains of SPO11 attach to 5’ phosphodiester
bound of DNA. These attachments lead to form 3’ OH tails (ssDNA). These tails are

restricted to create free 3’OH single strands DNA. Resection processes from 5’ to 3’ are
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performed by a multiprotein complex known as MRX (MREI11, RAD50 and NBS1/XRS2)

(Figure 11).
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Figure 11. Pathways of homologous recombination.

Schematic representation of the events of meiotic recombination. DSBs are induced on the chromatin
by SPO11. Broken DNA is processed by MRX protein complex to form 3’OH terminus of both sides
of DNA. One of 3’OH tails are occupied by DMC1 and RADS51 proteins which main role is to search
for the homology sequence of these tails in homologous chromosomes. By the end of this process, a
D-loop can be established as a process known as a single end invasion (SEI). Eventually, COs and
NCOs would form at the end of this processes (picture has been adapted from Osman et al., 2011).

Arabidopsis possess orthologues for the budding yeast proteins forming the MRN complex
named as AtMRE11, AtRADS50 and AtNBS1. Moreover, AtNBS1 has been recorded in A.
thaliana to work as a heterodimer with AtMRE11 protein (Bundock and Hooykaas, 2002;

Puizina et al., 2004; Waterworth et al., 2007; Uanschou et al., 2007).
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Mutations have been introduced to these genes in A. thaliana to understand their roles in
meiotic recombination process. Chromosome fragmentation has been recorded in Atmrell or
Atrad50 mutants. It is important to emphasize that these proteins are essential for DNA DSB
repair in somatic cells (Puizina et al., 2004). These observations emphasize that these
proteins (AtMRE11, AtRADS50 and AtNBS1) act as a complex after AtSPO11 induces DNA

DSBs (Akutsu et al., 2007; Waterworth et al., 2007).

Following resection to form ssDNA by the MRX protein complex, nucleoprotein filaments
form by RADS51 and DMCI1 assembling on the 3° OH ssDNA. These two proteins
accumulate on the side of ssDNA break (3’0OH) and invade homologous sequences of non-
sister chromatids. Consequently, a displacement loop (D-loop) is established and the

polymerization of the D-loop depends on the size of the invasion (Figure 11).

In yeast, RADS1 protein is essential for mitotic and meiotic recombination while DMCI1
protein is only necessary for meiotic recombination and for synaptonemal complex (SC)
development (Symington et al., 2004). Arabidopsis genome contains genes coding for

AtRADS51 and AtDMC1 (Couteau et al., 1999; Li et al., 2004).

In Atrad51 mutant meiotic cells, pairing and synapsis are defective and chromosome
fragmentation has been recorded (Puizina et al., 2004; Uanschou et al, 2007). No
chromosome fragmentation is detected in double Atspoll-1 and Atrad51 mutants (Siaud et
al., 2004). These observations emphasize that the AtRADS1 protein is necessary for DSB
repair. However, Atdmcl mutants do not show chromosome fragmentation during meiosis,
instead 10 univalents are detected showing that the DSBs can be repaved in absence of
DMCI in Arabidopsis but this does not produce COs. These observations showed that
AtDMCI protein play a vital role of meiotic chromosome recombination and synapsis but not

in DNA DSBs repair (Couteau ef al., 1999).
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Furthermore, in mammalian organisms, there are five paralogs for RADS5I1 including
RADS51B, RADSIC, RADSID, XRCC2 and XRCC3. In Arabidopsis, AtXRCC3 and
AtRADS1C have been confirmed to have meiotic roles. AtXRCC3 act with AtRADS1C in a
similar role to that of AtRADSI1 (Albala et al., 1997; Osakabe et al., 2002; Schild et al.,
2000). Atrad51c and Atxrcc3 mutants show chromosome fragmentation during meiosis.
Furthermore, a double Atspoll-1 and Atrad51c mutant has shown no chromosome
fragmentation, thus the fragmentation observed in Atrad5Ic is dependent on DSBs from

AtSPO11-1 (Bleuyard et al., 2005; Li et al., 2005; Vignard et al., 2007).

Atxrce3 mutant exhibit chromosome fragmentation and DNA bridges are detected at second
meiotic division (Bleuyard and White, 2004). These observations show that AtXRCC3
protein might also be playing a vital function in double Holiday junction resolution (Beuyard
et al., 2004a; Li et al., 2005). Furthermore, AIMND1 and AtHOP2 seem to have similar roles
to RADS1 in ensuring synapsis and successful processing of DSBs repair (Osman et al.,
2011). Additionally, it was found that a tumour suppressor protein, known as BRCA2 (breast
cancer type 2 susceptibility protein), could play a crucial role in homologous recombination

as a recombination mediator (Islam et al., 2012).

Apparently, the maintenance of DMC1 and RADS51 nucleoprotein filaments on the 3’ssDNA
is achieved by another protein complex, Replication Protein A (RPA). This protein complex
includes three subunits named as RPA1, RPA2 and RPA3. RPA1 protein is the largest
subunit of the RPAs (around 70 kDa). Mutation in RPAI gene in budding yeast showed that
recombination is extensively decreased. In Arabidopsis genome there are 5 genes coding for
AtRPA1 (Shultz et al., 2007). Atrpal mutation reduces chiasmata formation (Osman et al.,
2009). These observations emphasize that this protein of both budding yeast and Arabidopsis
is playing a crucial role of meiotic recombination processes (Iftode et al., 1999; Osman et al.,

2011; Shultz et al., 2007; Soustelle et al., 2002). Furthermore, rpal mutants in maize show
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severe reduction of RADS51 foci, less than 1% of RADS1 foci reported comparing to the
normal foci at mid-zygotene and around 95% reduction of synapsis between non-homologous

chromosomes (Golubovskaya et al., 2011).

1.3.1.3 Synthesis-dependant strand annealing (SDSA)

The D-loop is formed as a result of single strand invasion (SEI). Some of these SEIs might
separate from the D-loop organization after the repair synthesis of DNA and be processed as
a noncrossover (NCOs). This process is described as synthesis-dependant strand annealing
(SDSA) which lead to non-crossovers between homologous chromosomes (Figure 11)

(Borner et al., 2004).

1.3.1.4 The first class (class I) of COs pathway

According to Borner and collaborators (2004), the class I interference sensitive CO pathway
requires a group of proteins, called ZMM protein family which includes Zipl, Zip2, Zip3,
Msh4, Msh5 and Mer3. This class of meiotic recombination is described as the interference-
dependent pathway as the presence of one CO would interfere in the formation of another CO
around that chromosomal region. This class represents approximately 85% of the total COs
(Figure 11). MSH4 and MSHS proteins act as a heterodimer and found to be homologs to the
MutS in bacteria (Ross-Macdonald and Roeder, 1994; Zalevsky et al., 1999; Osman et al.,
2011). It was proposed that the Human MSH4/5 heterodimer stabilizes the D-loop formation

and therefore the formation of double Holliday Junctions (dHJs), the recombination
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intermediate that leads to COs formation (Neale and Keeney, 2006). The processing of these

dHJs could be resolved in COs or NCOs.

The MLH1 and MLH3 are orthologues of MutL in Bacteria ((Dion et al., 2007; Nishant et al.,
2008; Osman et al., 2011) and play important roles in stabilizing and maintaining the
formation of COs throughout the resolution of dHJs (Osman et al., 2011; Franklin et al.,
2006). In Arabidopsis, proteins involved in this class I pathway have been identified and

characterised.

AtMER3 and AtSHOCI proteins also contribute of class I COs formation in Arabidopsis.
Atmer3 mutation has revealed serious reductions in COs and SC formation (Chen et al.,
2005). These results revealed a similar reduction in CO frequency to those using these
Atmer3 and Atshocl mutants in a Atmsh4 or Atmsh5 double mutant background. These results
showed that AtSHOCI play a vital role of class I COs formation pathway such as AtMSH4

and AtMSHS5 (Macaisne et al., 2008).

1.3.1.5 The second class (class II) of COs pathway

A second class pathway of COs representing around 15% of the total number of COs exist
and is depending on the MUS81/MMS4 proteins. This second class of COs pathway is also
known as the interference independent pathway (Berchowitz et al., 2007; De Los Santos et
al., 2003; Franklin et al., 2006; Higgins et al., 2008b). In Arabidopsis, Atmsh4 mutants
presented a chiasma frequency of 1.25 per cell compared to the ~10 in the WT. Additional
reduction of chiasma frequency was observed in the double mutants Atmsh4xAtmus81 with
an average of 0.85 chiasmata per cell. These observations revealed that around 0.4% of COs

can be produced in absence of class I and class II pathways (Higgins ef al., 2008a).
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Therefore, it has been postulated that another CO formation pathway could be present in

Arabidopsis.

1.3.2 Non Homologous End Joining (NHEJ)

In higher eukaryotic organisms, NHEJ] is the favour evolutionary conserved pathway to repair
DSBs (Tamura ef al., 2004). Both, HR and NHEJ pathways need to be accessible to DSBs to
keep the genome integrity in higher eukaryotes. Both pathways are in clear competition to
access DSBs and repair them. The chosen pathway depends on different aspects such as of
the species, the cell type, and even the stage of the cell cycle. For example, in budding yeast
and bacteria the HR pathway is mainly used to repair DSBs while the NHEJ is the usual
pathway used to repair DSBs in mammalian and higher plants, probably because these higher
eukaryotes have a larger genomic size (Britt, 1996; West et al., 2004). It has been suggested
that NHEJ is prevalent from G1 to early S phases and HR is predominant in both S and G2

stages (Mao et al., 2012).

NHE]J process requires the rejoining of the DNA strand ends broken on the DSBs throughout
little or no homology of DNA sequences. Consequently, DNA can be fused back as the
original template (Mao et al., 2012). NHEJ main protein characters are evolutionary
conserved and include the Ku heterodimer (Ku70 and Ku80 proteins), DNA-Protein Kinase
(DNA-PK) and the DNA ligase protein (LigaselV-Xrcc4) (Tamura et al., 2004; West et al.,
2004). It has been found that following DSBs, both Ku70 and Ku80 are immediately
localized along DNA breaks. This association of the Ku complex with the DSB leads to the
recruitment of the DNA-PK (Tamura et al., 2004). These mixtures of proteins are protecting
DSBs ends from any nuclease activity on the nucleus. The DNA-PK catalytic subunit (DNA-

PKcs) autophosphorylation seems to assist the endonuclease activity of Artemis to dissolve
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the 5’ and 3’ overhanging ends in the DSB. Ultimately, the ligation of the DSB ends is taking
place by XLF-IV-Xrcc4 proteins (Tamura et al., 2004). However, NHEJ repair of DSB is
error prone and thus 50-75% of the times. NHEJ will lead to small deletions/insertions in that
region. Furthermore, genome instability may occur as a result of joining two non-matching
ends (chromosome translocations and chromosome fusions). Consequently, anaphase bridges
can be visualized during the cell cycle of these cells with chromosomal instabilities (Pfeiffer

et al.,2004).

Mutations in NHEJ proteins (atku80, atku70, atlig4) have been analysed to understand their
role in DNA repair and plant fertility. It was revealed that plants showed a normal fertility
phenotype while telomere defects could be observed in atku70/80 mutants. These mutants
showed hypersensitivity to mutagenic agents which induce DSBs including y —irradiation and
bleomycin. Nevertheless, the mutant plants still grow suggesting that other alternative
pathway can be used as a backup to NHEJ when mutated (Menke ef al., 2001). It is suggested
that plants have a backup pathway to NHEJ to repair DSBs compared to animals. In animals,
NHEJ ku70 and ku80 homozygote mutants present severe abnormal development and /ig4

mutation seems to be lethal (West ef al., 2004).
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1.4 Project aims

The aim of this project is to study the role of some chromatin components in different species
such as Arabidopsis and humans. The strategy is to study different chromatin elements by
analysing different mutant lines. The genetic analysis of these chromatin components would
build an understanding of the relationship between these proteins and their roles in vital
biological processes like DNA repair and chromosome condensation and segregation during
mitotic and meiotic divisions. We have analysed different mutant lines using different
molecular and cytological techniques to gain further insight into the role of these chromatin

components.

It is possible to identify the function of several genes by producing mutants using T-DNA
transformation. The transformation can be carried out using Agrobacterium tumefaciens
which can transfer a molecule of DNA (T-DNA) into the genomic DNA of the plant cell.
Arabidopsis meiotic stages have been characterised and analysed to study chromosome
pairing, synapsis, recombination and segregation (Albini and Jones 1984; Swarbeck et al.,

2008; Zhang et al., 2006).
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This project will focus in the following:

1. Analysing different histone H2A isoform mutants in Arabidopsis thaliana to
understand their roles in chromosome dynamics during mitosis and meiosis.

2. Further analysis of Ath2al mutant to understand its role in the chromatin organization
and T-DNA integration.

3. Evaluate the relationship between T-DNA integration and meiotic recombination
using Floral Dipping approaches.

4. Studying different HMG mutants in Arabidopsis to understand their role in
chromosome compaction and dynamics during mitosis and meiosis.

5. Analyse the role of SSRP1 in chromosome dynamics during mitosis and meiosis in
Arabidopsis.

6. Analyse and compare the role of hSSRP1 in human cells using a siRNA knocking

down strategy.
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CHAPTER TWO

Material and methods
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2.1 Plant material

The Arabidopsis thaliana wild-type (WT) accession used in this study was Columbia 0
(Col0). The different T-DNA mutant lines were obtained from the Salk Institute

(http://signal.salk.edu/cgi-bin/tdnaexpress) (Alonso et al., 2003) through the European

Arabidopsis seed stock centre (NASC; http://arabidopsis.info/). The T-DNA insertion lines

studied appear on (Table 2):

AT5g54640 Salk-040809 FP: CACACCACATTGACTGGTCTG
H2A1 RP: CCGAATTTGACATGCAAAAAT
AT4g27230 N370949 LP: ACATCATAACCATCCCACCAC
H2A2 RP: CGCATAATTTAACGAAAGGCG
AT1g54690 NS5 FP: ATTTCGGTTCAACATTGGATG
H2A3 RP: ATTGTGGAACAGAGAGCCATG
AT1g08880 N371389 FP: TTAGCGAGCTAATTCAGGTGC
H2A5 RP: CCCTAAAGCCCACTCATCTTC
AT5g59870 N661871 FP: CAAAGCCAACAAGATCCAATC
H2A46 RP: CAAACAAAGCCCAATTTGAAC
AT1g51060 N582645 FP: CAGAGGAACGTAAGCAAAACG
H2A10 RP: TTCCAAGGCATATTCAATTGG
AT5g02560 N829140 FP: AGTTTCCTGTCGGTAGGATCG
H2A12 RP: CCGATGGAAAAACAAAACTGA
AT3g20670 N658419 FP: TCATTTCAAAGTCAAAAACACATG
H2A13 RP: ACCAGCTTTCTTGGGAAGAAG
AT5g46640 Salk-002786 FP: TCAGAAACAAACGGGAAATTG
HMGA-LIKE RP: CACTTCCACATCTCAACCGAT
AT4G17950 Salk-014014 FP: ATCACCACTCATGGTTTCTGC
HMG-LIKE RP: GGATGTGTTGTTGTTTCAGGG
AT1G14900 Salk-078240 FP: GAGAAAGACTCCTCGGGATTG
HMGA3 078336 RP: TCCGAAATTGCATAAGTACCG
AT2G33620 Salk-010945C FP: GTGCTGGCTGGAGAGGTATC
HMGA2 RP: TGGTTCCGAAAGTACCTCAAC
AT2G33620 Salk-073165C FP: AGACAAGACACACACAGCACG
HMGA2 RP: CTGCTAACACTTTTTGCCCTG
ATS5G46640 Salk-002786C FP: TCAGAAACAAACGGGAAATTG
HMGAI-LIKE RP: ATCGGTTGAGATGTGGAAGTG
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ATS5G46640 Salk-110363 FP: ATGGTTCCACCAACAGAAGTG
HMGAI-LIKE RP: CGACTGCACTTGATGATGATG
AT3G28730 Salk-001283C FP: CCAGAAAAATTTAAGCCGGAG
HMG-SSRP1 RP: TCCCAAATGGAAAGAGATGTG
AT1G20696 SALK-047872 FP: AGCCTTAGCCACATAAGGAGC
HMGB3 RP: TCCTCTTGATTCTCTGCGTTG
AT4G35570 SALK-090616C FP: ATCTCAATCGTCGTCTCTCCC
HMGRBS RP: ATCCCACAGTTGACAGAAAGG
AT4G11080 GK-171F06.01 FP: TTCGCTTATTGATGGACCTTG
HMGBI RP: TTCCGACAAGTTCTTCCACTC
AT3G51880 GK-032E03.01 FP: CGACACTGACACTGAGAGACG
HMGB1 RP: GAGGAGTACGCCATGCTAATG
AT4g10710 Sail 294 E09 FP: TTGAGTCATGAGGGTTGAAGG
SPTI6 RP: GAGAGTGCCATTGATGAGGAG
AT4g10710 GK-193H04 FP: TGTTCCATCATCACCCTTAGG
SPT16-A.B.C RP: TGATTTTTCTGTTCTTCCCCC
s D,
AT2g28620 Salk 104114 HM FP: GCTTCTCTCATAGTCAACGTGC
AtKRPI2SC RP: GAGAATTCAAAAACCGGAACC
AT2g28620 SALK 118756 FP: GATGTTTCAAACTTGTTCGCC
AtKRPI2SC RP: TGCATATCTTCCTTTGCAACC
AT4g21270 Salk 043587 FP: ATTGCTAAGACAGCAAGCTGC
ATKI1 (kinesin) RP: TTTTGAGAGCCGTGGATTATG
AT4g21270 SALK 146457 FP: TCCATATTGACAAAGGGATCG
ATK1 (kinesin) RP: ACCATTGAACGCAATGTTTTC
AT4g05 190 Salk 001544 FP: TTGGTGCAGTAACAAAGGAATC
ATKS5 (Kinesin) RP: AAGTCCGTGATGATCGTGATC
AT5g57880 Sail 94 D08 FP: AGCTCTAATTGTTGCGAGACG
MPS1 RP: TTAAAGGAAATGCAGCTCAGG
AT5g20930 N8168 FP: CATACATTCTGCACCGTTCTG
TSL1 RP: CTTAGAGTAGGCAAGATATGG
AT5g2093 0 SALK-082965 FP: TTTGGTCATGTCCAAAAGGTC
TSLI RP: AGGAAGAGGAAGCTGTTTTGC
ACTIN2 FP: 5’-CGTACAACCGGTATTGTGCTG-3’
transcript RP: 5’-AGGTTTCCATCTCCTGCTCGT-3’
AtH2A1/RATS FP: 5’-CCGCCGAGGTTCTTGAATTAG-3’
transcript RP: 5>-AGCCAAAAGAGAGACGTGTTC-3’
AtSSRP1 FP: 5°>-TCTCAGCGGTCGCGGTGGAAAG-3’
transcript RP: 5>-TCGAGATCAGGATGTTCCAAGT-3’

Table 2. T-DNA insertion mutant lines and their primers used for genotyping and for RT-PCR.
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2.1.1 Plant growth conditions

Seeds were vernalized for around 48 hours at 4°C and then planted into a sterile mixture of
sand and compost in a glasshouse with controlled temperature, humidity and light, at 18°C

with a 16 hours light cycle.

2.2 Bacteria growth media

Sterile deionised water (SDW) was utilised for the preparation of media.

2.2.1 Lysogeny Broth (LB media)

It is a rich media with substances that are essential for bacteria growth including:
5.0% (w/v) bacto-yeast extracts (Difco)
10.0% (w/v) bacto-tryptone (Difco)

10% (w/v) NaCl

2.2.2 Lysogeny Broth Agar (LBA Media)

5.0% (w/v) bacto-yeast extracts (Difco)
10.0% (w/v) bacto-tryptone (Difco)
10% (w/v) NaCl

15.0% (w/v) bacto-agar
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2.2.3 Required growth conditions for bacteria

Liquid culture was used to grow E .coli for approximately 19 hours at 37°C in a rotary shaker

at 200rpm. E .coli was also grown on LBA plates for approximately 12 hours at 37°C

2.2.4 Bacteria culture

Antibiotic was added to the media at the required concentration: Ampicillin-100 pL/50 ml

(Sigma).

2.3 Molecular genetics

2.3.1 Plant DNA extraction (Arabidopsis leaves)

Leaf discs were taken from plants (mutant and wild-type plants) and placed inside 1.5ml
sterile microtubes. Tubes were kept on ice during the procedure. Then, 40uL of extraction
buffer was added to each tube. The extraction buffer consisted of 200mM Tris HC1 Ph 7.5,
250mM NaCl, 25mM EDTA and 0.5%SDS and was freshly prepared. The leaves were
grinded directly in the microtubes using sterile plastic grinders. Another 400ul of extraction
buffer was added in each tube and then vortexed for about 5 seconds. Samples were
centrifuged at 13,000 rpm for 5 minutes and the pellet containing the cellular remains was
separated from the supernatant containing the genomic DNA. Pellets were discarded. A total
of 400ul of the supernatant from all samples was transferred to new microtubes and 400ul of
cold isopropanol was added to each sample to allow the DNA precipitation. Tubes were
mixed gently and left on the bench for 2 minutes at room temperature. Samples were

centrifuged at 13,000 rpm for 10 minutes and the supernatant was discarded. A total of 400ul
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of 70% ethanol, freshly made, was added to wash the DNA pellet. Samples were centrifuged
at 13,000 rpm for 5 minutes, the supernatant discarded and the pellet left to dry for 30
minutes on the bench. Then, 50ul of sterile deionised water (SDW) was added to each tube to
dissolve the DNA pellet. Samples were incubated in an oven at 65°C for 10 minutes and then

stored at -20°C.

2.3.2 Polymerase chain reaction (PCR)

PCR is used extensively in diagnostic testing and research. PCR technique is utilised to
amplify one or more DNA templates throughout several cycles. Millions of DNA copies can

be generated from one DNA molecule. PCR has been used for genotyping the mutant lines.

The PCR reaction final volume was 20ul per sample (7ul SDW, 1ul forward primer (LP), 1ul
reverse primer (RP), 1ul of DNA and 10ul of 2xBiomix red (Bioline)). This reaction mixture
(20ul) was transferred to a PCR machine and run for 30 cycles. The PCR programme for
genotyping T-DNA insertion lines included: 1 cycle of 95°C for 2 minutes; 30 cycles of
denaturation at 95 °C for 1 minute, annealing at 50 °C for 1 minute and then extension at 72°C
for 2 minutes; a final extension cycle at 72°C for 4 minutes; and an unlimited cycle at 4°C.

The samples were loaded in an agarose gel for DNA electrophoresis.

2.3.3 Preparation of gel electrophoresis

Gels were prepared by dissolving 0.8g of Agarose powder (Bioline) in 100ml of 0.5%
electrophoresis buffer (100ml 5X TBE +900ml SDW), and heating in a microwave. After

agarose was dissolved and cooled down (around 60°C), we added red safe stain (INtRON)
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(2.5ul/100 agarose). Electrophoresis buffer (0.5% TBE) was added to fill the electrophoresis
tank and approximately 15uL of each sample was loaded per well in the gel. Gene Ruler 1Kb
DNA ladder (Fermentas) was used to mark the different molecular weights. The
electrophoresis was carried out at 90V for approximately 50 minutes. The DNA bands were

captured using a Biorad Gel DocXR imager and software.

2.3.4 Gel purification

The required DNA fragment was removed from the gel by cutting out the bands of interest
using a clean sharp scalpel after exposure to UV light. The slice of gel containing the
amplified DNA band was transferred into a colourless tube and weighed. QIAquick Gel
extraction kit (QIAGEN) was used to dissolve the agarose gel. 3 volumes of QG buffer to 1
volume of gel slice were added together in one tube and incubated at 50°C for 10 minutes
until gel dissolved completely (a vortex was used every 2-3 minutes during incubation period
to help with gel dissolving). Isopropanol was added (equal to gel vol.) to the same tube and
mixed. Mixtures was transferred into a QIAquick spin column and centrifuged for 1 minute.
The flow-through was discarded and the spin column put again into the collection tube.
750uL of buffer PE was added to the column and centrifuged for 1 minute and the flow-
through discarded. The spin column was placed into a new 1.5ml microcentrifuge tube and
DNA eluted by added 30uL of SDW and centrifuging for 1 minute. Another 20uL. of SDW
was added to the column and centrifuged for Iminute to ensure elution of all DNA.

Eventually, DNA is ready for ligation after extraction from agarose gel.
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2.3.5 Restriction enzyme digestion

Restriction digestions were placed in their suitable buffer and correct digestion enzyme by

the following steps:

Extracted DNA 10uL
BSA 0.5uL
10X buffer 4 SuL
Enzymel/2 2uL
SDW 32.5uL
50uL

Mixtures were transferred to an incubator at 37°C for 1.5 hour or overnight. After this the

mixture was incubated at 65°C for 20 minutes to deactivate the enzyme function.

2.3.6 Ligation of DNA fragments into a vector

pDrive cloning vector (QIAGEN) was used for cloning DNA fragments by the following

steps:

pDrive vector (QIAGEN) IuL
Extracted DNA 2uL
2X ligation Master Mix Sul
SDW 2uL

10uL
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The mixture was incubated at 15°C for overnight.

2.3.7 Isolation of plasmid from bacteria

Sml of an overnight grown bacterial culture was transferred to a microfuge tube and
centrifuged at 5000rpm for five minutes. The supernatant was thrown away and the pellet
was re-suspended in the remaining liquid using a vortex. Then, 200uL of solution I was
added to the pellet. Solution I contains 5S0mM glucose, 10mM EDTA, 25mM Tris (Ph8).
The sample was mixed gently (not using the vortex as it could damage the DNA) and placed
onto ice for five minutes. 400uL of freshly prepared Solution II was added. Solution II
contains 1% SDS and 0.2N NaOH. The samples stayed on ice for five minutes. The samples
were mixed by gently inverting the tubes. 300uL of Solution III was added. Solution III
contains 3M CH3CO2K. Samples were mixed gently and placed on ice for five minutes. The
tubes were centrifuged for 15 minutes at a speed of 13,000 rpm. The supernatants were
transferred to new tubes and 600 pL of cold isopropanol was added to each sample. Tubes
were centrifuged for 15 minutes at 13,000 rpm and the supernatants removed. Pellets were
washed with 70% EtOH at room temperature. Tubes were centrifuged for 10 minutes at
13,000 rpm, the supernatant removed and then pellets left to dry on the bench for a few
minutes (~30 min). Once dried, SOuL of sterile distilled water (SDW) was added to dissolve
each sample and transferred to a 65°C incubator for 10 minutes. The plasmid DNA samples

were stored at -20°C.
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2.3.8 RNA purification from plant tissues

RNA was extracted from Arabidopsis thaliana tissues (for example: leaves, flower buds,
roots, siliques and stems) with no more than 100mg per sample using an accurate measuring
machine. Sample was placed into liquid nitrogen for approximately 2 minutes and then
ground using a mortar and pestle. 450uL of RLT mixture (1ml of RLT buffer with10uL of B-
Mercaptoethanol) was added to help with denaturing of proteins and RNase. Sample
transferred into mini-spin column and centrifuged for 2 minutes. It is washed gently with
around 250puL of 100 % ethanol and mixed carefully using a pipette. Sample was transferred
into a new mini spin column and centrifuged for 15 seconds at 10,000 rpm. 700uL of RW1
buffer added and centrifuged for 15 seconds and discard the flow-through. After that S00uL
of RPE buffer was added into the mini spin column and centrifuged at 10,000 rpm for 15
minutes and the flow- through discarded. The previous step was repeated but centrifuged for
2 minutes instead of 15 seconds. RNA was adsorbed on this silica membrane and this
membrane was transferred to a new 1.5ml collection tube and RNA eluted using RNase free

water. Eventually, sample was placed in liquid nitrogen and then stored at -80°C.

2.3.9 Reverse transcriptase-polymerase chain reaction (RT-PCR)

The aim of this technique is to evaluate the gene expression by converting mRNA into
complementary DNA (cDNA) using RT-PCR enzymes of different plant tissues. After
converting RNA into cDNA, specific primers were used to amplify a target template. The

protocol was obtained from Promega and following these stages:
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RAN  ~500ng 4 uL
Oligo-dT primer 1 uL

Mixture was incubated at 70°C for 5 minutes and placed on ice for 5 minutes and then the

following components added:

RNase free dH,O (DEPC water) 5.5uL
5X Reaction buffer 4uL
MgCl, 3ulL
Nucleotides mix (ANTP mix) IuL
RNasin (RNase inhibitor) 0.5uL
RT 1ulL

Sample was then placed at 42°C for 60 minutes and then 70°C for 15 minutes then 4°C to
convert all mRNA into cDNA. Sample was ready to do a normal PCR using forward and

reverse primers for the precise cDNA template to analyse the gene expression.
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2.4 Cytological analysis of Arabidopsis thaliana chromosomes

2.4.1 Chromosome fixation

Arabidopsis inflorescences containing the flower buds were collected from wild-type and
mutant plants and placed in approximately 15ml of fixative (3 parts of ethanol/1 part of
glacial acetic acid). Buds were left around one week at room temperature and fixative was

changed twice.

2.4.2 Chromosome spreading

Prior to the digestion, the flower buds were washed 3 times with citrate buffer, for 5 minutes
each time. Citrate buffer consists of 5Sml of 0.1M citric acid, Sml of 0.1M sodium citrate and
40ml of SDW. Closed flower buds were transferred into a watched glass and separated from
the inflorescence using forceps under a dissecting microscope. The flower buds were digested
with a mixture of enzymes (0.33% w/v pectolyase, 0.33% w/v cytohelicase and 0.33% w/v
cellulose in citrate buffer). 0.4ml of the enzyme mixture was added to the buds and then
placed into a moist chamber and transferred into an incubator at 37°C for 1.5 hours. Cold
water (4°C) was added to the buds to stop the enzyme digestion. A single bud was then
transferred to a slide under a dissecting microscope with a tiny amount of buffer and
macerated using a needle. A total of 10uL of 60% acetic acid was added and the slide was
placed on at 45°C hotplate for 2 minutes. A diamond pen was used to mark the area where the
macerated material was. An extra 10uL of 60% acetic acid was added and then, 100uL of
fixative was added around the drop of acetic acid. Extra 100uL of fixative was added and the

slide was dried using a hairdryer.
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2.4.3 DAPI staining
Slides were stained using the DNA specific staining 4'-6-diamidino-2-phenylindole (DAPI)

diluted in a Vectashield solution (Vector).

2.4.4 Fluorescence microscopy

Slides were checked using an epifluorescence microscope (Nikon ECLIPSE 90i).

2.4.5 Imaging
Images were acquired using a Hamamatsu Orca-ER digital CCD camera and analysed using

NIS-Elements AR software (Nikon).

2.5 Immunolocalization

Material was prepared before beginning the immunolocalization protocol. The different

materials are described below:

2.5.1 Slides washing

Slides were cleaned by dipping them in to the following:
Acetone 10 minutes
SDW 10 minutes
Ethanol 10 minutes

After that, slides can be left on bench until they dry and then kept on a clean pack.
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2.5.2 Phosphate buffer solution (PBS)

1 tablet of PBS in 100 ml of SDW

0.1% Triton in 100ml PBS

2.5.3 Block solution

0.1g of Bovine Serum Albumin (BSA) added to 10ml of PBS+0.1% Triton. It was mixed
gently until BSA was dissolved and then passed through a 0.2uM filter using a syringe into a

clean falcon tube.

2.5.4 Spreading technique

Buds were selected of appropriate size (approximately 5-10 buds per slide) under a
stereomicroscope to study the recombinant proteins structure and behaviour specifically
during meiotic stages. After that, anthers were dissected from buds on a clean slide under
stereoscope and 20uL of 0.1 % of cytohelicase (digestion enzyme for cell walls) on the same
slides. Slides put in humid box at 37°C for 120 minutes. After this, slides were taken out of
the humid box and anthers broken using a brass rod (keep anthers wet all the times by adding
some of digestion enzyme). 10uL of 1% Lipsol was added to the broken anthers and spread
carefully using plastic pipette and marked by a diamond pen. Slides were transferred to 37°C
in a humid box that was put on the hot plate for around 5 minutes (avoid slides drying by
adding drops of 1% Lipsol). Then, 20uL of 4% paraformaldehyde were added to the marked
area and slides kept in fume hood for approximately 2 hours to dry and then washed 3 times
for 5 minutes each with PBS (0.1%Triton). 50uL of blocking solution was added on a piece
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of parafilm and put marked areas of slides upside down on the block solution and kept in

humid box for 20mins at room temperature.

Primary antibody was diluted with blocking solution and put on the parafilm. Slides were
placed upside down on this mixture and kept for 2 days at 4°C in a humid box. After two
days, slides washed 3 times for 5 minutes each with PBS (0.1%Triton). Secondary antibody
was mixed with blocking solution and added to the parafilm and the slides were kept in a
dark area for 45 minutes. Slides were washed 4 times for 5 minutes each. Eventually Slides

were stained with 7uLL of DAPI added to the marked area and mounted under a cover slip.

2.5.5 Squash technique

This technique was used to obtain cells immunolocalisation in 3D. Specifically, this
procedure was used to show the spindle polymerization of all stages in both mitotic and

meiotic cells. Buffers were prepared as shown below:

The first buffer prepared was MTSB (microtubule staining buffer) S0mM PIPES, 5SmM

MgSO4, SmM EGTA pH 6.9. Preparing the 2X MTSB as below:

PIPES 15.12¢
MgSO4 1.08g
EGTA 1.9¢
SDW 500ml

And then, it was prepared 8% Paraformaldehyde to be added in 2XMTSB (to get 4%

paraformaldehyde in MTSB buffer).
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100ml of 8% Paraformaldehyde prepared and mixed with the 100ml of 2X MTSB to obtain

200ml of 4% Paraformaldehyde

The appropriate size of buds was selected (depending on which meiotic stage we were
interested) with around 20 buds per slide. On the same slide, anthers were dissected from the
buds and put in a drop of 1X MTSB on the same slide and make sure the anthers do not dry
out. After obtaining all anthers in the 1X MTSB then dried this buffer using the edges of a
tissue and quickly added the fixation buffer (4% Paraformaldehyde in MTSB) for 20 mins at
room temperature. Then, the slide was washed by 1X MTSB 3 times and digestion enzyme
added in the anthers (2.5% Cellulase, Cytohelicase and Pectolyase) for 30 mins at 37°C. After
this digestion period, the slides were washed with 1X MTSB 3 times avoiding the slides to
get dry out. These anthers were macerated quickly and a cover slip squashed onto the slide
and immersed in liquid nitrogen. The cover slip was removed quickly using a razor blade
and left on the bench to dry or 5 mins. Appropriate primary antibody was added after diluted
with blocking buffer and put at 4°C in the fridge for 48 hours. After that, slides washed 2
times using PBS and incubated with a secondary antibody that has been diluted with blocking
for 45 mins at room temperature in darkness. Finally, the slides were washed 3 times with

PBS and then the DNA was stained with 7uLL of DAPI.

2.5.6 FLUTAXI1 technique

FLUTAXI1 is a fluorescent taxol compound (Tocris) which binds to the taxol microtubule
binding site with high affinity (Ka ~10’M™). This derivative is very useful for direct imaging
of the microtubule cytoskeleton. The fluorescent has a maximum Excitation of ~495 nm and

Emission of ~520 nm. The concentration used was of 1uL/1ml.
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The flower buds were fixed for 3 days and the fixative was changed twice. After three days,
the fixed material was prepared by the chromosome spreading technique shown earlier. After
that, the slides were washed 3 times by PBS and then FLUTAXI1 (1uM) was added for 1 hour
at room temperature in darkness. Then, slides were washed twice for 1 min each with PBS.
Followed by added DAPI stain to slides and stored at 4°C until observation at the

epifluorescence microscope.
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2.6 T-DNA Transformation

2.6.1 Floral Dipping T-DNA Transformation

This is a technique that can be used to transfer the T-DNA from Agrobacterium tumefaciens
into the genome of a host plant cell, in our case Arabidopsis thaliana. The T-DNA vector
used was PEG205 kindly donated by Zongcheng Lin with a kanamycin resistance gene to
select in bacteria and a herbicide (Basta) resistance gene to select in plants. Agrobacterium

cells carrying the T-DNA were grown on fresh LBA plates that include:

Rifampicin 10 mg/mL
Kanamycin 50 mg/mL
Gentamycin 30 mg/mL

Agrobacterium was spread on the fresh LBA plates including all antibiotics and incubated for
1 day at 28°C in incubator. After, 2-3 colonies were added to independent 20ml LB cultures
which contained all the antibiotics and put on shaker incubator at 200 rpm at 28°C until the
next day. A total of 125uL of each culture was added to a fresh 500ml of LB media that also
contained all the needed antibiotics with the correct concentration and put on shaking
incubator till the next day at 28°C. The optical density (OD) was measured by using a
spectrophotometer until achieving an ODgyy between 1.5 and 2.0 to be able to continue with
the procedure. Once the correct density was obtained, the culture was centrifuged in sterile
tubes for 10 minutes at 5000 rpm and the supernatant was discarded. A solution of 50g/1L of
sucrose was prepared and the pellet cells were dissolved in about a correct volume to get the
Agrobacterium ODgg at 0.8. A total of 200-250ml of this solution was added to a beaker and
just previous to the floral dipping a solution of 50g/1L of Silwet (Sigma) was added (a

detergent that helps with T-DNA integration). The mixture was then ready for floral dipping
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of A. thaliana inflorescences. The Arabidopsis plants used were healthy and producing
flowers. Plants were dipped in the mixture for around 3 to 5 seconds and covered by cling
film in the dark or low light. The next day, cling film was removed and the plants were

allowed to grow under perfect conditions.

2.6.2 Selection of BASTA resistant Arabidopsis transformants

BASTA herbicide’s active ingredient is glufosinate or its ammonium salt DL-
phosphinothricin which interferes with ammonia detoxification and the biosynthesis of
glutamine then killing the plant (bleaching phenotype). The BASTA resistance can be used
for plant transformation selection. The Wilco Complete Weedkiller as a source of
glufosinate-ammonium (37.5g/1 solution. Arabidopsis thaliana transformant plants can be
made resistant when sprayed with the glufosinate-ammonium solution (0.1g/l1). The best
period for spraying BASTA is when the first proper leaves appear. The spraying was taking
place within 8-10 day intervals. The resistant transformed plants only grew. The following

dilution has to be used for the spraying:

2.70ml weedkiller in 1L water.

The spray period can be summarised as:

1** Spray True Leaves
2" Spray 8 days after 1% spray
3" Spray 2 days after 2" Spray

74



2.7 Immunolocolization for the human cells
Human cells (endothelial cells and fibroblast cells) were obtained and cultured by Mr Klarke
Sample a PhD student at the Medical School at the University of Birmingham following the

required ethical and legal controls required.

2.7.1 Human Cell Culture

Materials Source
Human umbilical vein endothelial cells Birmingham Women’s Hospital,
(HUVEC) Birmingham
Media 199 Cancer research UK and Sigma, UK
DMEM Sigma, UK

Pel-Freez, USA. and prepared as
Bovine brain extracts
described by Maciag et al. (1979)

Fetal calf serum PAA, The Cell Culture Co., UK
L-glutamine Sigma, UK
Porcine skin gelatine Sigma, UK
Trypsin-EDTA Sigma, UK
FastRead Haemocytometer Immune Systems, UK
Tryphan Blue Sigma, UK
Leica DM IL inverted microscope Leica Microsystems, USA
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2.7.2 HUVEC Isolation

Human umbilical vein endothelial cells (HUVECs) were isolated from three human umbilical
cords from Birmingham women’s health care NHS trust were isolated using a standard

protocol (Klarke Sample).

2.7.3 Cell culture

The HUVEC were subsequently cultured to confluence in collagen coated (0.1% w/v) sterile
plastic culture dishes at 37°C in a humidified atmosphere (with 5% CO;). Media 199
containing 10% (v/v) foetal calf serum (FCS), 4mM L-glutamine and supplemented with
bovine brain extract and 90 pg/ml heparin was used. The fibroblasts were also cultured on
plastic culture dishes (non-coated), but were maintained in DMEM supplemented with 10%
(v/v) foetal calf serum (FCS) and 4mM L-glutamine.

Once confluent the cells were split after washing with 1x phosphate-buffered saline (PBS)
and incubated in pre-warmed 1xtrypsin-EDTA solution for 5 minutes at 37°C. Once detached,
Media 199 containing 10% FCS was added before centrifuging at 250 RCF for 5 minutes.
The pellet was resuspended in fresh supplemented Media 199 and re-plated at a ratio of 1:3

for further cultivation.
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2.7.4 siRNA Transfection and Knockdown of ncRNAs

Materials Source

OptiMEM Invitrogen, UK
Lipofectamine RNAi MAX Invitrogen, UK
SSRP1 DO (S13490) Invitrogen, UK
SSRP1 D1 (S13491) Invitrogen, UK
Negative control duplex Invitrogen, UK
20mm Coverslips Fisher Scientific, UK
Ethanol Sigma, UK

IM HCI Sigma, UK

Sterile H20 n/a

Four coverslips per condition were exposed to 1M HCI and rotated for 10 minutes before
being washed in sterile H20, 70% ethanol and finally in three times in sterile H20. 360,000
HUVECs were seeded onto the four gelatine coated glass coverslips in a 6¢cm dish the day
before the cells were transfected with siRNA. 360,000 HUVECs per condition were also
seeded onto gelatine coated 6cm dishes to be used for the qPCR validation. The knockdown
was performed by adding 0.72uL of the 20uM siRNA duplexes to 244.28uL of opti-MEM
(per plate) to give a final concentration of 10nM. Furthermore 10% (v/v) lipofectamine RNAi
MAX was added to opti-MEM to obtain a total volume of 43ul. The two mixtures were
mixed gently and incubated at room temperature for 10 minutes. Once this was complete the
two mixtures were combined, flicked and incubated again at room temperature for 10
minutes. The cells were washed twice with PBS, before adding 1.2mL of opti-MEM. Finally
the transfection mix was added to the cells, mixed by tilting and incubated for 4 hours at

37°C in a humidified atmosphere with 5% CO,. After the incubation the transfection mix was

77



replaced with fresh media 199 without antibiotics and the cells were incubated again for 48

hours in the conditions stated above.

2.7.5 Real Time Quantitative Polymerase Chain Reaction

Materials Source

QIAShredder Qiagen, UK

RNeasy mini kit Qiagen, UK

2-mercaptoethanol Sigma-Aldrich, UK

70% ethanol (in RNase-free water) n/a

High-Capacity cDNA Archive Kit Invitrogen, UK

Sensimix™ Quantace, UK

Universal Probe Library set, Human Roche Applied Science, UK
PCR Primers Eurogenetec, UK

Rotor-Gene RG-3000 qPCR machine Corbett Research Ltd, Australia
Rotor-Gene 6 software Corbett Research Ltd, Australia

The HUVECs plated for the qPCR analysis were lysed and RNA was isolated using the
RNeasy mini kit (an optional DNase step was performed) according to the manufacturer’s
instructions. The isolated RNA was then used to generate cDNA using a high-capacity cDNA

archive kit according to the manufacturer’s instructions.

Real time quantitative polymerase chain reaction (qQPCR) was performed using the Roche

universal probe library. A reaction mix totalling 25uL was used:
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* 12.5uL Sensimix™

* 1uL forward primer (10 pM)

* luL reverse primer (10 uM)

* 0.25uL of the appropriate probe
* 0.25uL deionised water

* 10uL of cDNA

A Rotor-gene RG-3000 was used to conduct the gPCR with the following program:
1. 92°C for 10 minutes
2. 92°C for 15 seconds
3. 60°C for 45 seconds

4. Steps 2 and 3 were repeated for a total of 40 Cycles

2.7.6 Imunolocolization in human cells

Human cells (endothelium and fibroblasts) were obtained from Klarke Sample (Medical
School). These cells were placed on 20mm round coverslips (coated with 0.1% gelatin) and
put into 6 cm dishes containing supplemented media 199. Afterwards the coverslips were
washed with PBS 3 times and fixed with 4% Paraformaldehyde for 10 minutes at room
temperature. Following this incubation the coverslips were washed 3 times with PBS and
incubated with 0.1% triton and 2X PBS for 4 minutes (if incubated for more than 4 minutes
the cells may be lysed). The cells then washed 3 times with PBS and put in blocking buffer

for 1 hour or overnight at 4°C.

The next day the cells were incubated with a total of 50 uL primary antibody diluted with

blocking buffer for 1 hour at room temperature upside-down on parafilm in an opaque box.
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The cells were then washed 3 times with PBS and incubated with the secondary antibody,
which was again diluted with blocking buffer for 1 hour in an opaque box at room
temperature before washing the cells with PBS 3 times. Finally 7ulL of DAPI were added to

each coverslip, which were put upside-down on slides and stored at 4°C.
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CHAPTER THREE

Characterisation of histone AtH2A1 (RATYS)
and

T-DNA integration in Arabidopsis
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3.1 INTRODUCTION

3.1.1 Histone H2A1/RATS

Eukaryotic chromatin consists of genomic DNA associated to abundant proteins like histone
and non-histone proteins forming different molecules named chromosomes compacting the
DNA up to 10,000-20,000 times (Woodcock and Ghosh, 2010). Chromosomes replicate and
are divided into identical cells during mitosis. During the mitotic process, the cell has to
produce two identical cells which contain identical genetic material (chromosomes). To allow
sexual reproduction during meiosis, a diploid cell produces four haploid gametes which

contain half of the genetic material.

The first level of compaction of the DNA into chromatin involves the formation of
nucleosomes. A nucleosome consists of two pairs of histones H2A, H2B, H3, and H4 that
bind around 146 bps (base pairs) of DNA (Luger et al., 1997). AtH2A1 (HTAI,; Histone Two
Al) is one of histone H24 genes that seem to be necessary for T-DNA integration from
Agrobacterium tumefaciens into the Arabidopsis genome. It has been reported that mutations
in the H24A1 gene might cause a significant reduction in T-DNA root transformation
frequency into the plant genome (Mysor ef al., 2000). On the other hand, over expression of
this gene seems to contribute to increase the T-DNA root transformation frequency in plants

(Yietal., 2002).

The efficiency of the T-DNA integration in rat5 has been scored to be around 7% to that of WT
Arabidopsis ecotype (WS) (Mysor et al., 2000). Furthermore, the expression pattern of
AtH2A1/RATS5 gene has been shown to correlate with the root cells that are most susceptible to T-
DNA transformation (Y1 et al., 2002). Similarly, increasing the expression of this gene using a
treatment with phytohormones also correlates with an increase in T-DNA root transformation (Y1 et
al., 2002).
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In this study, we have identified an A¢h2al mutant which has showed meiotic abnormalities
at the level of recombination and chromosome segregation. Connections between
chromosomes have been observed as early as prophase I stages and chromosome bridges
have been observed at anaphase I as well as some chromosome fragmentations. Additionally,

anaphase bridges have also been observed in the mitotic division.

3.2 RESULTS

3.2.1 In silico identification of histone AtH2A isoforms

Arabidopsis genome codes for 13 histone AtH2A protein isoforms. The predicted protein
length for these isoforms varies between 119-153 amino acids. These isoforms have been
categorized into four groups according to their amino acid sequence similarity (Figure 12A).
Histones H2A1, 2, 10 and 13 have been grouped together as H2A core histones because they
share around 92% identity at the level of amino acid sequences. Whereas, H2A3 and H2AS
have very similar amino acid sequence but they share only around 76% identity to the H2A1
amino acid sequence. H2A6, 7 and 12 have similar amino acid sequences but share around
70% identity to H2A1. H2AS8, 9 and 12 histone protein isoforms are similar but only share
around 52% with H2A1. The lowest amino acid sequence identity found among the histones
H2A isoforms is between H2A4 and H2A1, with only around 35% identity in which H2A4
has the shortest amino acid length of all different H2A isoforms (119 amino acid) (Figure

12B).
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-—--AGRGKTLGSGGAKKAT---SRSSKA  GLQFPVGRIARFLKAGKYA-ERVGAGAPVYLAAVLEYLAA
««~~AGRGKQLGSGAAKKST-~~SRSSKA  GLQFPVGRIARFLKAGKYA-ERVGAGAPVYLAAVLEYLAA
-==~AGSGTTKGGRGKPKATKSVSRSSKA  GLQFPVGRIARFLKAGKYA-ERVGAGAPVYLSAVLEYLAA
MVCNT---NILKDVSTKISA---FENVRM[4 ] GEMFQVARTHKQLKNRVSAhSSVGATDVVYMTSILEYLTT
~~~-~AGSGTTKGGRGKPKATksVSRSSKA  GLQFPVGRIARFLKSGKYA-ERVGAGAPVYLSAVLEYLAA
ME-S- (2] KVKKAFGGRKPPGAPKTKSV-~--SKSMKA ~ GLQFPVGRITRFLKKGRYA-QRLGGGAPVYMAAVLEYLAA
ME-SS5[4] KPTRGAGGRK--GGDRKKSV---SKSVKA  GLQFPVGRIARYLKKGRYA-LRYGSGAPVYLAAVLEYLAA
MAQKG (4) LAAKTTAAAANKDSVKKKSI-~~SRSSRA  GIQFPVGRIHRQLKQRVSAhGRVGATAAVYTASILEYLTA
MSgKG (4] IMGKP~-~SGSDKDKDKKKPI-~-TRSSRA ~ GLQFPVGRVHRLLKTRSTANGRVGATAAVYTAAILEYLTA
M----  ——--AGRGKTLGSGSAKKAT---TRSSKA  GLQFPVGRIARFLKKGKYA-ERVGAGAPVYLAAVLEYLAA
MAGKG (4] VAAKTMAANKDKDKDKKKPI-~~SRSARA  GIQFPVGRIHRQLKTRVSAhGRVGATAAVYTASILEYLTA
MD-SG (1] KVKKGAAGRRSGGGPKKKPV--~SRSVKS ~ GLQFPVGRIGRYLKKGRYS-KRVGTGAPVYLAAVLEYLAA
M----  -—--AGRGKTLGSGVAKKST---SRSSKA  GLQFPVGRIARFLKNGKYA-TRVGAGAPVYLAAVLEYLAA

R = T = = IR = S = B S =

EVLELAGNAARDNKKTRIVPRHIQLAVRNDEELSKLLGDVTIANGGVMENIHNLLLPKKA  GASK  P-QED-
EVLELAGNAARDNKKTRIVPRHIQLAVRNDEELSKLLGDVTIANGGVMPNIHNLLLPKKA GSSK  PTEED-

EVLELAGNAARDNKKTRIVPRHIQLAVRNDEELSKLLGSVTIANGGVLENIHQTLLPSKV ~ GKNK([4] SASQEF
EVLQLAENTSKDLKVKRITPRHLOLAIRGDEELDTLIKG-TIIGGSVIPHIH
EVLELAGNAARDNKKTRIVPRHIQLAVRNDEELSKLLGSVTIANGGVLPNIHQTLLPSKV ~ GKNK[4] SASQEF

EVLELAGNAARDNKKSRIIPRHLLLAIRNDEELGKLLSGVTIAHGGVLPNINSVLLPKKS (2] KPAE [ 3] TKSPVK (5]
EVLELAGNAARDNKKNR INPRHLCLAIRNDEELGRLLHGVT IASGGVLENINPVLLPKKS [2] SSSQ[4] --SATK([5]
EVLELAGNASKDLKVKRITPRHLQLATRGDEELDTLIKG-TIAGGGVIPHIHKSLVNKVT
EVLELAGNASKDLKVKRISPRHLQLATRGDEELDTLIKG-TIAGGGVIPHIHKSLINKSA
EVLELAGNAARDNKKTRIVPRHIQLAVRNDEELSKLLGDVTIANGGVMPNIHNLLLPKKT  GASK  PSAEDD
EVLELAGNASKDLKVKRITPRHLQLAIRGDEELDTLIKG-TIAGGGVIPHIHKSLINKTT
EVLELAGNAARDNKKNRIIPRHVLLAVRNDEELGTLLKGVTIAHGGVLPNINPILLPKKS (4] STTK[4] PSKATK([5]
EVLELAGNAARDNKKTRIVPRHIQLAVRNDEELSKLLGDVTIANGGVMPNIHSLLLPKKA  GASK  PSADED

Figure 12. Multiple alignments of histone H2A isoforms identified in Arabidopsis thaliana.

A total of 13 genes have been characterised in the Arabidopsis genome to code for histone H2A
protein isoforms. Arabidopsis amino acid sequence databases (TAIR) and multiple sequence
alignment sequences tools (NCBI) have been utilised. A Phylogenetic tree representing the amino
acid similarity found in the Arabidopsis histone H2A isoforms. B Amino acid sequences from the
different histone H2A protein isoforms coded in the Arabidopsis genome. The amino acid residues
highlighted in red colour are identical among all these H2A isoforms while the amino acid residues
highlighted in blue colour indicate some similarities between some of these isoforms.
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3.2.2 Fertility of Ath2a mutant isoforms

In order to assess the plant fertility, we have measured the silique (fruit) length and quantified
the number of seeds per silique in different Ath2a isoform mutants and we have compared
them to the wild-type plants. The mean length of the silique for some of the Ath2a isoform
mutants is significantly reduced (marked with 2 stars (**)) compared to the average 13.34
mm of the wild-type (z-test, p<0.005) (Figure 13A). Furthermore, the mean number of seeds
per silique for all of these Ath2a isoform mutants are significantly reduced (marked with 2
stars (**)) compared to the 54.68 seeds/silique observed in the wild-type (z-test, p<0.005)

(Figure 13B).
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H2A43

MSSGAGSGTTKGGRGKPKATKSVSRSSKAGLQFPVGRIARFLKAGKYAERVGAGAPVYLSAVLEYLAAEVLELAG
NAARDNKKTRIVPRHIQLAVRNDEELSKLLGSVTIANGGVLPNIHQTLLPSKVGKNKGDIGSASQEF
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Superf i Lies HM superfanily
MESSQATTKPTRGAGGRKGGDRKKSVSKSVKAGLQFPVGRIARYLKKGRYALRYGSGAPVYLAAVLEYLAAEVL
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H2A48

MAGKGGKGLLAAKTTAAAANKDSVKKKSISRSSRAGIQFPVGRIHRQLKQRVSAHGRVGATAAVYTASILEYLTA
EVLELAGNASKDLKVKRITPRHLQLAIRGDEELDTLIKGTIAGGGVIPHIHKSLVNKVTKD

At2G38810
1 20 40 i
Query seq. Bt b%
1Md1ng Z1 e‘ ‘ “
NO mutant horedimerization interface
HZA-HIE direrization inberface
Specific hits
Superfanilies
H2A49
MSGKGAKGLIMGKPSGSDKDKDKKKPITRSSRAGLQFPVGRVHRLLKTRSTAHGRVGATAAVYTAAILEYLTAEV
LELAGNASKDLKVKRISPRHLQLAIRGDEELDTLIKGTIAGGGVIPHIHKSLINKSAKE
At1g52740
1 2|0 i 1] Bl
| |
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HIA-HZE dimerization inberface 4 44 44 44
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NKKTRIVPRHIQLAVRNDEELSKLLGDVTIANGGVMPNIHNLLLPKKTGASKPSAEDD
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Figure 13. Fertility evaluation of the different Ath2a isoform mutants evaluated.

A Mean silique length for the different mutant isoforms (100 silique; N=10 plants). B Mean number
of seeds per silique for the different histone Ath2a isoform mutants. C Protein Conserved Domains of
the different histone AtH2A isoforms in Arabidopsis and their p value for the number of seeds per
silique observed in each mutant compared to the wild-type (¢-test, p<0.005); Error bars = Standard
error for the means.
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3.2.3 Identification and characterisation of an Ath2al/rat5 T-DNA insertion mutant line

AtH2A1/RATS gene is located in the long arm of chromosome 5 of 4. thaliana. It consists of
two exons and one intron in addition of both 3” and 5 UTRs. The T-DNA insertion in this
line (SALK-040809) is located in the 5’UTR of the AtH2A1/RATS5 gene (At5g54640). TAIR
Databases and Sequence Viewer site has been utilised to reveal the DNA sequence, gene
structure and the position of the T-DNA insertion (Appendix A). Seeds from the T-DNA
insertion line (SALK-040809) were obtained from the SALK Institute (San Diego). Mutant
and wild-type seeds were grown together in identical standard conditions and constantly
monitored at our glasshouse. DNA was extracted from plant leaves in order to genotype
them. Two primers were designed (LP and RP) (materials and method sections) using the
genomic information available around the T-DNA insertion site in RATS5 gene together with
another specific primer for the left border of the T-DNA specific of this line (BP). The
combination of these primers allowed us to confirm the presence or absence of the T-DNA

insertion in different plants (Figure 14A).

PCR and gel electrophoresis was conducted to check the presence of the T-DNA insertion
within the RATS5 gene. Additionally, wild-type plants have been used as a control (Figure
14B). Wild-type plants showed one single amplified band with approximately 1kb in size as
a result of amplifying the genomic sequence between LP and RP primers in the RATS5 gene
(Figure 14B). The other four plants were confirmed as homozygous mutants as a single
amplified band of a 768bp in size was obtained as a result of amplifying the left border of the

T-DNA up to the RP primer in the RATS5 genomic sequence (Figure 14B).
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SALK- 040809

Figure 14. Identification of an AtH2A41/RATS5 gene and a T-DNA insertion mutant line.

A Schematic representation of the structure of RATS gene, and the location of the T-DNA insertion
line (SALK-040809). The T-DNA is inserted in the 5’UTR (dark blue box) of RAT5 gene on
chromosome 5 in Arabidopsis. B Agarose gel electrophoresis was conducted to genotype both wild-
type and mutated A. thaliana plants. Primer combination for the PCR and the size of the bands in the
molecular marker are provided.
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3.2.4 Phenotype of Ath2al/rat5 mutant line

The measurement of the silique length and the quantification of the number of seeds per
silique were carried out to assess the fertility of both, the mutant (Salk040809) and wild-type
plants. The mean number of seeds per silique in Ath2al/rat5 mutant was significantly
reduced to 26.44 seeds/silique compared to the 54.68 seeds/silique observed in the wild-type
(ANOVA, p=7.4X10%?) (Figure 15A). The mean length of the silique for raz5 mutant was
also significantly reduced to 9.5 mm compared to the 13.58 mm of the wild-type (ANOVA, p
=2.63X10™" (Figure 15B). Furthermore, the plant growth and development in the mutant

plants appeared to be delayed compared to the wild-type plants (Figure 15C).
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Figure 15. Fertility reduction and delayed growth and development in raz5 mutant plants.

A Mean silique length in wild-type (Col) and rat5 mutant plants. B Mean number of seeds per silique
in wild-type (Col) and rat5 mutant plants. C Plant phenotypes for Ath2al/rat5 mutant and wild-type
(Col) plants.

3.2.5 Meiotic and mitotic cytogenetic analysis of wild-type and Ath2al/rat5 mutant

plants

Cytological analysis was conducted using pollen mother cells to study the meiotic stages for
both wild-type (Col; Columbia) and Ath2al/rat5 mutant (SALK-040809 line). Meiotic

stages were analysed using DAPI-stained chromosome preparation spread.

At the beginning of meiosis, chromosomes appear like thin threads at leptotene (Figure
16A). Pairing and synapsis starts happening between homologous chromosomes (partial
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synapsis) at zygotene (Figure 16B). Homologous chromosomes are completely synapsed
and paired at pachytene (full synapsis) (Figure 16C). Homologous chromosomes become
condensed and desynapsis takes place at diplotene (Figure 16D). Furthermore, chromosomes
are further condensed and chiasmata are visible between homologous chromosomes at
diakinesis (Figure 16E). During metaphase I, five condensed bivalents are align at the
equatorial plate (Figure 16F). At anaphase I, separation between homologous chromosomes
take place to different poles (Figure 16G). Homologous chromosomes are completely
positioned in different poles at telophase I and the chromosomes start to condense again at
prophase II (Figure 16H). Sister chromatids are aligned at metaphase II (Figurel6l)
allowing the chromatids to segregate correctly at anaphase II (Figure 16J) and, thus, the
formation of four haploid nuclei at telophase II (Figure 16K). Finally, tetrads are formed
containing four gametes which would include half of the genetic material from the original
diploid cell (Figure 16L). These four gametes will separate from the tetrad and form four

pollen grains.
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Figure 16. Meiotic stages in Arabidopsis thaliana wild-type (Columbia).

A Leptotene, homologous chromosomes appear as a thin thread. Each chromosome has two sister
chromatids that are tightly bound to each other. B Zygotene, maternal and paternal chromosomes
come together to form bivalents (they begin to pair and partially synapsed). C Pachytene,
chromosomes are completely synapsed. D Diplotene, homologous chromosomes are separated but
still joined together by chiasmata. E Diakinesis, bivalents become more condensed and chiasmata can
be easily observed. F Metaphase I, bivalents are aligned at the metaphase plate and chiasmata can be
counted. G Anaphase I, the separation of homologous chromosomes is taking place synchronously to
different poles. H Telophase I, chromosomes are completely positioned on different poles followed
by Prophase II in which chromosomes get more condensed. I Metaphase II, sister chromatids
coorientation at the equatorial plate. J Sister chromatids separate at anaphase II. K Telophase II, each
five chromatids positioned in different poles. L Telophase II, Tetrads get formed with four different
nuclei enclosed in one cell. Each nucleus will produce one gamete (pollen grain). Scale bar =5 um.
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Mitotic cytological analysis showed similarities with the meiotic second division with
chromosomes condensing during prophase (Figure 17). Chromosomes with both sister
chromatids aligned at metaphase allowing correct chromatid segregation at anaphase and,
thus, allowing the identical chromosomes to be positioned at opposite poles at telophase.
Consequently, both daughter cells have identical genetic material to the original cell (Figure

17).

Pre-Prophase Prophase

Daughter cells Telophase Pre-Telophase

-
.

Figure 17. Mitotic cell cycle in wild-type (Col) plants.

The different stages are indicated. Scale bar =5 pm.
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In contrast, the T-DNA insertion line (SALK-040809) mutant in RATS5 gene showed
abnormalities in meiotic chromosome segregation. Pairing and synapses appeared to be
normal between homologous chromosomes at prophase I (Figure 18A, B, and C). During
diplotene and diakinesis, abnormal connections between non-homologous chromosomes
could be observed (Figure 18D and E). Five bivalents were observed at the metaphase I
plate but the transition to anaphase I of the five bivalent was not synchronised as it occurs in
the wild-type. Also some lagging chromosomes and chromosome fragmentation was
observed at this stage (Figure 18F). Furthermore, anaphase bridges and some chromosome
fragmentation were observed at anaphase I (Figure 18G and H, arrows). Meiosis II (Figure
18 I-L) appeared to be normal with normal chromosome segregation in general with some

exceptions of some fragmentation (Figure 18L, arrows).
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Figure 18. Meiotic stages in Ath2al/rat5 mutant (SALK-040809).

A Leptotene. B Synapses is formed between homologous chromosomes at Pachytene. C Homologous
chromosomes are fully synapsed at pachytene. D and E Homologous chromosomes are further
condensed and connections are visible between non-homologous chromosomes at diplotene and
diakinesis. F At metaphase I: five bivalents were observed aligning on the metaphase plate, in this cell
three bivalents are not segregating the homologous chromosomes yet while in the other two bivalents
the chromosomes have already migrated to opposite poles, in addition some chromosome
fragmentation was observed (arrow). G Anaphase bridges can be observed at anaphase I (arrow). H
Anaphase I with a chromosome fragment (arrow). I Prophase II. J Metphase II. K Anaphase II. L
Telophase II with a chromosome fragment (arrow). Scale bar = 5 pm.
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Furthermore, during mitosis in the rat5 mutant line we could observe also some anaphase
bridges and lagging chromosomes were observed. At telophase, we also observed some
chromosome fragmentation (Figure 19). These errors could lead to genomic instability in the

mutant and have effects in the growth and development of the mutant plants.

Figure 19. Anaphase-Telophase Mitotic stages in wild-type and Ath2al/rat5 mutant plants.

Arrows indicate anaphase bridges/lagging chromosomes and chromosome fragmentation. Scale bar =
5 pm.
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3.2.6 Quantification of the meiotic and mitotic chromosome abnormalities in

Ath2al/rat5 mutant

The characterization of the T-DNA insertion Ath2al/rat5 mutant has showed some
chromosome abnormalities. The quantification of these abnormalities is shown in Figure 20,
indicating the percentage of chromosome abnormalities in meiotic and mitotic cell divisions
of Ath2al/rat5. The frequency of cells in the mutant showing anaphase bridges was of around
50% in mitosis and around 87% of the cells in meiosis (Figure 20A and C). Additionally,
around 16% of the mutant meiocytes presented chromosome connections at Diakinesis
(Figure 20B). The average number of anaphase bridges per cell observed during meiosis was
around 2.5 bridges per cell whereas during mitosis was only around 1% anaphase bridge per

cell (N=100) (Figure 20D).
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Figure 20. Diagrams representing the quantification of chromosome abnormalities observed in
meiotic and mitotic divisions in Ath2al/rat5 mutant.

A Percentage of cells presenting mitotic anaphase bridges/chromosome lagging in wild-type (Col) and
Ath2al/rat5 mutant. B Percentage of cells presenting abnormal chromosome connections during
Diakinesis (between non-homologous chromosomes. C Percentage of cells presenting anaphase
bridges/chromosome lagging during meiotic Anaphase 1. D Mean number of anaphase
bridges/chromosome lagging observed during mitosis and meiosis in Ath2al/rat5 mutant (N=100).

3.3 Immunolocalisation of different meiotic proteins in Ath2al/rat5 mutant

The Arabidopsis mutant Ath2al/rat5 showed some chromosome abnormalities during
meiosis. Different chromosome connections between non-homologous chromosomes
identified during prophase I, especially during diakinesis. Furthermore, the presence of
anaphase bridges or chromosome lagging during metaphase I/anaphase I was also observed.
Therefore, it is important to analyse the localisation of some of the meiotic proteins involved

in chromosome recombination using immunocytological techniques in this mutant.

3.3.1 AtASY1 and AtRADS1 immunolocalisation in Ath2al/rat5 mutant

The immunolocalisation of meiotic specific chromosome axis protein AtASY1 and the
recombinase AtRADS51 has been conducted at early Prophase I in pollen mother cells in wild-

type (Col) and Ath2al/rat5 PMCs using spreading technique.

The wild-type and mutant localisation of AtASY1 appeared identical with the signal
polymerizing along the chromosome axis from G2 stage until zygotene/pachytene (Figure 21
A and B). AtRADS51 was detected as foci which accumulated in the meiotic nucleus during
early prophase I in a similar pattern in the wild-type and the Ath2al/rat5 mutant. The
AtRADSI1 signal co-localised with AtASY1 chromosome axis signal as a clear foci at

leptotene/zygotene for both wild-type and Ath2al/rat5 mutant (Figure 21A and B). These
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observations indicate that AtASY 1 and AtRADS51 are localising accurately in the Ath2al/rat5

mutant.
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Figure 21. Dual immunolocalisation of AtASY1 (green) and AtRADS1 (red) during meiotic
Prophase I in the wild-type and Ath2al/rat5 mutant.

A AtASY1 - AtRADS51 co-localisation in wild-type pollen mother cells. B Dual immunolocalisation
of AtASY1 and AtRADS51 in the Ath2al/rat5 mutant. Scale bar = 5 um.
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3.4 Genetic analysis of the T-DNA transformation of Arabidopsis by Floral Dipping

The histone isoform AtH2A1 has been related to the T-DNA transformation efficiency in
Arabidopsis. Mutants for AtH2AI locus have been named rat5 or resistance to
Agrobacterium transformation 5 because they showed a reduced frequency of T-DNA
transformation. Furthermore, the over-expression of this locus also increases the frequency
of T-DNA transformation in plants (Tenea et al., 2009). Thus, it seems that AtH2A1/RATS
might be playing an important role in the T-DNA integration in plants. All these analysis
have been done in root-based T-DNA transformation methodologies but not in the most
frequently used method of floral dipping. Thus, we decided to conduct a genetic analysis with
several mutants to quantify their role in the T-DNA transformation using the floral dipping

methodology.

Different mutants were selected to characterise their role in T-DNA transformation by floral
dipping: the histone Ath2al/rat5 mutant, different meiotic mutants involved in Homologous
Recombination (HR): Atspoll.2, Atmrell, Atrad51, Atmsh4 and Atmlh3, and different
mutants involved at different levels of DSB repair by Non-Homologous End Joining (NHEJ):

Atku70, Atku80 and Atlig4.

The selected HR mutations were done because their proteins play an essential role in DSBs
repair. SPO11 proteins play a basic role inducing DSBs at early stages of meiosis (Zicher and
Kleckner, 1999). The presence of these DSBs during meiotic division could be utilised for the
T-DNA integration. Furthermore, AtMREI1 is involved in the processing of these DSBs and
AtRADSI1 in ssDNA invasion (for more details see chapter one) (Uanschou et al., 2007;
Waterworth et al., 2007). AtMSH4 and AtMLH3 are key proteins in the process of dHj and
the formation of Class I COs (Couteau et al., 1999; Li et al., 2004; Osman et al., 2011). On
the other hand, NHEJ pathway has been shown to be very important in DSB repair in somatic

cells in plants. We have analysed null mutants for AtKU80 and AtKU70 which recognise and
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join the DSB ends and AtLIG4 which is the DNA ligase that will fill the gap created by the

DSB (Tamura ef al., 2004; West et al., 2004).

The T-DNA construct used in this experiment (Appendix B) contains a bacterial antibiotic
resistance gene (kanamycin resistance) and a plant selection marker the phosphinothricin
resistance gene or herbicide resistance (Basta®). The T-DNA transformation chosen was
Floral Dipping Transformation and it was carried out in the wild-type (Col) and the different
homozygous mutants at the same time and with the same conditions (see Material and

Methods).

Several plants from each line were used to do the floral dipping transformations and no
differences among them were observed afterwards. Seeds were collected only from the
treated flower buds, other inflorescences that appear later on were cut to avoid contamination.
Seeds from each mutant, wild-type and controls were grown on soil in mini-pots. After 2-3
weeks of standard controlled growth in the glasshouse when the first true leaves appeared
they were treated with Basta® herbicide. The Basta® treatment consisted of spraying the
herbicide (glufosinate-ammonium solution (0.1g/1)) onto the plants three times with a gap of
7-8 days between each spray. Plants transformed with the T-DNA containing the Basta
resistance gene grew normally whereas plants without the resistance did not survive (Figure

22).

Different controls were included in this experiment: a negative control using wild-type (Col)
seeds from a plant without Floral Dipping treatment which after the herbicide treatment not
plant should survive. And a positive control using a T-DNA transformed line which T-DNA
insertion site is known and therefore it is possible to genotype for homozygous seeds for the
T-DNA insertion with the Basta® resistance which would allow to all the plants to be

resistance to the herbicide and survive the treatment. A total of 600 germinated growing
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plants from each material were evaluated for the herbicide resistance and therefore the T-
DNA transformation. The negative control plants did not presented any survivors (Figure
22E), whereas the positive control showed all the plants to be resistant to the herbicide

treatment (Figure 22D), as expected.

Resistant Arabidopsis
transformants plants

After 3™ spraying

Figure 22. Evaluation of T-DNA transformants by herbicide treatment.

A Seeds were sowed in mini-pots. B Plants were let to grow until the first true leaves emerged and
then a solution of glufosinate-ammonium was sprayed for 3 times with a 7-8 days interval. C
Overview of the mini-pots after the third spray treatment, survivor (Basta® resistance) plants are
obvious and can be counted accordingly. D Positive control with herbicide resistance transformed into
the line by the T-DNA, all the plants survived. E Negative control, these plants were not transformed
with the T-DNA including the Basta® resistance, after the herbicide treatment there were no
survivors, all the plants were bleached by the herbicide. F Wild-type transformation by Floral
Dipping, some plants were transformed (survivors) and others were not transformed (non survivors).
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The number of transformant plants from the wild-type floral dipping offspring was 34/600
about a 5.6%. The survivors were counted for each gene type and a chi-square test () test)
that was conducted to calculate if their differences of statistically significant (Table 3). P-
values were calculated: 0.100518 for Ath2al/rat5, 6.7TE for Atspoll.2, 7.59E° for
Atmrell, 1.78E™ for Atrad51, 0.005581 for Atmsh4, 0.000474 for Atmih3, 0.001778 for
Atku70, 0.000941 for Atku80 and 1.78E™ for Atlig4. All p-values are significant except for

Ath2al/rat5 which is non-significant (NS).

Floral Dipping T-DNA integration seems to require the formation of DSBs during meiosis as
in absence of AtSPO11.2 the T-DNA transformants decrease 5.6 times compared to wild-
type. T-DNA insertion seems to require DSB resection by AtMREI11 as in its absence the T-
DNA insertion decreases 8.5 times that of the wild-type. In the absence of single strand
invasion by AtRADS1, T-DNA integration gets reduced to 4.8 times compared to wild-type.
Also, in the absence of double Holliday junction (dHj) maturation and resolution by AtMSH4
and AtMLH3, the T-DNA insertion reduced to 2.2 and 3 times respectively comparing to the
wild-type. Thus, meiotic HR seems to play a highly important role in floral dipping T-DNA
integration. Furthermore, NHEJ DSB repair pathway seems to be also playing an important
role in Floral Dipping T-DNA integration as in absence of AtKU70, AtKU80 and AtLig4 the
transformation decreased to 2.6, 2.8 and 4.8 times that of the wild-type, respectively (Figure

23A and B).
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w- Basta® Resistance Plants [ > test P-Values

Positive control

Negative control

Wild-type (Col)

Atspoll.2 6.7E-06

Atmrel 1 7.59E-07

Atrad51 1.78E-05

Atmsh4 0.005581

Atmlh3 0.000474

Atku70 0.001778

Atku80 0.000941

Atlig4 1.78E-05

Ath2al/rat5 0.100518

Table 3. Floral Dipping T-DNA transformation results.

The number of T-DNA transformants after Floral Dipping and the chi-square test p values are
indicated.
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Figure 23. Evaluation of the T-DNA integration in different mutants.

Chi-square test was used to calculate which mutants where statistically significant from the wild-type.
The Ath2al/rat5 values were not significant (NS) with respect to the wild-type. The (*) represents a
significant reduction in transformed plants with P<0.1, the (**) represents a highly significant
reduction in transformed plants with P <0.05. The (***) represents the higher significant reduction in
transformed plants with P<0.0001.
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3.5 DISCUSSION

3.5.1 Histone H2A isoforms in Arabidopsis thaliana

Arabidopsis histone AtH2A loci are encoded in a family of genes that are distributed along
the five chromosomes. These genes encode for 13 isoforms of AtH2A (including core
histones and histone variants). Mammalian genomes include four isoforms for H2A proteins
namely core H2A histone isoforms and histone variants macroH2A, H2A.F/Z and H2AX (Yi
et al,. 2006). When Arabidopsis AtH2A isoforms are compared to the mammalian isoforms at
their amino acid sequence level, the different isoforms can be classified: Arabidopsis
AtH2AS8, 9 and 11 histone isoforms are similar to the histone variant H2A.F/Z in
mammalians (Table 4). Arabidopsis AtH2A3 and 5 isoforms are similar to the histone
variant H2AX in mammalians. The Arabidopsis AtH2A3 and AtH2AS (also known as
AtH2AX1 and AtH2AX2, respectively) contain a conserved SQEF motif that is also found in
mammals. The serine residue in Drosophila and yeast is the amino acid residue that is rapidly
phosphorylated to signal the region where a DSB has occurred and initiates the
processing/repair of this DSB and meiotic recombination (Yi et al,. 2006). The other
Arabidopsis histone AtH2A6, 7 and 12 isoforms include a specific SPKK motif that is
located at their C-terminal. It seems that these motifs are conserved in flowering plants and
may play a role in sperm development. Phosphorylation of these motif contribute in
chromatin condensation in which these motifs attach to A/T rich DNA minor groove (Yi et

al., 2006).

Histone H2A variants have been studied in different species showing several vital functions
including regulation of gene expression and the proper segregation of chromosomes. For

example, H2A.W seems to play a crucial role in chromatin condensation and heterochromatin
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organization (Yelagandula ef al., 2014). Histone H2A variants seem to comprise identical
conserved motifs between animals and plants that could suggest the conservation of similar
functions like the role of H2A.W in organizing heterochromatin (Yelagandula et al., 2014).
The histone variant H2A.Z might play an important role in the maturation of meiotic
crossovers in Arabidopsis thaliana (Choi et al., 2013). Furthermore, H2A.Z has been
suggested to have a thermo-sensing role, being affected at different temperatures at the
nucleosome level. This is very important for the regulation of gene transcription during the

temperature change response (Kumar and Wigge, 2010).

Protein Domain Protein function of protein
position length (a.a)
130

AtH2A1 At5g54640 T-DNA integration
H2A2 At4g27230
H2A3 At1g54690 H2AX1 (SQEF) responding, marking DSBs
H2A4 At4gl13570
H2AS At1g08880 H2AX?2 (SQEF) responding, marking DSBs
H2A6 At5g59870 DNA binding motifs (SPKK)

H2A7 At5g27670 DNA binding motifs (SPKK)

H2AS8 At2g38810 (H2A.F/Z) Transcription factor
H2A9 Atl1g52740 (H2A.F/Z) Transcription factor
H2A10 Atl1g51060
H2A11 At3g54560 (H2A.F/Z) Transcription factor
H2A12 At5g02560 DNA binding motifs (SPKK)

H2A13 At3g20670

Table 4. Arabidopsis Histone AtH2A isoforms.

Information obtained from TAIR (http://www.arabidopsis.org/).
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3.5.2. Different roles for AtH2A1/RATS histone protein in Arabidopsis

HTAI gene encodes for AtH2A1 (RATS) protein that has been previously postulated to be
important for the T-DNA integration from Agrobacterium tumefaciens into the plant genome
(Tenea et al., 2009; Yi et al., 2006). Agrobacterium tumefaciens possesses a virulence (VIR)
gene that encodes the VirD2 protein. This protein is attached to the single strand DNA (T-
strand) which might prevent it from nuclease digestion when inserted into plant cells. The
insertion of the T-DNA occurs randomly into the genomic plant DNA (Tenea et al., 2009).
The T-DNA integration into the genomic plant chromatin might be a consequence of the
interaction between the VirD2 protein and some histones (Tenea et al., 2009). Based on this,
it has been speculated that the mutation of HTAl gene could lead to changes in chromatin
structure and chromatin remodelling that could change the T-DNA integration (Tenea et al.,
2009). Nevertheless, in this study, we found no evidence that AtH2A1/RATS plays an

important role in T-DNA integration using floral dipping.

However, we have identified chromosome abnormalities during mitotic and meiotic divisions
in Ath2al/rat5 mutant. Chromosome lagging and anaphase bridges have been observed
during anaphase-telophase stages in mitosis as well as some chromosome fragmentation. A
reduction of fertility has been observed in an Ath2al/rat5 mutant with around 50%
production of seeds. We have observed different connections between non-homologous
chromosomes during prophase I, asynchronous anaphase I and the presence of anaphase
bridges or chromosome lagging at anaphase I. Nevertheless, the frequency of chromosome
mis-segregation is very small (1.5% of post anaphase I meiocytes). The seeds number
reduction in the mutant cannot be explained just by such a small frequency of chromosome
missegregation. Nevertheless, the connections and anaphase bridges/chromosome lagging

and chromosome fragmentation observed during and after anaphase I could explain this
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reduction in fertility. These bridges during anaphase I could be the result of a problem in the
resolution of the chiasmata that could lead to different chromosome rearrangements such as
deletions (chromosome fragments observed). These rearrangements may contribute in the
loss of vital genetic information that could produce unviable gametes and therefore, the

reduction on fertility (Acilan et al., 2007).

3.5.3 Anaphase bridges/chromosome lagging in Ath2al/rat5 mutant

DNA damage can be induced by several endogenous or exogenous factors such as radiation.
The majority of DNA double Strand Breaks (DSBs) can be repaired accurately and the
original chromosome structure can be recovered (Acilan ef al., 2007). The major pathways to
repair DSBs are the homologous recombination (HR) and the non-homologous end joining

(NHEJ).

The ligation of non-homologous chromosome ends by NHEJ could create errors and thus,
genomic instability. These errors can be visualised by cytological analysis as anaphase
bridges/chromosome lagging/chromosome fragmentation. It has been suggested that NHEJ
might play an important role in preventing anaphase bridge formation. Moreover, it has been

reported that cohesin deficiency can also cause anaphase bridges (Acilan et al., 2007).

Meiotic HR initiates with the production of DSBs by SPO11 and after these DSBs have to be
repaired. The majority of these DSBs are processed through HR using the sequence
homology between the homologous chromosomes and some of them will be repaired as
crossovers (COs) and others as non-crossovers (NCOs). The connections observed during

prophase I in Ath2al/rat5 mutants could be errors produced during the DSB processing and
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could also explain the presence of anaphase bridges and chromosome lagging and

fragmentation later on.

Anaphase bridges can be described as chromatin fibres that join between two chromosomes
during the anaphase stage (Moa et al., 2008). In human, anaphase bridges are considered as a
hallmark of malignant cells and have been used as a diagnostic tool in oncology (Hoffelder et
al., 2004). Remarkably, the correlation between the formation of anaphase bridges and
tumorigenesis has been described in human and mouse as a result of losing or gaining genes
and thus altering the amount of oncogenic proteins. These alterations occur as a consequence
of formation of breakage-fusion-bridges which would increase and get worse after every cell

cycle division accumulating error (Hoffelder ez al., 2004).

Several studies have been proposed to explain how anaphase bridges can be produced. After
DNA replication, fusion between sister chromatid ends or different chromosome ends may
occur. Therefore, when spindle microtubule fibres pull from the chromosome centromeres in
opposite directions during the anaphase stage these fusions would show as anaphase bridges
(Hoffelder et al., 2004; Moa et al., 2008). Consequently, at the end of anaphase,
chromosome breaks and fragmentation might take place which could lead to genomic

instability (Figure 24).
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Figure 24. Schematic representation showing a proposed model to produce anaphase bridges,
chromosome lagging and fragmentation.

A DSB might occur in one chromatid at S-phase or G2 phase The process of the DSB might end up
joining wrongly chromosome or chromatid ends fusing chromatids or chromosomes and producing
anaphase bridges that would consequently been processed by DNA brakes and visualize as
chromosome fragments.

It has been found that NHEJ might play a predominant role of preventing the formation of
anaphase bridges. Different studies have showed that mutations in NHEJ proteins could
contribute to the formation of non-reciprocal translocation which normally forms anaphase

bridges (Difilippantonio ef al., 2002).

Studies also showed that the fixation between the chromosomes ends during NHEJ require
Ku80 protein (important protein for chromosome end joining). Deficiency of this protein
leads to inappropriate fusion between chromosomes ends. However, another study proposed
that when NHEJ is mutated, HR pathway is enhanced to form somatic CO intermediates
which are not able to be resolved correctly, therefore contributing in the formation of

chromatin anaphase bridges (Moa ef al., 2008).

By itself, HR pathway does not seem to be necessary for the production of anaphase bridges.

However, some HR components might participate in repairing DSBs by other different
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pathways that may lead to errors and thus the formation of anaphase bridges when some
NHE]J proteins are not present. On the other hand, when both pathways (NHEJ and HR) are
mutated, the number of anaphase bridges are significantly reduced which seems to suggest

the previous hypothesis to be correct (Delacote et al., 2002; Pierce et al., 2001).

During each cell cycle division, chromosomes are compacted dramatically to reach higher
condensation at metaphase stage. This organisation is monitored by several proteins to
maintain the genomic integrity of the cell. Condensin is one of these major protein
components that have been found to be involved in this during meiotic and mitotic cell
divisions. Condensin is a multi-protein component that includes two basic elements described
as the Structural Maintenance chromosomes family (SMC2 and SMC4) and other regulatory
subunit proteins. Two types of condensins have been identified, Condensin I and Condensin
IT both of which contain SMC2 and SMC4 subunits. In wild-type, condensins start
polymerizing along the chromosome arms and centromeres at the beginning of prophase and
they disappear at anaphase. There is an interaction between the N-terminus of H2A/H2A.Z
and CAP-H (CAP-H is a protein that is associated with SMC2 at the N-terminal and SMC4 at
the C-terminal in Condensin I). It is suggested that in absence of H2A/H2AZ proteins the
same phenotype to that when condensins are mutated should be observed.

It is reported that Aurora-B-dependent kinase is indispensable for the phosphorylation of
CAP-H which is necessary for the attachment of the condensin complex to the H2A/H2AZ
proteins. RNA interference was used to mutate H24Z and it was found that the amount of
condensins was significantly reduced. However, a limited amount of condensin still could
localised at the chromosomes arms which may have occurred because of its interaction with
other histone isoforms like H2A (Lipp et al., 2007).

Remarkably, the phenotype found when condensins were mutated Arabidopsis thaliana was

consistent with the presence of anaphase bridges during anaphase of both meiosis and mitosis
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(Hirota et al., 2004). In A. thaliana, AtSMC4 gene was mutated by a T-DNA insertion but the
mutation was lethal. Nevertheless, chromatin bridges have been reported in Arabidopsis
when some AtSMC4 could still be localised at the chromosome arms (Siddiqui et al., 2003;
Yu and Koshland, 2003; Yu and Koshland, 2005).

Topoisomerase II has been found to also play essential functions in resolving chromatin
connections between chromosomes. Moreover, when anaphase bridges are formed, a failure
to correcting resolute these structures between homologous chromosomes or sister
chromatids has been reported. Hence, it was suggested that condensins and topoisomerase 11
proteins could be important for preventing the formation of anaphase chromatin bridges
(Holmes and Cozzarelli, 2000; Chan et al., 2004).

Other interesting studies reported that there is an indirect association between condensin and
cohesin proteins. The cohesion complex is a multi-protein complex which is essential for the
correct chromosome segregation during mitosis and meiosis. The condensin complex
polymerizes along the chromosomes arms and disappears at anaphase to facilitate the
separation of the sister chromatids to opposite poles during mitosis. However, defects in
removing the cohesion complex proteins at the correct stage (anaphase) would contribute to
inability to the separate the sister chromatids accurately. A study has shown that condensin
could play a crucial role of indirectly removing the cohesin complex at the correct stage (Yu
and Koshland, 2005). Removing the cohesin proteins is the main role of the enzyme called
Separase. The Separase activity is inhibited during prophase by the protein Securin. At
metaphase, when all the chromosomes are at the equatorial plate of the spindle, the
Chromosome Passenger Complex (CPC) recognise the appropriate tension and activates the
Anaphase Promoting Complex/Cyclosome (APC/C) which will degrade the Securin and thus

activating the Separase activity. The Separase will cleave the SCC1 cohesin subunit and
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released the sister chromatid cohesion so the MTs of the spindle would be able to separate the
sister chromatids into opposite poles (Uhlmannet al., 2000).

Several studies have found that centromeric histone variant H3 (CenH3) is affected when
condensins have been depleted in different organisms such as Drosophila, humans and
budding yeast. Therefore, it was proposed that condensins are indispensable for CenH3
maturation, organisation and maintaining (Yong-Gonzalez et al., 2007; Jager et al., 2005 and
Samoshkin et al., 2009).

Further studies have shown that budding yeast is enriched for condensin on the chromosome
arms particularly on rDNA regions (highly repetitive regions) in order to keep genomic
stability and avoid any fusions in these regions where ectopic recombination could occur (Yu
and Koshland. 2005; Freeman et al., 2000). Nevertheless, other studies showed that rDNA
regions attach to the cell’s nucleolus at the same time when condensin is polimerized and
loaded into the cell nucleolus, so these attachments would have more of a role in preventing
these repetitive domains from fusion (Koshland, 2005; Freeman et al., 2000). The deficiency
in condensins could contribute to shortening of rDNA repetitive regions during cell divisions
(Ide et al., 2010; Smith et al., 2014).

In this study, we have found that anaphase bridges are formed in an Ath2a.1/rat5 mutant line
during mitotic and meiotic divisions. Further analysis investigating different recombination
proteins immunolocalisation was carried out in order to find out which mechanisms produced

these anaphase bridges.
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3.5.4 Agrobacterium tumefaciens T-DNA integration during Floral Dipping is not
dependent of AtH2A1/RATS but on DSB formation and processing by HR and NHEJ

pathways

Genetically modified (GM) crops could be a very useful tool for the agro-economic future of
developing countries. The continuous increase of the world population (from 6 to 9 billion
inhabitants in 2050), the increase industrialization and thus nature pollution and the climate
change would enforce an increase in the yield and nutritional improvement of crops in the
next decades. Genetic engineering could be a very useful tool to provide some solutions to
this problem. GM transgenic crops have been produced in the last decade such as herbicide
resistant canola (Alimohammadi et al., 2009; Valentine, 2003). Agrobacterium tumefaciens
contains a Tumour Inducer (Ti) plasmid which contains the Transfer DNA (T-DNA) that

would be able to be integrated into the host plant cell genome (Alimohammadi et al., 2009).

The process of the T-DNA transformation from the Ti plasmid into the host plant cell
requires different plasmid virulence genes in the bacteria and the use of several proteins
located in the host cell (Zhu ef al., 2003). How the T-DNA fragment gets integrated into the
plant genome is still unanswered question. The T-DNA integration is likely dependent on the
DNA repair machinery and chromatin proteins like histone H2A.1 present in the plant host
cell (Alimohammadi et al., 2009). AtH2A.1 (RATS) protein has been related to the T-DNA
integration (Valentine, 2003). However, the exact role of AtH2A.1 in the T-DNA integration
is not fully understood, whether this protein affects the chromatin compaction, interacting
with VirD2 from A. tumefaciens in the host DNA or has a role by the interaction with other

proteins that have not been yet discovered (Valentine, 2003).

AtH2A.1 (RATS) is one of the Arabidopsis H2A isoforms which is a main component of the

nucleosomes. AtH2A.1 seems to play a vital role in DSB repair and chromosome stability.
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Chromatin remodelling and DNA accessibility can be regulated throughout post-translation
modification of histone tails. For example, in budding yeast there are only 2 genes encoding
for histone H2A and both code for an identical protein. This H2A protein contains a histone
tail which includes an S/TQ motif which can be the target for serine/threonine
phosphatidylinositol 3-kinases like ATM (Ataxia Telangiectasia Mutated) and ATR (Ataxia
Telangiectasia and Rad3-related protein) with key roles in HR and DNA-PKcs (DNA-
dependent Protein Kinase catalytic subunit) which is essential in NHEJ. Phosphorylation of
the serine in this domain occurs rapidly after a DSB has formed (Kamakaka and Biggins,
2005; Sarma and Reinberg, 2005). The phosphorylation of the histone H2A on this S/TQ
motif is relying on DNA dependent checkpoint kinases ATM, ATR and DNA-PKcs. It has
been found that these kinases are surrounding the DNA damages and recruiting other proteins
that are important for DNA DSB repair and processing. In higher eukaryotes, like in humans
and plants like Arabidopsis, more histone H2A isoforms have evolved from this primordial
H2A form. Higher eukaryotes have evolved in a H2A histone variant to keep this role, the
H2AX variant which conserved the S/TQ motif. Arabidopsis genome encodes for 2 AtH2AX
genes producing nearly identical proteins which have a key role in labelling and correctly
processing DSBs during mitosis and meiosis (unpublished data, E Sanchez-Moran).
Nevertheless, we cannot rule out that other histone AtH2A isoforms could not be taking part
in other aspects of DSB repair and processing during mitosis and meiosis as a remnant of the

H2A histone in budding yeast.

According to our results, our Ath2a.l mutant shows abnormalities during DSB
repair/processing during meiosis visualised as connections between chromosomes, anaphase
bridges, chromosome lagging and fragmentation. Furthermore, anaphase bridges,

chromosome lagging and fragmentation were also observed during mitotic divisions. These
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abnormal results confirm that AtH2A.1 (RATS) plays a crucial role in the processing of DNA

DSBs.

DSBs can occur as a result of an error during DNA replication or can be catalysed by proteins
like SPO11 during meiosis. Higher eukaryotes have evolved two main pathways to repair
DSBs: HR error free and NHEJ error prone pathway. However, DSBs in plants and humans
are fundamentally repaired by NHEJ while in budding yeast mostly is repaired by HR (Jia et

al.,2012; Li et al., 2005; Tzfira and Citovsky, 2006).

In budding yeast, ku70 mutants (NHEJ) are able to get T-DNA integration. Furthermore, in
rad50 mutants (HR) T-DNA integration also occurred. However, when both pathways were
inhibited by mutating proteins involved in both pathways, no integration of T-DNA could be
observed (Tzfira and Citovsky, 2006). In Arabidopsis, an Atku80 mutant exhibits deficient T-

DNA integration in to host DNA of somatic cells (Li et al., 2005; Jia ef al., 2012).

Several proteins from both bacterial and host cell have shown to have a role in the T-DNA
integration (Gelvin, 2003; Tzfira and Citovsky, 2002). Several questions have been posed to
understand the way the T-DNA single strand integrates into the plant genomic DNA. Are
there any plant proteins which could play a role in choosing specific sites for the T-DNA
integration? Does HR or NHEJ proteins have a role in the T-DNA integration? To answer
these questions, genetic analysis using mutants for most components of the HR and NHEJ

pathways were done to analyse their effect in T-DNA integration.

The virulence genes that are normally located in the Ti plasmid have been found to play an
important role for transforming the T-DNA into the plants genome (Gelvin, 2003;Yanmin
Zhu et al., 2003). Further investigation has found that phenolic and sugar molecules could

stimulate the bacteria to transfer the T-DNA when the plant cell wall had been wounded.
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Therefore, the virulence proteins would trigger and guide the T-DNA from the bacteria into

the plant cytoplasm as a complex and finally to the plant genome (Yanmin Zhu ef al., 2003).

The VirD2 and VirD1 proteins were found to play a basic function in excising the T-DNA
from the Ti plasmid. The T-DNA has two borders that include around 25 bp repeated
sequences in both sides. These repeat sequences are recognised by the virulence proteins that
are found in the Ti plasmid. The VirD2 will join to the 5'-end after released the T-DNA
single strand DNA (ssDNA) and transferred it into the plant cell. Another plant virulence
protein that has been further described is VirE2 which coats the entire T-DNA and protects it
from plant cell endonucleases when the T-complex (T-DNA and VirD2) enter the cell. Also,
VirD2-ssDNA can be delivered into cell nucleus by dynein motor proteins and eventually

target it into the plant genome (Pacurar et al., 2011; Tzfira and Citovsky, 2006).

The structure of the chromatin and chromatin related proteins like histones in A4. thaliana
could affect the efficiency of T-DNA integration. Moreover, the T-DNA integration occurs
randomly on the genomic sequence but normally it has more affinity for regions on the
promoters, 5' and 3' untranslated domains because these regions might have a temporary
unpacking state of the chromatin and it would be easier to be targeted (Alonso et al. 2003;
Tzfira et al., 2004). Arabidopsis root T-DNA transformation in Ath2al/rat5 mutant showed a
deficiency in T-DNA integration. In the other hand, additional extra copies of this gene (over
expression) increased 2-fold the T-DNA integration observed in the wild-type (Mysore et al.,
2000b).

Several studies have been conducted to identify which organs are targeted by the T-DNA
integration using the Floral Dipping procedure. Some of these studies used GUS-staining as
a plant marker of the T-DNA integration. This allowed the authors to identify the ovules
(female gametes) were the only organ stained with the GUS-staining, proving that the ovules

are the target sites for the T-DNA insertion using Floral Dipping (Bechtold et al., 2000;
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Desfeux et al., 2000). Agrobacterium might pass throw the pollen tube along the stigma
down to the style and eventually to the ovules (Desfeux et al., 2000). It was found that the
developmental timing and the size of buds is also very important. The T-DNA transformation
from Agrobacterium failed when the Floral Dipping was done 2 or more days after the
anthesis and also failed 6 days prior to the anthesis. Thus, the perfect time that should be
chosen for Floral Dipping is 3 days before anthesis in which the stigma cap form at the top of
the style connected to the elongated gynaecium (Desfeux et al., 2000). Surprisingly, this is
the time when female meiotic stages start, when DSBs are form in the embryo sac mother

cells or female meiocytes (Armstrong and Jones, 2001).

In the other hand, several studies have showed that the T-DNA integration efficiency is
dependent on DSBs in the host genomic DNA (Salomon and Puchta, 1998; Windels et al.,
2003; Tzfira and Citovsky. 2006; Tzfira ef al., 2004). X-ray irradiation has been conducted to
produce extra DNA breaks, and it was found that T-DNA integration frequency could be
significantly increased (Tzfira et al., 2004).

According to Tzfira and collaborators (2004), adding restriction cutting enzymes which could
create breaks on specific sequence sites on the tobacco genome could increase T-DNA
integration in these target sites. It was proposed that T-DNA ssDNA segments might be
converted into a double stranded T-DNA (dsT-DNA) before getting integrated into the
restriction sites (Tzfira et al., 2004; Windels ef al., 2003).

Our results show that in absence of DSBs catalysed by AtSPO11.2, the T-DNA integration by
Floral Dipping is highly reduced to 82.4% that of the wild-type (Table 5). This shows how
important meiotic DSBs are for this T-DNA transformation method in Arabidopsis.

The T-DNA can be transferred into the plant cell nucleus and eventually gets integrated into
the plant host genome using different DNA repair or recombinant pathways (Windels et al.,

2003). In budding yeast (Saccharomyces cerevisiae), the T-DNA is integrated into DSBs in
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the host genomic DNA and relies on HR and NHEJ proteins showing that these pathways
play a vital role in the T-DNA integration (Bundock and Hooykaas, 1996; Risseeuw et al.
1996). However, plants seem to utilize the NHEJ pathway instead of HR for the T-DNA
integration on roots. Nonetheless, in S. cerevisiae, T-DNA integration can be existed by
either pathways HR and NHEJ (Tzfira and Citovsky, 2006; Windels ef al., 2003). In budding
yeast, the deficiency of KU70 which is an essential protein for NHEJ pathway, allows the T-
DNA integration to use the HR pathway. Furthermore, when the RADS52 recombinase (a key
protein for the HR in yeast) is absent then the integration of T-DNA molecules can use the
NHEJ pathway. Nevertheless, if both RADS52 and Ku70 are absent, then, no T-DNA
integration can be successful in budding yeast (Tzfira and Citovsky, 2006; Tzfira et al.,
2004).

In plants, DSBs can be repaired by NHEJ pathway by recruiting different proteins like KU70,
KU80, LIG4 and XRCC4. Nevertheless, the HR pathway might also be used for repairing
these DSBs in plants by recruiting recombinase proteins like RPA and RADS51 (Bray and
West, 2005). From these proteins, KU80 and ligases like LIG4 seemed to be the most

involved in T-DNA integration (Bray and West, 2005).

According to Tzfira and collaborators (2004), the model proposed for the T-DNA integration
into the host cell genome starts with T-DNA invasion of the 3'-ends as this part of this
molecules are un-protected against host cell endonuclease activities while the 5'-ends are
protected by the VirD2 protein. Once the T-DNA enters the cell, the T-DNA can be
converted into dsDNA. During this process a few of bases can be lost from the unprotected
3'-ends. Consequently, either processes HR or NHEJ might participate in the T-DNA
integration (Tzfira et al., 2004). If NHEJ assists, then the VirD2 protein can be replaced by
AtKU70-AtKUS8O heterodimer that are responsible for joining both ends of dSDNA. During

this event, H2AX would also participate for unpacking DNA as a result of DNA DSBs
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response. However, HR pathway is used; Rad52 might play a similar role in plants than in
budding yeast (Tzfira et al., 2004). The T-DNA ends can be recognized by Rad52 which
therefore would attach to the single strand 3’-ends. In this case, the VirD2 will be still
attached to the 5'-ends to protect it from exonucleolytic degradation. The Rad52 (or plant
orthologue —not found yet-) and MREI1 could form complexes that would attach to DNA
DSBs ends before being recognized by NHEJ proteins, KU70/KU80) or by HR
nucleoproteins RADS1 and DMC1 (Brunaud et al., 2002; Tinland et al., 1995; Van Attikum

et al., 2003).

Several proteins involved in DSBs repair have been confirmed to play a critical role for T-
DNA integration into the host cell genome using either HR (like Spol1, Rad50, Mrell) or
NHEJ (like Ku70,Ku80 and LIG4) (van Attikum et al. 2001; van Attikum and Hooykaas,
2003). T-DNA integration efficiency is reduced in ku80 and lig4 mutants in Arabidopsis
(Windels et al., 2003). Furthermore, AtLIG4 is not necessary for the T-DNA integration
using the root transformation technique but seems to be required in the germ-line cells using
the Floral Dipping procedure (Van Attikum ef al., 2003). Using these two different
techniques (Floral Dipping vs. Root Tumour Formation) has revealed differences on the T-
DNA integration pathway not just the target tissues (ovules vs. root cells) (Tzfira et al.,
2004). In A. thaliana, AtLIG4 seems to not play a role for the T-DNA integration while in
yeast it was the most important component (Li et a/ 2005; Van Attikum et al., 2003). In this
study, we have found that AtLIG4 seems to play a very important role for the T-DNA
integration using Floral Dipping transformation, in its absence the T-DNA integration was
reduced around 80% that of the wild-type (Table 5).

Atku80 mutant have shown to be deficient in T-DNA integration using the root

transformation methodology (Tzfira et al., 2004; Li et al., 2005). Our study has showed that
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both AtKU70 and AtKUS8O0 are both required for the T-DNA integration, in their absence the
T-DNA integration was reduced very similarly around 62% and 65%, respectively (Table 5).
This reduced T-DNA integration was very similar between both AtKU70 and AtKUSO,

something to expect as both are part of the same heterodimer protein complex.

Proportion of T-DNA Reduction in Role of proteins
Mutant integration compared to T-DNA
wild-type % integration

Atspoll.2 DSB formation

Atmrel 1 DSB resection

Atrad51 ssDNA invasion

Atmsh4 dHj processing

Atmlh3 dHj processing

Atku70 NHEJ

Atku80 NHEJ

Atlig4 NHEJ

Table 5. Proportion of plants with T-DNA integration compared to the wild-type in different mutants
of key components of HR and NHEJ.

Our results also showed that the AtMREI11 is highly important for the T-DNA integration
using Floral Dipping, in its absence the reduction of T-DNA integration was around 88.3%
that one of the wild-type (Table 5). HR recombinase AtRADS51 also seems to play an
important role in T-DNA integration using Floral Dipping, in its absence the T-DNA

integration was significantly reduced compared with Col about 80% (Table 5). According to
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Tzfira and collaborators (2004), MRE11 and RADS52 are necessary for T-DNA integration in
yeast but their orthologues role in plant T-DNA integration was not fully understood. This
study actually proves that both AtMRE11 and AtRADSI play a crucial role in T-DNA

integration by Floral Dipping in Arabidopsis.

Furthermore, AtMSH4 and AtMLH3 also seem to have some roles on T-DNA integration, in
their absence the efficiency of T-DNA integration was reduced to 56% and 68% that of the

wild-type, respectively.

Our results illustrate that there is not significant differences among proteins involved in DSB
formation (AtSPO11.2), DSB resection (AtMRE11) and ssDNA invasion (AtRADS1) in their
role for T-DNA integration (Chi-square test, P-value 0.659884 ). Furthermore, there is not a
significant difference in proteins involved in Double Holliday junction (dHj) processing
(AtMSH4 and AtMLH3) in their T-DNA integration role (Chi-square text, P-value
0.427717). Nevertheless, there was significant differences between the roles of proteins
involved in DSBs formation and processing (AtSPO11.2, AtMRE11, AtRADS51) and proteins
involved in dHj processing (AtMSH4 and AtMLH3) (Chi-square text, P-value 0.05847). This
could show that these two groups of protein could be involved in different processes of T-
DNA integration. Additionally, no significant differences were observed in the T-DNA
integration role of NHEJ proteins AtKU70, AtKU80 and AtLIG4 (Chi-square text, P-value
0.37296) showing that these group of proteins are likely involved in the same T-DNA

integration pathway (Figure 25).
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T-DNA integration
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Figure 25. Diagram representing different DSB repair pathway mutants involved in T-DNA
integration by Floral Dipping.

The proportion of plants with T-DNA integration compared to the wild-type is indicated. NS (non-
significant) S (significant).

In summary, T-DNA integration using the Floral Dipping Transformation method is
dependent of meiotic DSBs catalysed by AtSPO11.2 and the DSB processing pathways HR
(AtMREI11, AtRADS1, AtMSH4 and AtMLH3) as well as NHEJ (AtKU80, AtKU70 and
AtLIG4). Moreover, although AtH2A1/RATS5 has been shown to have an important role in

root T-DNA integration its role using Floral Dipping does not seem to be that significant.
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CHAPTER FOUR

Characterisation of AtSSRP1
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4.1 INTRODUCTION

4.1.1 High mobility group proteins (HMG)

Chromatin is a flexible dynamic structure that interacts to a multi-complex of proteins. High
mobility group (HMGQG) proteins are considered to be the second most abundant group of
chromatin proteins after histone proteins, and seem to be architectural components of the
chromatin (Catez and Hock, 2010). Recent studies have shown that HMG proteins might play
an important role in the epigenetic changes as they can alter the level of histone modifications
when they combine with the chromatin (Catez and Hock, 2010; Kim et al., 2009). They
participate in a mixture of DNA-dependent processes such as chromatin remodelling, changes
of chromosomal structures during cell cycle, DNA recombination, DNA repair, apoptosis and
even regulate transcription factors (Bustin, 2001; Lildballe et al., 2008; Reeves and Adair,

2005).

High mobility group proteins are a heterogeneous set of nuclear proteins that have a
molecular mass of less than 30 kDa (Aleporou-Marinou et al., 2003; Catez and Hock, 2011).
They were discovered in early 1960s by Johns and were described according to their high
mobility when they were run in acidic polyacrylamide gels (Czura et al., 2003). HMG
proteins were found first in mammalian cells and defined as non-histone chromatin proteins
since they were different than histones (Bustin, 2001; Goodwin and Johns, 1973). HMG
proteins can be divided into three basic families known as HMGA, HMGB and HMGN
proteins. Nevertheless, there is no evidence that HMGN proteins are present in plants
(Pedersen and Grasser, 2010). HMG proteins can be classified based on their DNA-binding

regions.
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HMGA proteins include AT-hook domains to bind to DNA, whereas, HMGB include HMG-
box domains and the HMGN proteins contain a nucleosome binding region. These main
domains can be used to differentiate between HMG protein families and their role by their

recognition of specific DNA sequences or not (Catez and Hock, 2011).

Broadly, HMG protein families have differences in their structures but they still share similar
DNA/chromatin binding sites (known as binding motifs) and are flanked with acidic residues
in their C-terminus region (Sgarra et al., 2004). It has been suggested that the acidic tails are
responsible for the communication with other proteins and, thus, regulate the activity of the
HMG protein binding sites (Catez and Hock, 2011). The HMGA protein family consist of
four variant proteins that are encoded by two different genes by alternative splicing in
humans: HMGAI gene encodes the proteins HMGAla (106 aa, 11.9 kDa), HMGAI1b (95
amino acids, 10.6 kDa) and HMGAIc (179 aa, 19.7 kDa). Additionally, HMGA2 (108 aa,

12kDa) is encoded by a different gene, HMGA2 (Catez and Hock, 2011; Sgarra et al., 2004).

The number of AT-hook motifs seems to be variable between eukaryotic organisms. These
AT-hook motifs can be attached to the AT-rich regions of DNA in the minor groove of the
naked double stranded DNA and the DNA surrounding by the nucleosomes. Each one of the
AT-hook sequence domains consist of highly conserved positively charged amino acid
domains in an specific sequence: proline, arginine, glycine, arginine and proline (PRGRP)
(Catez and Hock, 2011; Sgarra et al., 2004). It is supposed that the AT-hook motifs can play
a crucial role of changing chromatin structure (Sgarra et al., 2004). It is suggested that one of
the AT-hook domains is enough to provide a binding site to DNA. Nevertheless the affinity
between the HMG proteins and the DNA would increase significantly when 3 or more of the

AT-hook motifs are present in the protein (Catez and Hock, 2011).
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Therefore, HMGA proteins are essential molecules that associate with (SARs). These SARs
contain a high abundance of AT sequences where AT-hook motifs can attach. Consequently,
these could explain how chromatin can be attached to the chromosome scaffold (also known
as nuclear matrix or chromosome axis) and how HMG proteins could then regulate different
biological processes of the nucleus like DNA replication, transcription, or DNA repair. It has
been revealed that HMGA proteins can delocalise histone H1 from SARs, so that chromatin

can be unwound and transcription activities can be initiated (Sgarra et al., 2004).

Indeed, several studies have been conducted to understand the function of HMGA proteins.
Consequently, it has been determined that the most important functions of HMGA proteins
are to produce changes in DNA activities or processes by increasing the attraction of the
binding regions of transcription factors (TFs) to gene promoters as well as facilitating the
interaction between nucleoproteins complexes that are responsible of controlling these

activities (Sgarra et al., 2004).

HMGB proteins are defined by an HMG box region in their sequence. It is found that this 80
amino acid box region can attach to the minor groove of the DNA without any specificity in
the DNA sequence (Catez and Hock, 2011). The protein family called HMGN can be
combined within the nucleosomes as it seems to be attached within DNA and the histone
octamer (Bianchi and Agresti, 2005; Catez and Hock, 2011). Recent studies have shown that
HMG proteins might play crucial roles in controlling epigenetic changes. Once they interact
with the chromatin, they can facilitate changes to the histone modifications. This has been

observed among HMGN and HMGB proteins (Catez and Hock, 2011).
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In this study, we carried out a reverse genetic analysis to find out HMG proteins that could
have important roles in meiosis by using T-DNA insertion mutants and characterising their

fertility and putative errors during the meiotic process.
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4.2. RESULTS

4.2.1 Fertility characterisation in Athmg mutants in Arabidopsis

Different Athmg mutants (Figure 26) were analysed by a reverse genetic analysis in order to
find if any of these genes have a role in the meiotic process. Athmg mutants grown at the
same time and identical conditions as the wild-type (Col) showed a semi-sterile phenotype

(Figure 26D) with more or less severity.

Measurement of the silique length and quantification of the number of seeds per silique were
carried out to assess the fertility of different Athmg mutants comparing them to the
Arabidopsis wild-type (Col). The mean silique length of the siliques for all the Athmg
mutants analysed showed that all but the At4g17950 were significantly reduced (marked with
2 stars (**)) compared to the mean of 13.8 mm of the wild-type (z-test, p<0.005) (Figure
26A). Furthermore, the mean number of seeds per silique for all the Athmg mutants were
significantly reduced (marked with 2 stars (**)) compared to the 54.68 seeds/silique in the

wild-type ((¢-test, p<0.005) (Figure 26B) (N=100).
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Figure 26. Fertility evaluation for Athmg mutants.

A Mean silique length for the wild-type (WT) and the different mutants. B Mean number of seeds per
silique. Error bars = Standard Error of the mean. C Table representing the different AtHMG genes
analysed, their mutations, their protein sequence and conserved domains and their fertility p-value (¢-
test, p<0.005). Yellow highlights = AT-hook motifs. D Photographs of the different mutants analysed
next to wild-type plants grown at the same time and with the same conditions.
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4.2.2 Characterisation of Azssrpl mutant

The Atssrpl mutant has been chosen for further analysis based on its defects in plant size
(dwarf plants) and the severity in the reduction of fertility (decreased number of seeds).
Structure Specific Recognition Protein 1 (SSRP1) is an abundant HMG protein which can
bind to chromatin and seem to play a crucial role in DNA repair response, in DNA replication
and elongation, and in regulation of the transcription machinery. In higher eukaryotes, SSRP1
protein contains two conserved domains. The N-terminal domain that interacts to the SSRP1
partner is known as SPT16 (Suppressor of Tyl16) forming the FACT complex (Facilitates
Chromatin Transcription complex). This N-terminal domain also contains a tubulin binding
domain. The C-terminal domain might bind into the DNA (Kumari et al., 2009; Zeng et al.,

2010).

SSRPI gene seems to be necessary for microtubule growth development, maturation and
formation in mitosis (Zeng et al., 2010). It has been reported that this protein is also
important for chromosome alignment and segregation by organizing microtubules as bundles
(Zeng et al., 2010). In our study, we identified an Atssrpl mutant which showed different
chromosomal abnormalities including chromosome fragmentation during mitotic and meiotic

divisions, and chromosome missegregation during meiotic Anaphase I and II stages.

AtSSRP1 gene is located in the short arm of Arabidopsis chromosome 3. It consists of 16
exons and 15 introns in addition of a 3’ and a 5> UTRs. The T-DNA line analysed (SALK-
001283C) is inserted in the exon number 14 of the AtSSRPI gene (At3g28730). TAIR
databases and its Sequence Viewer tools have been used to represent the DNA sequence,
gene structure and the position of T-DNA insertion line of AtSSRPI gene (Figure 27A and

Appendix C).
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Atssrpl T-DNA insertion mutant seeds (SALK-001283C line) were obtained from the SALK
Institute (San Diego). Mutant and wild-type seeds were planted together in identical
conditions monitored at the glasshouse. DNA was extracted from plant leaves to genotype
them. Two primers were designed (LP and RP) around the T-DNA insertion site in AtSSRP!
gene and another specific primer for the left border of the T-DNA (BP) was designed and

used to confirm the presence of the T-DNA insertion (Figure 27A).

PCR and gel electrophoresis was conducted to check the presence of the T-DNA insertion
within the AtSSRPI gene. Additionally, wild-type plants were used as a control (Figure
27B). Wild-type plants showed one single band amplification of approximately 1,034 bp size
as a result of amplifying the genomic sequence between LP and RP primers in AtSSRP/ gene
(Figure 27B). The agarose gel in Figure 27B shows three homozygous mutant plants with
the T-DNA inserted in both homologous chromosomes. These homozygous mutants provided
one single band amplification of approximately 700 bp in size as a result of amplifying the
left border of the T-DNA up to the RP primer in the 4tSSRP1 genomic sequence (Figure

27B).
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Figure 27. Schematic representation of the structure of AzSSRPI gene and the location of the T-
DNA insertion in the mutant analysed.

A AtSSRPI gene includes 16 exons (blue boxes) in addition of 5° and 3’UTRs (grey boxes). The T-
DNA is inserted in the exon number 14 (inverted dark blue arrow box). B PCR was conducted to
identify the T-DNA insertional A¢ssrpl mutant plants. Agarose gel photograph showing a wild-type
plant and three homozygous mutant plants.
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4.2.3 Plant phenotype for Atssrpl mutant

Atssrpl mutant plants showed a delayed in growth and development compared to the wild-
type plants grown in the same conditions (Figure 28). Furthermore, the mutants displayed a
semi-sterile phenotype (Figure 28). Atssrpl mutant plants showed a dwarf-like phenotype in
some plants (not all 30%, N=100) and a delay and abundance of inflorescences and leaves,

and a delay in flowering time compared to the wild-type (Figure 28C).

Fertility of Atssrpl mutant (Salk line 001283) and wild-type plants was assessed by
measuring the silique length and counting the number of seeds per silique (N=100 siliques in
5 plants). The mean number of seeds per silique in Atssrpl mutant plants was significantly
reduced with a mean of only 3.66 seeds/silique compared to 54.68 seeds/silique in the wild-
type (t-test, p=1.3X10-47) (Figure 28A). The mean silique length for the A#ssrpl mutant
plants was also significantly reduced to 6.28 mm compared to the 13.58 mm in the wild-type

(z-test, p=1.52X10-36) (Figure 28B).
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Figure 28. Plant phenotype in Atssrpl mutant.

A Mean number of seeds per silique. B Mean silique length. Error bars = Standard error of the mean.
N=100 siliques. C Pictures of Atssrpl mutant and wild-type plants taken after 3 week of germination.
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4.2.4 Expression of AtSSRP1 in Arabidopsis thaliana

To characterise the expression of AtSSRPI gene and evaluate the mutant line (SALK-
001283C) a Reverse Transcription Polymerase Chain Reaction (RT-PCR) was carried out.
RNA was extracted from leaves and flower buds in both, the wild-type (Col) and Atssrpl
mutant plants. Two sequence specific primers were designed to amplify approximately 200bp
of the AtSSRP1 transcript. To avoid genomic contamination the forward primer was designed
against the end of exon 13 and the beginning of exon 14. The reverse primer was designed
into the 3’UTR of 4tSSRPI (sequence in Material and Methods). An RT-PCR control using
primers to amplify 220bp of the AtACTIN2 gene a known housekeeping gene was carried out.
Figure 29 shows the agarose gel with the electrophoresis separation of these RT-PCR
products. The AtACTIN2 control shows equal intensity of the 220 bp bands in the different
tissues (leaf vs. bud) and the different samples (wild-type vs. Atssrpl mutant). AtSSRPI
transcript is present in similar amounts in somatic (leaves) and meiotic (flower buds) wild-

type tissues (Figure 29). Nevertheless, no band was visible for the AtSSRPI transcript in the

Atssrpl mutant (Figure 29).
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Figure 29. RT-PCR electrophoresis photograph showing the expression of 44SSRPI gene in
wild-type and Atssrpl mutant tissues.

Housekeeping gene AtACTIN2 was used as a control. RNA was extracted from leaves and flower
buds. AtssrpImutant plants did not show expression of AtSSRP1gene as expected.
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4.2.5 Cytogenetic analysis of the male meiosis in Azssrpl mutant

Cytological analysis of chromosome behaviour during meiotic stages in pollen mother cells
was carried out in Atssrpl mutant plants. We observed no defects during meiotic prophase I
with fully complete chromosome pairing and synapsis at pachytene (Figure 30). However,
some cells (about 15%) revealed some chromosome fragmentation during zygotene and
pachytene (Figures 30 B and D, arrows). Furthermore, some cells showed chromosome
missegregation during anaphase I which led to unequal number of chromosomes in second
division cells like prophase II (Figures 301 and J). Subsequently, further chromosome
missegregation occurred during second meiotic division (Figures 30K, L. and M) and thus,

creating unbalanced gametes with different chromosome number (Figure 30).

147



148



Figure 30. Meiotic stages of PMCs in Atssrpl mutant line (SALK-001283).

A Leptotene. B Pairing of homologous chromosomes starts at zygotene. C and D Pachytenes, with
fully paired chromosomes. E Diakinesis. F Metaphase I with 5 bivalents. G Anaphase 1 with
chromosomes migrating to opposite poles in an asynchronous manner. H Telophase I. I and J
Prophase II, chromosomes start to condense and some cells appeared with unequal number of
chromosomes in each nucleus. K Metaphase 11, with unequal number of chromosomes in each pole (2
vs. 8 instead of the wild-type 5 vs. 5). L and M Anaphase II, the sister chromatids start to migrate to
opposite poles. Previous missegregation and new missegregation problems accumulate and unbalance
nuclei are formed. N and O Telophase II-Tetrad stage with unbalance number of chromosomes. Scale
bar = S5pum.

4.2.6 Cytogenetic analysis of the mitotic division in A#ssrpl mutant

Cytogenetic analysis was performed to study the mitotic chromosome behaviour in the wild-
type and Atssrpl mutant plants. Chromosomal abnormalities were observed during anaphase
in the Atssrpl mutant. Anaphase bridges were visualised (Figure 31, arrows). Furthermore,
some chromosome fragmentation could be observed at this stage too (Figure 31, arrows).
Consequently, it seems that Atssrpl mutants are affected in the genome stability which could

explain the vegetative phenotype observed with delay growth or dwarf-like plants.
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Mitotic cell cycle in ssrpl in Arabidopsis thaliana
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Figure 31. Cytological analysis of the mitosis in wild-type and Azssrpl mutant.

A cytogenetic analysis was conducted to study the mitotic cell divisions in both wild-type and Atssrpl
mutant using DAPI staining and fluorescence microscopy. Atssrpl presented different chromosome
abnormalities including anaphase bridges and chromosome fragmentation. Scale bar = Spum.
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4.2.7 Quantification of meiotic chromosome missegregation in Azssrpl

Meiotic chromosome segregation in wild-type (Col) and At¢ssrpl mutant has been
characterised and categorised into two class: normal (accurate chromosome segregation) or
abnormal (unbalanced chromosome segregation). Quantification of these two classes was
carried out in first meiotic division (anaphase I to metaphase I1) and second meiotic division
(anaphase II-telophasell). All the wild-type meiocytes showed a balanced chromosome
segregation during the first meiotic division (with 5 chromosomes segregating to opposite
poles) and during second meiotic division (with 5 chromatids segregating to each pole).
Nevertheless, in the Atssrpl mutant only 39% of the meiocytes showed a correct segregation
of chromosomes (N=152 meiocytes) (Figure32). Interestingly, the abnormal chromosome
segregation was more frequent during second meiotic division (92.8%) than during first

meiotic division (29.2%).
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Figure 32. Proportion of normal and abnormal meiotic chromosome segregation in the wild-type and
Atssrpl mutant.

Percentage of cells with normal and abnormal chromosome segregation during first meiotic division
(AI-MII) and second meiotic division (AII-TII) in wild-type (Col) (N=200 meiocytes) and Atssrpl
mutant (N=152 meiocytes).
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4.2.8 Immunolocalization of AtASY1 and AtZYP1 on both wild-type and A#ssrpl

mutant

Immunolocalisation studies were conducted to study the polymerization of both AtASY1 and
AtZYPI proteins throughout meiotic prophase I in the wild-type and Atssrp/ mutant. Our
analysis showed that AtASY 1 appeared at G2 as foci and around leptotene as a liner signal
along the chromosome axis. AtZYP1 signal starts as foci during zygotene and polymerizes as
a continuous signal at pachytene. Both AtASY1 and AtZYP1 immunolocalisation in the wild-

type and in the At¢ssrpl mutant were identical (Figure 33A and B).
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Figure 33. immunolocalisation of AtASY1 and AtZYP1 in both wild-type and Atssrpl mutant.

This figure shows the co-localization of AtASY1 (green) and AtZYP1 (red) in both wild-type and
Atssrpl. A Immunolocalisation of AtASY1 and AtZYP1 in the wild-type. B Immunolocalisation of
AtASY1 and AtZYP1 in the Atssrpl mutant. Scale bar = Sum.
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4.2.9 Localization and distribution of microtubule spindles during meiosis and mitosis

in Arabidopsis

Immunolocalisation of beta-tubulin was carried out to study the meiotic and mitotic spindles
in the wild-type (Col) and Atssrpl mutant in Arabidopsis (Figure 34A). Monoclonal anti-

beta-tubulin antibodies raised in mouse was used to identify beta-tubulin.

Our analysis in the wild-type showed the association of microtubules on spindle at metaphase
I which attached to chromosomes centromeres (Figure 34A). Microtubules also associated on
spindles at metaphase II attaching to the centromeres of the sister chromatids to separate them
to different poles. In Atssrpl mutant, the spindle forms at metaphase I and metaphase II
similarly to that of the wild-type. Nevertheless, the spindles seem to contain less
microtubules and their distribution not so orderly rearranged like in the wild-type (Figure
34). Eventually, these spindle defects would lead to abnormal chromosome segregation

during first and second meiotic divisions.

Deferent chemical components have been identified to stabilize microtubules which have
been widely used as anti-tumour drugs to arrest cell division like Taxol. Flutax1 is derivate of
this drug combined with a fluorophore (fluorescein) was used in this study as a
complementary technique to visualise microtubules and thus, mitotic spindles (Figure 34B).
Flutax1 is a fluorescent taxol that associates to the microtubules preventing the microtubule
de-polymerisation. Flutax1 allowed us to visualise the microtubule cytoskeleton in somatic
cells and the mitotic spindle in wild-type and Atssrpl mutant cells (Figure 34B).
Chromosome missegregation and micronuclei have been observed during mitotic stages at
anaphase and telophase. Therefore, it seems that AtSSRP1 might play a key role in the proper

distribution and/or polarization of microtubules in the mitotic spindle.
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Figure 34. Staining of beta-tubulin in meiosis and mitosis in wild-type and A#ssrpl mutant.

A Immunolocalisation of beta-tubulin during meiosis. Monoclonal mouse anti-beta-tubulin and
secondary anti-mouse FITC antibodies (green) were used to identify the microtubule spindle during
meiosis. B Flutax1staining of mitotic spindles. Scale bar = Sum.

4.2.10 Immunolocalisation of AtSSRP1 in wild-type and AzssrpImutant

Immunolocalisation of AtSSRP1 has been conducted to study the distribution of AtSSRPI
molecules on the chromatin and spindles in Arabidopsis meiocytes. A polyclonal anti-
hSSRP1 (human SSRP1) raised in rabbit was used together with a monoclonal anti-beta-
tubulin antibody raised in mouse. Secondary antibodies anti-rabbit TRITC (red) and anti-

mouse FITC (green) were used to identify the signals with an epifluorescence microscope.

157



This analysis showed that, in the wild-type (Figures 35A and B), AtSSRP1 appears as a high
abundance signals that partially co-localize with microtubules in all different meiotic stages
(Figure 35A) except at late telophase II/young pollen grains that the AtSSRP1 signal
localises along the chromatin (Figure 35B). These observations are consistent with the
possible role of AtSSRP1 in managing the correct spindle formation during meiotic stages. In

the Atssrpl mutant line not signal of AtSSRP1 was observed (Figures 35C and D)
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Figure 35. Dual immunolocolisation of beta-tubulin (green) and AtSSRP1 (red) during meiosis.

A and B Wild-type meiocytes. C and D Atssrpl mutant meiocytes. Scale bar = Sum.

4.2.11 Immunolocalisation of AtSPT16 in the wild-type

Immunolocalisation of AtSPT16 was carried out using a polyclonal anti-hSPT16 antibody
raised in rabbit and visualized with a secondary anti-rabbit TRITC antibody. Dual
immunolocalisation with beta-tubulin antibodies was carried out in order to analyse the

association of AtSPT16 with the microtubules in Arabidopsis.

Our analysis showed that AtSPT16 appears as a high abundance foci signal. During prophase
I the signal seems to be inside the nucleus localising in the chromatin (Figure 36). In later
stages AtSPT16 seems to co-localize with the spindles from the first meiotic division until
prophase II (Figure 36). However, AtSPT16 seems to re-localise from the cytoplasm into the
chromatin during the second meiotic division, being fully visible during Telophase II (Figure
36). This observation shows that AtSPT16 could have a role in the proper distribution and
dynamics of microtubules in the first meiotic spindle but not during the second meiotic

division where AtSPT16 seems to be more a chromatin associated.
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Figure 36. Dual immunolocalisation of beta-tubulin (green) and AtSPT16 (red) in wild-type
meiosis.

The different meiotic stages are indicated. Scale bar = Sum.
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4.2.12 Dual immunolocalisation of AtSPT16 and AtSSRP1 in the wild-type

Dual immunolocalisation of AtSPT16 andAtSSRP1 was carried out in order to study their
distribution in Arabidopsis meiocytes. A polyclonal anti-hSPT16 antibody raised in rabbit
and a monoclonal anti-hSSRP1 antibody raised in mouse were used for the dual localisation.
AtSPT16 and AtSSRP1 appeared as a high abundance signal as foci on the wild-type. During
prophase I, both proteins seem to partially co-localise on the cytoplasm although there are
some AtSPT16 foci localised onto the chromatin in pachytene nuclei (Figure 37). At
diakinesis the number of AtSSRP1 foci seems to get reduced to very bright foci on the
cytoplasm while the AtSPT16 signal is still present at the nucleus. From metaphase I until
anaphase II, both proteins seem to co-localise at the region where the spindle is formed. At
telophase II, AtSPT16 signal starts re-localising into the nucleus whereas AtSSRP1 is still
present in the cytoplasm (associated to microtubules). At late telophase II/young pollen

grains both proteins co-localise onto the nuclear chromatin.
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Figure 37. Dual immunolocalisation of AtSSRP1(green) and AtSPT16 (red) in wild-type pollen
mother cells.

Meiotic stages are indicated. Scale bar = Spum.
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4.2.13 Characterization of Atkl mutant

AtK1 gene plays a clear role in microtubule maturation and organization during meiosis (Zhu
et al., 2012). It has been reported that this protein is also important for chromosome
alignment at the second division that leads to accurate segregation by organizing
microtubules as bundles (Zhu et al., 2012). In this study, we have identified an 4tk/ mutant in
Arabidopsis which has showed abnormalities during the second meiotic division and

therefore leads to random chromosome segregation during anaphase II.

AtK1 gene is located in the long arm of chromosome 4 of 4. thaliana. It consists of 17 exons
and 16 introns in addition of the 3* and 5> UTRs. The T-DNA in this line (SALK-043587) is
inserted in the exon number 3 of the 4tK/ gene (At4g21270). TAIR databases and the
Sequence Viewer tool has been used to represent the DNA sequence, gene structure and the

position of T-DNA insertion line of 4zK7 gene (Figure 38A).

Atkl mutant is a T-DNA insertion line (SALK-043587) which seeds were obtained from the
SALK Institute (San Diego). Mutant and wild type seeds were planted together in identical
conditions monitored in the glasshouse. DNA was extracted from plant leaves to genotype
them. Two primers were designed (LP and RP) around the T-DNA insertion site in 4tK/gene
and another specific primer for the left border of the T-DNA used to represent this line (BP)

was designed to confirm the presence of the T-DNA insertion (Figure 38A).

PCR and gel electrophoresis was conducted to check the presence of the T-DNA insertion
within the Atkl gene. Additionally, wild-type plants have been used as a control (Figure
38B). Wild-type plants showed one single band amplification of approximately 1,042 bp size
as a result of amplifying the genomic sequence between LP and RP primers in A¢K/gene
(Figure 38B). The homozygous mutants provided one single band of 777 bp as a result of

amplifying the left border of the T-DNA up to the RP primer in atk/ mutant (Figure 38B).
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Figure 38. ATKI gene structure, T-DNA insertion location and plant genotyping.

A AtK1 gene consists of 17 exons (blue boxes) in addition of 5° and 3’UTRs (grey boxes). The T-
DNA is inserted in the 3™ exon (inverted dark blue arrow box). B Gel electrophoresis photograph
showing a wild-type PCR product and two homozygous plants for the T-DNA insertion.

Atkl mutant plants show a semi-sterile phenotype with a mean number of seeds per silique of
0.92, a very significant reduction compared to the 54.68 seeds/silique in the wild-type (7-test,

p=6.49X10""") (Figure 39A). The mean length of the silique for ask/ mutant plants was also
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significantly reduced to 2.76 mm compared to the 13.58 mm of the wild-type (7-test,

p=2.95X10"?) (Figure 39B).

WT Akl

Mean numb er of seeds per silique

=

WT
Mean silique length (mm)
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Figure 39. Semi-sterile phenotype in Atkl mutant.

A Mean number of seeds per silique in the wild-type and Atk mutant. B Mean silique length. C
Photograps of wild-type and Atkl mutant plants grown at the same time and conditions. The reduced
size of the siliques is very clear.

Cytogenetic analysis of meiosis in the Atk/ mutant revealed defects in chromosome
segregation similar to those observed in Atssrpl mutants (Figure 40). Meiotic stages start
normally in Atkl mutant, with chromosome pairing and synapsis fully completed at
pachytene (Figures 40A, B and C). Chromosome condensation increased during diplotene
and diakinesis showing five bivalents at metaphase I (Figures 40D, E and F). Nevertheless,
the chromosome segregation during anaphase I showed unequal segregation of chromosomes
to opposite poles (Figure 40G). This led to some prophase Il and metaphase II cells with
nuclei with unbalanced chromosome numbers (Figures 40H, I and J). Subsequently, further
chromosome missegregation occurred at anaphase II and thus, the creation of gametes with

unequal chromosome number (Figures 40K and L).
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Figure 40. Cytological analysis of the meiotic process in azkl mutant (SALK-043587).

A Leptotene. B Zygotene. C Pachytene, homologus chromosomes are fully synapsed. D Diplotene. E
Diakinesis. 5 bivalents are visible. F Metaphase I: five bivalents were observed aligning on the
metaphase plate. G Anaphase I, with asynchronous segregation of chromosomes and possibly
missegregation. H Prophase II. I and J Metaphase II. K Anaphase II with further chromosome
missegregation. L. Telophase II/Tetrad stage with several nuclear envelopes instead of the four
observed in wild-type. Scale bar = Sum.
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4.3 DISCUSSION

4.3.1 HMG proteins roles

HMGA family includes HMG proteins with one or several AT-Hook DNA binding domains.
A study in mouse using homozygous mutants for an smga gene reported a variety of mutant
phenotypes which included growth retardation, diabetes (as a result of reducing insulin
receptor in all tissues) and absence of fat (Sgarra ef al., 2004). It has been also reported that
the mouse embryos could be aborted Amga mutants (Bianchi and Agresti, 2005). Several
lines of evidence suggest that the HMGA protein plays an important in DNA repair.
Moreover, HMGA can also participate in controlling P53 in facilitating programmed cell

death (apoptosis) (Fusco and Fedele, 2007).

Other studies have shown that HMGA also plays a vital role in controlling the cyclin
dependant kinase 2 which regulates DSB repair machinery (Fusco and Fedele, 2007). For
crossovers to take place there are several proteins that are extremely important during
homologous recombination. These proteins can participate in recombination processes and
thus in chiasma formation during meiosis. Therefore, HMGA proteins are very important for
different nuclear processes such as DNA modulation, chromatin compaction, DNA repair and
regulation of gene expression. Our results have showed that some of these HMGA proteins in

Arabidopsis seem to have an important role in plant fertility.

HMGB proteins are another family of HMG proteins which carry an HMG-box motif with a
high affinity to attach to the DNA. In mammalians, four HMGB isoforms have been
identified (HMGBI1-4) which are very abundant and have been described as chromatin
chaperones (Stros, 2010). Different functions have been found for HMGBs in mammalian

and plant species. HMGB proteins are involved in transcription regulation, DNA replication,
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DNA recombination and DNA repair (Schrumpfova et al ., 2011; Stros, 2010 ). HMGBs also
have a role in modulating chromatin structure when they attach to the nucleosomes and

change the chromatin organization.

In yeast, HMGB proteins expression is regulated by the NHP6A4/B genes. Knockout of any
one of these genes did not show any abnormal phenotype. Nevertheless, a double knockout
for both genes showed different morphological defects. However, a null mutant for mouse
HMGBI gene showed different pleiotropic defects as well as a short live span (Pedersen et

al., 2010).

HMGB proteins have been reported to have a role in H1 displacement which could
participate in nucleosome remodelling and facilitate the nucleosomal DNA to be accessible to
different transcription factors (Stros, 2010). In plants, HMGB1 plays a role in the
maintenance of the length of telomeres. However, in mouse #mgbl mutant did not show this
defect in chromosome telomeres. On other hand, losing AtHMGBI gene in Arabidopis did

not show any abnormalities in chromatin structure (Schrumpfova et al., 2011).

Arabidopsis AtHMGB2/3 proteins are abundantly expressed and localised in the nucleus and
cytoplasm of the cell. Whereas AtHMGB1/5 are located entirely in the nucleus which reflects
the possibility of having a main role in chromatin modelling (Pedersen et al., 2010). In this
study, we have analysed some mutants for several of these AtHMGB genes showing a

significant role in plant fertility.
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4.3.2 AtSSRP1 role in microtubule and spindle stability and organization is important

for accurate chromosome segregation

In mice, the knockout mutant for SSRP/ gene is lethal and in humans, hSSRP1 protein seems
to increase in cancerous tissues (Zeng et al., 2010). Consequently, it has been suggested that
this protein might play a basic role in cell cycle maturation. Knockdown mutants for ASSRP/
have been constructed using siRNA in HeLa cells. These have shown deficiencies at mitotic
progression including impaired and delayed chromosome movements, deficiency of
chromosome alignments (as a result of inaccurate chromosome orientations by spindles) and

therefore led to chromosome missegregation (Zeng et al., 2010).

These observations indicate that SSRP1 protein might have a novel function in cell division
and maturation during embryogenesis (Cao et al., 2003). At interphase, SSRP1 plays a role in
regulating transcription and DNA replication in the presence of another protein called SPT16
(Orphanides ef al., 1999). The proteins, SSRP1 and SPT16 form a heterodimer that is part of
the FACT complex. However, SSRP1 seems to act independently of SPT16 in mitosis as it

associates with microtubules (Skop et al., 2004).

AtPS1 (Arabidopsis thaliana Parallel Spindle 1) gene is found to be highly conserved in
higher plants (d'Erfurth er al., 2008). When Aips/ i1s mutated, missegregation of
chromosomes occurs in meiosis II. 2N chromosomes have been observed in the male gametes
which would lead to triploid plants in the subsequently generations. These abnormalities
occur as a result of deficiency in spindle function, thus there is a failure of proper orientation

of the chromosomes at meiosis II (d'Erfurth ez al., 2008).

In our study, chromosome missegregation occurred in Atssrpl during meiosis with serious
consequences in the plant fertility. According to (Chan et al., 2012), two main domains can
be categorized in the centromere. The first domain is the histone H3 variant known as CENP-
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A in humans or CENH3 in plants, which is a fundamental for kinetochore development. The
second domain is the pericentric heterochromatin that is important for sister chromatid
cohesion. Surprisingly, it has been found that the FACT complex might play a role in
facilitating the deposition of CENP-A at the centromere in both human and mouse (Chan et
al., 2012). Thus, AtSSRP1 might also be necessary for the correct centromere formation in
plant chromosomes. Nevertheless, our immunolocalisation results did not show any AtSSRP1

signal on centromeres to corroborate this hypothesis.

The heterodimer SSRP1/SPT16 forms the FACT complex and orthologues have been found
in Arabidopsis, humans and Drosophila (lkeda et al., 2011). This complex has been
described as a histone chaperone that is involved in histone displacements and histone
modifications. It has been found that the complex plays a crucial role in remodelling the
chromatin architecture, which might be necessary for DNA repair, centromere condensation
and H2A-H2B displacements (Ikeda et al., 2011, Tan et al., 2006). As mentioned before,
H2AX is a histone H2A variant that is rapidly phosphorylated at its C-terminal (S139) around
a DSB. H2AX seems to be crucial for the DSB processing and repair (Hio ef al., 2008; Tan et
al., 2006). Interestingly, the FACT complex acts as a facilitator for the H2AX to reassemble
or be removed from the nucleosomes (Hio ef al., 2008, Tan et al., 2006). We identified some
chromosome fragmentation as early as zygotene/pachytene but the number of fragments was
very limited (maximum one per cell) as well as the number of cells with fragments (15% of
cells). Meiotic recombination is initiated by the formation of DSBs catalysed by SPO11, in
Arabidopsis around of 100-200 DSBs are formed, so if the FACT complex has a very
important role in their process we should have expected to find more chromosome
fragmentation in Atssrpl mutant. Furthermore, immunolocalisation of AtASY1 and AtZYPI

proteins showed complete synapsis in the mutant. Also, the chiasma frequency observed in
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the mutant was identical to the observed in the wild-type. Thus, AtSPO11.1/2 catalysed DSBs

are correctly processed through meiotic homologous recombination in Atssrpl.

Both mitosis and meiosis need the activity of Cyclin-Dependent Kinases (CDKs) which are
important for the progression of these cell divisions (Bulankova et al., 2010). CDKs are
managed by a complicated complex of proteins organized throughout the cell cycle and
divisions that participate in the inhibition or activation of CDKs (Bulankova et al., 2010).
Higher eukaryotic organisms require the activity of Cyclin A and B subunits. Some CDKs are
highly abundant at metaphase after the attachment of the spindle to chromosome
centromeres. During this period, the activation of the anaphase promoting complex (APC/C)
takes place mediated by different CDKs. This complex plays a key role in the separation of
the sister chromatids through the breakage of the Securin which it is initiated by a Separase
activity that cleaves the cohesin complex. Moreover, the APC participates in the degradation
of cyclins causing a decrease in CDK activity (reduction of CDK is essential for chromosome

decondensation, DNA replication and transcription) (Bulankova et al., 2010).

Several cyclin proteins act as regulatory partners with CDKs. TAM (Tardy Asynchronous
Meiosis), TDM (Three-Division Mutation), OSD1 (Omission of Second Division) and SMG7
(Suppressor with Morphogenetic Effect on Genitalia7) have been discovered to play an
important role in cell cycle progression and cell division transitions. Arabidopsis TAM
(CYCALI, 2) and OSD1 are important for the transition of cells from meiosis I into meiosis II.
Mutants of these genes cannot proceed to meiosis II, thus, two diploid gametes are formed

instead of four gametes (Bulankova et al., 2010; Cromer ef al., 2012).

It has been reported that SSRP1 is an essential protein for MT growth at prophase when MTs
are polymerizing from polar centrosomes. In addition, SSRP1 found cross-link MTs keeping

then organized in bundles.

177



It has been also reported that SSRP1 and SPT16 are working together as a heterodimer in the
FACT complex in higher eukaryotes including budding yeast and mammals (Wittmeyer et al.
1999; Formosa et al. 2001). In budding yeast, SPT16 and POB3 proteins associate to the
DNA polymerase (POL1). POB3 protein in budding yeast is an orthologue for mammalian
SSRP1 (Wittmeyer and Formosa 1997). Nevertheless, it does not contain a DNA binding
motif. POB3 associates with another chromatin component NHP6 which is an HMGA protein
with a DNA binding motif (Formosa, et al. 2001). Thus, POB3 and NHP6 proteins may

function in a similar manner to the mammalian SSRP1 protein (Brewster et al., 2001).

SSRPI1 in mouse have been reported to be essential for microtubule polymerization, spindle
organization and stability. Furthermore, mouse SSRP1 has been found to co-localize along
the whole length of microtubules (Zeng et al., 2010). Nevertheless, in this study, AtSSRP1
did not localise along the microtubules but around the same region where microtubules are
polymerizing in the mitotic and meiotic spindle. Furthermore, during meiosis AtSSRP1
localization on the microtubule organization regions appeared very early in prophase I and it
remained throughout meiotic stages until late telophase II (Table 6). Interestingly, AtSPT16
localization on the same region was delayed up to late diakinesis and stayed on the meiotic
microtubules up to middle telophase II re-localising into the nucleus before AtSSRP1 (Table
6). Both AtSSRP1 and AtSPT16 colocalised in the nucleus of late telophase 1l and young

pollen grains (male gametes).

PI MI|ATI|TI|PII MII | AIl | TII | Pollen

AtSPT16

AtSSRP1
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Table 6. Localization of AtSPT16 and AtSSRP1 during the Arabidopsis meiotic process.

AtSPT16 localises on the nuclear chromatin (light blue) in early prophase 1. At diakinesis, it
starts to localise on the cytoplasm on microtubules (green). At metaphase I the AtSPT16
signal co-localises with the microtubule spindle. At second division the signal co-localises
with microtubules until early telophase II when the signal reorganises inside the nucleus and
stays during the pollen grain further development. AtSSRP1 localises with microtubules
(green) throughout the meiotic process until late telophase II when re-localises inside the
nucleus and stays there during the pollen grain maturation. P I; prophase I. M I; metaphase 1.
A I; anaphase I. T I; telophase 1. P II; prophase II. M II; metaphase II. A II; anaphase II. T II;
telophase II.

4.4 Kinesin AtK1 might have also an important role in accurate organization of the
Arabidopsis spindle in mitosis and meiosis

Kinesins are a family of motor proteins which are crucial for microtubule organization (Chen
et al., 2002). Several kinesin proteins have been isolated and studied intensively in different
organisms (Chen et al., 2002). The distinct function that has been found for the kinesins is the
production of forces over microtubules as a result of hydrolysing ATP (Chen et al., 2002).
Studies have showed that a number of kinesins have been found to play a basic function in
meiosis and mitosis (Mountain and Compton, 2000). AtK1 is an Arabidopsis Kinesin which
has an important role in microtubule movement. AtK1contains a distinct C-terminal domain
as other kinesin proteins and it seems to be also conserved in Drosophila and budding yeast.
Non Claret Disjunctional (NCD) protein in Drosophila and KAR3 protein in budding yeast
are kinesins involved in the assembly and managing of the structure of spindles in both
mitosis and meiosis. Furthermore, in other organisms this type of kinesin is important also for
the spindle assembly and their function for accurate chromosome segregation (Chen et al.,

2002).

In Arabidopsis, AtK1 is a Kinesin which plays a role in the maturation of chromosome
segregation. In an atk/ mutant, spindles failed in establishing a bipolar structure and
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chromosomes failed to align at the metaphase plate leading to chromosome missegregation at
anaphase (Chen et al., 2002). Drosophila ncd mutant showed similar abnormalities to that
observed in atkl in Arabidopsis, with abnormal spindle formation and inaccurate
chromosome segregation. However in budding yeast kar3 mutant spindle monopolar
formation (instead of bipolar) was observed that may occur as a result of a defect in
microtubule spindle assembly. Furthermore, kar3 mutant has shown defects in chromosomes
synapsis during prophase I and reduction of recombination frequency that shows that KAR3

might have more important roles (Chen et al., 2002).

Interestingly, the meiotic phenotype of Atkl mutant is very similar to that observed in Atssrpl
mutant. Chromosome missegregation was observed at anaphase I and at anaphase II in both
mutants in Arabidopsis. Nevertheless, in Atkl mutant, no chromosome fragmentation was
observed in early prophase I stages in contrast to the Azssrpl mutant. AtK1 kinase could be
involved in a similar pathway to AtSSRP1 in order to ensure an accurate organization of

microtubules in the spindle to secure correct chromosome segregation.

In conclusion, Arabidopsis HMG proteins seem to have an important role in ensuring plant
fertility. One of these HMG proteins, AtSSRP1 might be involved in the FACT complex
together with AtSPT16 in the chromatin to help in some instances to repair DSBs and
possibly in gene transcription. Some fragmentation has been observed in Atssrpl mitotic and
meiotic cells. Nevertheless, AtSSRP1 has a key role in ensuring correct microtubule
organization in the mitotic and meiotic spindle. In the absence of AtSSRP1, the mitotic and
meiotic spindles seem to contain less microtubules and their organization is not as tight as in
the wild-type. Atkl kinase mutant showed a very similar meiotic phenotype to that observed
in Atssrpl. Both mutants showed missegregation of chromosomes during first and second
meiotic anaphases. This could suggest that both AtSSRP1 and AtK1 proteins are involved in

the same pathway to achieve a correct microtubule spindle organization in Arabidopsis.
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Nevertheless, the Atkl mutant did not show any fragmentation what shows that AtSSRP1
seems to keep a chromatin functionality perhaps together with AtSPT16 forming the FACT

complex.
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CHAPTER FIVE

Characterisation of human hSSRP1 gene function
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5.1 INTRODUCTION

In the previous chapter, we have seen how Arabidopsis SSRP1 protein is very important for
MT organization during mitotic and meiotic divisions. SSRP1 and its role in the FACT
complex has been broadly studied in different higher eukaryotes including mammals.
Nevertheless, very little has been reported about SSRP1 role in MT organization and
chromosome segregation. SSRP1 protein sequence is evolutionary conserved among higher
eukaryotes including plants and humans. In order to analyse if this functional role of SSRP1
in plants is also conserved in humans, we decided to initiate collaboration with Mr. Klarke
Sample and Professor Roy Bicknell (School of Immunity and Infection, University of
Birmingham). They used cell cultures from different human tissues obtained from the
Birmingham Women's Hospital: Human Umbilical Vein Endothelium Cells (HUVECs) and

fibroblast cells.

Structure Specific Recognition Protein 1 (SSRP1) is a chromatin component belonging to the
HMG protein family (Zeng et al., 2010). This protein has different roles in several crucial
different biological processes such as DNA repair, regulation of the transcription machinery
as well as tubulin maintenance and organization as the protein contains a tubulin binding site

(Kumari et al., 2009; Zeng et al., 2010).

SSRP1 protein also contains a specific domain that can bind to another partner protein called
SPT16. The heterodimer association of these proteins forms the FACT (Facilitates Chromatin
Transcription) complex. Human hFACT complex has been involved in several functions like
cell division maturation and assembly and disassembly of histones during cell division

(Kumari et al., 2009, Zeng et al., 2010).

SSRPI1 protein has been found to be an essential nuclear protein to manage and regulate

microtubule polymerization and therefore to participate in chromosomal movements
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(Winkler et al., 2011; Zeng et al., 2010). Depletion of this protein affects spindle formation,

structure organization and movement (Zeng et al., 2010).
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5.2 RESULTS

5.2.1 In silico analysis of SSRP1 protein in different species

The Arabidopsis AtSSRP1 amino acid sequence was used to identify homologues in other
species using the Basic Local Alignment Search (BLAST) tool from NCBI and TAIR.
Arabidopsis thaliana (At) (646 aa), Drosophila melanogaster (Dm) (723 aa), Human (709
aa), Mouse (708 aa) and Rat (709 aa) SSRP1 homologues were compared using the Multiple

sequence alignment sequence tool (NCBI).

The conserved amino acids have been highlighted in red colour, amino residues with some
similarity have been highlighted in blue (Figure 41). SSRP1 sequences in the mammalian
species are highly conserved (99% identical). However, Arabidopsis AtSSRP1 sequence has

only a 35% identical amino acid sequence with the human (Figure 41).
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1 MADGHSFNNI: ENPGLLEINSGGIOWEROGGGEAVEVDRSDIVSVSWIEVTKSNOLGVETEDGLYYEFVGEFRDO
RLEMTEONI IFENTETGEVEQISAEDIDLINSQRFVGTWGLRVETEGGVLHRFTGFRDS

1 MAETLEFNDVYOEVEGSMNDGRLRLSROGIIFENSKTGEVDNICAGELTEGIWRRVALGHGLELLTENGHVYEYDGFRES

1 MAETLEFNDIFQEVEGSMNDGRLRLSROGI IFENSKETCEVDNIQAGELTEGIWRRVALGHGLELLTENGHVYEYDGFRES
1 MAETLEFNDIFQEV MNDGRLRLSROGI IFENSKTGEVDNTIQAGELTEGIWRRVALGHGLELLTENGHVYKYDGFRES

DVPSLSSFFQRSSYGKTPDEKQLSVSGRNWGEVDLHGNTLTFLVGSEQAFEVSLADVSQTULQGENDVTLEFHVDDTAGA
EHEKLGKFIRAACSQEMVEKEMCVRGWNWGTARFMGSVLSFDRESKTIFEVPLSHVSQC-VIGENEVTLEFHQNDDAPV
EFERLSDFFRTHYRLELMEKDLCVRGWNWGTVEFGGQLLSFDIGDQPVFEIPLSNVSQC-TTGENEVTLEFHQNDDAEV
EFERLSDFFRTHYRLELMEKDLCVRGWNWGTVEFGGQLLSFDIGDQPVFEIPLSNVSQC-TTGENEVTLEFHQNDDAEV
EFEKLSDFFETHYRLELMEKDLCVRGWNWGTVEFGGQLLSFDIGDQPVFEIPLSNVSQC-TTGKNEVT LEFHQNDDAEV

SLMEISFHIFPNSN|[5] DENRPFSQVFNDT IVAMADVSPGVEDAVVTFESIAILTPRGRYNVELHLSFLRLQGQANDFEIQ
GLLEMRFHIFAVE SAEEDPVDEFHONVMSKASVISASGESIATIFREIQOILTPRGRYDIKIFSTFFOLHGEKTFDYETP
SLMEVREYVFPTQ EDGVDPVEAFAQNVLSKADVIOATGDAICIFRELOCLTPRGRYDIRIYPTFLHLHGETFDYETP
SLMEVREYVFPTQ EDGVDEPVEAFAQNVLSKADVIOATGDAICIFRELOCLTPRGRYDIRIYPTFLHLHGETFDYETP
SLMEVREYVFPTQ EDGVDEPVEAFAQNVLSKADVIOATGDAICIFRELOCLTPRGRYDIRIYPTFLHLHGETFDYETP

YSSVVRELFLLPESNOPHTFVVISLDFPPIRKGOTMY PHIVMOFETDTVVESELSISDELMNTKFEDELERSYKGLIHEVET
MDSVLRLFMLPHEDSROMFFVLSLDPPIROGOTRYHYLVXLFAPDEETTIELPFSEAELEDKYEGELEEKEISGPVYEVMG
YTTVLRLFLLPHEKDOROMFEVISLDPPIKOGOTRYHFLILLFSKEDEDISLTLNMNEEEVERRFEGRLTENMSGSLYEMVS
YTTVLRLFLLPHEKDOROMFEVISLDPPIKQGOTRYHFLILLFSKEDEDISLTLNMNEEEVERRFEGRLTENMSGSLYEMVS
YTTVLRLFLLPHEDOROMFEVISLDPPIKOGOTRYHFLILLFSKDEDISLTLNMNEEEVERRFEGRLTENMSGSLYEMVS

TVLEWLSGAEITKPGRFRSSODGEFAVESSLEAEDGVLYPLEKGFFFLPEFPTLILHDEIDYVEFERhaaGGANMHYFDLL
VMEVLIGRKITGPGNFIGHSGTAAVGCSFFARAGYLYPLERGFIYIHKPPLHIRFEEISSVNFAR---SGGSTRSFDFE
VMEALVNREITVPGNFQGHSGAQCITCSYFASSGLLYPLERGFIYVHEPPVHIRFDEISFVNFAR---GTTTTRSFDFE

RVMKALVNREITVPGNFQGHSGAQCITCSYRASSGLLYPLERGFIYVHEPPVHIRFDEISFVNFAR---GTTTTRSFDFE

RVMFALVNREITVPGNFQGHSGAQCITCSYRASSGLLYPLERGFIYVHEPPVHIRFDEISFVNFAR---GTTTTRSFDFE

406 IRLKTDHEHLFRNIQRNEYHNLYTFISSKGLKIMNLGGAGTADGVAAVLGDNDADDAVDFPHLTRIRNQAA
372 VILEKNGTVHIFSSIEKEEYAKLFDYITQKKLHVSNMG-KDKSGYKDVDEGDSDNENEPDAYLARLKARAREKEEDDDDGD
393 IETKQGTQYTFSSIER 'GKLFDFVNAKKLNIKNRGLKEGMNPSYDEYADSD-EDOHDAY LERMKEEGKIREENANDS S
393 IETKQGTQYTFSSIEREEYGKLFDEVNAEKLNIKNRGLKEGINPGYDDYADSD-EDOHDAYLERMKEEGKIREENANDSS
393 IETKQGTQYTFSSIEREEYGKLFDEVNAKKLNIKNRGLKEGINPGYDDYADSD-EDQHDAYLERMKEEGKIREENANDSS

472 DDSGEETDESFNPGEEEEDVAEEFDSNA--SASS
472 DDSGEETDESFNPGEEEEDVAEEFDSNA--SASSSSNEGDSDREEKKRKQLERAKD
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Figure 41. Multiple amino acid sequence alignment of SSRP1 homologues in Arabidopsis,
Drosophila and other mammalian species (human, mouse and rat).

SSRP1 protein sequences of Arabidopsis thaliana (At - 646 aa), Drosophila melanogaster (Dm - 723
aa), Human (709 aa), Mouse (708 aa) and Rat (709 aa) were aligned using the multiple sequence
alignment tool at NCBI. Identical amino acid residues have been highlighted in red and similar amino
acid residues in blue.

5.2.2 hSSRP1 and hSPT16 localisation in different human somatic cells

In order to identify the functions of human hSSRP1 protein we used immunolocalisation
studies to localise the presence of this protein in different human cell types. Two different
anti-hSSRP1 antibodies were used in these experiments. A mouse monoclonal anti-hSSRP1
antibody (Santa Cruz Biotechnologies ™ SC-74536) and a rabbit polyclonal anti-hSSRP1
antibody (SC-25382) were both raised against the N-terminal 1-300 amino acids of human
hSSRP1. We also used a rabbit polyclonal anti-hSPT16 antibody (SC-28734) raised against a

C-terminal peptide (748-1,047 amino acids) of human hSPT16 protein.

Furthermore, to identify the microtubules we used another two different beta-tubulin
antibodies. A goat polyclonal anti-beta-tubulin antibody (SC-12841) and a mouse
monoclonal anti-beta-tubulin antibody (SC-166729) were both raised against a C-terminal

amino acid peptide from Arabidopsis AtB-TUBA4.

5.2.2.1 hSSRP1 localisation in human endothelium cells

Dual immunolocalisation for hSSRP1 and beta-tubulin was conducted in human endothelium
cells (Figure 42A). Human hSSRP1 protein appears as discrete small foci on the nuclear
chromatin and at a specific site at the cytoplasm close to the nuclear membrane (Figure

42A). At mitotic metaphase, two distinct signals were observed in the Microtubule Organizer
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Centres (MTOCSs) of the cell (Figure 42A). These two main signals persisted throughout
anaphase and telophase divisions around the MTOCs. Each signal would be distributed into
the daughter cells after the mitotic division. After this stage, the signal would be divided to
form smaller discrete foci as in the interphase cells. The localization of hSSRP1 was identical
using both a mouse monoclonal and a rabbit polyclonal anti-hSRRP1 antibody (Figure 42).
This suggests that the signal observed in these cells is highly specific. We also conducted a
control of the secondary antibodies (Figure 42C) to confirm specificity. There was not

signal in these cells indicating the primary Abs were working fine.
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DAPI + B-TUB+hSSRP1 B-TUB hSSRP1

Telophase

®

Anti-mouse TRITC Anti-rabbit TRITC

Figure 42. Dual immunolocalisation for hNSSRP1 and Beta-Tubulin in Human endothelium cells.

DAPI+ Secondary
antib odies

A Immunolocalisation using a mouse monoclonal anti-hSSRP1 (red) and a goat polyclonal anti-beta-
tubulin (green) antibodies. B Immunolocalisation using a rabbit polyclonal anti-hSSRP1 (red) and a
goat polyclonal anti-beta-tubulin (green) antibodies. C Control immunolocalisation using the
secondary antibodies anti-mouse TRITC and anti-rabbit TRITC. No signal is detected at mitotic
metaphase. Scale bar =5 pum.
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Some images were obtained by a compilation of Z-stack images obtained from the same cell
using the epifluorescence microscope (Figure 43). The maximum intensity combination of
the stacks was created using NIS-Elements AR (NIKON). Three examples of these Z-stack
sets are provided in Figure 43 using the two different antibodies recognising hSSRP1 in
endothelium cells. This method allows different focal planes of the cell to be obtained,
production of 3-dimensional (3D) images and a high resolution maximum intensity
combination of the stack. Surprisingly, each signal of hSSRP1 observed at both poles of
metaphase/anaphase cells could be individualized into another two signals in the MTOCs

regions (Figure 43). This suggests that hSSRP1 might be part of human centrioles.

Max intensity Z-stack 1 Z-stack 3

h SSRP1 anti-mnouse FITC

hSSRP1 anti-rabbit TRITC
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Figure 43. Immunolocalisation of hSSRP1 using a Z-stack acquisition of images for SSRP1 in
endothelium cells.

Different antibodies recognising the hSSRP1 in endothelium cells (h\SSRP1 anti-mouse-FITC and
hSSRP1 anti-rabbit TRITC) and each signal of hSSRP1 localize on both poles of metaphase/anaphase
cells. Scale bar =5 um.

5.2.2.2 hSSRP1 localisation in human fibroblast cells

Max intensity Z-stack 1 Z-stack 2 Z-stack 3

hSSRP1 anti-rabbit TRITC
Fibroblast cells

Figure 44. Immunolocalisation of hSSRP1 on human fibroblasts.

A rabbit polyclonal anti-hSSRP1 antibody was used to recognise the localisation of hSSRP1 on to
structures suggesting they might be the centrioles. Scale bar =5 pum.

191



5.2.2.3 hSPT16 localisation in human endothelium cells

Immunolocalisation of hSPT16 was carried out in human endothelium cells. A rabbit
polyclonal anti-hSPT16 antibody and a mouse monoclonal anti-beta-tubulin antibody were
used for dual immunolocalisation (Figure 45). At mitotic metaphase hSPT16 localises on the

MTOC:s as small discrete foci.

DAPI + BTUB +hSPT16 B-TUB hSPT16 DAPI

.
~

Figure 45. Dual immunolocalisation for hNSPT16 and Beta-Tubulin in human endothelium cells.

Anti-hSPT16 TRITC (red) and anti-beta-tubulin FITC (green) immunolocalisation on mitotic metaphase cells.
Scale bar =5 um.
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5.2.2.4 Co-localisation of hSSRP1 and hSPT16 in human endothelium cells

Dual immunolocalisation was conducted to study the co-localization and distribution of both
hSSRP1 and hSPT16 proteins in human endothelium cells (Figure 46). hSSRP1 and hSPT16
localized on the MTOCSs regions of the mitotic cells. Nevertheless, hSSRP1 signal recognised
a specific structure on the MTOC:sS, the centrioles. Whereas, hSPT16 appeared as small foci

around the MTOC:s in the endothelium cells. Furthermore, hSPT16 signals also appeared on

the nuclear chromatin.

DAPI + hSSRP1 +hSPT16 hSSRP1 hSPT16 DAPI

-

Figure 46. Immunolocalisation of hSSRP1 and hSPT16 in human endothelium cells.

Metaphase

Telophase

A mouse monoclonal anti-hSSRP1 FITC (green) and a rabbit polyclonal anti-hSPT16 TRITC (red)
antibodies were used. Scale bar =5 um.
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5.2.3 Characterisation of siRNA Assrpl knockdown mutants in human endothelium cells

5.2.3.1 Design of siRNA constructs for ASSRP1

hSSRP1 gene is located in the “q” arm of chromosome 11 in the human genome. The gene
structure consists of 15 exons and 14 introns in addition of the 3* and 5 UTRs. Two siRNAs
were obtained from Life Technology (Invitrogen), siRNAO and siRNA1 are targeting exon 6
and exon 3 respectively (Figure 47). NCBI Sequence Viewer tool has been used to produce
an overview of the gene structure. The sequence for the mRNA of the gene can be found in
the Appendix D. Table 7 shows the different siRNA oligo sequences designed for this

experiment.

Chr.11 .’

“p" arm l “q" arm -Exon

— Intron

siRNA-0

Figure 47. Schematic representation of the structure of #7SSRPI gene and the target location for
the designed siRNAs.

hSSRPI gene includes 15 exons (blue boxes) in addition of 5° and 3’UTRs (grey boxes). The siRNAO
and siRNA1 target regions (inverted dark blue arrow box) are located at exon 6 and exon 3,
respectively.
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Oligo siRNA Duplex siRNA

S13490 Sense GCAAGACCUUUGACUACAATT S13490

GCAAGACCUUUGACUACAATT FEETEEE et DUPLEX
S13490 Antisense ACCGUUCUGGAAACUGAUGTT Targeted

TTGTAGTCAAAGGTCTTGCCA EXON 6

S13491 Sense GGACUUAAACUGCUUACAATT S13491

GGACUUAAACUGCUUACAATT FEEETE Rt DUPLEX
S13491 Antisense TACCUGAAUUUGACGAAUGUU Targeted

UUGUAAGCAGUUUAAGUCCAT EXON 3

Table 7. siRNA oligo sequences to target ASSRPI.

siRNA-0 and siRNA-1 sense and antisense oligos are indicated.

5.2.3.2 Q-PCR analysis of Assrpl knockdown mutant cells

The efficiency of the siRNA oligos to knockdown ASSRPI in Human Umbilical Vein
Endothelial Cells (HUVEC) was confirmed using reverse transcriptase quantitative PCR
(qPCR) (Figure 48). Both siRNA oligo sets, siRNAO (D0) and siRNA1 (D1) were
successful in reducing the ASSRP1 RNA level observed in cells by about 90% compared with
the control duplex (NCD). Anything above a 70% knockdown value is considered acceptable

in human molecular research (Litzenburger et al. 2013).
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Figure 48. Relative Expression of ASSRPI by qPCR in HUVEC.

Relative expression was compared to the expression of beta-actin (ACTB gene). NCD; cells treated
with the control duplex. DO; siRNAO. D1; siRNA1 (mean + SEM).

5.2.3.3 Cytological analysis of Assrpl knockdown mutant cells

Immunofluorescence localization of hSSRP1 in HUVEC:s treated and untreated was carried

out to validate the effect of the siRNA oligos (Figure 49).

Our results showed that both, siRNAO and siRNAI, resulted in similar cytological
abnormalities in HUVECs (Figure 49). The first observation is that both siRNAs contribute
to knockdown the hSSRP1 protein level in these cells as observed by immunolocalisation of
hSSRP1. The hSSRP1 signal was hugely reduced compared to the controls (Figure 49). This
was expected from the previous Q-PCR data. We observed that the signal from microtubules
(beta-tubulin) was also highly affected. Less microtubules were observed in the siRNA
treated cells in both, cytoskeleton and mitotic spindle (Figure 49). Several multi-nucleated

cells could be easily found in the knockdown cells (see interphase cells in Figure 49).
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Furthermore, the low amount of beta-tubulin in the spindle also coincided with a poor
alignment of the chromosomes at the metaphase plate probably leading to missegregation of
chromosomes and formation of micronuclei (see metaphase in Figure 49). Cells in telophase
seem to have problems in the cytokinesis (Figure 49) judging by the increased number of
cells accumulated in this stage on the cell culture. These defects in cytokinesis of the mitotic

products could explain the presence of multinuclear cells.

DAPI+B-TUB+hSSRP1 B-TUB hSSRP1
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Figure 49. Dual immunolocalisation of hSSRP1 and beta-tubulin in /Assrpl knockdown and
control cells (HUVEC).

siRNAO and siRNATloligos were used to knockdown ASSRP1 gene in HUVECs. A rabbit polyclonal
anti-hSSRP1 TRITC antibody (red) and a mouse monoclonal anti-beta-tubulin FITC antibody (green)
were used. SIRNAO and siRNAT1 treated and untreated HUVECs at interphase and mitotic stages
(metaphase and telophase) are shown. Scale bar =5 pum.
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5.3 DISCUSSION

5.3.1 hSSRP1 and hSPT16 localise on chromatin and centrosome regions

In mouse, SSRP1 seems to associate with microtubules and is required for microtubule
growth (Zeng et al., 2010). According to Zeng and collaborators (2010), the SSRP1 signal
covers all the main body of microtubules at the mitotic spindle. However, our results have
shown a different localization of hSSRP1 in the cell. In human endothelium and fibroblast
cells, hSSRP1 protein appears as discrete foci distributed along the microtubules at
cytoskeleton of the cell but accumulated in a specific region of the cell during interphase.
Once mitosis is started, hSSRP1 signal appears in two structures in located in both opposite
poles of the mitotic spindle where the centrosomes or microtubule organization centres
(MTOC:S) should be. High resolution images using reconstruction of 3D Z-stacks of images

have shown us that hSSRP1 could be labelling the human centrioles.

Surprised with these results we carried out several immunolocalisation controls, using two
different antibodies against hSSRP1 and different combination of primary and secondary
antibodies showing us that the signal was very specific. Furthermore, the siRNA knockdown
cells showed that these hSSRP1 signals disappeared or got highly reduced in these treated

cells.

The centrosome is a cytoplasmic organelle which is essential for the growth of microtubules.
It represents the Microtubule Organization Centre (MTOC) that appears as an astral like
component on the opposite poles of the cell division (Bornens, 2012; Hodges et al., 2010).

The centrosome maintains and organizes the microtubule cytoskeleton which is important for
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giving the cell structure and shape and also participates in several cellular processes including

cell motility, adhesion and polarity (Azimzadeh and Bornens, 2007).

The centrosome is duplicated at the beginning of S-phase which of them will migrate to each
different cell pole. They arrange and organize the mitotic microtubule spindle (Azimzadeh

and Bornens, 2007).

The centrosome consists of a pair of a cylindrical structure called centrioles which orientate
one to each other at a 90 degree angle. The centrioles are highly conserved among some
eukaryotes and each one is formed of 9 microtubule triplets organized as a symmetrical array
(Hodges et al., 2010). These pairs of centrioles are joined together on their proximal sites by
coiled-coil proteins that are part of the pericentriolar material (PCM) (Azimzadeh and
Bornens, 2007; Azimzadeh, 2014). Two different centrioles have been detected: mother
centriole mature and daughter centriole immature. The daughter centriole is smaller in size
(80% the size of the mother centriole). Furthermore, the mother centriole consist of two sets
of appendages on its distal regions which are the attachment of the centrioles into the plasma
membrane of the cell (Azimzadeh and Bornens, 2007 ; Azimzadeh, 2014; piel et al., 2000).
It has been reported that these centrioles are embedded within a huge amount of protein

mixture known as the pericentriolar material (PCM) and both form the centrosome.

Plants and fungi do not have a centrosome but a different structure with different mixture of
proteins which play a role for microtubule polymerization (Azimzadeh, 2014; Hodges et al.,
2010). In this study, we have found that h\SSRP1 seem to be part of human centrioles and its

role seems to allow the formation and organization of microtubules in the mitotic spindle.

SPT16 associates with SSRP1 to form the FACT complex that has been involved in the
regulation and elongation of transcription factors as well as in DNA replication and repair

(Duina et al., 2007). According to Zeng and collaborators (2010) during the mitotic process
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SPT16 seems to act independently from SSRP1 as SPT16 does not localize within the mitotic
spindle as SSRP1 does in mouse.

Our results showed that hSPT16 localises as discrete foci into the nuclear chromatin in
human interphase cells and around the centrosome region or MTOCSs but not on the centrioles
during the mitotic division. These results clearly distinguish between both FACT components

suggesting different roles during mitosis for hSSRP1 and hSPT16.

In HELA cells, it was shown that SSRP1 is not associated to SPT16 as expected (Li et al.,
2006). Nevertheless, in human lung small cell carcinoma (H1299), SSRP1 and SPT16 are
associated as a heterodimer during DNA replication and the transcriptional elongation.
However, there is no evidence found that the SSRP1 and SPT16 co-localize together in
during mitosis. SSRP1 has been shown to localize with microtubules whereas SPT16 has
never been associated with the microtubules at the mitotic spindle (Li et al., 2007; Zeng et

al., 2002; Skop et al., 2004).

Surprisingly, in mice, SSRP1 is also working independently to SPT16 during mitosis (Zeng
et al., 2010). However, these authors showed that SSRP1 co-localised with tubulin along the
whole length of the microtubules present on the mitotic spindle in mouse and we have shown
a completely different picture in human cells. hASSRP1 seems to localise on the centrioles at

the centrosomes and not along the microtubules in human cells.
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5.3.2 siRNA hssrpl knockdown mutant cells possess an aberrant spindle and chromome

segregation

Our results showed that siRNA #Assrpl knockdown cells had disorganized and deficient
mitotic spindles that lead to inaccurate chromosome movements and segregation during

anaphase and the formation of multinucleate cells.

The organization, growth and development of microtubules is a fundamental biological
process that is essential for the accurate mitotic cell division (Zeng et al., 2010). Several
proteins have been found to play a role in the maturation of microtubules like SSRP1. Mouse
knockout mutants for SSRP1 are lethal, but the siRNA knockdown cells have shown
deficiencies and disorganization of the mitotic spindle (Zeng et al., 2010). Furthermore,
SSRP1 protein levels have been shown to be increased in human and mouse cancer cells with
high mitotic proliferation.

However, it was reported that it was difficult to analyse the mouse ssr7p/ knockdown cells
because most of the cells went into apoptosis and only a few of them over passed the mitotic
checkpoints to be able to complete to mitotic later stages (Zeng et al., 2010). In this case,
only around 4% of 200 mitotic cells revealed inaccurate mitotic cell division (Zeng et al.,

2010). Similarly, we encountered similar problems in our siRNA treated HUVEC:s.

Other genes have been found to play an important role in the maturation of microtubules in
the mitotic spindles like MuMA, Aurora kinases (Bowman et al., 2006). MuMA has been
found to be an essential protein for spindle regulation and orientation in humans and
Drosophila (Bowman et al., 2006). Mammalian MuMA attaches to microtubules and helps
them to polymerize. Drosophila Mud protein is a homologue to MuMA that is also important
in microtubule polymerization (Du ef al., 2002). Depletion of this protein leads to defects on

the polarity of the mitotic spindle (Bowman et al., 2006; Du et al., 2002).
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Aurora kinases have been also found to be important for the maturation of the mitotic spindle.
These kinases are highly conserved among species. A dysfunction in Aurora kinase leads to
chromosome instability by errors in the role of the centrosome. Consequently, defects on
centrosome activity lead to defects in the mitotic spindle assembly and metaphase
chromosomes fail to align and eventually abnormal chromosome segregation and defects in
cytokinesis occur (Fu et al., 2007). Similar results were observed in our siRNA ASSRPI

knockdowns.
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CHAPTER SIX

General Discussion and Conclusions
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6.1 The importance of studying chromatin components

The chromatin contains DNA and proteins in order to pack the DNA molecules
(chromosomes) inside the cell nucleus but this compaction has to be highly dynamic to allow
several vital biological processes to occur (Sanchez-Moran, 2013). The different levels of
DNA compaction and the chromatin proteins involved are evolutionary conserved among
higher eukaryotes suggesting its importance. In this study, we have studied some of these
chromatin components revealing their roles in DNA repair (AtH2A1, AtSSRPI) and

chromosome segregation during mitosis and meiosis (AtSSRP1, AtK1 and hSSRP1).

In the first instance we identified these components in the plant model species Arabidopsis
thaliana expecting that in roles chromatin would be similar, if not identical to other species as
their protein sequence seemed to be evolutionary conserved. We have confirmed this
hypothesis in chapters 4 and 5 where we characterised the chromatin component SSRP1
showing that AtSSRP1 is similar to humans (hSSRP1) even though their structure
localization has been found out to have some important differences. Both proteins seem to
organize and maintain an accurate spindle to ensure correct chromosome segregation.
Nevertheless, the location of hSSRP1 is in the centrioles whereas AtSSRP1 cannot be located
in these structures as plants lack centrioles. Nevertheless, AtSSRP1 is located in the similar
functional region that organizes the microtubules in the spindle (MTOCs). These results
emphasize the importance in studying chromatin components not only in human but in other
model species as their functional role is more likely to be similar and basic knowledge could
have enormous benefits for human health, especially, in matters involving genome instability

and cell cycle (cancer), fertility and DNA recombination technologies (gene therapy).
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6.2 Arabidopsis Histone AtH2A isoforms

The first level of eukaryotic chromatin organization is the nucleosome fibre. At this level,
DNA (~147 bp) associates to an octamer of histone proteins forming the nucleosome. The
nucleosome octamer is formed of two copies of these histones: H2A, H2B, H3 and H4

(Maeshima et al., 2010).

Budding yeast genome contains two genes for each of these histones which encode for
identical proteins. Nevertheless, during evolution higher eukaryotes have accumulated
different gene copies for each histone (histone families). These histone families contain
different histone isoforms, some of them identical copies and others just sharing some
similarities at the amino acid sequence. During evolution some of these copies have
accumulated mutations so the sequence of some isoforms has varied. For example, in the
Arabidopsis genome there are 13 H2A isoforms, 11 isoforms for H2B, 15 isoforms for H3
and 8 isoforms for H4 (Sanchez-Moran, 2013). The 8 Arabidopsis H4 genes encode identical
H4 proteins (the amino acid sequence remained identical). It is interesting to notice that H4
histone amino acid sequence has remained very similar even among different species. For
instance, there are only 2 amino acid difference between the H4 histones in Arabidopsis and

humans (Sanchez-Moran, 2013).

In this study, we have analysed mutants in 8 of the 13 isoforms of H2A (AtH2A1, AtH2A2,
AtH2A3, AtH2AS, AtH2A6, AtH2A10, AtH2A12 and AtH2A13). The AtH2A isoform
sequence shows the highest diversity among the histones, especially at their C-terminal
region which seems to be involved in different chromatin remodelling functions (Bonisch and
Hake, 2012). Histone isoforms have been differentiated between histone core proteins and

histone variants. Histone variants have been described in histones H2A and H3 and they have
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been classified like this because they have shown different functions and in some cases they
are located in specific locations in the chromatin. Histone core isoforms have similar
sequences if not identical like in AtH4 and are deposited into the nucleosome during the
DNA replication. On the other hand, histone variants can be deposited at different stages of

the cell cycle.

The H2AZ variant seems to be involved in controlling gene expression by regulating the
DNA access to the transcription machinery (Segal and Widom, 2009). Nucleosomes which
contain the H2AZ are more tightly attached to the associated DNA; therefore, the RNA
polymerase II cannot get access to the DNA (Hodges et al., 2009; Segal and Widom, 2009).
Absence of H2AZ resulting in embryo lethality in mouse, and its reduction have revealed
abnormalities in cell division including chromosome lagging, anaphase bridges and
chromosome fragmentation in mouse and Xenopus (Faast et al., 2001; Rangasamy et al.,

2004).

In plants, H2AZ might act as a temperature sensor at the level of the chromatin. When the
temperature increases the eviction of H2AZ from nucleosomes at promoter regions of
repressed genes and, thus, allows their expression in order to accommodate the plant to this
temperature changes (Kumar and Wigge, 2010). Furthermore, H2AZ has been shown to share
the position of meiotic crossovers in Arabidopsis (AtRADS1 and AtDMCI1) suggesting to
have a role in the formation or processing of DSBs (Choi et al., 2013). In Arabidopsis, there
are 3 genes coding for H2AZ variant: AtH2AS8, AtH2A9 and AtH2A11. In this study we did
not analyse these variants but a double mutant Ath2a8xAth2all has shown aberrations in

reproductive growth which has been previously reported (Kumar and Wigge, 2010).

H2AX 1is another important histone variant that seems to be highly conserved in higher

eukaryotes. This variant represents around 2-25% of all the H2A histone forms in the cell. It
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has a distinct C-terminal domain ST/Q motif in which the serine residue gets rapidly
phosphorylated in a region where a DSB has occurred. The phosphorylated H2AX known as
YH2AX, signals the DSB formation and might have an important role in producing chromatin
changes to recruit DNA repair proteins to the site (see review Sanchez-Moran, 2013). In this
study, we analysed the two copies of H2AX present in the Arabidopsis genome (AtH2A3 and
AtH2A5). Mutants for both genes showed a significant reduction in fertility that correlates

with the meiotic errors observed by Sanchez-Moran and collaborators (unpublished data).

Another group of Arabidopsis histone AtH2A isoforms with similar sequences containing
another phosphorylation motif (SPKK) are: AtH2A6, AtH2A7 and AtH2A12. This SPKK
motif could associate to A/T rich sites of the minor groove of the DNA and the
phosphorylation of its serine residue could potentially regulate the association/disassociation
to DNA. Phosphorylation of this site could participate in chromatin remodelling and
assembly during DNA replication (Green, 2002). Interestingly, this motif is only present in
histone H2A in plants not in mammals, insects or yeast (Y1 ef al., 2006). In this study, we
analysed mutants for AtH246 and AtH2A12 genes that showed a semi-sterile phenotype.
Further cytological analysis should be carried out in the future to understand the function of

this group of histones AtH2A.

The remaining AtH2A histones in Arabidopsis could be classified as the core AtH2A histone
group which includes: AtH2A1, AtH2A2, AtH2A4, AtH2A10 and AtH2A13. We have
analysed mutants for all of them except AtH2A4 and found that they have a semi-sterile
phenotype. We also analysed some RNAi mutants for AtH2A10 and AtH2A13 genes which
RNAI construct could affect the other histone isoforms of the same group due to similarities

to their DNA sequence and they showed a proper reduction in fertility as it was expected.
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In summary, Arabidopsis histones AtH2A might have different roles involving fertility in

plants.

6.3 AtH2A1 (RATS) is involved in DNA repair and recombination

We have analysed in more detail the histone isoform AtH2A1 in this study. AtH2A1 has been
previously related with T-DNA integration. The rat5 (Ath2al) mutant have been found to be
very important in T-DNA integration in Arabidopsis. Using root transformation methods, it
was shown that in Ath2al/rat5 mutant there was a clear deficiency in T-DNA integration.
RATS stands for Resistant to Agrobacterium tumefaciens-mediated transformation 5 (Mysore
et al., 2000). Furthermore, the overexpression of AtH2A1 increased the susceptibility of T-

DNA integration in Arabidopsis (Tenea et al., 2009).

However, in this study, evaluating the T-DNA integration using the Floral Dipping procedure
have shown that Ath2A41/rat5 mutant have no significant reduction in T-DNA integration
compared to the wild-type. This might show that AtH2A1 histone is required for T-DNA

integration in some type of cells/organs and not in others (see further discussion in 6.4).

A thorough cytological analysis of the Ath2al/rat5 mutant has showed that the isoform could
be involved in DNA repair during mitotic and meiotic divisions. We found chromosome
lagging, anaphase bridges, and chromosome missegregation and fragmentation during mitosis
and meiosis. This DNA repair role for AtH2A1 might explain why is so important during T-

DNA integration in roots transformation and not in Floral Dipping methodologies.
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6.4 Decoding the mechanisms of T-DNA integration using Floral Dipping

GM transgenic crops have been used very often to transform crops with herbicide resistance
genes (Alimohammadi et al., 2009; Valentine, 2003). Agrobacterium tumefaciens transfers
the T-DNA from its Ti plasmid (tumour inducer plasmid) into the plant genome. There are
different T-DNA transformation methods: Transformation of protoplasts, callus culture cells,
or other isolated plant cells (Gelvin and Schilperoort, 1998), Transformation of leaf
mesophyll cells or other cells within intact plants (Tang et al., 1996), Transformation of seeds
(Feldman and Marks, 1987), “Clip ‘n squirt” method (Chang et al., 1994), Transformation by
“vacuum infiltration” (Bechtold et al., 1993) and Floral Dipping transformation (Clough and
Bent, 1998). The most frequently used method to transform Arabidopsis thaliana is the Floral
Dipping Transformation method. In the first T-DNA transformation offspring (T1) the
transformed seeds bear the T-DNA insertion in heterozygosis (Feldmann, 1992; Bechtold et
al., 1993). This means that the T-DNA integration during Floral Dipping must occur after the
beginning of male/female gametogenesis within a flower; in the pollen mother cells, ovules
or fertilized embryos. It has been demonstrated by different authors that the primary target for
T-DNA integration using the Floral Dipping Method is the female germ-line (ovule) (Ye et

al., 1999; Bechtold ef al., 2000; Desfeux et al., 2000).

In this study, we have evaluated the role of different proteins in T-DNA integration using the
Floral Dipping approach. Previous similar analyses have been carried out using the root
transformation methods, where they found that T-DNA integration was dependent of
different DNA DSB repair pathways. The most important seemed to be HR and NHEJ.
According to Windels and collaborators (2003), the T-DNA integration efficiency is reduced
in Atku80 and Atlig4 mutants in Arabidopsis. However, other studies have mentioned that

AtLIG4 is not necessary for the T-DNA integration (Van Attikum et al., 2003). In our study,
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we have found that AtLIG4 plays an important role for the T-DNA integration. These
difference in results might be explained because the different mutant line used in some
studies (Van Attikum et al., 2003) had the T-DNA insertion in the A¢LIG4 gene inserted in
intron one which might reduce the amount of AtLIG4 protein but not produce a null mutant,
whereas in our study we used a T-DNA insertional mutant with the T-DNA inserted in exon

one and therefore producing a complete null mutant.

Furthermore, Ku70, Rad50 and Mrell proteins have been found to be essential for the T-
DNA integration in yeast as well as in plants (van Attikum et al. 2001; van Attikum and
Hooykaas, 2003). Arabidopsis Atku80 mutant is deficient in T-DNA integration into the host
plant DNA in somatic cells (Li et al., 2005). In this study, we have shown that both AtKU70
and AtKUS80 are required for T-DNA integration in Arabidopsis using the floral dipping
approach. These observations show that NHEJ components (AtKU70, AtKU80 and AtLIG4)
are required for T-DNA integration using Floral Dipping in Arabidopsis. On the other hand,
HR recombination proteins MRE11 and RADS52 are required for T-DNA integration in yeast
(Tzfira et al., 2004). In our study, we presumed that if HR was important for T-DNA
integration during Floral Dipping then meiotic HR components should have key roles. Thus,
we analysed different mutants involved in different aspects of this pathway: Atspoll.2
(formation of DSBs), Atmrell (resection of DSBs), Atrad51 (single strand DNA invasion),
Atmsh4 and Atmlh3 (maturation of dHjs). Interestingly, all these components are essential for

T-DNA integration in Arabidopsis thaliana using the Floral Dipping approach.

The highest reduction in T-DNA integration was found in Atspol 1.2 mutant suggesting that
meiotic DSBs are a clear target for T-DNA integration. It has been reported that DSBs also
increased the T-DNA integration in somatic cells (Salomon and Puchta, 1998). Nevertheless,

DSBs by itself are not sufficient for T-DNA integration as it requires processing by HR
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components, such as DSB resection by AtMRE1 1, single strand invasion by the recombinase
AtRADS1, and dHj maturation and processing by AtMSH4 and AtMLH3.

Surprisingly, in absence of AtH2A1 (RATS) there is not significant reduction in T-DNA
integration using Floral Dipping. AtH2A1 (RATS5) has been previously demonstrated to be
necessary for T-DNA integration using root transformation methods (Mysor et al., 2000; Yi
et al., 2002). The differences could be because of the different plant cells that are targeted for
the T-DNA transformation (roots vs. ovules). We have shown that AtH2A1 seems to be
involved in a DNA repair pathway in somatic cells, explaining its importance for the root
transformation method. Whereas, it might not be so important for the ovule transformation

which seems to use the meiotic DSB processing proteins involving in HR and NHEJ.

6.5 High Mobility Group (HMG) proteins and their role in plant fertility

Higher-order chromatin loops are associated to the chromosome axis or chromosome scaffold
providing a higher level of chromatin compaction. Scaffold association regions (SARs) or
Matrix attachment regions (MARs) are the physical attachment regions in the DNA sequence
where the chromatin axis proteins bind. The SARs/MARSs regions are rich in AT nucleotides
(Cook, 2010; Dean, 2011; Naeshima and Eltsov, 2008). These attachments domains have
been found to be important for chromatin dynamics and remodelling to facilitate gene
transcription and DNA replication (Hart and Laemmli, 1998; Laemmli et al., 1992). This
structure is highly conserved during evolution in higher eukaryotes. In Arabidopsis, SARs
seem to be very important for the regulation of the transcription machinery (Tetko et al.,

2006).
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The chromosome axis components compose a large number of different protein families
involved in several biological processes. One of these protein families is the High Mobility
Group (HMG) family which are the most abundant proteins after histones in the chromatin
and seem to play a crucial role in chromatin remodelling (Bustin, 2001; Lildballe et al., 2008;

Reeves and Adair, 2005).

The HMGA proteins have been studied to identify their roles in chromatin behaviour. These
proteins have important roles in DNA biological activities including the increase in the
affinity of transcription factors to the gene promoters and targeting other nuclear protein
complexes into these domains (Sgarra et al., 2004). The HMGA proteins are differentiated
from other HMG proteins because their sequence includes one or several AT-hook motifs.
These are DNA binding motifs that associate to AT-rich regions of the genome at the base of
the chromatin loops attached to the chromosome axis (Cook, 2010; Dean, 2011; Naeshima

and Eltsov, 2008).

In our study several Athmga mutants have been studied including Athmgal, Athmga?2,
Athmga3 and other Athmga-likes that contain AT-hook motifs. All of them possessed a semi-

sterile phenotype showing that they might have a role in plant fertility.

The HMGB proteins contain an HMG box motif that binds to DNA. This specific domain
seems to attach to the minor groove of the DNA without any specificity in the DNA
sequence. Also it has been revealed that HMG proteins might have a role in meiosis (Bianchi
and Agresti, 2005; Catez and Hock, 2011). In this study, we analysed several Athmgb
mutants in order to understand their role in Arabidopsis. Our analysis included Athmgbl,
Athmgb3, Athmgb5, Atssrpl. All mutants showed a semi-sterile phenotype. However the
highest reduction of fertility was observed in the Athmg mutant Atssrpl. Several

abnormalities were observed for this mutant including defects in DNA repair and abnormal
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segregation of chromosomes in both meiotic and mitotic divisions. Further cytological
analysis should be carried out in the future to understand the function of this group of
AtHMGB genes. In summary, Arabidopsis HMG family might have different roles by

involving in plants fertility.

6.6 Arabidopsis AtSSRP1 is involved in DNA repair and chromosome segregation
during mitosis and meiosis

Structure specific recognition protein 1 (SSRP1) is one component of non-histone protein,
HMG protein family that has been identified in different species. It plays a vital role in DNA
repair, DNA replication and elongation, and in regulation of the transcription machinery
(Kumari et al., 2009; Zeng et al., 2010). SSRP1 protein includes different conserved
domains. The N-terminal region contains a domain that interacts with SPT16 forming the
Facilitate Chromatin Transcription complex (FACT complex) as well as a tubulin binding
domain. The C-terminal region contains another domain that includes an HMG-box domain

which is a DNA binding domain (Kumari ef al., 2009, Zeng et al., 2010).

It has been found that SSRP1 protein has a clear role in DNA repair (Kumari et al., 2009). A
knockdown mutant for SSRP/ gene in mammalian cells showed an increase in the number
of H2AX and RADS5I1 foci, thus, an increase in the activation of the HR process.
Interestingly, over-expression of SSRP1 led to an apparent reduction of H2AX and RADS1
foci and, thus, a reduction in the HR events of the cells exposed to hidroxiurea (which creates

DNA breaks).

The FACT complex is formed by the heterodimer SSRP1/SPT16 and it has been found in
Arabidopsis, humans and Drosophila (Ikeda et al., 2011). This complex has been described

as a histone chaperone complex that plays an important role in histone displacement and
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histone deposition in nucleosomes during the DNA replication, the chromatin remodelling

and the DNA repair (Ikeda et al., 2011).

Furthermore, SSRP1 has been found to play an essential function in cell division and
maturation during embryogenesis (Cao et al., 2003). However, there was no study conducted
to investigate the role of SSRP1 in Arabidopsis. Our analysis has showed that AtSSRP1 has
an essential role in mitosis and meiosis. In absence of AtSSRP1 the mitotic and meiotic
spindles do not form or organize correctly producing chromosome missegregation errors.
Immunolocalization of AtSSRP1 and AtSPT16 shows that they co-localise during some
stages of meiosis where they could be working in the formation and organization of
microtubules in the spindle, together as FACT complex or independently. The fact that
AtSPT16 is located on the chromatin throughout prophase I whereas AtSSRP1 is already

localised on the microtubules, shows that their role could be independent.

Chromosome fragmentation has been observed in the mutant during mitosis and meiosis
which indicates shows that AtSSRP1 is important in DNA repair perhaps associated with

AtSPT16 in the FACT complex as previously reported in other species.

6.7 Human hSSRP1 localises in the centrioles and is essential for the correct mitotic

spindle formation and organization

The correct formation and organization of microtubules is a fundamental biological process
that is essential for the mitotic cell cycle (Zeng et al., 2010). Depletion of SSRP1 using
siRNA approaches in mice have shown to be lethal. Nevertheless, in human cell knockdowns

it was observed that it produced a deficient and disorganised spindle main body.
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In this study, we had similar results when we carried out siRNA knockdown mutants in
HUVECs. siRNA /Assrpl mutants showed a reduction in the amount of microtubules involved
in the mitotic spindle and disorganized spindles that produced errors in the chromosome
segregation and even in the cell cytokinesis leading to multinuclear cells. Furthermore,
immunolocalization analysis of hSSRP1 during mitosis showed us that the protein is
localised in the centrioles (spindle organizers). This is different from previously published
data where SSRP1 protein co-localised with tubulin along the microtubules in mice (Zeng et
al., 2010). We carried out several controls using different antibodies to corroborate our
results and also we have shown that our siRNA knockdown mutants reduced the signal

observed of hSSRP1 as expected.

6.8 Evolutionary differences in spindle organization between plants and mammals

Microtubules are essential in plants in different biological processes including cell division,
cell polarity, phragmoplast assembly, mitosis, cytokinesis and meiosis. Plant microtubules
nucleation is different to that in animals as they lack the structure called centriole (Eckardt,
2006; Lemmon and Brown, 2007). Plants comprise an anastral mitotic spindle in which the
microtubules are nucleated in the lack of centrosomes while animals contain centrosomes
which are a type of Microtubule Organizer Centres (MTOCsSs). Plants do not seem to have
atypical MTOC (Azimzadeh et al., 2008; Lemmon and Brown, 2007; Smirnova and Bajer,
1992). Nevertheless, y-tubulin is essential for microtubule growth in all higher eukaryotes

including plants (Lemmon and Brown, 2007).

The centrosome in animals and the spindle body in yeast nucleate microtubules.

Nevertheless, the plants microtubules are polymerized from diffuse nucleating domains, the
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v-TuRCs (y-tubulin ring complexes) (Erhardt et al., 2002). The y-TuRC have two molecules
of y- tubulin (GCP2-GCP3) that joined together to form y-tubulin small complex (y-TuSC).
However, there are other (GCP4-GCP6) create y-TuSC-like complexes. Consequently, the
assembly between two complexes (y-TuSC and y-TuSC-like sub-complex) would participate
in producing inactive y-TuRC. Therefore, In the presence of other activating proteins and
other targeting factors (sub-cellular molecules) to y-TuRC, would lead to activate and initiate
the polymerization of microtubules (Erhardt et al., 2002 Hashimoto, 2013; Pastuglia, 2006).
It has been found that the presence of y-tubulin is necessary for the microtubule nucleation in
plants (Murata et al., 2005).

Our results have shown how important SSRP1 is in organizing the correct mitotic and meiotic
spindles in Arabidopsis and the correct mitotic spindle in humans. hSSRP1 is located in the
centrioles showing its importance in microtubule formation and organization in human
mitosis. Nevertheless, plants do not have centrioles but the signal of AtSSRP1 localises in the
region where mitotic and meiotic spindles are formed. In both cases, mutations in SSRP/
genes produces aberrations in spindle formation and chromosome missegregation showing
that although the localization is different, its function seems to be conserved among plants
and humans. This shows that although centrioles are not evolutionary conserved, some of its

components like hSSRP1 seem to be essential even in plants.
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6.9 GENERAL CONCLUSIONS

* In this study, we have carried out a genetic analysis of different chromatin
components in Arabidopsis thaliana which have resulted to have essential roles in
fertility, DNA repair and chromosome segregation.

* T-DNA insertional mutants for different Arabidopsis histone AtH2A isoforms have
shown a reduction in fertility compared to the wild-type. From histone core AtH2A
isoforms (AtH2A1, AtH2A2, AtH2A10 and AtH2A13) to histone variants like
AtH2AX (AtH2A3 and AtH2AS5) and AtH2A isoforms bearing the SPKK DNA
binding motif (AtH2A6 and AtH2A12). This shows the importance of these histones
AtH2A isoforms in plant fertility.

* A detailed cytogenetic analysis was carried out for one of these mutants (4th2al)
showing the presence of chromosome aberrations during mitosis and meiosis.

* About 50% of mitotic anaphases presented one chromosome bridge or fragmentation
in Ath2al mutant. This shows that AtH2A 1 might have a very important role in DNA
repair.

* In meiosis, about 16% of diakinesis meiocytes had interconnections between non-
homologous chromosomes and 87% of anaphase I cells presented an average of 2.5
chromosome bridges. This shows that AtH2A1 might have an important role in DNA
DSB processing during meiosis.

* Inabsence of AtH2A1 it has been previously reported the unviability of the T-DNA to
get integrated in the plant genome by Agrobacterium tumefaciens using root
transformation. Nevertheless, we have demonstrated that Arh2al mutant is not
resistant to the T-DNA integration using Floral Dipping transformation approaches.

This shows that T-DNA integration might use diverse pathways involving different
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chromatin proteins depending of the tissues or cells that Agrobacterium is targeting
for the transformation.

A detailed genetic analysis of different components of HR and NHEJ has shown that
both pathways are required for the T-DNA integration using Floral Dipping.

The absence of meiotic DSBs catalysed by AtSPOI1 heterodimer decreases
significantly the frequency of T-DNA integration via Floral Dipping. This shows the
importance of DSBs in the T-DNA integration using this approach.

Similarly, DSB resection (AtMRE11) and ssDNA strand invasion (AtRADS51) are as
important as the presence of these DSBs for the T-DNA to be integrated on the plant
genome using Floral Dipping.

dHjs processing (AtMSH4 and AtMLH3) also have a significant role in T-DNA
integration via Floral Dipping.

Furthermore, NHEJ components (AtKU70, AtKU80 and AtLIG4) also have a very
important role in T-DNA integration using Floral Dipping transformation.

T-DNA insertional mutants for different High Mobility Group (HMG) genes in
Arabidopsis have shown a reduction in fertility compared to the wild-type. From
HMGA family members (with AT-hook DNA binding motifs) to HMGB family
members (with a HMG-box DNA binding motif). This shows the importance of these
HMG proteins in plant fertility.

A detailed cytogenetic analysis was carried out for one of these mutants (Azssrpl)
showing the occurrence of chromosome fragmentation and missegregation during
mitosis and meiosis.

Chromosome fragmentation and chromosome lagging during mitotic anaphase was

observed in Atssrpl showing its importance in DNA repair and chromosome
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segregation. These chromosome aberrations could explain the delayed
development/dwarf size of the mutant plants.

Similar chromosome behaviour was found during meiosis. Chromosome
fragmentation could be visualised as early as pachytene stage. Whereas, chromosome
missegregation was observed during anaphase 1 (29.2% of the cells) and anaphase II
(92.8%). AtSSRP1 might be important in DSB processing and in meiotic
chromosome segregation. This meiotic phenotype could explain the reduced fertility
in the mutant.

The FACT complex is formed by the heterodimer SSRP1/SPT16 in higher eukaryotes
and it has been reported to have a key role in DNA repair. Arabidopsis AtSSRP1 and
AtSPT16 colocalise with the chromatin during interphase/S phase stages in mitosis
and meiosis showing that both could be involved in the FACT complex and thus in
the DNA repair of any errors produced during the DNA replication.

Meiotic chromosome formation (AtASY1) and synapsis (AtZYP1) seem to be
completely normal in Atssrpl so the fragmentation errors seem to be independent of
DSBs processing and meiotic recombination.

The reduced number of microtubules and their different organization in, both, the
meiotic and mitotic spindles could explain the problems in chromosome segregation.
The use of Flutax1, a fluorescein tagged taxol, has proved to be a good alternative to
microtubule immunolocalisation in Arabidopsis thaliana.

In Arabidopsis, AtSPT16 colocalises in the nucleus with AtSSRP1 only late telophase
IT. Whereas, localises around the microtubules from late prophase I onwards. This
might hint that FACT complex might be also involved in the formation and

organization of the meiotic spindle.
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Arabidopsis kinase Atkl mutant has been reported to have chromosome
missegregation errors during meiosis. In this study, we have shown that the meiotic
chromosome missegregation is very similar to that one observed in Atssrpl mutant.
This shows that both proteins could be involved in a similar pathway of chromosome
segregation.

Nevertheless, Atkl has not shown chromosome fragmentation which shows that
AtSSRPI has an independent role in DNA repair.

We have shown that human hSSRP1 localises on the centrosomes at the centrioles.
We have carried out a siRNA experiment to knockdown hSSRP1 in HUVECs
showing its important role in DNA repair as well as in microtubule formation and
organization in human mitotic spindle and therefore, its role in chromosome
segregation and cytokinesis.

The analysis of SSRP1 in plants and humans has showed the conservation of its
functional roles in DNA repair and spindle organization even when the structural

location has changed during evolution (plants have not centrioles).
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6.10 Future Work

*  We would further cytologically analyse the meiotic process in all the different
semi-sterile mutants for Ath2a and Athmg.

* We would identify and characterise the chromosome regions involved in the
anaphase bridges and fragmentation observed in Ath2al and in Atssrpl mutants
by Fluorescence in situ hybridization (FISH) using rDNA, telomere and
centromere probes.

*  We would like to increase the number of single mutants used to quantify the T-
DNA integration in Arabidopsis using Floral Dipping. Some of these mutants
would be: Atspoll.l, Atrad50, Atdmcl, AtMus81,... As well as to do it using
double mutants (e.g.: Atspoll.2xAtlig4) in order to identify if HR and NHEJ are
using the same or different pathways for the T-DNA integration.

*  We would like to characterise a null Azsptl6 mutant to compare its phenotype to
Atssrpl and try to differentiate if the DNA repair and chromosome segregation
functionalities are FACT dependent or just by itself. At the moment, we have
identified heterozygous mutants for a T-DNA insertion in AzSPT'16 but every time
we grow the offspring not homozygous mutants appear, showing that the mutation
could be lethal in Arabidopsis. Further analyses would be carried out to
demonstrate this.

* We have tried to use different antibodies to identify the centrioles, centrosomes
and MTOCs in human and plant cells but we have not been very successful. We
would like to colocalise our SSRP1 protein with a protein known to be in this

regions.
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Appendix A: Full genomic DNA of H2A1 gene (RATS) (At5g54640)

Other names:

HTAL, RAT5, ATHTA1, MRB17.14, MRB17_14, HISTONE H2A 1, RESISTANT TO AGROBACTERIUM
TRANSFORMATION 5

5'UTR
3’UTR
Exons

Introns

T-DNA insert position

Full genomic DNA:

AAAGCCTCACCARGATIMEG TCTTT TAACACAATGATATAGAACACGTCTCTCTTTTGGCTTTAGATCTAATAACCTAATAACTAGCTAGATGT
TTTCACTTTTTGTATCTTTGCTTTTTTTAATTCCTTTAGGGATTTGTTTCTTTCCGTTTCTGTTTCGACATGTTGTTTCTGTTTTTGTGAATAT
ATGAAAGTATTTTGCGAAATATGAATGATAATGTCTTTCAAAAA

(o)

DS:
ATGGCTGGTCGTGGAAAAACTCTTGGATCCGGTGGGGCGAAGAAAGCTACATCTCGGAGTAGCAAAGCCGGTCTTCAATTCCCGGTGGGTCGTATCGCTC
GTTTCTTAAAAGCCGGTAAATACGCCGAACGTGTTGGTGCCGGTGCTCCGGTTTATCTCGCCGCCGTTCTCGAATATTTGGCCGCCGAGGTTCTTGAATTA
GCTGGAAACGCAGCAAGAGACAACAAGAAGACACGTATTGTTCCTCGTCACATTCAGCTTGCGGTCAGAAACGATGAGGAGCTAAGCAAGCTTCTTGGA
GATGTGACGATTGCTAATGGAGGAGTGATGCCTAACATCCACAATCTCCTTCTCCCTAAGAAGGCTGGTGCTTCAAAGCCTCAGGAAGATTAG

Full length of CDNA:

GTTAATTTCGTCAAGAAAAAAATTCGAT TTTGCGCTCTTTGTGGGTTGTTGTTGTTGAAAATGGCTGGTCGTGGAAAAACTCTTGGATCCGGTGGGGC
GAAGAAAGCTACATCTCGGAGTAGCAAAGCCGGTCTTCAATTCCCGGTGGGTCGTATCGCTCGTTTCTTAAAAGCCGGTAAATACGCCGAACGTGTTGGT
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GCCGGTGCTCCGGTTTATCTCGCCGCCGTTCTCGAATATTTGGCCGCCGAGGTTCTTGAATTAGCTGGAAACGCAGCAAGAGACAACAAGAAGACACGTA
TTGTTCCTCGTCACATTCAGCTTGCGGTCAGAAACGATGAGGAGCTAAGCAAGCTTCTTGGAGATGTGACGATTGCTAATGGAGGAGTGATGCCTAACAT
CCACAATCTCCTTCTCCCTAAGAAGGCTGGTGCTTCAAAGCCTCAGGAAGATTAGGTCTTTTAACACAATGATATAGAACACGTCTCTCTTTTGGCTTTAGA
TCTAATAACCTAATAACTAGCTAGATGTTTTCACTTTTTGTATCTTTGCTTTTTTTAATTCCTTTAGGGATTTGTTTCTTTCCGTTTCTGTTTCGACATGTTGTTT
CTGTTTTTGTGAATATATGAAAGTATTTTGCGAAATATGAATGATAATGTCTTTCAAAAA

>SALK 040809.18.50.x
AAAATTCAATGTTTTTGCGCTCTTTGGGGGGAGTTGTTGTTGAACTGGCTGGACATGGAA
CACCTCTTGGATACGGTGGGGCCAATAATGCTACATCTCTGAGTGGCTACCCGGTCTTCA
ATTCTCTGCGGGCGCTATCACTTCTGTCTTATAGCCGGTATCTACTCCAAACGGGATGGT
GCCGGTGCTCCGGTTTACCTCGCCGCCGTTCTCGACCATTTGGCCGCC

SALK 040809.18.50.x PRODUCT SIZE 1014 PAIR ANY COMPL 0.00 PAIR 3' COMPL
0.00 DIFF TM 0.23 LP CACACCACATTGACTGGTCTG Len 21 TM 60.06 GC 52.38
SELF_ANY COMPL 0.23 3' COMPL 0.00 RP ATTTTTGCATGTCAAATTCGG Len 21 TM
59.82 GC 33.33 SELF ANY COMPL 0.23 3' COMPL 0.00 Insertion chr5
22196495 BP+RP_PRODUCT SIZE 468-768

Appendix B: pEarleGate PEG20S5 victor
This victor is Kan resistant in Bacteria and Basta resistant in Plant. It was used for the
transformation of the T-DNA integration from Agrobacterium tumefaciens into plants

(Arabidopsis). Insertion sequence is shown as follows:

>PrsS1, poppy pistil S1

BEGAACATATTTTATGTTATTGTGCTGCTATCGTTCTTCTTGTCCAAGTCAAGCGGTTTCTTTCCTGTTATTGAGGTGCGTATAATGAACAGAA
GAGGTAACGGGA NN CANEEEE . T cCA A AGATAATGATC TTCAAAACCAAACAGTGACATCTGGTCATGACATGAGTTTTTC
ATTTAGGGAAGATTTTTTCCATACAACTCACTTCTATTGTGACCTACAATGGGATAAAGAAACAAAGTTCGGGTTTTATTCCTATCAGGCARAG

AGGGATGATGACGGTAGGTGCTCTT] ATGATGGTTTATACGGTTTTGATCAGGAGCATCAGATCTGGCAGA
TTTACCATTTGATAAAGAAAGAAAGGAAGGAAGGTCGAACC]
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Appendix C: Full genomic DNA of SSRP1 gene (At3g28730).

AT hook motif DNA-binding family protein; FUNCTIONS IN: DNA binding

Full genomic DNA with labelled upstream, exons, introns:
5S’UTR

3’UTR

Exons

Introns

T-DNA inserts position

=
Q
Q
Q
>
>
>
H
@Q
[}
>
>
>
@
>
@
>
H
@
=
‘

P
Q
=]
=]
=
@
P
=]
=
Q
=
Q
Q
el
B
Q
he
=]
=
Q
=
Q
=
B
Q
=
B
@
=
pa
=
Q
=
Q
b
=]
=]
=
B
Q
Q
=
B
Q
el
heg
=
b=
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CTAAGTTATGGCATGTAGTAAACGTTGGACCTTTAGT TGTTTGGAGTTAACCAGATTTTTCTCTTTGACCTTAAAGATCTTGTGTTACTTCCTA
GAAAAGAAGAGCCTGTCTTTACCTCAAAATATAGAGTACTCTGGTAAGGCCATAGCTAAGAAGCAACAAAACAGATCGTGTTTCTATCGAAATT
GTTATACAAGAGGTTCTGTATGATGAAAGTTATGGACAAGAAGCATCTAAAACCTTATGGACAATGGGACGAGCTTTACACATAGCTTGCAACG
ATGTAGCTTTTCGCATTGTGGTTCCTTTTTCACTTTCTCTCATGTCTAGATACTTTTCTTCAACCCTCTCCCACTCAAAACATTGGACCAATGA
TCCAAGAGCCAAAGTCACTAGCCGTTGAGCTAGCCCTGAACCAGGGCAAGATCGTCGTCCAATCCCAAATGGCATCAACTTTTTATCCTCTCCT
TTTTTCTCAAACC T Bl EHEE C T CTTCCCATAACTTTGGATCTCTATGGATGGCCCATGC

CDS for SSRPI gene

ATGGCGGACGGCCACTCCTTCAATAATATCTCTCTCAGCGGTCGCGGTGGAAAGAACCCGGGTTTACTTAAAATCAATTCTGGAGGAATTCAAT
GGAAGAAACAAGGTGGTGGAAAAGCTGTGGAAGTTGATAGATCTGATATTGTAAGTGTTAGTTGGACGAAAGTGACAAAGAGTAATCAATTGGG
AGTCAAAACCAAAGATGGATTGTACTACAAGTTCGTTGGATTTCGAGATCAGGATGTTCCAAGTCTGTCTAGCTTTTTCCAAAGTTCTTATGGA
AAAACACCGGATGAGAAGCAATTATCAGTTAGTGGTCGTAATTGGGGAGAGGTGGATTTACACGGGAATACACTAACCTTTTTGGTTGGATCAA
AACAAGCTTTTGAAGTATCTTTAGCTGATGTTTCACAGACTCAGCTTCAAGGGAAAAATGATGTTACTTTGGAGTTTCATGTTGATGATACTGC
TGGTGCTAATGAGAAAGACTCGCTGATGGAGATTAGTTTTCATATTCCTAATTCCAACACTCAGTTTGTTGGTGATGAAAACCGTCCACCTTCT
CAAGTTTTCAATGACACAATCGTTGCAATGGCTGATGTTAGTCCTGGAGTTGAGGATGCGGTCGTCACATTTGAGAGTATTGCAATCCTCACAC
CCAGGGGTCGGTACAATGTGGAACTTCACCTTTCTTTCTTACGATTGCAAGGACAAGCTAATGACTTTAAAATCCAGTACAGTAGCGTTGTCCG
TTTGTTCTTGCTTCCAAAGTCAAACCAACCACACACGTTTGTTGTTATCTCTCTAGACCCACCAATCCGGAAAGACCGTTGTCGAAAGTGAACT
GTCAATTAGTGATGAACTTATGAATACAAAGTTCAAGGACAAGCTGGAGCGATCATATAAGGGTCTCATTCATGAAGTATTCACCACCGTGTTG
CGTTGGCTGTCTGGTGCAAAGATCACTAAACCTGGGAAGTTCCGCAGTTCCCAAGATGGGTTTGCAGTGAAATCGTCTCTCAAGGCAGAAGATG
GGGTTCTTTATCCACTCGAGAAGGGATTTTTCTTCTTACCTAAACCTCCAACGCTTATACTTCACGATGAGATTGACTATGTCGAGTTTGAAAG
GCATGCTGCTGGTGGTGCTAACATGCATTACTTTGATCTTCTCATAAGACTGAAAACTGACCATGAACATCTGTTCCGTAACATTCAAAGAAAT
GAGTATCACAATCTCTATACCTTCATAAGCTCTAAGGGTTTGAAGATTATGAACCTTGGAGGTGCGGGTACCGCAGACGGTGTTGCTGCTGTTC
TTGGGGATAATGATGATGATGATGCTGTTGACCCTCATCTTACGCGTATCAGAAACCAAGCTGCTGATGAGAGTGATGAGGAGGACGAAGACTT
TGTTATGGGTGAGGATGATGATGGTGGTTCACCAACTGATGATTCTGGCGGGGACGACTCTGATGCTAGTGAAGGCGGTGTAGGAGAGATAAAA
GAGAAATCTATCAAGAAGGAACCTAAGAAAGAGGCTTCGTCATCGAAAGGATTGCCTCCTAAGAGGAAAACTGTAGCCGCAGACGAAGGCAGTA
GTAAGAGGAAGAAGCCGAAGAAGAAGAAGGATCCCAACGCACCAAAAAGAGCAATGTCTGGTTTCATGTTCTTTTCCCAAATGGAAAGAGATAA
CATAAAGAAGGAACACCCAGGAATAGCATTTGGAGAGGTGGGAAAGGTGCTTGGAGATAAGTGGCGTCAAATGTCTGCTGATGATAAAGAGCCA
TATGAAGCCAAGGCTCAAGTCGACAAGCAGCGATACAAGGATGAGATCAGTGATTACAAGAACCCTCAGCCGATGAATGTGGACTCAGGAAACG
ATTCCGATAGTAACTAA

>SALK 001283.13.60.x
AAAGCAGTGGGTTATTCAGGGCTGCGGTGCAGGCCTCGTTGAACAATTACCATGGCCTTT
GGGGGCGGATTTGTAGGGGGATTGATGGGAGCTCCATGACTTATACATCGTGCCCGCCCG
GCCGCTTCGCATGGGGGGTGGGCGGGGGGTGCGGTCCCGTGCCGCGCGGGCCTGGTGTGL
GAGCGTCACGGGGGGGGGGGTGGTGGGGGGGGGGAGGGCGGTCGCGTGGGCGCGGCACGL
TGGGTGGGGGGGGGTGGGCGTGTGCCGCCGTGGGGGGTGGCGGGTTGGGGGGGTGGATGG
GGGGGGGTCCCAGAGAGCGGCGGGTGGCGCCCGGTGGGGGGGCCGGGAGTGTGGGCGGGL
GGGCCGTTGCGGTGTGCGGGGGGGCGGTGGGGTGGGTGGCGGGTGGGGTGTGCGCCGCGG
GGGTGTGGCGGCGACGAGAGATGTGGCGGTGTCGGTG

Appendix D: Full genomic DNA of A7SSRPI gene in human

>gi|28416943|ref|NM 003146.2| Homo sapiens structure specific recognition
protein 1 (SSRP1), mRNA

GTACGGCTTCCGGTGGCGGGACGCGGGGCCGCGCACGCGGGAAAAGCTTCCCCGGTGTCCCCCCATCCCCCTCCC
CGCGCCCCCCCCGCGTCCCCCCAGCGCGCCCACCTCTCGCGCCGGGGCCCTCGCGAGGCCGCAGCCTGAGGAGAT
TCCCAACCTGCTGAGCATCCGCACACCCACTCAGGAGTTGGGGCCCAGCTCCCAGTTTACTTGGTTTCCCTTGTG
CAGCCTGGGGCTCTGCCCAGGCCACCACAGGCAGGGGTCGACATGGCAGAGACACTGGAGTTCAACGACGTCTAT
CAGGAGGTGAAAGGTTCCATGAATGATGGTCGACTGAGGTTGAGCCGTCAGGGCATCATCTTCAAGAATAGCAAG
ACAGGCAAAGTGGACAACATCCAGGCTGGGGAGTTAACAGAAGGTATCTGGCGCCGTGTTGCTCTGGGCCATGGA
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CTTAAACTGCTTACAAAGAATGGCCATGTCTACAAGTATGATGGCTTCCGAGAATCGGAGTTTGAGARACTCTCT
GATTTCTTCAAAACTCACTATCGCCTTGAGCTAATGGAGAAGGACCTTTGTGTGAAGGGCTGGAACTGGGGGACA
GTGAAATTTGGTGGGCAGCTGCTTTCCTTTGACATTGGTGACCAGCCAGTCTTTGAGATACCCCTCAGCAATGTG
TCCCAGTGCACCACAGGCAAGAATGAGGTGACACTGGAATTCCACCAAAACGATGACGCAGAGGTGTCTCTCATG
GAGGTGCGCTTCTACGTCCCACCCACCCAGGAGGATGGTGTGGACCCTGTTGAGGCCTTTGCCCAGAATGTGTTG
TCAAAGGCGGATGTAATCCAGGCCACGGGAGATGCCATCTGCATCTTCCGGGAGCTGCAGTGTCTGACTCCTCGT
GGTCGTTATGACATTCGGATCTACCCCACCTTTCTGCACCTGCACECAACACCT I TCACTACARGATCCCCTAC
ACCACAGTACTGCGTCTGTTTTTGTTACCCCACAAGGACCAGCGCCAGATGTTCTTTGTGATCAGCCTGGATCCC
CCAATCAAGCAAGGCCAAACTCGCTACCACTTCCTGATCCTCCTCTTCTCCAAGGACGAGGACATTTCGTTGACT
CTGAACATGAACGAGGAAGAAGTGGAGAAGCGCTTTGAGGGTCGGCTCACCAAGAACATGTCAGGATCCCTCTAT
GAGATGGTCAGCCGGGTCATGAAAGCACTGGTAAACCGCAAGATCACAGTGCCAGGCAACTTCCAAGGGCACTCA
GGGGCCCAGTGCATTACCTGTTCCTACAAGGCAAGCTCAGGACTGCTCTACCCGCTGGAGCGGGGCTTCATCTAC
GTCCACAAGCCACCTGTGCACATCCGCTTCGATGAGATCTCCTTTGTCAACTTTGCTCGTGGTACCACTACTACT
CGTTCCTTTGACTTTGAAATTGAGACCAAGCAGGGCACTCAGTATACCTTCAGCAGCATTGAGAGGGAGGAGTAC
GGGAAACTGTTTGATTTTGTCAACGCGAAAAAGCTCAACATCAAAAACCGAGGATTGAAAGAGGGCATGAACCCA
AGCTACGATGAATATGCTGACTCTGATGAGGACCAGCATGATGCCTACTTGGAGAGGATGAAGGAGGAAGGCAAG
ATCCGGGAGGAGAATGCCAATGACAGCAGCGATGACTCAGGAGAAGAAACCGATGAGTCATTCAACCCAGGTGAA
GAGGAGGAAGATGTGGCAGAGGAGTTTGACAGCAACGCCTCTGCCAGCTCCTCCAGTAATGAGGGTGACAGTGAC
CGGGATGAGAAGAAGCGGAAACAGCTCAAAAAGGCCAAGATGGCCAAGGACCGCAAGAGCCGCAAGAAGCCTGTG
GAGGTGAAGAAGGGCAAAGACCCCAATGCCCCCAAGAGGCCCATGTCTGCATACATGCTGTGGCTCAATGCCAGC
CGAGAGAAGATCAAGTCAGACCATCCTGGCATCAGCATCACGGATCTTTCCAAGAAGGCAGGCGAGATCTGGAAG
GGAATGTCCAAAGAGAAGAAAGAGGAGTGGGATCGCAAGGCTGAGGATGCCAGGAGGGACTATGAAAAAGCCATG
AAAGAATATGAAGGGGGCCGAGGCGAGTCTTCTAAGAGGGACAAGTCAAAGAAGAAGAAGAAAGTAAAGGAAAGA
TGGAAAAGAAATCCACGCCCTCTAGGGGCTCATCATCCAAGTCGTCCTCAAGGCAGCTAAGCGAGAGCTTCAAGA
GCARAGAGTTTGTGTCTAGTGATGAGAGCTCTTCGGGAGAGAACAAGAGCAAAAAGAAGGGAGGAGGAGCGAGGA
CTCTGAAGAAGAAGAACTAGCCAGTACTCCCCCCAGCTCAGAGGACTCAGCGTCAGGATCCGATGAGTAGAAACG
GAGGAAGGTTCTCTTTGCGCTTGCCTTCTCACACCCCCCGACTCCCCACCCATATTTTGGTACCAGTTTCTCCTC
ATGAAATGCAGTCCCTGGATTCTGTGCCATCTGAACATGCTCTCCTGTTGGTGTGTATGTCACTAGGGCAGTGGG
GAGACGTCTTAACTCTGCTGCTTCCCAAGGATGGCTGTTTATAATT TGGGGAGAGATAGGGTGGGAGGCAGGGCA
ATGCAGGATCCAAATCCTCATCTTACTTTCCCGACCTTAAGGATGTAGCTGCTGCTTGTCCTGTTCAAGTTGCTG
GAGCAGGGGTCATGTGAGGCCAGGCCTGTAGCTCCTACCTGGGGCCTATTTCTACTTTCATTTTGTATTTCTGGT
CTGTGAAAATGATTTAATAAAGGGAACTGACTTTGGAAACCAAAAAAA

S13491 Sense GGACUUAAACUGCUUACAATT

S13491 Antisense UUGUAAGCAGUUUAAGUCCAT

S13491 DUPLEX TARGETED EXON 3
GGACUUAAACUGCUUACAATT

TACCUGAAUUUGACGAAUGUU
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Participation in International Scientific Conferences:

1. UK Plant Science 2012 Meeting, on 18th and 19th April 2012. “Role of high mobility
group protein (HMG) in eukaryotes”. (Poster Presentation).

2. British Meiosis Group Meeting, on 28th March 2012 in Norwich. “Role of high mobility
group protein (HMG) in eukaryotic organisms”. (Poster Presentation).

3. 5th British Meiosis Conference at the University of Cambridge, on 27th and 28th March
2013. "H2A.X role in homologous recombination in eukaryotic". (Invited Speaker).

4. PhD students Open Day at the University of Birmingham, on 2nd Jun 2012. (Poster
Presentation).

5. Postgraduate Open Day, on Tuesday 20th November 2012. (Poster Presentation).

6. Student Symposium 15th — 16th April 2013 at University of Birmingham. “Chromosome
axis protein (HMGA-like), SSRP1 and H2A1 have essential role in recombination and
fertility”. (Invited speaker).

7. Cell Division Conference at the School of Biosciences University of Birmingham, on
Monday 10th June 2013. “Chromosome axis protein (HMGA-like), SSRP1 and H2A1
have essential role in recombination and fertility”. (Poster Presentation).

8. EMBO Meiosis Meeting in Dresden (Germany), on14th to 19th September 2013.
“Essential roles of two chromatin proteins (H2A.1 and SSRP1 in eukaryotic fertility".
(Poster Presentation).

9. British Meiosis Meeting at the university of Edinburgh, on 24-25 March 2014. “Structure-
Specific Recognition Protein 1 (SSRP1) has an essential role in DNA repair and meiotic
chromosome segregation in humans and plants". (Poster Presentation).

10. 20" International Chromosome Conference (50" Anniversary) at the university of Kent,
Canterbury, UK, on 135t September 2014. “ Essential roles of two chromatin proteins in
Arabidopsis thaliana fertility and humans". (Poster Presentation).

11. British Meiosis Meeting at the university of Newcastle, on 23-24 February 2015. “The
role of some chromatin components in chromosome dynamic in humans and plants".
(Poster Presentation).
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Other scientific activities

Co-organizer for the student chromatin research symposium, 2011, University of
Birmingham, UK.
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