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Summary of contents
In flowering plants and placental mammals a subset of genes known as imprinted genes display full or partial
suppression or activation to one of its alleles in a parent of origin dependent manner. During maternal and
paternal gametogenesis in plants, epigenetic marks are applied that consequentially alter the regulation of
specific alleles and upon fertilisation these marks contribute monoallelic expression patterns. Predominantly,
imprinting is considered to occur within the endosperm, a terminal tissue which acts to nourish endosperm
development. Reports have demonstrated that a small number of imprinted genes are essential for correct seed
development and with the aid of next generation transcriptomic screens the number of discovered candidate
imprinted genes has increased. However, functional roles could not be discovered for the majority of these
imprinted genes which leads to uncertainty regarding the true evolutionary role towards the selection of genomic
imprinting.
A portion of this thesis focused on investigating whether changing environments affected the expression and
imprinted status of imprinted genes. Of seventeen imprinted genes tested, nine displayed significant expression
differences in response to changes in temperature. From these genes, the POLYAMINE UPTAKE
TRANSPORTER 1 (PUT1) gene displayed temperature mediated loss of imprinting.
In addition, a loss-of-function screen was conducted on imprinted genes which displayed signatures of Positive
Darwinian Selection (PDS) in their coding sequences in order to screen for functional roles during seed
development. From this screen, one promising candidate mutant emerged named short filaments-1 (sfi-1). sfi-1
displayed a loss of functional filament elongation and decreased seed size compared to wild type (WT) plants.
Finally, an efficient targeted mutagenesis strategy was also generated using the Cas9/sgRNA system in order to
create novel, null or hypomorphic mutants in Arabidopsis thaliana. Using the system described in this thesis
efficient targeted mutations were generated in the METHYLTRANSFERASE (MET1) and TRANSPARENT
TESTA GLABRA 1 (TTG1) genes in both a diploid and tetraploid background.
Altogether this thesis revealed a potential new role for the imprinted gene SFI as a regulator of mature seed size
and filament elongation. In addition, it also provides us with an efficient tool for genome editing in Arabidopsis
thaliana for future investigations.
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Chapter 1: General Introduction
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Genomic imprinting
Introduction to imprinting

According to classical Mendelian inheritance, each parent contributes equally one of two alleles towards the
expression of a gene during embryogenesis (Mannens et al., 1999). However, certain genetic phenomena defy
this inheritance pattern most notably cytoplasmic inheritance (Mogensen 1996), maternal transcript deposition
during the early stages of embryogenesis (Luo et al., 2014) and by genomic imprinting (Kermicle 1970).
Genomic imprinting can be described as the monoallelic expression pattern of genes depending on its
inheritance from either the maternal or paternal genome (Garnier et al., 2008, Köhler et al., 2012).

Early studies of genomic imprinting

In mammals, the combination of both maternal and paternal genomes is essential for proper embryo survival and
development (McGrath et al., 1984). Androgenetic (progeny derived from an entirely paternal genome) or
gynogenetic (progeny derived from an entirely maternal genome) mice progeny fail to survive to term which
suggested that maternal and paternal genome contributions to offspring development were not equivalent (Barton
et al., 1984, McGrath et al., 1984, Surani et al., 1984). It was suggested that unique epigenetic marks must be
applied during male and female gametogenesis which are essential for embryo survival (Surani et al., 1984, Surani
et al., 1990). This initially led to a theory of parent-of-origin effects where the fate of expression of a gene is
dependent on whether it was inherited either maternally or paternally (Barton et al., 1984) (reviewed by Guilmatre
et al., (2012)).
Early reciprocal interploidy studies between diploid (2x) and tetraploid (4x) plant lines produced offspring that
were inviable in Lycopersicon pimpinellifolium (Cooper et al., 1945) and Zea mays (Cooper 1951). Offspring
from a 2x x 4x cross produced enlarged seeds with high rates of seed abortion due to aberrations in endosperm
development (Cooper et al., 1942, Cooper et al., 1945, Cooper 1951). From these studies it was hypothesised that
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a definitive dosage ratio of maternal:paternal genomes in the endosperm was essential for correct seed
development (Cooper 1951). Perturbations to the parental genome dosage in the endosperm had aberrant effects
on seed development (Lin 1984). These studies provided the first evidence that maternal and paternal genomes
were non-equivalent in plants (Cooper et al., 1942, Cooper et al., 1945, Cooper 1951).
The first reported imprinted gene was discovered from a study performed by J. L. Kermicle in maize. From this
work it was discovered that inheritance of a defective maternal R locus resulted in an irregular anthocyanin pattern
in the endosperm. However, the pattern was not present if a defective paternal R locus was inherited (Kermicle
1970).
In both mammals and plants, the vast majority of imprinting occurs within tissues designed to regulate the flow
of nutrients to the developing embryo (reviewed by Feil et al., (2007)). In the case of mammals this is the placenta
(reviewed by Moore et al., (1991), Wagschal et al., (2006)) and in the case of flowering plants, the endosperm
(reviewed by Gehring et al (2004)). Despite recent reports of imprinting in embryos (Jahnke et al., 2009, Raissig
et al., 2013), this lead to a theory that the function of imprinted genes was to aid in regulating maternal nutrient
flow from the mother to the embryo (Haig et al., 1989).

Sexual reproduction and genomic imprinting in Arabidopsis thaliana
Seed development in angiosperm plants like Arabidopsis thaliana (L.) Heynh (Arabidopsis thaliana hereafter)
involves the production of both maternal (megagametophyte) and paternal (microgametophyte) haploid gametes
with a subsequent double fertilisation event (reviewed by Berger at al., (1999)). In order to understand the
evolution and function of imprinting in plants it is important to understand the processes of gamete development
and double fertilisation in angiosperm plants which will be discussed in the next section.

Microgametogenesis in Arabidopsis thaliana

For more detailed descriptions of male gametogenesis in Arabidopsis thaliana see Borg et al., (2009) and
McCormick (2004). Paternal microsporogenesis occurs within the anther. Progenitor pollen cells undergo meiosis
to form a tetrad of immature pollen cells. These cells then undergo asymmetric mitosis to produce the vegetative
cell and the generative cell. The generative cell undergoes another round of mitosis to create two genetically
identical sperm cells. The sperm cells are engulfed by the cytoplasm of the vegetative cell. Eventually, the pollen
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grain dehydrates to make the mature pollen grain. Mature pollen in angiosperm plants typically contain two
genetically identical haploid sperm cells and one vegetative cell (Figure 1).

Megagametogenesis in Arabidopsis thaliana

For a more detailed description of female gametogenesis in Arabidopsis thaliana see Yadegari et al., (2004) and
Yang et al., (2010). Female gametogenesis occurs within the carpel of the floral organ where a diploid megaspore
mother cell undergoes meiosis in order to create four haploid megaspores (Yadegari et al., 2004). Three nuclei
undergo cell death to leave one functional megaspore. Next, the functional megaspore undergoes three more
rounds of mitosis without cytokinesis to give rise to the mature female gametophyte. The mature gametophyte
contains differential cells including the antipodal cells and synergid cells. These cells quickly degenerate after
fertilisation. In addition, they also contain the diploid central cell and the haploid egg cell. The integuments
surround the mature female gametophyte in order to primarily protect it from external mechanical damage or
pathogen attack (Windsor et al., 2000) (Figure 1).

Pollination and double fertilisation

In angiosperms, pollination begins when mature pollen grains land on mature receptive stigmas. When this occurs
the pollen rehydrates and the pollen vegetative cell starts to elongate to form a pollen tube. The pollen tube grows
through the carpel into the micropylar end of the female gametophyte. The two sperm cells travel through the
pollen tube and enter the mature ovule through the micropyle. This spells the end of the pollination phase
(McCormick 2004). For a review of pollen development and pollination in Arabidopsis thaliana see Edlund et al.,
(2004) (Figure 1).
When the two sperm cells enter the female gametophyte, one sperm cell fuses with the haploid egg cell to form
the diploid embryo whereas the other fuses with the homodiploid central cell to form the triploid endosperm in a
process called double fertilisation (reviewed by Chaudhury et al., (2001)). Cell division without cytokinesis occurs
within the endosperm to form a syncytium of cells (Faure et al., 2002). It is at this stage that the endosperm acts
as a sink tissue that allows the acquisition of maternal nutrient resources to enter the developing seed endosperm
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(Lafon-Placette et al., 2014). At the 16 cell stage of cellular division the syncytium begins to differentiate and
cellularize into three distinct structures: the chalazal, central and micropylar endosperm (Kang et al., 2008,
Hehenberger et al., 2012, Li et al., 2012). This process is termed endosperm cellularization (Li et al., 2012) and
is an essential step in seed development (Hehenberger et al., 2012, Lafon-Placette et al., 2014). After this process
occurs the embryo becomes the main sink tissue in the developing seed and the endosperm then acts to nourish
the developing embryo (Lafon-Placette et al., 2014).
Once cellularization has occurred the embryo develops rapidly and engulfs the interior of the seed (Faure et al.,
2002). At maturity, the seed is a chimera consisting of three tissues: the embryo, the degenerated triploid
endosperm and the maternally derived seed coat (Baud et al., 2002).
In the Arabidopsis thaliana diploid seed, parental contributions differ between the three tissues (Sundaresan
2005). The seed coat possesses two maternal genomes and no paternal genome (2M:0P). The diploid embryo
contains one maternal genome and one paternal genome (1M:1P). The triploid endosperm contains two maternal
genomes and one paternal genome (2M:1P) (Figure 1) (for details see Sundaresan (2005)).

Figure 1: Schematic representation of gametogenesis, double fertilisation and seed development in Arabidopsis
thaliana (Mosher et al., 2010). VC = vegetative cell GC = smaller generative cell, CC = Central cell, EC = Egg cell, SC =
Sperm cell, fCC = fertilised central cell, fEC = fertilised egg cell. Blue circles represent paternal genomes and pink circles
represent maternal genomes.

Genomic imprinting in Arabidopsis thaliana

The parental genome dosage dependent seed abortion reported in Zea mays (Cooper 1951) and tomato (Cooper et
al., 1945) was first characterised in Arabidopsis thaliana by Scott et al., (1998). Offspring from 2x x 4x crosses
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(paternal excess seeds (3xP)) produced enlarged seeds that often abort whereas offspring from 4x x 2x crosses
(maternal excess seeds (3xM)) produced smaller seeds with low levels of abortion (Scott et al., 1998). It was
initially hypothesized that this antagonistic phenomenon was due to irregular dosage of imprinted genes in the
endosperm which may affect the timing of endosperm cellularization and subsequent correct nutrient transfer to
the embryo (Scott et al., 1998, Hehenberger et al., 2012, Lafon-Placette et al., 2014).
In general, imprinted genes can be split into two classes (Köhler et al., 2012). Imprinted maternally expressed
genes (iMEGs) (where only the maternally inherited allele is expressed and the paternal allele is suppressed) or
imprinted paternally expressed genes (iPEG) (only the paternally inherited allele is expressed and the maternal
allele is suppressed) (Köhler et al., 2012).
The first imprinted gene discovered in Arabidopsis thaliana was MEDEA (MEA) (Grossniklaus et al., 1998). MEA
was found to be exclusively expressed in the central cell pre-fertilisation, and that only the maternal allele of MEA
was actively transcribed after fertilisation (Kinoshita et al., 1999, Vielle-Calzada et al., 1999). The first iPEG
discovered was PHERES1 (PHE1) (Köhler et al., 2005). Other notable imprinted genes that were studied
extensively include the iMEG FLOWERING WAGENINGEN (FWA) (Kinoshita et al., 2004, Fujimoto et al., 2008,
Fujimoto et al., 2011) and FERTILIZATION INDEPENDENT SEED 2 (FIS2) (Chaudhury et al., 1997).
With the aid of next generation sequencing screens a large amount of candidate imprinted genes have now been
detected in Arabidopsis thaliana (Gehring et al., 2011, Hsieh et al., 2011, McKeown et al., 2011, Wolff et al.,
2011). Surprisingly however, there is very little overlap of imprinted genes identified in all screens (Figure 2).
This may be for a number of reasons. Accession specific imprinting is a phenomenon where an imprinted gene
displays a uniparental expression pattern in one cross between two accessions but is not uniparentally expressed
in different accessions (Wolff et al., 2011). This may result in contrasting datasets as certain accessions may have
unique epigenetic variations which can affect the uniparental expression pattern of imprinted genes (Wolff et al.,
2011). This was shown for the imprinted gene FWA (Fujimoto et al., 2011). One study from Wolff et al., (2011)
used crosses of Col-0 x Bur-0 whereas other studies used Col-0 x Ler-0 crosses (Gehring et al., 2011, Hsieh et al.,
2011). This may significantly alter the predicted imprinted genes recovered from each study. In addition, different
harvesting times were used in these studies ranging from 4 days after pollination (DAP) (Wolff et al., 2011) to 7
DAP (Gehring et al., 2011, Hsieh et al., 2011). Gene expression of imprinted genes vary during the seed
development and as a result different harvesting times could limit the number of commonly identified imprinted
genes between studies (Jiang et al., 2012).
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Figure 2: High throughput screens of candidate imprinted genes show little overlap between studies. Source: (McKeown
et al., 2013).
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Current understanding towards the molecular mechanisms of imprinting

For genomic imprinting to occur in Arabidopsis thaliana, epigenetic marks or imprints are applied during male
and female gametogenesis or at the early stages of fertilisation (for a review see Köhler et al., (2012)). The major
molecular mechanisms to control imprinting are active DNA methylation and demethylation, histone modification
by the control of polycomb group (PcG) proteins and de novo methylation by RNA directed DNA methylation
(RdDM) (for a review see Köhler et al., (2012)). These mechanisms will be briefly described below.

DNA methylation and demethylation

DNA methylation is the covalent addition of a methyl group to the cytosine of a DNA molecule in a reaction
catalysed by DNA methyltransferases (reviewed by Holliday et al., (1996)). The first methyltransferase was
detected in mice where loss of function dnmt1-mutant mice showed lower cytosine methylation which led to
embryo lethality (Li et al., 1992). To date, the main roles for DNA methylation is protection of the genome against
selfish DNA elements such as transposons as well as modulating gene expression and chromatin architecture
(Chan et al., 2005). Methylation in Arabidopsis thaliana is well reviewed by Chan et al., (2005). In mammals,
DNA methylation patterns occurs mostly in symmetric CG or CNG (where N is any nucleotide ) contexts (Ehrlich
et al., 1982). In plants however, methylation patterns are more dynamic and can also occur in an asymmetric CHH
context (where H is an A, C or T) (Cao et al., 2002). Studies using plant lines carrying mutations in
METHYLTRANSFERASE 1 (MET1) demonstrated a global reduction in CG DNA methylation patterns supporting
a key role for this gene in maintenance of this form of symmetric methylation (Finnegan et al., 1996, Ronemus et
al., 1996).
CHG methylation is maintained by a feedback loop involving CHROMOMETHYLASE 3 (CMT3) and the histone
methyltransferase, KRYPTONITE (KYP) (Bartee et al., 2001, Lindroth et al., 2001). In contrast, asymmetric
(CHH) methylation is maintained by continual de novo methylation through a pathway known as RNA directed
DNA methylation (RdDM) in which the de novo methyltransferase DOMAINS REARRANGED
METHYLATION 2 (DRM2) is used to methylate DNA sequences in a CHH dependant manner (Cao et al., 2002,
Cao et al., 2002, Cao et al., 2003). Active demethylation can also occur through the action of the DNA glycosylase
DEMETER (DME) (Gehring et al., 2006, Gehring et al., 2009) or the related glycosylases REPRESSOR OF
SILENCING 1 (ROS1), DEMETER LIKE 2 (DML2) and DEMETER LIKE 3 (DML3) (reviewed by Zhu (2009)).
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DNA methylation is known to be important for the silencing of active transposons and genetic repeat elements
(Lippman et al., 2004). However, DNA methylation can also correlate with increased transcription of nearby genes
as has been found in the case in Arabidopsis thaliana interspecific hybrids (Greaves et al., 2012, Greaves et al.,
2014).

During maternal and paternal gametogenesis, differential DNA methylation patterns are observed (Gehring et al.,
2009, Calarco et al., 2012). Active DEMETER mediated DNA demethylation is observed within the central cell
(Gehring et al., 2006) but not in the sperm cell (Schoft et al., 2011). MET1 is repressed within the central cell but
is active in the sperm cell (Jiang et al., 2012). When DME is expressed, global DNA demethylation is observed
in those cells (Gehring et al., 2009). This results in global demethylation of genetic elements (like transposons
and repetitive elements) within the gametes that would normally be epigenetically silenced in vegetative cells
(Gehring et al., 2009). However, these DNA regions remain methylated within the sperm cell as a result of
suppression of DME and the expression of MET1 (Calarco et al., 2012). Upon double fertilisation, differential
methylation patterns at particular loci in the endosperm are inherited between the maternal and paternal genomes
which are suggested to contribute to imprinting patterns (reviewed in (Köhler et al., 2012)).

Some of the first evidence that linked DNA methylation with parent-of-origin effects in Arabidopsis thaliana
came from antisense transgene mediated suppression of MET1 studies (Adams et al., 2000). Maternally
hypomethylated 2x seeds exhibit 3xP like seeds phenotypes with increased seed weight and size (Adams et al.,
2000). It was hypothesised that this was because of insufficient methylation of growth promoting iPEGs in the
central cell (Adams et al., 2000). It was hypothesized that this contributes to over proliferation of the endosperm
in a manner similar to that which is typically seen in 3xP seeds (Fort et al., 2015).

In somatic cells, MEA is epigenetically silenced by the active methylation by MET1 (Xiao et al., 2003). However,
expression of the maternal MEA allele in the central cell is controlled by active global demethylation in the central
cell by DME (Gehring et al., 2009). In the central cell, DME mediated global demethylation erases these
methylation marks and results in transcription of the MEA maternal allele (Kinoshita et al., 2004). In the sperm
cells, expression of MET1 and repression of DME silences the paternal allele due to retention of methylation
marks persisting on the paternal MEA allele which contribute to MEA imprinting patterns (Xiao et al., 2003).

A similar scenario is observed at the locus of FWA. FWA expression is controlled by the methylation status of a
short interspersed nuclear element (SINE) near its coding sequence (Kinoshita et al., 2004, Kinoshita et al., 2007,
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Fujimoto et al., 2008, Fujimoto et al., 2011) . This SINE remains methylated in sperm cells most likely due to
active expression by MET1 (Fujimoto et al., 2011). Therefore the paternal allele of FWA remains transcriptionally
silent. During fertilisation these expression patterns persist within the endosperm and causes mono allelic
expression (Kinoshita et al., 2004, Fujimoto et al., 2011). Other imprinted genes including FIS2 are proposed to
be controlled by DNA methylation (Jullien et al., 2006).

Histone modification via the PcG proteins

DNA methylation interacts with covalent modification of histones which package the DNA into nucleosomes and
thus into chromatin to affect expression of genes (reviewed by (Cedar et al., 2009)). Histone modification refers
to the covalent modification of histone proteins, usually on their N-terminal tails, which can cause nucleosome
rearrangement, chromatin remodelling and can alter transcription of certain genes (reviewed by Berger (2007)).

A multitude of histone modification marks have been documented in plants and other eukaryotes (reviewed by
Berger (2007)). However, the best-studied histone modifications are methylation and acetylation, especially of
lysine (Lys, K) residues (Strahl et al., 2000). These modifications are abundant on histone N-terminal tails and
are orchestrated by complexes of histone lysine methyltransferases and demethylases (HKMTs and HDMs), and
acetylases and deacetylases (HATs and HDACs) (Cao et al., 2002, Chandler et al., 2004, Gendrel et al., 2005,
Fuchs et al., 2006, Pfluger et al., 2007). These marks provide binding sites for different chromatin remodelling
enzyme complexes (Strahl et al., 2000). In addition, they can also lead to the formation of stable epigenetic loops
involving feedback between DNA methylation and histone modification (Cao et al., 2002). This is observed
between the chromatin remodelling factor KYP and the methyltransferase CMT3 (Cao et al., 2002, Zemach et al.,
2010). Also, a similar relationship is observed between DDM1 and HOG1 (Baubec et al., 2010).

Another proposed mechanism for the epigenetic regulation of imprinted genes are interactions with polycomb
group proteins (PcG) (reviewed by Köhler et al., (2008)). PcGs are protein complexes that are evolutionary
conserved master regulators of cell identity that work to repress expression of target genes (Schuettengruber et
al., 2009, Jiang et al., 2012). Two main classes of PcG complexes exist in Arabidopsis thaliana, the polycomb
repressive complex (PRC) 1 and the PRC2 which both act as histone modification regulators (for a review see
Köhler et al., (2008)). One of the functions of the FIS PRC2 complex is to catalyse the trimethylation of lysine 27
on histone H3 (H3K27me3) (Schuettengruber et al., 2009).
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The FIS PRC2 complex is made up of the subunits MEA, FIS2, FERTILIZATION INDEPENDENT ENDOSPERM
(FIE), and MULTICOPY SUPPRESSOR OF IRA1 (MSI1) (Grossniklaus et al., 2001). The FIS PRC2 complex is
active in the central cell and the endosperm (Luo et al., 2000, Jullien et al., 2006). Mutants of the FIS PRC2
complex display severe seed development aberrations including precocious endosperm cellularization (Kinoshita
et al., 1999) and endosperm formation without fertilisation (Ohad et al., 1996, Chaudhury et al., 1997). This
suggests that one of the functions of the FIS PRC2 complex is to prevent seed development in the absence of
fertilisation (Chaudhury et al., 1997, Luo et al., 1999).

An example of FIS PRC2 mediated imprinting is seen with the iPEG PHE1. PHE1 imprinting status is regulated
by the FIS PRC2 complex (Köhler et al., 2005). During DME mediated demethylation in the central cell,
methylation marks are actively removed from tandem repeats in the maternal 3’ region of the PHE1 locus (Villar
et al., 2009). It is hypothesized that this opens a target site for the FIS PRC2 complex to apply maternal H3K27me3
repressive marks which in turn contributes to silencing of the maternal allele of PHE1 (Hsieh et al., 2011). In the
sperm cell, methylation marks on the paternal allele persist so the target site for the FIS PRC2 complex is not
accessible and expression is unaffected (Köhler et al., 2005). Therefore, during endosperm development the
maternal allele of PHE1 is epigenetically silenced due to the activity of the FIS PRC2 complex but the paternally
allele is active (Kohler et al., 2003, Köhler et al., 2005).

Small RNAs and RdDM

Small RNAs (smRNAs) are short (20-27 nucleotide (nt)) non-coding RNAs that modulate epigenetic changes in
plants (reviewed by Simon et al., (2011)). One of their functions is to act as an RNA-based immune system to
counteract invading foreign viral RNA or transposons (Vaucheret 2006). Transposons can cause detrimental
damage to genomic integrity and thus, organism survival by self-replicating and integrating randomly within the
genome (McClintock 1965). Therefore processes involved in transcriptional gene silencing (TGS) and post
transcriptional gene silencing (PTGS) have evolved in many organisms to counteract these threats (Wassenegger
et al., 1998). SmRNAs are well known to be able to regulate and silence transgenes, transposons and viral RNA
(Vance et al., 2001, Waterhouse et al., 2001, Boutet et al., 2003, Lippman et al., 2004).
Plant smRNAs can be divided into two major classes, one being micro RNAs (miRNAs) while the others are
termed small interfering RNAs (siRNAs) (Vaucheret 2006). miRNAs are approximately 21 nt noncoding RNAs
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that are initially derived from endogenously transcribed MIR genes by RNA POLYMERASE II (POL II) (Lee et
al., 2004). These transcripts are then cleaved by DICER LIKE 1 (DCL1) in order to create pre-miRNAs (Park et
al., 2002). The mature miRNAs are then loaded into the RNA Induced Silencing Complex (RISC), accompanied
by the ARGUONATE 1 (AGO1) endonuclease (Bartel 2004). The loaded complex is then guided to sequence
specific regions in order to cleave transcripts and inhibit translation. A more detailed review of miRNA
biosynthesis can be viewed by Vaucheret (2006).
Small interfering RNA (siRNA) biogenesis pathways are mostly stimulated by the presence of aberrant RNA
transcripts derived from either transposons or by invading viral RNA (Vaucheret 2006). They act to maintain
genome stability by silencing transposons and to protect against viral RNA invasion (reviewed by Slotkin et al.,
(2007)) (Napoli et al., 1990). The first report of virus induced siRNA production was reported in 1999 where it
was found that an antisense RNA was able to induce post transcriptional gene silencing (PTGS) (Hamilton et al.,
1999).
Aberrant RNA is transcribed by RNA POLYMERASE IV (Pol IV) and generated into double stranded RNA
(dsRNA) by either RNA DEPENDANT RNA POLYMERASE 6 (RDR6) with the aid of SUPPRESSOR OF
GENE SILENCING 3 (SGS3) (Dalmay et al., 2000, Mourrain et al., 2000) or by RNA DEPENDANT RNA
POLYMERASE 2 (RDR2) (Herr et al., 2005). It is then diced by either DCL2, 3 or 4 to generate 20-24 nt mature
siRNAs which are loaded into the RISC accompanied by ARGONAUTE proteins to facilitate mRNA cleavage
(Vaucheret 2006, Castel et al., 2013).
siRNA processing may also stimulate the RNA directed DNA methylation (RdDM) pathway where
methyltransferases such as DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) uses small RNAs
to guide de novo methylation of homologous DNA sequences in an asymmetric CHH sequence context
(Wassenegger et al., 1994, Cao et al., 2003, Gao et al., 2010). It must be noted that this model is based upon
pathways within Arabidopsis thaliana and may vary between species with other homologous pathways
performing similar or slightly varying functions (Napoli et al., 1990).
Links between siRNA accumulations and regulation of imprinting have recently been established. As mentioned
earlier, DME mediated demethylation and MET1 repression occurs within the maternal central cell to cause global
demethylation patterns (Gehring et al., 2009, Hsieh et al., 2011). This would be expected to cause a large boost
of siRNA production against traditionally silenced transposable elements and repeat elements (Gehring et al.,
2009). It is hypothesized that these maternal siRNA products produced in the central cell and endosperm are
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transported to the embryo in order to silence these complementary genetic elements via RdDM (reviewed by
Zhang et al., (2013)).
In addition, DME is found to be expressed within the vegetative cell (VC) of the male gametophyte which
produces VC derived siRNAs from unmethylated transposable elements (Schoft et al., 2011, Martinez et al.,
2016). These siRNAs were initially predicted to be transported to the sperm cell in order to reinforce silencing of
transposons and repetitive elements (reviewed by (Zhang et al., 2013)). Support for this theory came when global
methylomes of paternal haploid microspores, sperm cells and VCs were generated in a study performed by Calarco
et al., (2012). In this study it was shown that CG and CHG methylation were maintained in microspore and sperm
cells (most likely due to the expression of MET1 within the sperm cells (Jullien et al., 2009)). However, CHH
methylation (the methylation pattern linked to RdDM) was initially lost in sperm cells. It was predicted that VC
derived siRNA production contributes to reinforcement of certain paternal alleles in the sperm cell which in turn
contributes to imprinting (Calarco et al., 2012). Interestingly, a new study providing evidence that VC derived
siRNAs can be transported to the sperm cell and mediate silencing of transposable elements adds further strength
to this theory (Martinez et al., 2016).
Taken together, dynamic epigenetic patterns in the central cell and VC can trigger siRNA production that is then
transported to the egg cell and sperm cell (Martinez et al., 2016) to reinforce silencing of transposons. This may
contribute to imprinting patterns observed for certain imprinted genes particularly those genes that lie near to
transposons or repetitive elements (Calarco et al., 2012, Köhler et al., 2012, Zhang et al., 2013, Martinez et al.,
2016).
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Figure 3: Current understanding linking epigenetic pathways to changes in gene expression in Arabidopsis thaliana
A. Methylation patterns are established and maintained symmetrically (CG, CHG) by MET1 and CMT3 respectively and
asymmetrically (CHH) by the de novo methyltransferase DRM2. De novo methylation can also be established by RdDM (red
arrow). B. Histone lysine methyltransferases (HKMTs), demethylases (HDMs), histone acetylases (HATs) and deacetylases
(HDACs) are associated with active and inactive transcription histone marks e.g. H3K4me or H3K27me3. C. miRNAs are
established by POL II mediated MIR transcription to create precursor miRNA (Pre-miRNA) which is diced by DCL1 in
collaboration with HUA ENHANCER 1 (HEN1). Mature miRNAs are loaded into the RISC associated with AGO1 to mediate
PTGS. siRNAs are derived primarily from transposon expression to produce aberrant RNA transcripts or by invading viral
RNA. These transcripts are diced by DCL2, 3 or 4 and loaded into the RISC accompanied by an AGO protein to either mediate
PTGS or initiate de novo methylation by RdDM (red arrow). Such epigenetic pathways have the potential to either
independently or synergistically alter gene expression. (Figure amended from (Ryder et al., 2014)).
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Current theories to explain the evolution and function of genomic imprinting

What is the purpose of imprinting and why would a plant invest so much energy in epigenetic pathways to silence
individual alleles in a parent-of-origin manner? In mammals, the germline tissues are created early in development
and persists throughout its life cycle meaning global erasure and re-initiation of epigenetic imprints is needed
(Surani 2001). In angiosperms the endosperm is a terminal tissue and does not transmit any genetic material to
the next generation (Jullien et al., 2009). Therefore it is predicted that there is no need to reset imprints and
epigenetic marks can be inherited unchanged for many generations and for this reason imprinting selection has
favoured a simpler one way establishment of imprints in plants (Kinoshita et al., 2004). While imprinting exists
in both mammals and plants, it is theorized that they evolved independently from each other (reviewed by Haig
et al., (1989)) (Jullien et al., 2009, Bauer et al., 2011). Nevertheless, imprinting has been selected to remain
throughout evolution in both of these taxa (for review see Scott et al., (2006)). There are a number of theories
discerning how and why imprinting has evolved which will be discussed in the next section.

Parental conflict theory

One of the most widely discussed theories to explain genomic imprinting is the parental conflict theory (PCT)
(Haig et al., 1989, Haig 2004, Haig 2013). This states that iPEGs and iMEGs have been selected to serve different
roles during seed development as a result of an intragenomic conflict for resource allocation from the mother to
the developing offspring (Haig et al., 1989, Trivers et al., 1999, Jiang et al., 2012). This theory was initially
proposed in outcrossing species and species that may contain more than one father during progeny development
(Brandvain et al., 2005). For this reason there would be a selective advantage for paternal genomes to be
aggressive in terms of resource allocation from the mother because this would improve the reproductive fitness
of their genetic relatives (i.e. the developing progeny) (Haig 2004). On the other hand, in the case of species
harbouring multiple progeny at a time the best scenario for the mother in terms of reproductive fitness would be
if all her progeny survived to the next generation (Haig et al., 1988). This is because all of her offspring are 50%
genetically related to her at any one time (Nodine et al., 2012). In other words there is a selective advantage for
the mother to restrict resources and allocate resources evenly to each one of her offspring so they all have the best
chance of survival. This in theory creates an antagonistic relationship between the maternal and paternal genome
during seed development (Haig et al., 1988, Haig et al., 1989).
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In agreement with the PCT, the vast majority of imprinting in mammals and plants occurs in the nourishing tissues
that support embryo survival and growth (reviewed by (Haig et al., 1989, Varmuza 1993)). Reciprocal interploidy
crosses in Arabidopsis thaliana effect seed size due to aberrations in endosperm overproliferation (Scott et al.,
1998, Adams et al., 2000, Fort et al., 2015). Therefore according to the PCT, an increase of resources is taken
from the mother to the seed which is seen to increase the endosperm size of 3xP seeds and vice versa for 3xM
seeds (Scott et al., 1998).
Supporting the PCT it was shown that by disrupting the function of the maternal MEA allele during seed
development, aberrant enlargement of the subsequent endosperm was observed (Kinoshita et al., 1999). This
supports the idea that iMEGs are selected to restrict resources to the embryo (Haig et al., 1989, Grossniklaus et
al., 1998, Kinoshita et al., 1999, Vielle-Calzada et al., 1999). Also, reduced expression of PHE1 partially rescues
the seed abortion observed in mea indicating an antagonistic relationship between iMEGs and iPEGs (Kohler et
al., 2003, Köhler et al., 2005, Haig 2013) The phenotype of fis2 mutants also supports this theory (Luo et al.,
2000).
However, there are some limitations to this theory. Loss of function studies using iMEGs including FWA
(Kinoshita et al., 2004) and AGL36 (Shirzadi et al., 2011) show no discernible seed development aberrations
which somewhat contradicts this theory. A major contradiction to the PCT is the fact that imprinting persists in
largely self-fertilizing species like Arabidopsis thaliana (Gehring et al., 2009, Gehring et al., 2011, Hsieh et al.,
2011, McKeown et al., 2011, Wolff et al., 2011). According to the PCT it would be predicted that there would be
little or no conflict over resource allocation between genetically identical maternal and paternal genomes in
Arabidopsis thaliana (Wolff et al., 2011). Arabidopsis thaliana evolved its self-fertilising trait around 400,000
years ago (Bechsgaard et al., 2004, Jiang et al., 2012) and it is thought that imprinting may have persisted in
Arabidopsis thaliana from a time when it was an outcrossing species (Bechsgaard et al., 2004, Jiang et al., 2012).
With this logic it would be presumed that there would be no selective force on imprinted genes and thus imprinted
genes would eventually either adopt new functions through neofunctionalization or lose function to evolve into
pseudogenes (Wolff et al., 2011).
To date there are a higher number of iMEGs identified in Arabidopsis thaliana compared to iPEGs (Gehring et
al., 2009, Gehring et al., 2011, Hsieh et al., 2011, McKeown et al., 2011, Wolff et al., 2011). This phenomenon
cannot be explained by the PCT (Wolff et al., 2011). This more lends itself to co-adaption theory (Wolf et al.,
2006).
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Co-adaption theory

Another theory to explain genomic imprinting is the co-adaption theory which hypothesizes that selection favours
the evolution of beneficial and complementary traits between the mother and the offspring (Wolf et al., 2006). In
other words, genomic imprinting has arisen as a consequence for increased offspring fitness by enhancing
beneficial traits from the mother and offspring (Wolf et al., 2006). This theory supports the fact that fact that
genomic imprinting can persist in selfing species like Arabidopsis thaliana (Wolf et al., 2006). It also lends
support to the substantially higher amount of iMEGs discovered rather than iPEGs (Gehring et al., 2011, Hsieh et
al., 2011, McKeown et al., 2011, Wolff et al., 2011). Support for this theory is also represented in a study where
it was found that nutrient allocation and the formation of endosperm nutrient transfer tissue is depended on the
iMEG Meg1 in maize (Costa et al., 2012).

Speciation and interploidy hybridisation barrier

It is known that dysregulation of a number of imprinted genes in Arabidopsis thaliana leads to seed lethality or
causes major phenotypic aberrations to seed development (Chaudhury et al., 1997, Vielle-Calzada et al., 1999).
Studies also found fully gynogenetic or androgenetic mice oocytes were inviable due to expression and dosage
dysregulation of imprinted genes. (Barton et al., 1984, Surani et al., 1984, Surani et al., 1990). This led to a theory
that imprinting may have evolved to prevent reproductive success of progeny that would reduce the overall
reproductive fitness of their parents (in this case, inferior inbred progeny which may be subject to inbreeding
depression) (Kradolfer et al., 2013, Wolff et al., 2015). This theory also holds true for blocking the development
of distant interspecific hybrid plants (Varmuza 1993).
In plants, interploidy or distant interspecific hybrid seed development is often blocked by failure of correct
endosperm development (Watkins 1932, Cooper et al., 1942, Scott et al., 1998, Bushell et al., 2003, Rebernig et
al., 2015). Experimental links between reproductive barriers and imprinted genes was shown using the imprinted
gene ADMETOS where it was shown to be partially causal for triploid seed abortion (Kradolfer et al., 2013).
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Recently, three more iPEGs were discovered to play a role in interploidy hybridizations which suggests that
imprinted genes may play a role in preventing interploidy hybridisations (Wolff et al., 2015).

Regulation of imprinting due to proximity to transposable elements or repetitive
elements
Transposons and repetitive elements have the ability to cause damage to genome integrity and are usually
epigenetically silenced by DNA methylation (McClintock 1965, Slotkin et al., 2007). Therefore in theory, if a
transposon flanks a genic region then this can affect expression of that gene particularly if the transposon resides
in or near the promoter region (Kinoshita et al., 2004, Gehring et al., 2009).
It is possible that the presence of imprinting is simply a consequence of residing near transposons or repetitive
elements which in turn can affect expression patterns (Gehring et al., 2009, Gehring et al., 2011, Hsieh et al.,
2011). Due to DME mediated demethylation within the maternal central cell and paternal VC, transposons
flanking imprinted genes become demethylated and as a result active transcription of imprinted genes may then
occur (Gehring et al., 2009, Köhler et al., 2012). It is thought that transposon expression causes active siRNA
production which is then transported to the embryo to reinforce silencing of complement transposons residing in
the embryo (Gehring et al., 2009, Calarco et al., 2012). This could indicate that genomic imprinting may be a byproduct of a mechanism destined to silence potentially damaging genetic elements within the embryo (Calarco et
al., 2012).
There are a number of imprinted genes that are regulated in such a manner (Jullien et al., 2006, Fujimoto et al.,
2008, Fujimoto et al., 2008). FWA contains SINEs within its promoter which regulates its imprinting status in
Arabidopsis thaliana (Fujimoto et al., 2008). Active demethylation of a repetitive element in the 3’ region of
PHE1 contributes to suppression of the PHE1 maternal allele (Köhler et al., 2005). The imprinting pattern of FIS2
is also controlled in a similar manner (Jullien et al., 2006). In addition, recent research has shown that imprinted
genes both in Arabidopsis thaliana and its relative Capsella rubella are frequently associated with the presence
of nearby transposable elements that adds support to this theory (Hatorangan et al., 2016).
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Features of selection pressures on a gene

Natural selection was principally coined by Charles Darwin in his landmark book On “the Origin of Species”
(Darwin 2009). Natural selection requires that different genotypes of a particular species have different levels of
reproductive fitness (Orr 2009). In other words, certain members of a population are better than others at producing
offspring within a certain environment. Therefore these members would have a better chance of spreading their
genetic material throughout generations compared to other members within that population (Orr 2009).
There are different modes in which selection can operate: positive selection, negative/purifying selection or
balancing selection (reviewed by Hurst (2009)). In general, if a particular allele is said to be beneficial to the
reproductive fitness of an organism when compared to other alleles then it is presumed that this allele will be more
prevalent within the population (Hurst 2009). In other words, that particular allele will be selected through a
process known as Positive Darwinian Selection (PDS) (Hurst 2009). If the trait remains positively selected
throughout multiple generations then it can become fixed in a population where all members within a given
population would contain the same allele (Hurst 2009).
Conversely, purifying selection acts to purge deleterious mutations that may reduce the reproductive fitness of an
organism within a population (Lande et al., 1983, Hurst 2009). Selection of particular alleles is not always fixed
and is dependent on the environment in which the organism resides (Hurst 2009, Orr 2009). If the environment
changes, original alleles that were under neutral or negative selection may become positively selected as a result
(Collin et al., 2008, Goldberg et al., 2008) or vice versa (as in the case with mimicry (Pfennig et al., 2001)).
Balancing selection (or disruptive selection) is the selection of extreme traits in a population instead of
intermediate traits (Hurst 2009).
Natural selection can act on mutations within populations called Single Nucleotide Polymorphisms (SNPs) (Orr
2009). If these new SNPs are beneficial to the fitness of the organism then they will be subject to positive selection
and will be more likely to be inherited to future generations (reviewed by(Nielsen 2005)). If this SNP remains
beneficial to reproductive fitness throughout generations then in theory that SNP will be driven towards fixation
in a population (Hurst 2009, Orr 2009). On the other hand if a SNP decreases the reproductive fitness of an
organism in a particular environment then in theory purifying selection would act to purge that mutation from the
population. As a result that particular SNP would be less likely to be prevalent in future generations (Hurst 2009,
Orr 2009).
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The most popular way of detecting selection on genes is by comparing the relative rates of synonymous
(nucleotide changes that do not alter the amino acid sequence) versus nonsynonymous (nucleotide changes that
alter the amino acid sequence) nucleotide substitutions within a gene sequence, a method usually referred to as
the codon based method or the dN/dS ratio method (Yang et al., 2000). dN stands for the rate of nonsynonymous
substitutions whereas dS stands for the rate of synonymous substitutions (Yang et al., 2000). Many genes have
been found to be under selection using this method in plants (Bishop et al., 2000) and mammals (O'Connell et al.,
2010).

Selection pressures on imprinted genes

A popular theory to explain the evolution of imprinted genes is the PCT which predicts that iMEGs and iPEGs
co-evolved for the acquirement of maternal resources during seed development (Haig et al., 1988, Haig et al.,
1989, Haig 2004). According to the PCT if iMEGs and iPEGs are antagonistically competing for maternal
resources to the developing offspring then in theory the protein products of imprinted genes should be subject to
rapid evolution via PDS and as a result, signatures of PDS should be present within the gene sequence of imprinted
genes (Spillane et al., 2007). To complement this theory it was found that the imprinted gene MEDEA (MEA)
displays signatures of PDS (Spillane et al., 2007). In mammals however, a small number of orthologs of imprinted
loci display evidence of positive selection (O'Connell et al., 2010).

33 | P a g e

Targeted mutagenesis and genome editing: the new frontier in plant molecular
biology

A new field of molecular biology has emerged called targeted mutagenesis and genome editing which allows
researchers to target, mutagenize or manipulate virtually any gene sequence in virtually any organism (PerezPinera et al., 2012, Gaj et al., 2013). The method predominantly relies on engineered nucleases coupled with DNA
targeting complexes which induce guided, site specific DNA cleavage (Gaj et al., 2013).
The following sections aims to introduce the reader to the history of gene editing and emphasize some of the more
important breakthroughs which allowed the field of genome editing to flourish. Three main gene editing tools will
be discussed including Zinc fingered nucleases (ZFNs), transcription activator-like effector nucleases (TALENs)
and Cas9/sgRNA genome editing with particular emphasis placed on the Cas9/sgRNA system.

A brief history of genome editing

The pursuit for targeted genome editing begun as far back as 1953 after Watson and Crick published their
landmark paper claiming the discovery of the structure of DNA (Watson et al., 1953). The structure which formed
a double helix was bound together by a series of molecules called nucleotides named adenine (A), cytosine (C),
guanine (G) and thymine (T) (Watson et al., 1953) which make up the basis of the genetic elements that code for
unique amino acid sequences. In the late 1960s the first restriction enzyme were discovered in Escherichia coli
E.coli allowing researchers to cleave DNA at specific regions in genomes of interest (Meselson et al., 1968).
A decade later Fredrick Sanger was the first person to successfully sequence DNA using a method coined as the
“plus and minus” technique (Sanger et al., 1975). With an ever expanding amount of restriction enzymes targeting
different DNA sequences and a technique to sequence DNA, researchers had the basic tools available for cutting
and pasting genes from one organism to another. This formed the basis of recombinant DNA technology and
cloning and in 1979 the first gene integration experiment was conducted in yeast in vitro (Scherer et al., 1979).
In 1983 Dr. Kary Mulis discovered the Polymerase Chain Reaction (PCR) by using a simple three step process to
amplify DNA using thermally stable polymerases and heat (Mullis et al., 1987). This made it much easier for
researchers to obtain large quantities of DNA material quicker with less cost using even with minute quantities of
DNA as a starting material (Mullis et al., 1987).
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Recombinant technologies were advancing by the 1990s, however, an efficient and specific endogenous gene
targeting technique was not yet discovered. If one wanted to study particular genes of interest especially in plant
science their techniques were limited to non-specific, laborious and time consuming radiation and chemical
mutagenesis screens (reviewed by Alonso et al., (2006)). In addition, site directed mutagenesis methods were also
discovered but again were expensive and inefficient (Shortle et al., 1981).
Gene function studies in Arabidopsis thaliana for example were (and still are) mostly performed on knock-out
mutant lines created by random T-DNA insertions (Alonso et al., 2003). This resource has been invaluable to
plant researchers and has aided many important studies (reviewed by Provart et al., (2016)) however, this method
is not targeted and there are limitations to this resource including variability of silencing the gene of interest by
the T-DNA insertion and the absence of T-DNA insertions for certain genes of interests (Provart et al., 2016). In
addition, the vast majority of the T-DNA insertion mutants are in the same background (Col-0) which limits the
use of this resource somewhat (Alonso et al., 2003).
DNA double stranded breaks (DSBs) and repair is an essential process for the survival of all organisms (Puchta
2005). Whether DNA is broken by a pre-programmed method (i.e. by crossing over during meiosis) or in other
ways, organisms need to have an endogenous toolkit in order to repair cleaved DNA (Puchta 2005). Studies in
this field began in the late 1980s and early 1990s where the use of transposons or rare meganucleases like SceI
were exploited to introduce novel DSBs within organisms in order to stimulate DNA repair pathways in different
organisms (Rudin et al., 1989, Rouet et al., 1994, Puchta et al., 1996, Puchta 1999). Two main repair processes
were discovered. The homologous recombination (HR) process aims to repair the DNA strands perfectly in order
to have the exact same sequence at the DSB junction as previous. This process usually uses an homologous donor
sequence for DNA repair (Capecchi 1989). This is the dominant repair pathway during meiosis and crossing over
where sister chromatids are exploited as repair donor templates (Puchta 2005). Non-homologous end joining
(NHEJ) is an error prone DNA repair process in which DNA breaks are directly repaired without the need for
homologous donor templates (Roth et al., 1986). This commonly leads to insertions, deletions (indels) or various
kind of rearrangements in DSB sites upon repair (Puchta 2005). Studies show that in Arabidopsis thaliana NHEJ
is the dominant form of DNA repair in somatic cells (Sargent et al., 1997).
At the start of the millennium, with improved sequencing technologies the Arabidopsis thaliana genome was
successfully sequenced (Arabidopsis Genome 2000) along with the human genome shortly after (Lander et al.,
2001, Venter et al., 2001).
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A major breakthrough in the field of genome editing emerged in the form of ZFNs (Bibikova et al., 2002). ZFNs
operate by exploiting the use of Cys2His2 zinc fingers (ZFs) attached to a single atom of zinc (Carroll 2011). This
crystal structure can then act as a DNA binding domain in which this structure can identify a series of 3 nucleotides
(Pavletich et al., 1991). If one attaches three fingers together one can create a protein complex binding to a series
of 9 nucleotides (Carroll 2011). Biologists have engineered ZFs to target virtually any triplet sequence making it
possible to target most endogenous DNA sequences (Carroll 2011). Also, if one uses these ZFNs as a dimer fused
to an unspecific meganuclease like fok1 one can in theory cause guided DNA DSBs followed by DNA repair in
vivo (Bibikova et al., 2002). The first success of in vivo targeted mutagenesis using ZFNs was in 2002 (Bibikova
et al., 2002) followed by gene replacement in 2013 (Bibikova et al., 2003). Since then ZFN mediated targeted
mutagenesis have been successful in many organisms (Durai et al., 2005, Lombardo et al., 2007, De Pater et al.,
2009, Geurts et al., 2009, Weinthal et al., 2010, Carroll 2011, Swarthout et al., 2011, Young et al., 2011) (Figure
4).
Another system that was used for gene editing was TALENs which were discovered in 2011 (Wood et al., 2011).
TAL effectors (TALEs) are DNA binding proteins that are secreted from Xanthomonas spp. which can alter gene
expression in its hosts (Boch et al., 2010). These tale domain proteins contain 33-35 amino acid residues that
target single base pairs via two hypervariable residues meaning that when linked together in a specific order they
can target any sequence of bases in a given genome (Boch et al., 2010). If they are bound to an effector domain
like fok1 they can manipulate genes similar to ZFNs by causing DSBs (Miller et al., 2011, Gaj et al., 2013, Joung
et al., 2013). Unlike ZFNs which rely on protein complexes to bind to 3 nucleotides, the TALEN system has a
protein–DNA code that relates TALE repeat domains to individual bases in a target-binding site (Joung et al.,
2013). This is turn makes it much more precise and easier to use when compared to ZFNs (Gaj et al., 2013).
Similar to ZFNs, TALENs have been successful in manipulating many organisms (Lei et al., 2012, Ma et al.,
2012, Ding et al., 2013, Joung et al., 2013, Sprink et al., 2015). The Cas9/sgRNA has recently been developed as
a tool which promises to revolutionize the field of genome editing due to its simplicity, cost effectiveness and
reproducibility (Puchta et al., 2013, Doudna et al., 2014, Schiml et al., 2016).
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Figure 4: Schematic design of ZFNs and TALENs A. Design of a ZFN/Fok1 domain. B. A ZFN/Fok1 domain can act as a
dimer to cause site specific DNA cleavage. C. Design of a TALEN/Fok1 domain. D. TALEN/Fok1 domains can also act as a
dimer to induce DNA cleavage. Purple lines represent double stranded DNA. Lightning bolt signifies a targeted DSB.
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The CRISPR/Cas immune system

Early studies in Japan described a series of short repeat sequences within the E. coli genome (Ishino et al., 1987).
These sequences were later classed as clustered regularly interspaced palindromic repeats (CRISPRs) (Jansen et
al., 2002, Horvath et al., 2010, Marraffini et al., 2010). The CRIPSR arrays consist of short DNA repeat sequences
ranging from 25-50 bp flanked by spacers of similar sizes (Jansen et al., 2002). A key insight into the discovery
of CRISPRs was that the spacer sequences in the CRISPR array matched sequences of pathogenic viral DNA or
plasmids (Bolotin et al., 2005). The CRISPR array is incorporated into a CRISPR locus with additional Cas
(CRISPR associated) enzymes which are conserved genes that mostly act as endonucleases to aid in CRISPR
mediated immunity (Jansen et al., 2002, Bolotin et al., 2005, Haft et al., 2005, Pourcel et al., 2005, Marraffini et
al., 2010).
There are three main stages to bacterial CRISPR mediated immunity: Acquisition, expression and interference
(For a detailed description of these processes see Marraffini et al., (2010)). Acquisition begins upon invasion of
foreign or pathogenic DNA. Surveillance proteins locate the foreign genetic elements and recruit proteins to
fragment and process the DNA into a new protospacer. This is then integrated into a CRIPSR array which is
flanked by repeat elements. Expression occurs by transcription of the CRISPR locus to produce pre-crRNA. The
pre-crRNA is then processed into mature crRNA by endogenous RNAses and Cas enzymes. Once they are
processed they form an RNA duplex named the trans-activating crRNA (tracrRNA). This RNA duplex in
combination with a Cas endonuclease creates a multi structure complex called a crRNP. The final stage,
interference, uses the newly formed crRNP complex to scan newly invading pathogenic DNA for a
complementary DNA target. If found, the complex binds to the DNA and degrades it. (Marraffini et al., 2010,
Westra et al., 2012, van der Oost et al., 2014).
To date, three CRISPR systems have been discovered that act in CRISPR mediated immunity: types I, II, and III
(for detailed descriptions of each system please see the following: (Marraffini et al., 2010, Westra et al., 2012,
van der Oost et al., 2014)). In short, the type I and III systems use a number of Cas related proteins for crRNA
mediated guided cleavage of DNA (Marraffini et al., 2010). Research in the type II system showed that just one
enzyme named Cas9 is sufficient for crRNA mediated guided cleavage of DNA (Gasiunas et al., 2012, Jinek et
al., 2012). For this reason the type II CRISPR/Cas system was adopted for genome engineering applications
(Sapranauskas et al., 2011).
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The Cas9/sgRNA system as a genome editing tool

Jinek et al., (2012) and Cong et al., (2013) showed that by manipulating the type II CRISPR/Cas system it was
possible to cleave specific DNA targets using the complementary sequence of an engineered tracrRNA:crRNA
RNA duplex as a guide. The tracrRNA:crRNA RNA duplex was later engineered as a single RNA chimera called
a single guide RNA (sgRNA) which made it much easier for targeted mutagenesis as it avoided tedious ligation
steps during constructions (Jinek et al., 2012). This created a simple two component system in which a change of
just 20 bp in the sgRNA sequence during construction was needed to target and manipulate virtually any
endogenous DNA sequence (Jinek et al., 2012, Jiang et al., 2013) (Figure 5).
Unlike previous gene editing tools like ZFNs and TALENs which rely on complex protein:DNA binding events
to occur in vivo, the Cas9/sgRNA system relies on RNA:DNA binding of the target region which makes it far
more efficient and more cost effective when compared to ZFNs and TALENs (Gaj et al., 2013). In a short space
of time this system has proved enormously successful in editing a multitude of organisms including Bacteria
(Jiang et al., 2013), plants (Feng et al., 2013, Mao et al., 2013, Miao et al., 2013, Nekrasov et al., 2013, Shan et
al., 2013, Upadhyay et al., 2013, Brooks et al., 2014), yeast (Gilbert et al., 2013), zebrafish (Thomas et al., 2014)
and mammals (Cong et al., 2013, Ebina et al., 2013, Fu et al., 2013, Fujii et al., 2013, Hu et al., 2013). Notably,
multiple guide sequences can be encoded into a single array to enable simultaneous editing of several sites within
a genome which adds another exciting addition to the Cas9/sgRNA system (Cong et al., 2013).
However, like all tools, there are limitations. For example the sgRNA sequence must be adjacent to a protospacer
adjacent motif (PAM) within the targeted native DNA sequence in order for efficient genome manipulation (Jinek
et al., 2012). The PAM is a short 3 base pair sequence of either NGG or NAG (where N is any base pair) which
is essential for correct binding of the sgRNA to the target sequence (Jinek et al., 2012). Research shows that
genome editing rates are severely impaired if the PAM is altered or if the PAM is not adjacent to the guide
sequence which limits the target sequences in which one can use (Jiang et al., 2013). In addition, sgRNAs of
various GC content targeting the same gene in rice showed increased mutation efficiency rates in sgRNAs with
GC contents above 50% (Ma et al., 2015). This suggests that GC contents of the guide sequence within sgRNAs
impact mutation efficiency rates (Moreno-Mateos et al., 2015).
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Off target effects are also a cause for concern for researchers. It is postulated that unintended DSBs can occur if
the 20 bp guide sequence share sequence similarity to other loci within the target genome which can potentially
have major negative unintended consequences to the organism (Cho et al., 2014). Researchers have devised ways
of reducing off-target effects by engineering nickase Cas9 enzymes that have an inactive DNA cleavage domain
which causes cleavage of just one of the DNA strand (Schiml et al., 2014). When used this is shown to drastically
reduce off-target effects in plants (Schiml et al., 2014) and mammals (Shen et al., 2014).

Once the Cas9/sgRNA system has caused a DSB in target DNA, DNA repair pathways repair the DSB junction
by either HR or NHEJ (Jinek et al., 2012, Fauser et al., 2014, Schiml et al., 2014). The dominant repair pathway
in Arabidopsis thaliana somatic cells is NHEJ which is error prone and can cause de novo mutations as a result
(Schiml et al., 2014). However, in some cases it would be advantageous to stimulate HR pathways (Fauser et al.,
2014). A Cas9/sgRNA expression cassette containing donor sequences flanked by homologous sequences
targeting the ALCOHOL DEHYDROGENASE 1 (ADH1) gene were created in Arabidopsis thaliana (Schiml et
al., 2014). Interestingly, this donor sequence could be integrated into the genome via HR to cause site specific
DNA integration in Arabidopsis thaliana using the Cas9/sgRNA system (Schiml et al., 2014).
Efficient expression of the Cas9 protein as well as the sgRNA is needed for Cas9 mediated gene targeting (Jinek
et al., 2012). The Pol-III promoter (U6) is the most commonly adopted promoter to drive sgRNA expression as
precise transcription can be initiated by the addition of an “A” or a “G” just before the 20 bp guide sequence
(Jinek et al., 2012, Ma et al., 2014).
In early plant Cas9/sgRNA gene targeting studies Cas9 was usually driven off the constitutive cauliflower mosaic
virus 35S promoter (35S) (Feng et al., 2013). However, it is theorized that expression of genetic elements using
this promoter can lead to varied expression in various tissues possibly due to smRNA silencing of the 35S
promoter which can lead to low mutation efficiencies (Elmayan et al., 1996).
Other studies have used different promoters and terminators to drive Cas9 expression which alter mutation
efficiencies in Arabidopsis thaliana (Hyun et al., 2015, Ma et al., 2015, Wang et al., 2015). The 35S promoter
was used to drive expression of Cas9 and 8.5% non-mosaic T1 homozygous mutations were reported (Ma et al.,
2015). However, they failed to achieve homozygous mutations when targeting multiple genic regions at once.
Recently, the meristem specific promoter INCURVATA2 was used to drive expression of the Cas9 to target the
FLOWERING LOCUS T (FT) gene (Hyun et al., 2015). Null ft lines show a severe late flowering phenotype
(Koornneef et al., 1991). Late flowering was seen in 9 out of the 11 T1 lines which indicated that targeted
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mutagenesis had occurred (Hyun et al., 2015). This was later verified via Sanger sequencing however, these would
be most likely mosaic non-uniform mutations and further screening in the T2 generation would need to be
performed in order to obtain fully homozygous mutant lines (Hyun et al., 2015). Targeted removal of a 5.1 kb
fragment in the Arabidopsis thaliana genome was achieved using the UBIQUTIN 10 (UBQ10) promoter which is
both highly expressed in early embryos and later in plant development (Yan et al., 2016).
Recently, the egg cell specific promoter EGG CELL 1.2 (EC1.2) (AT2G21740) was used to drive expression of
Cas9 from a study performed by Wang et al., (2015). From this study it was hypothesised that if Cas9 was strongly
expressed in the egg cell of the female gamete this would be sufficient to cause Cas9 mediated targeted mutations
at the single celled embryo stage due to prolonged expression and improved stability of the Cas9. It was also
reasoned that by using a plant specific terminator from Pisum sativum (rbcS E9) rather than the conventional
Agrobacterium derived NOPALINE SYNTHASE terminator (nost), stability of the Cas9 would be increased. This
could potentially increase mutational efficiencies. Strikingly, high rates of homozygous T1 lines (8.3%) were
detected using the Cas9 driven off the EC1.2 promoter (EC1.2p:Cas9) in conjunction with the rbcS E9 terminator
(Wang et al., 2015). Even more interesting was the fact that homozygous T1 triple mutants were created using the
EC1.2p:Cas9 (Wang et al., 2015). Taken together, these studies show the importance of appropriate promoters
and terminators for correct expression of the Cas9 gene in plant tissues for obtaining efficient gene targeting in
plants.
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Figure 5: Schematic representation of the Cas9/sgRNA system towards in vivo targeted mutagenesis and site specific
DNA integration. The Cas9 (A) and the sgRNA (B) are expressed in vivo. The sgRNA contains a 20 bp engineered sequence
that is complementary to a target gene sequence (represented as a blue line). The Cas9 and sgRNA form a complex in vivo
(C). The sgRNA scans for sequences with similarity to the engineered 20 bp sequence on the sgRNA. Once it locates a target
region the complex attaches to the DNA and unwinds it (D). The complex can then causes a Cas9 mediated DSB which can
then be repaired by NHEJ which could potentially disrupt the function of the target gene by causing a frame shift mutation
(E). Alternatively if a donor sequence is supplied after the DSB event this donor sequence can in theory be inserted into the
new DSB junction (F).

42 | P a g e

Chapter 2 General materials and methods
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General molecular biology techniques
DNA extraction

The genomic DNA (gDNA) extraction protocol has been adapted from (Edwards et al., 1991). A small piece of
leaf tissue (around 100 mg leaf tissue) was placed in a 2 ml Eppendorf tube (Sarstedt) and was ground in a Qiagen
Tissue lyser (Qiagen) for ~30 seconds. Samples were then treated with 400 µl gDNA extraction buffer (200 mM
TRIS-HCl (Sigma), 250 mM NaCl (Sigma), 25 mM ethylenediaminetetraacetic acid (EDTA) (Sigma) and 0.5%
(w/v) Sodium dodecyl sulfate (SDS) (Sigma) and was centrifuged at 13000 RPM for 5 minutes. 300 µl of
supernatant was transferred to a new 1.5 ml tube and 300 µl of cold iso-propanol (Sigma) was added to each
sample and was shaken for two minutes. Samples were then centrifuged at 13000 RPM for ten minutes and the
supernatant was removed. 300 µl of 70% ethanol (Sigma) was added to each tube, vortexed and was centrifuged
at 13000 RPM for 5 minutes. The supernatant was removed and samples were air dried for one hour. Samples
were aliquoted with 30 µl of autoclaved Mili-Q water.

Polymerase chain reaction (PCR)

All primers used in this chapter can be viewed in the supplementary materials. PCRs were performed in either a
10 µl or 25 µl volumes by adding 1x MyTaq™ Red Mix (Bioline), 200 nM final concentration of each desired
primer (table S1) and 1 µl of template DNA. Thermal cycling was performed in either a Techne TC-400
(Techne), MJ research PTC-200 (MJ research) or Applied Biosystems Verity 96 well plate thermocycler
(Applied Biosystems) with an initial denaturation at 95 °C for 5 minutes, 40 cycles of 95 °C (30 s), 60 °C (30 s),
72 °C (1 minute/kilobase pair), and a final extension for 5 minutes at 72 °C.

Agarose gel electrophoresis

Typically 1.5% agarose gels were prepared by dissolving Agarose (Sigma) in 1 x Tris Acetic acid and EDTA
(TAE) buffer and stained by the addition of 1x sybr safe (Biosciences) prior to casting. 5 µL of PCR product was
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then loaded onto the gel and was electrophoresed in 1 x TAE loading buffer typically at 120 volts for 20 minutes.
Gels were visualised and photographed in a UV gel dock transilluminator.

RNA extraction and cDNA synthesis

Tissue from desired plants was harvested in 2 ml eppendorf tubes (eppendorf) containing a glass bead and was
immediately snap frozen in liquid nitrogen. Tissues were ground in a tissue lyser (Qiagen). Total RNAs was
extracted from each replicate using an ISOLATE Plant RNA kit (Bioline) following manufacturer’s instructions.
After RNA extraction, total RNA was treated with DNAse1 (Sigma) to remove DNA from the samples. 4 units
DNAse1 with 1x reaction buffer (supplied with the DNAse kit) was added to each RNA sample in a 1.5 ml
eppendorf tube (Sarstedt) for 30 minutes. Samples were then treated with stop solution (supplied with the
DNAse kit) and each sample was subjected to 72 °C for 10 mins. 500 ng to 1 µg RNA was reverse transcribed
for cDNA synthesis via the SensiFAST™ cDNA Synthesis Kit (Bioline) according to manufacturer’s
instructions.

qRT-PCR

Quantitative real time- polymerase chain reactions (qRT-PCRs) were performed mostly in technical triplicates
using SYBR Sensimix (Bioline) using primers specific to amplify the desired gene of interest. QRT-PCR
primers were designed on the website QuantPrime (http://www.quantprime.de/). QRT-PCRs were performed in
5 µl total reaction volumes, and run on a Bio-Rad CFX thermocycler (Biorad). The PCR profile was 94 °C for
10 minutes followed by 40 cycles of 95 °C for 15 seconds, 60 °C for 15 seconds and 72 °C for 15 seconds.
Melting curves were analysed for every sample tested to confirm amplification quality and absence of gDNA
contamination. ACTIN2 (AT3G18780) (ACT2 hereafter) was used as a reference gene to calculate relative
expression according to (Simon 2003), using the following formula:

𝑅. 𝐸. 𝐿 =

𝐸(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒)𝐶𝑡(𝑟𝑒𝑓𝑒𝑟𝑛𝑐𝑒 𝑔𝑒𝑛𝑒)
𝐸(𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒)𝐶𝑡 (𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒)

Where R.E.L = Relative Expression Level, E = reaction efficiency and Ct = critical threshold value for a given
gene.
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Sanger Sequencing

PCR amplicons were purified using the BIOLINE ISOLATE II PCR and Gel purification kit (Bioline) using
manufacturer’s instructions. Purified amplicons were then sent for Sanger sequencing using the company LGC
(http://www.lgcgroup.com/).

Plant growth techniques
Plant growth

Unless otherwise stated Arabidopsis thaliana accessions were grown in soil made from a ratio of 5:1:1 compost:
vermiculite: perlite respectively (National Agrochemical Distributors Ltd). Plants were grown under 16 hours
(h) light and 8 h dark until flowering at 21 °C during the day and 18 °C at night (21 °C/18 °C). Unless otherwise
stated light intensity was approximately 120-150 µE m-2s-1 at 70% humidity.

Crossing

Crosses were performed by initially manually emasculating flowers on the primary stem by removing petals and
stamens from the desired inflorescence using Dumont #5 Forceps (Dumont) while taken care not to damage the
carpel. Stamens were removed before anther dehiscence occurred in order to remove the risk of self-pollination
contamination. Stigmas were allowed to mature for two days. After two days pollen from the desired accession
were pollinated with the receptive stigma. All manual emasculations and pollinations were performed under a
stereo microscope.

Seed size analysis

Mature seeds were harvested from plants and were stored in envelopes. Seed size analysis was based on seed
surface projected area. A sample set of seeds were spread out onto a white weighing boat. Care was taken to
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avoid seeds from touching each other. Images were taken using a Canon powershot s50 camera mounted onto a
stereo microscope. Pictures were taken of seed samples while ensuring the scale was the same for each sample.
Pictures were then analysed using the ImageJ software (1.48v).

Preparation of transformation cultures

Bacterial transformations of DH5α E.coli cells were performed by electroporation. After electroporation cells
were resuspended in 900 ml of liquid LB broth (Sigma) for 45 minutes at 37 °C with shaking. The cells were
then centrifuged for 3 minutes at 3000 rpm and the supernatant was removed and replaced with 20 µl of fresh
LB broth. The liquid was then streaked onto a LB plate supplemented with the appropriate antibiotic that
corresponds to the antibiotic resistance gene in the transformed vector.
GV3101 Agrobacterium tumefaciens cells were transformed by a similar method with minor modifications.
Transformed cells were incubated at 28 °C for 90 minutes and were selected using rifampicin (50 mg/L) and
gentamycin (20 mg/L) in addition to a selective agent corresponding to the resistance gene in the binary vector
that is being transformed.
Recovered colonies were screened for presence of the appropriate vector by PCR and a single clone harbouring
the desired vector was cultivated in 20 mL of LB broth for two days. 1 mL of this culture was stored in 50%
glycerol at -80 °C for future work while the remaining culture was used for Arabidopsis thalina floral
transformation.

Floral dip transformation

Arabidopsis thaliana plants were grown on soil until flowering. When the first primary flowers emerged they
were cut in order to promote lateral branching.
Saturated Agrobacterium (containing the desired binary vector) cultures of ~20 mL volume were centrifuged at
3000 RPM for 10 minutes. The supernatant was removed and was resuspended in 3 mL of 5% sucrose (Sigma)
with 0.05% Silwet-L77 (National Agrochemical Distributors Ltd). Unopened flowers were then dipped in the
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culture for ~5 seconds. Plants were allowed to grow in dark for two days after which they were returned to
normal growth conditions until seed setting occurred (Clough et al., 1998).

Plant transformation selection

Seeds were surface sterilised by exposure to chlorine gas for 2 hours prior to sowing. Chlorine gas was formed
by mixing 30 mL sodium hypochlorite (10%) and 3 mL of hydrochloric acid (37%) in a bell chamber. First
generation transformed (T1) seed selection was performed on sterile MS petri plates containing 1x Murashige
and Skoog (MS) medium (Sigma,) and 0.5% sucrose (Sigma) supplemented with the relevant selective agent
either kanamycin (50 mg/ml)(Sigma) or Hygromycin (20 mg/ml)(Sigma) along with Meropenem (5 mg/ml) to
control bacterial growth. Seeds were sprinkled onto the surface of the plate and put into 4 °C for 2-4 days to
stratify. Selection in the case of hygromycin was performed by exposing stratified plates to eight hours late and
then five days of darkness at 21 °C. Transformed plants has visibly longer hypocotyls after the treatment in dark
(Harrison et al., 2006).
In the case of Kanamycin selection, non-pale dark green seedlings were indications of a transformed plant. After
selection, plants were transferred to soil consisting of 5:1:1 compost: vermiculite: perlite respectively (National
Agrochemical Distributors Ltd). Plants were grown under 16 hours (h) light and 8h dark at 21 °C during the day
and 18 °C at night with light intensity of 120-150 µE m-2s-1.
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Chapter 3: Genomic imprinting in response to temperature
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Introduction
To date, the vast majority of experimental studies that try to identify the function of imprinted genes have been
performed using knock-out mutant lines under environmental conditions that do not adversely affect plant
growth (Chaudhury et al., 1997, Kiyosue et al., 1999, Köhler et al., 2003). However, studies are emerging that
demonstrates a role for imprinted genes in adapting to environmental change in mammals (Joubert 2012,
Smeester et al., 2014) and plants (Kradolfer et al., 2013, Folsom et al., 2014, Sanchez et al., 2014, Wolff et al.,
2015). For example, imprinted genes have recently been demonstrated to play a role in blocking interploidy
hybridisations, suggesting a previously undescribed role for imprinted genes (Kradolfer et al., 2013, Wolff et al.,
2015). Importantly, mutations in these genes did not result in a discernible phenotypic effects on seed
development in a diploid background, indicating that these new roles would have been overlooked using
traditional loss of function studies in diploid backgrounds (Kradolfer et al., 2013, Wolff et al., 2015). In rice,
(Oryza sativa) the expression of the imprinted gene FERTILISATION INDEPENDENT ENDOSPERM 1 (FIE1)
which is a core component of the PRC2 complex is hypersensitive to changes in temperature and its expression
level is directly correlated to changes in seed size (Folsom et al., 2014). Interestingly, a previously undescribed
role for the imprinted gene SUPPRESSOR OF DRM1 DRM2 CMT3 (SDC) was discovered to play a role in heat
stress recovery in vegetative tissues of Arabidopsis thaliana as a result of heat induced destabilisation of
transcriptional gene silencing (TGS) pathways (Sanchez et al., 2014) . These findings suggest that imprinted
genes play a previously undescribed role in response to changing environments and provides a rationale for
designing novel experiments for testing imprinted gene function under different environmental conditions.
This chapter investigates the imprinting status and expression profiles of candidate imprinted genes (that
showed expression responses in previous abiotic stress microarray experiments) under different temperature
treatments at varying stages of seed development. The expression of key epigenetic regulators was also tested
under these conditions to assess any associations between imprinted gene dysregulation and broad-scale
dysregulation of epigenetic machinery.
Some imprinted genes may play functional roles during changes in temperatures (Folsom et al., 2014, Sanchez
et al., 2014). Manipulation of temperature can typically be performed in laboratory growth facilities with great
precision making it relatively easy to design heat related experiments. Temperatures of above 30 °C have been
shown to cause significantly higher rates of seed abortion thus hindering the amount of reliable tissue that could
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be used at these temperatures (for review see Mittler et al., (2012)). In order to maintain sufficient amount of
seed tissue for downstream experiments a temperature increase of 7 °C from 21 °C to 28 °C in the day and a 5
°C change from 18 °C to 23°C in night was applied. Seeds were harvested at 5 DAP as this sampling strategy
was used to complement the timepoints in previous large scale imprinted gene identification studies (McKeown
et al., 2011). A schematic of the experimental timeline can be viewed on Figure 6.

This chapter demonstrates that temperature dependant, post fertilisation effects during seed development can
induce changes in expression of imprinted genes. By altering the temperature directly after pollination from a 21
°C to 28 °C in the day and from 18 °C to 21 °C in the night alterations of expression of certain imprinted genes
were obsereved. In addition one gene, PUT1 also displayed loss of imprinting, becoming largely biallelic as
opposed to being traditionally maternally expressed. Expression dysregulation of three important epigenetic
regulators were observed during changes in temperature indicating a possible role for epigenetic dysregulation
in contributing to changes in imprinted gene expression.
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Material and methods
Plant lines and harvesting

The Arabidopsis thaliana accessions Col-0 and C24 were used in this study. C24 was used as a pollen donor
during this study. Col-0 was pollinated with C24 pollen and newly pollinated Col-0 x C24 plants were then
placed in either 16 h light at 21 °C and 8 h dark at 18 °C (21 °C conditions hereafter) or 16 h light at 28 °C and
8 h dark at 23 °C conditions (28 °C conditions hereafter) at a light intensity during light cycles of 120-150 µE
m-2s-1. Col x C24 seeds were harvested by cutting open siliques with a Terumo 1 mL insulin syringe (Terumo)
under a stereo microscope. Seeds were then placed in a 2 ml tube (Sarstedt) containing 300 mL seed extraction
buffer (SEB) consisting of 300 mM sorbitol (Sigma) and 5 mM MES (Sigma) at pH 5.7. Tubes were centrifuged
for 30 seconds at 4000 RPM and SEB was carefully removed from the tube by pipetting. The sample were then
immediately snap frozen in liquid nitrogen for subsequent RNA extraction. Each replicate consisted of the seeds
from 10 fully extended siliques.

Analysis of developing seed

In order to visualise embryo development under different timepoints and conditions, seeds were extracted from
siliques under a stereo microscope and incubated in Hoyers solution consisting of 7.5 g gum Arabic (Sigma),
100 g chloral hydrate (Sigma), 5 ml glycerol (Sigma), dissolved in 60 ml H20 (Anderson 1954). Samples were
mounted on microscope slides and embryo developmental stages were scored from 1-13 DAP under both 21 °C
and 28 °C conditions using a light microscope. For seed area measurement, developing and mature seeds were
photographed under a stereo microscope and these pictures were used to analyse seed surface projected area
using the IMAGE J (http://imagej.nih.gov/ij/) software.
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Figure 6: Timeline of experiment in this study
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Results
Accelerated embryo development under elevated temperature

To assess whether the temperature treatment was causing any major developmental changes to the seed
morphology at 5 DAP under the two conditions (21 °C and 28 °C) Col-0 developing seeds were cleared using
Hoyers solution and the interior of the seeds were visualised. The 5 DAP 21 °C seeds contained embryos at
early heart stage as is reported for 5 DAP Arabidopsis thaliana seed (Le et al., 2010). However, 5 DAP seeds
grown at 28 °C reached later embryo developmental stages (early to late torpedo) (Figure 7). Investigation of
embryo development under these two conditions between 1 DAP and 13 DAP were subsequently performed. In
21 °C conditions mature embryos were observed at around 9-10 DAP. Strikingly, seeds subjected to the 28 °C
conditions resulted in mature embryos as soon as 6 DAP (Figure 7).
When mature seed area was measured, no significant difference (P>0.05 Students t-test) was observed between
seeds subjected to the 21 °C and 28 °C conditions (Figure 7A). The 5 DAP 21 °C and 3 DAP 28 °C timepoints
were more developmentally synchronised when compared to the 5 DAP 21 °C and 5 DAP 28 °C timepoints.
Therefore it was felt that 5 DAP 21 °C and 3 DAP 28 °C would be a more appropriate timepoint comparison to
use for downstream experiments (Figure 8).
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Figure 7: Developing seed size is affected by changes in temperature: Seed morphology of 5 DAP seeds
subjected to both 21 °C and 28 °C conditions. A. Significant difference in seed size observed in 5 DAP seeds subjected to
21/28 ° conditions (N=56 biological replicates) (mean seed area is P<0.05 Students t-test). No significant seed area observed
in mature seeds subjected to 21/28 °C conditions (mean seed area is P>0.05 Students t-test). B. Schematic representation of
embryo development in Arabidopsis thaliana ranging from 2 celled embryo (B), 4 celled embryo (C), 8 celled embryo (D),
globular embryo (E), heart staged embryo (F), torpedo stage embryo (G), late torpedo stage embryo (H), bended cotyledon
(I) and mature embryo (J) (figure B-J amended from (Le et al., 2010)). (K) Seed morphology of cleared 5 DAP seeds
subjected to 21/28 °C conditions. 5 DAP 21 °C embryo is highlighted with a circle. Embryo is Scale bar = 100 µM.
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Figure 8: Difference in the speed of embryo development between the 21 °C/28 °C conditions. Timecourse experiment
of embryo stages of seed under 21 °C (A) and 28 °C (B) conditions from 1 DAP – 13 DAP. Mature embryos were observed
between 9-10 DAP in the 21 °C conditions whereas mature embryos are observed at ~6 DAP in the 28 °C conditions. A
minimum of 50 and maximum of 80 seeds were analysed per timepoint.
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the study describing where each gene has been detected as being under genomic imprinting is also included.

Table 1: List of candidate imprinted gene used in this study. Additional information including gene ID, description, functional category, expression in the seed is included. In addition,

3 DAP 28 °C and 5 DAP 21 °C share similar expression patterns

To ensure that the development time points chosen (3 DAP 28 °C and 5 DAP 21 °C) share similar expression
patterns a gene with dynamic expression pattern during seed development was selected and tested for its
expression under the two conditions. AT1G61330 is an imprinted gene with a specific expression in the seed
(Figure 9). This gene was chosen as a control to test for subtle differences at the expression level in the seeds
between the 3 DAP 28 °C and 5 DAP 21 °C conditions. Using a timecourse of seed expression from 3 DAP - 7
DAP, significant expression differences were observed at the 3 DAP and 5 DAP (Student’s t-test P<0.05)
timepoints under the 21 °C conditions (Figure 9A). However, upon analysing the expression of AT1G61330
under the 3 DAP 28 °C and 5 DAP 21 °C it was found that no significant expression difference was observed
(Student’s t-test > 0.05) (Figure 9B). This suggests that the 3 DAP 28 °C and 5 DAP 21 °C treated seeds are
similar both at the developmental and expression level. This also indicates that any potential changes to the
expression and imprinting status of imprinted genes is attributed to the heat treatment and not to subtle
developmental differences.
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Figure 9: No significant expression difference in AT1G61330 between the 3 DAP 28 °C and 5 DAP 21 °C conditions.
Expression of AT1G61330 under the 21/28 °C conditions. A. Timecourse of expression of AT1G61330 from 3 DAP to 7
DAP at 21 °C conditions. B. Expression of AT1G61330 under 3 DAP 28 °C and 5 DAP 21 °C. Error bars are the standard
deviations from 3 biological replicates. * represents significant expression differences between 5 DAP and 3 DAP (Students
t-test <0.05).

Heat induced expression dysregulation of imprinted genes

A number of imprinted genes were used for this study. These genes have been identified as being imprinted
from large scale imprinted gene identification studies (Gehring et al., 2011, Hsieh et al., 2011, McKeown et al.,
2011, Wolff et al., 2011) Information about each one of these genes can be found in Table 1.
By comparing the expression profile of each imprinted gene between the 21 ° and 28 °C conditions, significant
gene expression differences (P<0.05, Students t-test) were observed in 9 out of the 17 imprinted genes tested
(Figure 10A). These genes were PUT1, VIM1, αDOX, PHE1, ERD3, PRL1, MYB77, ENODJ, SIP1 and CYP2.
However, upon Bonferroni correction only one gene, VIM1 showed significant dysregulation (P<0.003).
In order to test whether the expression dysregulation observed was due to contributions from the paternal
genome Col-0 Arabidopsis thaliana plants were exposed to 28 °C conditions for five days and this heat treated
pollen was then used to pollinate 21 °C treated stigmas. The newly pollinated plants were then exposed to 21 °C
conditions for 5 days. Then the seeds were subsequently harvested and expression of target imprinted genes
were analysed. This technique allows an induction of the environmental change only in the paternal genome
(pollen) and is a proxy to test whether the paternal genome plays a substantial role in triggering similar gene
expression changes observed in (Figure 10A).
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Gene expression of the 21 °C/28 °C seeds found no significant difference (P>0.05 Student’s t-test) in expression
when using heat treated pollen, except for YUC10 (Figure 10B).

Figure 10: Changes in temperature causes significant expression dysregulation of imprinted genes in developmentally
synchronised F1 seeds. A. Imprinted gene expression dysregulation was analysed between the developmentally
synchronised 3 DAP 28 °C and 5 DAP 21 °C seeds. Gene expression of 5 DAP 21 °C conditions were relative to 3 DAP 28
°C condition. B. Induction of heat of the paternal genome causes little significant differences in expression of imprinted
genes. Pollen that was treated with 28 °C for 5 days were used for pollination. Newly pollinated plants were subjected to the
21 °C conditions for 5 days until harvesting and subsequent analysis of expression was performed.* indicates significant
differences in gene expression (Student’s t-test P<0.05 with). Posthoc Bonferroni correction is added. All gene expression is
relative to ACT2.
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Imprinted genes display differences in imprinting status in F1 seeds under the 21 °C and 28 °C conditions

By exploiting SNPs between the two accessions of Col-0 and C24 and performing subsequent Sanger
sequencing on the cDNAs of the imprinted gene of interest, it is possible to detect parental allelic contributions
of genes. Parental allelic contributions were calculated by comparing the peak height ratios of SNPs on
sequence chromatograms in a gene and dividing the ratio difference in height of the SNPs together. Using this
method a percentage ratio for expression of both maternal and paternal alleles of each gene can be determined.
For example, a score of 0% in one direction means that a particular allele was not detected during sequencing
indicating monoallelic expression. Whereas a score of 100% indicates complete expression of a particular allele.
A score of 50% on both alleles would indicate biallelic expression.
The imprinting status was tested on the imprinted genes that displayed significant expression differences
(P<0.05 Student’s t-test) in Figure 10A. As expected PHE1 which is annotated to be an iPEG (Köhler et al.,
2005) presented a ratio of ♀ 0%:100% ♂. Some iMEGs displayed a monoallelic ratio of (or close to) ♀
100%:0% ♂. These genes include αDOX, ERD3, SIP1 and CYP2. PRL1. ENODJ presented a slight paternally
biased expression pattern during the 28 °C treatment compared to the 21 °C conditions (21 °C = ♀ 70%:30% ♂
28 °C = ♀ 61%:39% ♂) (Table 2).
PUT1 displayed expression predominantly form the maternal genome in the 21 °C condition (♀ 91%:9% ♂) but
under the 28 °C conditions there was a higher ratio of paternal allele expression (♀ 53:47 ♂).
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Table 2: Most imprinted genes that show significant expression differences under the 21/28 °C conditions present no
difference in imprinting status. Ratios are determined by the maternal and paternal expression of each gene within the seed
using SNP quantitation between each allele. Location of expression in the seed for each gene was determined from seed gene
networks (http://seedgenenetwork.net) (Belmonte et al., 2013).
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Epigenetic regulators show significant expression dysregulation during elevated temperature

Expression of epigenetic regulators were tested between the 21 °C/28 °C conditions. These genes are involved
in DNA methylation and demethylation, PRC2 mediated histone modification and smRNA mediated RdDM
(Table 3). These genes include ARGONAUTE 4 (AGO4, AT2G27040), CHROMOMETHYLASE 3 (CMT3,
AT1G69770), KRYPTONITE 6 (KYP6, AT5G13960), MEDEA (MEA, AT1G02580), NUCLEAR RNA
POLYMERASE D 1A (NRPD1, AT1G63020), METHYLTRANSFERASE 1 (MET1, AT5G49160), DEMETER
(DME, AT5G0456), FERTILIZATION INDEPENDENT ENDOSPERM 1 (FIE1, AT3G20740) and
FERTILIZATION INDEPENDENT SEED 2 (FIS2, AT2G35670). Interestingly, of the nine epigenetic regulators
tested, three displayed significant dysregulation between the two conditions (Student’s t-test, P< 0.05). These
genes were AGO4, NRPD1a and MET1 (Figure 11).
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Gene name

Gene ID

Epigenetic pathway

Reference

FIS2

AT2G35670

FIS2 PRC2 mediated histone modification

(Pien et al., 2007)

MEA

AT1G02580

FIS2 PRC2 mediated histone modification

(Pien et al., 2007)

FIE

AT3G20740

FIS2 PRC2 mediated histone modification

(Pien et al., 2007)

KYP

AT5G13960

Histone Modification

(Jackson et al., 2002)

MET1

AT5G49160

DNA Methylation

(Kankel et al., 2003)

CMT3

AT1G69770

DNA methylation

(Lindroth et al., 2001)

DME

AT5G04560

DNA demethylation

(Choi et al., 2002)

smRNA mediated RdDM

(Eamens et al., 2008)

smRNA mediated RdDM

(Gao et al., 2010)

NRPD1A AT1G63020
AGO4

AT2G27040

Table 3: List of epigenetic regulators tested for expression dysregulation under the 21 °C/28 °C conditions. Listed is
the gene name, gene ID and the epigenetic pathway that the gene is involved in.

Figure 11 Genes that are annotated to be epigenetic regulator present significant dysregulation between the two
conditions tested in this study. QRT-PCRs performed on epigenetic regulatory genes. Values are the mean ± s.d of three
biological replicates. * represents significant expression differences (P<0.005 Student’s t-test).
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Discussion
Difference in speed of embryo development observed between 21/28 °C conditions

The results presented in this study confirm that during seed development, a moderate increase in temperature
from 21 °C to 28 °C directly after pollination is sufficient to create changes in the speed of embryo development
in Arabidopsis thaliana. Mature embryos were observed as early as 6 DAP using the system in this study.
However, no significant differences in mature seed shape were detected between the two conditions. This
suggests that this phenomenon does affect embryo developmental speed but does not contribute to overall
mature seed size. Importantly the 5 DAP 21 °C and 5 DAP 28 °C treated seeds were at different developmental
stages. This could have potentially hindered any downstream results in terms of both expression and imprinting
status of selected imprinted genes. Therefore 5 DAP 21 °C and 3 DAP 28 °C timepoints were chosen as they
had similar developmental patterns.
In addition, by testing the expression of AT1G61330 on seeds treated with the 5 DAP 21 °C and 3 DAP 28 °C
conditions it was shown that these timepoints shared similar expression patterns. Importantly, this gene had a
dynamic seed expression pattern therefore it was felt that this gene would be a suitable control gene to test for
subtle developmental changes between the two conditions in this study. Taken together with the developmental
data shown earlier (Figure 8) these results showed that the developmental and expression patterns of 3 DAP 28
°C and 5 DAP 21 °C treated seeds were similar and was an appropriate timepoint for testing expression levels
and imprinting status of target imprinted genes.
In accordance with the PCT iMEGs restrict resources to the developing seeds and iPEGs try to acquire the
maximum amount of resources from the mother to the seed (Haig 2004, Wang et al., 2013). This suggests that if
imprinted genes are dysregulated in their expression during the heat treatment this can directly impact the
normal influx of resources being applied to the seed (Haig 2004). As a result of this, a change in environmental
conditions that alters the regulation of imprinting genes could in theory have an impact on seed development.
Whether imprinted genes play a role in increasing the speed of embryo growth remains to be investigated fully.
According to the temperature mediated acceleration of embryo development observed in Figure 7 one could
hypothesise a number of scenarios. That increased maternal resources are being supplied to the seed in order for
the embryo to develop quicker. This may be as a result of an excess of metabolites being created by the mother

65 | P a g e

at higher temperatures which in turn can be supplied to the developing seed to aid in quicker development. This
may be due to an increase of photoassimilates created as a result of an increase in net photosynthesis. It has been
reported that net photosynthesis is drastically reduced at temperatures above > 34 °C but remains stable at
temperatures from 25-30 °C (Kim et al., 2005). The Q10 temperature coefficient is a measure of the rate of
change of a biological or chemical system as a consequence of increasing the temperature by 10 °C (Atkin et
al., 2005). By measuring the Q10 on the rate of enzymes activity involved with photosynthesis and
photoassimilate production it may be possible to analyse if the temperature treatment in this study is increasing
the enzymatic activity of important enzymes regulating photoassimilate production. Perhaps enzymatic activity
of key enzymes regulating photoassimilates production are higher under the 28 °C conditions which could in
turn increase metabolite supply to the developing offspring.

Changes in temperature can alter the expression level of imprinted genes.

A moderate increase of 7 °C (from 21 °C to 28 °C) during the day and 5 °C increase (from 18 °C to 23 °C) at
night was sufficient to cause significant expression dysregulation (P<0.05 Student’s t-test) in a number of
selected imprinted genes. However, upon Bonferroni correction only VIM1 was significantly different (P =
0.001). This result indicates that changing environments can effect expression of certain imprinted genes.
However, this data does not support a global downregulation of the imprintome as seven imprinted genes
showed no significant dysregulation (P>0.05). The changes in imprinted gene expression is most likely not
restricted to the imprintome. It is likely that the change in temperature may be causing significant expression
dysregulation in a manner that is not restricted to the imprintome. In order to fully ascertain the effect of heat on
the imprintome (as well as the entire transcriptome) using the system in this study, whole transcriptomic studies
would need to be performed between the 21/28 °C conditions.
According to the PCT, iMEGs tend to reduce resources to the seed while iPEGs tend to acquire as much
resources from the mother as possible to the developing offspring (Haig 2004). For this reason according to the
differences in seed phenotypes observed in this study (5 DAP seeds were bigger under the 28 °C conditions
compared 5 DAP seeds under the 21 °C conditions) one would expect a reduction in the expression of iMEGs
and an increase in the expression of iPEGs. However, this pattern is not observed in this study as most of the
imprinted genes tested showed a reduction in expression, regardless of their parent-of-origin expression. This
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indicates that the increased rates of embryo development observed at higher temperatures is not solely due to
changes in the imprintome and is most likely due to other factors. Future whole transcriptomic studies would be
helpful in order to investigate the global pattern of iMEG/iPEG expression under the two conditions.

Changes in temperature can change the imprinting status of imprinted genes

Imprinting gene expression changes may be arising as a result of a subsequent loss of imprinting to the
traditionally silenced (or less expressed) imprinted allele of a given imprinted gene. This may lead to a more
biallelic expression pattern and as a result a dysregulation of expression due to loss of imprinting.
As expected PHE1 displayed expression only in the paternal allele indicating that the maternal allele of PHE1
was not expressed. This complemented previous studies showing that PHE1 is an iPEG (Köhler et al., 2003,
Köhler et al., 2005, Villar et al., 2009). Also this data indicated that PHE1 is not affected by the heat treatment
in this study. This also verifies that the tissue being used was a hybrid cross of Col x C24. Some iMEGs
displayed a monoallelic ratio of (or close to) ♀ 100%:0% ♂. These genes include αDOX, ERD3, SIP1 and
CYP2. This data suggests that these genes are good examples of stable imprinted genes as they do not change
their imprint status between conditions.
PRL1 is annotated to be an iPEG (Gehring et al., 2009, Gehring et al., 2011) however, under the conditions in
this study there seems to be an expression bias towards the maternal genome under the 21 °C and 28 °C
conditions. ENODJ which is annotated as an iMEG presents a slight paternal expression during the 28 °C
treatment compared to the 21 °C conditions (21 °C = ♀ 70%:30% ♂ 28 °C = ♀ 61%:39% ♂).
Interestingly, PUT1 changes from being largely maternally expressed in the 21 °C treatment to being expressed
in a biallelic pattern in the 28 °C conditions (21 °C = ♀ 91%:9% ♂ while 28 °C = ♀ 53%:47% ♂). This result
indicates that the PUT1 imprinting is lost during changes in temperature under the conditions used in this study.
It is curious to observe that under seed gene networks expression pattern of PUT1 no expression is detected in
the endosperm or embryo at heart stage (Figure S 3). However, according to McKeown et al., (2011), PUT1 is
detected to be an iMEG. Under that study 5 DAP Col x Ler-0 siliques were used (McKeown et al., 2011) as
opposed to 5 DAP Col x C24 seeds used in this study. Seed gene networks (http://seedgenenetwork.net/) tests
were performed on seed tissue in a Wassilewskija (Ws-0) background (Belmonte et al., 2013). It may be
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possibly that gene expression regulation of PUT1 is accession dependant which could explain the differences in
predicted seed region expression as the data generated in thid study was produced from a Col x C24 cross.

Expression level of epigenetic regulators are significantly altered by changes in temperature

The uniparentally biased expression pattern of imprinted genes are controlled by epigenetic marks that are
applied and maintained by epigenetic regulators (Köhler et al., 2012). Hence, it may be possible that the
dysregulation of imprinted gene expression and imprinting status could be due to the upstream dysregulation of
epigenetic regulators.
Key epigenetic regulators displayed changes in expression between the two conditions used in this study. These
genes are annotated to be involved in the smRNA mediated RdDM pathway (in the case of AGO4 (Gao et al.,
2010) and NRPD1(Eamens et al., 2008)), and genes affecting the maintenance of DNA methylation (MET1
(Ronemus et al., 1996)).
These results may suggest that the expression changes observed in these epigenetic regulators may have impacts
on the expression of imprinted genes. It is known that epigenetic regulators are important in maintaining the
imprinting state and expression of imprinted genes (for a review (Slotkin et al., 2007, Köhler et al., 2012)). For
this reason it may be possible that changes in expression of epigenetic regulators may alter the regulation of
imprinted genes. Interestingly AGO4 and other genes involved in the RdDM pathway has already been linked to
roles in basal heat tolerance as ago4 mutants present significantly lower survival rates when compared to WT
during heat exposure (Popova et al., 2013). In order to link this gene (and other epigenetic regulators that
showed significant dysregulation in this study) to changes in expression of imprinted genes additional loss of
function studies using knockout mutants of these epigenetics regulators would be necessary.
Cryptic functions have been discovered for the imprinted gene SDC in response to heat stress tolerance during
the vegetative phase of plant growth in Arabidopsis thaliana (Sanchez et al., 2014). This indicates that studies
incorporating changes in environmental conditions would be important in discovering novel and previously
undiscovered functional roles for imprinted genes. It must be noted that SDC function was identified by using
temperatures higher than what was used in this study (Sanchez et al., 2014). Therefore future studies could
involve the testing of imprinted genes under other various temperatures. It has been reported that different
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biological pathways involved in heat shock are activated at temperatures above 30 °C compared with
temperatures below 30 °C (for a review of this seeMittler et al., (2012)). This could possibly lead to other
epigenetic pathways being dysregulated. Interestingly, a heat sensitive mutant that is involved in epigenetic
chromosome rearrangement has been identified suggesting that epigenetic pathways can be drastically disrupted
during exposure to changes in heat (Wang et al., 2013).
Taken together, this chapter has identified imprinted genes that show significant expression dysregulation as
well as changes in imprinting status during heat exposure.
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Chapter 4: Analysis towards the function of imprinted genes subject to
Positive Darwinian Selection (PDS) in Arabidopsis thaliana
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Introduction
Natural selection acts on genetic variation within populations to drive evolution (reviewed by Hartl et al., (1997)).
Upon changes in environment, allelic variations that arise as a result of a new mutation or a mutation that has
already persisted in a population but at a low frequency may increase in frequency (Hurst 2009). This process can
be coined as Positive Darwinian Selection (PDS) (Fay et al., 2000). If this allelic variation increases the fitness of
the population in the current environment it may become fixed and persist within all members of the population
(Lamb 2000, Hughes 2012). Selectively neutral mutations can become positively selected for as a result of random
genetic drift or as a result of changes to its environment (Nei et al., 2010).
A popular method for detecting PDS within populations is by use of the codon based method described by Yang
et al., (2000). This method tests the rates of synonymous (ds) and non-synonymous (dn) substitutions within
members of a population in order to assess the types of selective pressures applied to genetic elements (Yang et
al., 2000). A higher rate of dn suggests that the site is displaying some sort of selective pressure, either PDS or
purifying selection. (Yang et al., 2000, Vitti et al., 2013).
Many theories exist to explain the evolution of genomic imprinting; however, the mostly widely studied theory is
the Parental Conflict Theory (PCT) (Haig et al., 1988, Haig et al., 1989, Haig 2013). This theory suggests that
imprinting evolved as a result of a molecular intragenomic conflict between maternal and paternal genomes for
the partitioning of maternal resources to the developing offspring (Moore et al., 1991). If imprinted genes are
antagonistically co-evolving, then in theory they should be subject to rapid co-evolution suggesting that imprinted
genes may show signatures of PDS in their coding sequences (Garnier et al., 2008). To date the only imprinted
gene that displays signatures of PDS as well as playing a functional role in plant development is MEA (Spillane
et al., 2007). MEA PDS was detected in the outcrossing species Arabidopsis lyrata, but was absent in the
inbreeding species Arabidopsis thaliana (Spillane et al., 2007). This is possibly as a result of reduction of genetic
relatedness of the maternal and paternal genome in Arabidopsis thaliana which could reduce selection pressures
(Spillane et al., 2007). This gives some support to the claim that imprinting has evolved as a result of intra-genomic
conflict.
By comparing the orthologues of imprinted genes of Arabidopsis thaliana with different species using codeml
models, a list of imprinted genes that showed signatures of positive selection in Arabidopsis thaliana was
compiled (Tuteja et al. submitted). This chapter exploits the use of this compiled list to assess whether imprinted
genes that present signatures of PDS display any functional reproductive roles in Arabidopsis thaliana. 39
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imprinted genes with signatures of PDS were detected from this list. However, for various reasons 12 genes were
omitted from this study. Studies have linked imprinted genes with reproductive functions (Chaudhury et al., 1997,
Grossniklaus et al., 1998, Kinoshita et al., 1999, Adams et al., 2000, Kohler et al., 2003). Therefore, it was
hypothesized that these candidate imprinted genes that display signatures of PDS may display specific functions
related to reproduction and seed development.
In this study a loss of function screen was carried out using T-DNA knockout lines for 27 of these imprinted genes
in order to assess if novel reproductive functional phenotypes could be identified.
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Materials and methods

Positive selection analyses

Determination of PDS sites within imprinted genes were performed by in silico work in the Spillane lab and
O’Connell lab (http://mol-evol.org/) (Tuteja et al. submitted). Selection analysis was conducted using the PAML
version 4.4e (Yang 2007). The empirical Bayes approach was used to infer the posterior probability of the
positively selected sites in imprinted genes using two approaches: Bayes Empirical Bayes (BEB) and Naïve
Empirical Bayes (NEB) (Tuteja 2015). Posterior probabilities can be defined as the conditional probability that is
assigned to random events of uncertain propositions (Tuteja 2015). In this study, posterior probabilities close to 1
on a given selected site is true to being under PDS. On the other hand posterior probabilities close to 0 on a given
selected site indicates that it is not likely to be under PDS. A posterior probabilities of < 0.5 was used as a cutoff therefore any sites with a posterior probability of >0.5 were omitted from the compiled list (Tuteja 2015). The
table containing the list of all genes and mutant IDs used in this study can be seen in the supplementary data
(Table S 2: Primers and mutant IDs used in this chapter used in this chapter.

%ANU analysis

To determine the percentage of Aborted seeds (A) Normal seeds (N) and Unfertilised ovules (U) (%ANU) per
silique, plants were allowed to grow in controlled conditions until flowering. Once plants reached the flowering
stage, inflorescences were marked with a small piece of tape and flowers were allowed to self-fertilise. This mark
helped establish the start of self-fertilisation. After 5 days siliques from above the mark were carefully opened
under a stereo microscope. The number of aborted seeds (A), unfertilised ovules (U) and normal seeds (N) were
scored and %ANU was determined per silique by cutting open siliques with a Terumo 1 ml insulin syringe
(Terumo) under a stereo microscope. In total, 5 siliques from each plant were counted per mutant line starting
from the fifth silique on the primary stem. Three biological replicates were used. Col-0 WT controls were scored
in the same way.
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Seed germination

Freshly harvested WT and sfi-1 seeds were used for seed germination studies. For sterile germination, seeds were
surface-sterilized in 16% bleach, and 0.1%Triton X-100, and washed 5 times in sterile water. The seeds were
stratified at 4 °C in the dark for 3 days. Sterile petri plates were prepared containing 1x Murashige and Skoog
(MS) medium (Sigma,) and 0.5% sucrose (Sigma). Sterile seeds were then applied to the petri plate using a 1 ml
pipette tip. Plants were allowed to be grown in a Percival growth chamber at 16 hours light /8 hours dark at 21
°C. Seeds were counted every day for presence or absence of germination. Radical emergence was used as marker
for germination.

Pollen counts and viability tests

Anthers from young flowers were dissected and mounted on slides with one drop of Alexander stain (Ethanol
95% (10 ml) (Sigma), Malachite green (Sigma)(1% in 95% Ethanol) (1 ml), Fuchsin acid (Sigma) (1% in water)
(5 ml), Orange G (Sigma) (1% in water) (0.5 ml), Chloral hydrate 5 g (Sigma), Glacial acetic acid (Sigma) 2 ml,
Glycerol 25 ml (Sigma), distilled water 50 ml)). A cover slip was added and pollen grains were observed under a
light microscope and viable and inviable pollen grains were scored. The cytoplasm of viable pollen grains
displayed a red/purple colour, while that of the aborted grains are pale blue.
Pollen viability tests were measured by staining fully dehisced anthers with Alexander stain (Alexander 1969) on
a cover slip and analysing if unviable pollen could be observed. Pollen counts were measured using the technique
outlined in (Henry et al., 2005). Pollen grains were harvested by collecting five freshly opened flowers into a
micro-centrifuge tube containing 70 µl of Alexander stain. The stain solution and pollen were transferred to a new
tube and the volume was adjusted to 100 µl with H20. Pollen was resuspended by vortexing and 0.7 µl were
aliquoted onto a microscope slide and pictures were taken under a light microscope. Pictures of pollen grains were
counted manually. Six aliquots were measured per sample and three independent plants were used to act as
biological replicates.

74 | P a g e

Pollen germination

In vitro pollen germination tests were performed according to (Fan et al., 2001). Fully dehisced anthers were
collected and placed on pollen germination plates containing 5 mM 2-(N-morpholino) ethanesulfonic acid (MES)
(Sigma) pH adjusted to 5.8, 1 mM KCl (Sigma), 10 mM CaCl2 (Sigma), 0.8 mM`MgSO4 (Sigma), 1.5 mM boric
acid (Sigma), 1% (w/v) Agar (Sigma), 16.6% (w/v) sucrose (Sigma), 3.65% (w/v) sorbitol (Sigma) and 10 µg ml 1

myo-inositol (Sigma). Pollen was allowed to germinate at room temperature for 24 h and was visualised under a

light microscope and the emergence of the pollen tubes were manually counted.

Ovule counts

Ovule counts were performed by first collecting stage ten or eleven carpels (Alvarez-Buylla et al., 2010) that were
yet to be pollinated. Carpels were then placed on a microscope slide and were cleared in Hoyers solution for
around 1 hour. Ovules were then visualised under a light microscope and were manually counted.

Stamen measurements

Stamens from 5 DAP flowers were manually detached from the bottom of the flower and were placed under a
stereo microscope using Dumont #5 tweezers. Care was taken to take fully dehisced anthers. Pictures were taken
of both WT and sfi-1 filaments and lengths of mature filaments were manually measured using Image J
(http://imagej.nih.gov/ij/). The ratio of stamens and gynoecium was analysed by measuring the length of both
mature gynoecium and stamen length in each flowers of both WT and sfi-1 mutants. Ratios were calculated by
dividing the average of both mature gynoecium and stamens length. For these analyses, mature flowers were taken
from the fourth to seventh flower on the primary stem.
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Results

%ANU analysis and seed size of mutants of imprinted genes containing signatures of PDS

Where possible mutant lines were ordered from the European Arabidopsis Stock Centre (NASC). All mutants
were genotyped to verify the presence of the T-DNA insertion. Only homozygous lines were used for this study.
The list of T-DNA insertion mutants used in this study can be viewed in Table 4 and mutant IDs can be viewed
on Table S 2. The mature seed size of each of the PDS mutants in Table 4 were measured and compared to WT.
Interestingly, upon analysis of homozygous mutant seeds all but two mutants (mutant #4 and #36) displayed
significant differences in seed size compared to WT (P <1.17E-82, Bonferroni correction) (Figure 12).

Table 4: Table of imprinted genes used in this study. * indicates the study in which the imprinting of the particular gene
was reported.

76 | P a g e

Figure 12: Significant differences in seed size of PDS mutants. Red line is the median of the WT Col-0 seed area. *
symbolises significant difference in seed size (P <1.17E-82, Student’s t-test with posthoc Bonferroni correction) of seed area
compared to WT. Error bars represent the mean ± s.d, of n ranging from 104-149 biological replicates. Different coloured box
plots represent groups of wither iMEGs or iPEGs. The green box plot represents WT.
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%ANU (the percentage ratio of seed abortion, unfertilised ovules and normal seeds) was analysed for each
homozygous mutant which consisted of screening for the proportion of %A, %N and %U relative to the sum (Σ)
of all ovules in ~5 DAP siliques. For the majority of the T-DNA lines, all homozygous mutants were close to fully
fertile showing low levels of %A and %U and close to 100% N seeds as seen in Figure 13A.
Curiously however, when %ANU was tested on one mutant (sample #19, AT1G61330), higher rates (up to 20 %)
of unfertilised ovules were observed (Figure 13B) compared to WT. This prompted further investigations into this
mutant. This mutant was named SHORT FILAMENTS (SFI) and will be referred to as such from now on.

Figure 13: Mutants displaying signatures of PDS display full seed with low levels of unfertilised ovules and seed
abortion. %ANU analysis of T-DNA mutant lines that are annotated to be imprinted as well as displaying signatures of PDS.
A. Fertility of Arabidopsis thaliana mutants were determined by analysing the Abortion (A), Unfertilised ovules (U) and
Normal seeds (N) from mutant plant siliques. %ANU were determined by converting the %A, %N, %U with respect to the
total number of ovules per silique (Σ = A+N+U). Names of each individual mutants can be viewed on (Table 4). B. Open
siliques of WT and sfi-1 mutants. Arrow is pointing to unfertilised ovules in sfi-1.
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SFI is an imprinted gene annotated as an F-BOX protein that displays sites that are under PDS

SFI is annotated as an F-box protein with an ORF of 1.3 kb and contains two introns (TAIR) (Figure 15A). The
protein sequence length of SFI is 447 amino acids (Figure 14A). The protein sequence show three classes of
protein domains present within SFI, a leucine rich repeat domain, an FBD domain and an F-Box domain. Location
of these domains can be viewed on Figure 14A.
Whole transcriptomic data from reciprocal crosses between 4 DAP Col x Bur tissue identified SFI as displaying
significant paternal expression suggesting SFI is annotated to be a iPEG (Wolff et al., 2011). Amino acid sites
with signatures of PDS were identified in SFI (Tuteja et al, submitted). 0.89% of amino acid sites were identified
to be under PDS for SFI. These amino acid sites were located at position 15, 32, 300 and 429 in the gene (Figure
14C). Interestingly, amino acid sites 15 and 32 lie within the F-BOX domain of SFI (Figure 14B). Posterior
probabilities for sites 15 and 32 were 0.898 and 0.946 respectively indicating that these sites have a high
probability of being under PDS.
Conservation of these sites were analysed within the Brassicaceae lineage (Tuteja 2015). Firstly, by analysing
amino acid sequence data of SFI from 80 Arabidopsis thaliana accessions, 100% conservation of these sites
were observed. In addition, by analysing the sequence data of the ortholog of AT1G61330 in the closely related
species Arabidopsis lyrata no conservation of these sites were observed (Figure 14C). Different amino acid sites
were observed in Arabidopsis lyrata at these sites when compared to Arabidopsis thaliana (Figure 14C). This
may suggest that these sites were selected and conserved within the Arabidopsis thaliana lineage and may serve
some functional role to the general fitness within the Arabidopsis thaliana lineage (Tuteja 2015).
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Figure 14: Protein domain predictions of SFI including sites of PDS within the gene. A. InterPRO protein domain
predictions for SFI (http://www.ebi.ac.uk/interpro/sequencesearch/iprscan5-S20160205-130829-0670-85309472-oy) as well
as legends of each one of the domains. B. Positively selected sites identified for SFI. The x-axis represents the start and the
end of the amino acid sequence for SFI. The Y-axis represents the posterior probability. In other words, the higher the
posterior probability the more likely it is for the site to be under PDS. Black crosses represent the amino acid sites under
PDS. Figure extracted from (Tuteja 2015). C. Percentage of conservation of positively selected sites in AT1G61330 between
Arabidopsis thaliana and Arabidopsis lyrata. Comparison of these PDS sites to a population of 80 other Arabidopsis
thaliana accessions presents 100% fixation of these sites. Figure extracted from (Tuteja 2015).
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Phenotypic analysis of sfi-1

The position of the T-DNA insertion site was confirmed by Sanger sequencing across both T-DNA junctions.
As predicted, the T-DNA was found to be inserted in the first exon of the coding sequence (Figure 15A). In
order to determine whether the T-DNA insertion was sufficient at causing a reduction in the expression of SFI in
the sfi-1 background, RNA was extracted from ~ 5 DAP- 7 DAP siliques of both WT and sfi-1 and were
subjected to RT-PCR to analyse expression of SFI. In the WT background a strong amplicon was present
indicating expression of SFI. However, in the sfi-1 background no amplification was detected (Figure 15B).

Figure 15: Gene structure of SFI. A. Schematic representation of the gene structure of SFI with the position of T-DNA
insertion presented. Blue lines indicate exons while slender lines indicate introns. The arrow represents the direction of
transcription. B. Result of RT-PCR displaying expression of SFI in a WT background but absence of expression in a sfi-1
background. ACT2 was used as a control.

Analysis of the general phenotype of sfi-1 during its life cycle was subsequently conducted. Seed size analysis of
manually selfed seeds of WT x WT and sfi-1 x sfi-1 was conducted. Seed area was also calculated for the
heterozygous seeds of WT x sfi-1 and sfi-1 x WT. Similar to Figure 12, significant (P < 0.05 Student’s t-test)
differences were observed between the seed area of WT and sfi-1. Interestingly however, by analysing the seed
size of both sfi-1 x WT and WT x sfi-1 each were significantly bigger than WT (Figure 16A).
This prompted investigations into whether these sfi-1 seeds showed altered germination rates. No significant
difference (P>0.05 Student’s t-test) in germination rates between both WT, sfi-1 and sfi-1 x WT were observed.
Interestingly however, when analysing the WT x sfi-1 seed germination there was a slower rate of germination.
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Figure 16: Significant difference between seed area and seed germination rates between WT x WT, sfi-1 x sfi-1, WT x
sfi-1 and sfi-1 x WT lines. A. Beanplot graph displaying significant mature seed area differences between WT x WT, sfi-1 x
sfi-1, WT x sfi-1 and sfi-1 x WT. Dotted line is the average of all seeds samples. Letters present significant differences between
samples (One-Way ANOVA, Tukey’s test. P < 0.05). B. Seed germination rates between WT x WT, sfi-1 x sfi-1, WT x sfi-1
and sfi-1 x WT. Values are means ±s.d, n = 4 biological replicates.

sfi-1 plants were closely inspected throughout the vegetative growth phase in order to analyse any visual
developmental aberrations that deviated from WT. However, sfi-1 plants were similar to WT during vegetative
growth. Next, plants were analysed at the time of flowering. A higher number of unfertilised pistils were observed
on the primary stem of sfi-1 when compared to WT. For this reason counts of unfertilised pistils on the primary
stem of sfi-1 were conducted and compared to WT. Interestingly, a significantly higher number of unfertilised
pistils were observed in the sfi-1 background compared to WT on the primary stem (Figure 17). In some cases,
up to 12 unfertilised pistils were observed on the primary stem of sfi-1 but this varied between plants. In addition,
all sfi-1 plants analysed showed that fertility was regained later during development as full WT-like siliques were
observed (Figure 17A).
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Figure 17: sfi-1 is defective in early fertility on primary stems. A. unfertilised pistils observed in sfi-1 on the primary stem
when compared to WT. Significant (P <0.05 Student’s t-test) differences between fertilised and unfertilised pistils observed
between sfi-1 and WT during early stages of seed setting. Values are means ±s.d, n = 12.

Gametophytic phenotypic analysis sfi-1

Investigation were conducted into whether there were any gametophytic defects in sfi-1 that may cause the
infertility observed earlier. Pollen viability tests were subsequently conducted and presented abundant amount of
viable pollen from anthers of both sfi-1 and WT. Pollen counts per anther between sfi-1 and WT were also
performed. However, no significant differences in the number of pollen per anther was observed between WT and
sfi-1 (Figure 18B). In addition, in vitro pollen germination was conducted between sfi-1 and WT, in order to assess
any defects in pollen germination. Pollen germination tests indicated no significant difference between WT and
sfi-1 (Figure 18C).WT pollen germinated at an average rate of 60 % whereas sfi-1 germinated at an average rate
of 80%.
Next, carpels were cleared with Hoyers solution and were visualised in order to count ovules of both sfi-1 and
WT and to assess any general aberrations of the female gamete which could contribute to the lack of fertility
observed in sfi-1. Results showed no significant difference in ovule number between sfi-1 and WT (P >0.05
Student’s t-test) (Figure 19). Also no major aberrations were observed in the morphology of both the carpels and
ovules in sfi-1 when compared to WT (Figure 19).
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Analysis of whether inheritance of a defective allele of SFI causes deleterious effects to developing progeny was
carried out. Reciprocal crosses of sfi-1 to WT were generated to create a manually selfed seed series consisting of
WT x WT, sfi-1 x sfi-1, WT x sfi-1 and sfi-1 x WT. Upon analysis of %ANU across the series, nearly 100%
fertility was observed in all cross directions (Table 5). Taken together this data suggests that infertility observed
in sfi-1 is not due to a gametophytic or imprinting effect but rather due to a sporophytic effect.
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Figure 18: sfi-1 does not display defects in pollen development or germination. A. Alexander stains of WT and sfi-1 pollen.
B. Pollen counts of sfi-1 and WT. Error bars are means ±s.d, n = 3 biological replicates. C. Pollen germination of sfi-1 and
WT. D. % pollen germination between WT and pollen. Error bars are means ± s.d, n = 3 biological replicates.
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Figure 19: No significant difference in number of ovules per carpel between WT and sfi-1. A. Clearings of sfi-1 and WT
carpels. B. The average number of ovules per carpel in sfi-1 and WT. No significant difference in number of ovules were
observed between WT and sfi-1 (Student’s t-test P>0.05). Error bars are means ± s.d, n = 3 biological replicates.

Table 5 %ANU of reciprocal crosses of manually selfed WT x WT, sfi-1 x sfi-1, sfi-1 x WT and WT x sfi-1 series.
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sfi-1 is defective in proper filament elongation.

The floral organs of sfi-1 were next analysed in search for any subtle floral defects. Upon closer visual
observations it was observed that in many cases the stigma was protruding from the petals in sfi-1 which was
predominantly not seen in WT floral organs. Next the stamens were studied in closer detail (Figure 20). Care was
taken in order to investigate flowers at the same stage in development. Approximately stages 13 and 14, flowers
were tested. This is the time when the stigma and dehisced anthers are at similar lengths but pollination has not
yet occurred (Smyth et al., 1990). Results show that the stamens of sfi-1 were significantly (P <0.05) shorter than
that of the WT stamens.
Normal anther dehiscence was observed in sfi-1. It was observed that anthers were not reaching the mature stigma
for correct pollination. Healthy, mature and receptive stigmas were also observed at this point. Next, the stamen
to gynoecium ratio was measured (Figure 20B). If the gynoecium:stamen ratio is = 1 then both at are at the same
length and as a result pollination would likely occur. Figure 20B shows that the ratio in sfi-1 was significantly
lower than WT (P<0.01 Student’s t-test). This suggests that either the stamens are not tall enough to reach the
stigma for successful pollination or the carpels are too long for correct self-pollination. For this reason
measurements of the length of mature stamens were performed and compared to WT mature stamen length.
Stamens were counted as mature when they were fully dehisced. Figure 20C shows that sfi-1 had significantly
shorter (P<0.01 Student’s t-test) mature stamens compared to WT.
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Figure 20: sfi-1 is defective in stamen elongation A. Floral morphology of sfi-1 compared to WT. Line is 1 mm. B. ratio of
gynoecium to stamen length. Error bars are means ±s.d, n = 21 biological replicates. C. Significantly shorter mature stamens
in sfi-1 compared to WT. Error bars are means ±s.d, n between 39 and 57 biological replicates (P<0.01 Student’s t-test).
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Expression pattern of SFI in Arabidopsis thaliana

Microarray datasets were mined in order to gain a better understanding into the global expression pattern of SFI.
Figure 21 displays the global expression pattern of SFI. The highest expression was observed within the
developing seed at embryo heart stage.
In order to validate the expression profile, RNA extractions and subsequent qRT-PCRs were performed on both
mature filament tissue and developing seeds ranging from 3 DAP – 7 DAP for both WT and sfi-1. No reliable
signals were observed when qRT-PCRs were performed on filaments for both WT and sfi-1. However, as
expected, the seed expression patterns of SFI peaks at 5 DAP in the seed and sharply reduces in expression
afterwards which complements the microarray datasets (Figure 22).
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Figure 21: Global expression pattern of SFI. Expression in the stamens is marked with a *. Data extracted from EFP browser
(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Data is normalised by the GCOS method, TGT value of 100 (Winter et al.,
2007).
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Figure 22: Expression pattern of SFI developing seeds from 3 DAP - 7 DAP. Expression is relative to ACT2. Values are
the mean and ± s.d from two biological replicates.

A cis-paralog of SFI lies within 3 kb of the SFI gene

An investigation was next carried out to identify any other genes with genetic relatedness to SFI in the Arabidopsis
genome. A BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was carried out on the nucleotide sequence of
SFI (Figure 23B, C). A gene named AT1G61320 was identified that presented sequence similarity to SFI.
Interestingly, it was an additional FBD domain containing protein. It was found that AT1G61320 is located ~3 kb
upstream to SFI. The protein domains were again predicted using interPro (http://www.ebi.ac.uk/interpro/).
Similar to SFI, AT1G61320 contained three exons and two introns. However, the F-BOX domain present in SFI
was absent in AT1G61320 (Figure 23A).
BLAST sequence results with subsequent sequence alignments indicated the first exon was the most diverse
(69.2% similarity) followed by the second exon (78.18% similarity) and finally the third exon which was nearly
identical in sequence similarity (99.66% similarity).
Next, expression of AT1G61320 was conducted. When compared to SFI, the expression in the seed was somewhat
similar with a peak of expression observed at 6 DAP in AT1G61320 rather than 5 DAP in SFI (Figure 23D, E).
If the expression patterns of SFI and AT1G61320 are similar (Figure 23D, E) then perhaps they may share
redundant functions. In order to test this hypothesis T-DNA knockout lines for AT1G61320 were obtained and
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homozygous lines were tested to see if they phenocopied SFI. This mutant was named sfi-like1-1. The location
of the T-DNA insertion resided within the first intron of SFI-LIKE1.
Similar to what was performed on sfi-1 the number of unfertilised pistils were counted on the primary stem of sfilike1-1 and were compared to WT and sfi-1. As expected sfi-1 displayed a higher rate of unfertilised pistils
compared to WT which is what was observed before (Figure S 6). Interestingly however, when compared to WT,
sfi-like1-1 displayed no significant difference (P < 0.05 Student’s t-test) in the number of unfertilised pistils on
the primary stem.
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Figure 23: AT1G61320 shares sequence similarity to SFI. A. Protein domain predictions of AT1G61320 (image amended
from interPro (http://www.ebi.ac.uk/interpro/). B. Gene structure of AT1G61320 and graphical representation of sequence
similarity between AT1G61320 and AT1G61330. Large green lines are exons while slender lines are introns. Arrows present
the direction of transcription. Red lines present sequence mismatches between the two alignments whereas grey boxes
represent sequence similarities. Figure amended from the NCBI Basic Local Alignment Search Tool (BLAST) tool
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). C. Representation of the percentage sequence similarity between AT1G61330 and
AT1G61320. Included are similarities between the full genomic sequence, CDS, and exons one to three. D. Expression of SFI
(AT1G61330) from 3-7 DAP. E. Expression of AT1G61320 from 3-7 DAP. Samples are normalized to ACT2. Values are
mean and ±s.d of four biological replicates.
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SFI is co-expressed with genes regulating gibberellic acid signalling

In order to gain insight into the potential mechanistic function of SFI we used a web based tool called plaNet
(http://aranet.mpimp-golm.mpg.de/index.html) in order to identify co-expressed genes to SFI. Upon analysis of
the co-expressed genes within the analysed cluster many genes regulating gibberellic acid signalling were
observed. These included genes, AT4G02780, AT1G60980, AT2G30810 and AT1G80330 which aid in
regulation and biosynthesis of gibberellic acid (Table 6). In addition, genes acting in regulation of the
SKYP/SCF mediated polyubiquitination pathway were also observed (Table 6).

Table 6: SFI is co-expressed with genes regulating gibberellic acid signalling:
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Discussion
Imprinted genes with signatures of PDS do not display high rates of unfertilised ovules or seed abortion

This chapter assessed if there is any functional role for imprinted genes that display signatures of PDS. To date
the only discovered imprinted gene that displays features of PDS and also serves a functional role in plant
development is MEA in the species Arabidopsis Lyrata (Spillane et al., 2007). In total, 39 imprinted genes were
identified as displaying signatures of PDS.
Results from this study shows that most mutants presented full seed set with low levels of unfertilised ovules and
seed abortion (Figure 13). This somewhat contradicts the PCT as it would be predicted that imprinted genes that
display positive selection are being conserved for some important function as is the case with MEA (Spillane et
al., 2007).
However, upon analysis of the seed size of the 27 mutants tested in this study, all mutants bar two (mutants #4
and #36) showed significantly lower (P <1.17E-82, Student’s t-test with posthoc Bonferroni correction) seed area
when compared to WT. This may suggest that imprinted genes displaying signatures of PDS may be serving some
role towards regulating seed size. However, caution must be taken with this result as seed area data is difficult to
reproduce reliably and is heavily influenced by environmental conditions which can lead to spurious
interpretations of data (Van Daele et al., 2012). For example a study conducted by Van Daele et al., (2012) studied
14 Arabidopsis thaliana mutant lines that were previously reported to affect seed size. Additional replication of
seed size analysis with these mutants revealed only nine having a comparable effect (Van Daele et al., 2012).
Future work will involve replication of seed size studies with rigorous control of the environmental conditions in
order to fully investigate effects on seed size on these mutants.
There may be some limitations in the experimental design which may have hindered identification of functional
roles for imprinted genes displaying PDS. Firstly, due to the experimental design of the study some (12 out of the
39) mutants were omitted from the study. It was decided that only homozygous mutants were to be used in this
study. The fact that some mutant lines either could not be genotyped, or were only identified as being heterozygous
for the T-DNA insertion could suggest that the creation of homozygous lines would have been impossible to create
for some lines due to lethal inheritance of homozygous mutations. Due to the design of this study potentially
interesting reproductive phenotypes could have been missed. In addition, for three genes, AT2G28380,
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AT1G23320, AT4G18650 no suitable T-DNA mutant lines were available. Again these lines could have presented
interesting functional roles but could not be analysed. Novel techniques like targeted mutagenesis which will be
discussed in the next chapter could help to create knockout null mutants of these genes quickly and efficiently and
thus give a more complete picture into the function of these genes.
In addition, this study only focused on analysing reproductive traits in the mutants tested. Perhaps the genes
analysed in this study serve functions in other areas of plant development. For this reason novel phenotypes may
have been overlooked. However, upon visual inspection of the vegetative phase of all mutants no obvious
phenotypes deviating from a WT phenotype were observed.

sfi-1 affects mature seed size development and filament extension

From this screen one mutant line named sfi-1 showed a higher rate of unfertilised ovules (Figure 13). Results
indicate that the higher rate of unfertilised ovules is not caused by a gametophytic effect as pollen seemed to be
viable in both WT and sfi-1(Figure 18) and no significant difference in the number of pollen per anther or pollen
germination was observed. Visual inspection of carpels were comparable to WT. In addition, the number of ovules
per silique did not deviate from WT levels (Figure 19). Taken as a whole these results suggest that the phenotype
observed in sfi-1 is not caused by gametophytic abnormalities. In addition, transmission of a defective allele of
SFI is not lethal. For these reasons the fertility effect observed was not due to a gametophytic effect but mostly
likely due to a sporophytic effect.
Closer analysis of floral organs revealed significant (P<0.05 Student’s t-test) differences between the length of
mature filaments between WT and sfi-1. Mature sfi-1 filaments were much shorter than WT and failed to pollinate
receptive stigma and as a result a reduction of pollination was observed on the primary stem of sfi-1.
Herkogamy can be defined as the spatial separation of female and male organs within a flower of hermaphroditic
plants (Lloyd et al., 1986, Barrett 2003, Luo et al., 2013). In general, high rates of herkogamy is usually observed
within outcrossing species in order to reduce rates of self-pollination (Barrett 2003, Luo et al., 2013). However,
herkogamy is predicted to be low in selfing species (Barrett 2003). In the predominantly selfing Arabidopsis
thaliana species herkogamy varies with outcrossing rates ranging from ~0% (which is observed in accessions like
Col-0, C24 etc.) up to 10% (Abbott et al., 1989, Bomblies et al., 2010). For example, two accessions named BRA
and SIM exhibited high rates of herkogamy and resulted in low rates of autonomously selfed seeds in certain
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environments (Luo et al., 2013). For sfi-1, higher rates of approach herkogamy was observed when compared to
WT indicating that SFI may play a role in herkogamy in Arabidopsis thaliana.
Interestingly, sfi-1 seed size is significantly smaller than WT (P<0.05 Student’s t-test). Also, by addition of a
functional SFI allele in a heterozygous state, seed size exceeds WT levels significantly (P<0.05 Student’s t-test).
This result is curious as it indicates that the inclusion of SFI in a heterozygous state contributes to a heterotic
increase in seed size compared to its parents. Reports linking single genes in a heterozygous state with increases
in heterotic traits have been reported (Krieger et al., 2010, McKeown et al., 2013, Ryder et al., 2014). For example,
heterozygosity for tomato loss-of-function alleles of SINGLE FLOWER TRUSS (SFT), which is the genetic
originator of the flowering hormone florigen (which acts to regulate flowering time (Turck et al., 2008)), increases
yields by up to 60% (Krieger et al., 2010).
By analysing the seed germination rates between WT x WT, sfi-1 x sfi-1, and sfi-1 x WT there was no significant
(P>0.05 Student’s t-test ) difference in seed germination rates. However, when comparing the rates of germination
between WT x sfi-1 and the rest of the series these seeds had a significantly (Student’s t-test < 0.05) slower
germination rate. At 5 days after germination 95% of sfi-1 seeds had germinated whereas only 37% of WT x sfi1 seeds had germinated at this time. Even more curious is the fact that there is a large difference in the rate of
germination between WT x sfi-1 and sfi-1 x WT (Figure 16B). This indicates that even with a functional copy of
SFI in the heterozygous lines there are still parent-of-origin effects occurring that contribute to differences in
germination rates.
Global expression patterns revealed that highest expression of SFI was detected at the embryo heart stage of
developing seed. However, low expression was observed in filament tissues (Figure 21). Although this expression
pattern may fit with the seed size result observed (Figure 16) it was puzzling that defects in filament elongation
was observed without strong expression in the filaments. Attempts were made to perform qRT-PCR on filament
tissue between WT and sfi-1 however no reliable results were obtained from this. This is most likely due to the
fact that SFI is either lowly expressed in filament tissue or due to low amount of starting filament tissue being
used for RNA extractions. In addition, a reporter line using the promoter of SFI fused to either GFP or GUS was
attempted to be made in order to visualise the expression pattern of SFI. However, a reliable amplicon spanning
the promoter of SFI could not be produced. This difficulty in amplifying the promoter may be due to a large
transposable element within the promoter region. Further studies will need to be carried out to understand the
function of SFI in the filament tissue.
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Whether the sites annotated to be under PDS in SFI serve any functional role for the seed size and filament
elongation effects observed in sfi-1 remains to be investigated. A way to verify whether these sites are important
for the function of the gene is to replace these sites with its ancestral amino acid sites. If the seed size and filament
elongation effects observed in sfi-1 are absent in the mutant containing the ancestral sites then one could
hypothesise that these sites display a functional importance. In order to do this one could perform genome editing
on this gene to remove the portion of DNA containing these sites and replace it with a sequence containing the
ancestral sites. Cas9 mediated gene editing is a new technology which allows researchers to efficiently perform
gene targeting and gene replacement studies (Schiml et al., 2014). This tool could perhaps be used to insert
targeted fragments of DNA into the SFI gene in order to study the function of the sites annotated to be under PDS.

SFI shares sequence and expression similarity with a gene that lies 3 kb from each other

In addition, a paralog of SFI was identified in the Arabidopsis thaliana genome named SFI-LIKE1 (AT1G61320).
Expression patterns are similar between the two genes (Figure 23). Knockout studies of the paralog showed no
filament extension observed in sfi-like1-1. This may indicate that neofunctionalization has occurred between these
genes. It must also be noted that the T-DNA insertion of sfi-like1-1 was located in an intron. This may alter its
effectiveness towards creating a null sfi-like1 mutant. In order to investigate whether SFI-LIKE1 shares functional
redundancy with SFI a null sfi-like1 mutant would need to be obtained in order to assess if it phenocopies the
effects seen in sfi-1.

Potential molecular mechanism for SFI

Stamen elongation is tightly regulated by gibberellic acid signalling (Cheng et al., 2004). It may be possible that
SFI plays functional roles in gibberellic acid (GA) signalling. In addition, SFI is also co-expressed with genes
regulating GA biosynthesis and regulation and also with genes regulating polyubiquitination (Table 6). F-BOX
proteins are known to degrade DELLA proteins which function to suppress GA related traits like cell elongation
and expansion (Cheng et al., 2004). Perhaps SFI plays a role in DELLA protein degradation. One possible
mechanism is explained in Figure 24. When DELLA proteins are actively expressed, GA traits (such as filament
elongation and cell expansion) are repressed (Cheng et al., 2004). However, when GA becomes synthesised they
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bind to a GA transporter like GA INSENSITIVE DWARF1A (GID1) which interacts with DELLA proteins
(Shimada et al., 2008). Then specific F-BOX proteins are recruited which subsequently recruit other members of
ubiquitination family (Lechner et al., 2006). The DELLA protein becomes tagged with ubiquitin and then the
protein is degraded by the proteasome and subsequently GA related traits are enhanced (for reviews on this see
(Skowyra et al., 1997, Lechner et al., 2006)). Perhaps SFI has a role to play in targeting DELLA proteins or
specific genes that repress cell expansion or stamen elongation. If for example SFI was knocked out, the protein
contributing to the reduced filament elongation would continue to be expressed thus inhibiting correct filament
extension. In addition, GA is also important for seed development (Singh et al., 2002) and germination
(Debeaujon et al., 2000) which somewhat complements the seed size effects observed in sfi-1 (Figure 16).
In addition, some knock out mutants related to both the signalling and transportation of important hormones like
GA, Jasmonic acid (JA) and Brassinosteroid share similar floral phenotypes to sfi-1. For example the protein
GA1 which catalyses the conversion of geranylgeranyl pyrophosphate (GGPP) to copalyl pyrophosphate (CPP)
in the gibberellin biosynthesis pathway displays reduced filament extension (Cheng et al., 2004). BES1INTERACTING MYC-LIKE 1 (BIM1) which is a gene involved in brassinosteriod signalling also displays
shortened stamen elongation which leads to sterility (Xing et al., 2013). Finally, Saito et al., (2015) found that
GTR1 (AT3G47960) is a major hormone transporter of jasmonoyl-isoleucine and gibberellin in Arabidopsis
thaliana and that gtr1 knockout mutants phenocopy sfi-1 in that filament elongation is supressed. These studies
suggests that misregulation of hormone signalling, especially gibberellic acid has strong effects on filament
elongation (Cheng et al., 2004, Xing et al., 2013, Saito et al., 2015). Based on the phenotypes (seed size effects
and filament elongation) observed in these studies it suggests that SFI may play a role in hormone signalling in
the filaments in order to maintain correct timing of self-fertilisation.
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Figure 24: Possible mechanism for the function of SFI. A. In the absence of bioactive GA and in the expression of DELLA
proteins suppression of GA related traits like cell expansion are observed. B. In the presence of bioactive GA, GA interacts
with the DELLA proteins in order to recruit specific F-BOX proteins to form an SCF complex. This SCF complex causes
polyubiquitination of the specific DELLA protein. This DELLA protein then gets transported to the proteasome for protein
degradation. This then leads to upregulation of GA related traits. C. One possible mechanism for the function of SFI would be
involved in SCF mediated polyubiquitination and degradation of DELLA proteins (or other proteins regulating GA responses).
If SFI is annotated to bind to one of the DELLA proteins for subsequent degradation then absence of SFI will cause ectopic
accumulation of DELLA proteins and thus suppress normal GA related traits.
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Chapter 5: Cas9 mediated targeted mutagenesis in Arabidopsis thaliana
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Introduction
Arabidopsis thaliana reverse genetic screens are limited by availability of mutant lines for genes of interest
(Alonso et al., 2003). However, a new genome editing tool has emerged which aids molecular biologists in
creating null mutant lines quickly and efficiently. Named as the Cas9 (CRISPR associated 9)/sgRNA (single guide
RNA) system it consists of an endonuclease named Cas9 and an engineered sgRNA (Jinek et al., 2012, Li et al.,
2013). In this system an sgRNA that contains a 20 bp guide sequence matching an endogenous region of interest
guides the Cas9 to induce targeted double stranded breaks (DSB) in vivo. DSBs are repaired by either the
homologous recombination (HR) pathway or the error prone non-homologous end-joining (NHEJ) pathway to
create novel mutations at target genomic sites (Fauser et al., 2014, Feng et al., 2014, Schiml et al., 2014, Schiml
et al., 2016).
In order to achieve efficient targeted mutagenesis using the Cas9/sgRNA system it is important that the sgRNA
and Cas9 are efficiently expressed at high levels in Arabidopsis thaliana. The RNA Pol III promoter (pU6) is
typically used to express the sgRNA (Belhaj et al., 2013, Schiml et al., 2016). U6 promoters control transcription
by RNA polymerase III, which is specific for the production of short non-coding RNAs allowing for precise
transcription of the sgRNA (Ma et al., 2014, Schiml et al., 2016). Various promoters have been used to express
the Cas9 ranging from the cauliflower mosaic virus 35S promoter (35S) to promoters that are specifically
expressed in either meristematic (Hyun et al., 2015, Yan et al., 2015) or germline tissue (Wang et al., 2015).
Multiple studies have reported that Cas9 driven off the 35S promoter (35S:Cas9 hereafter) can create high levels
of T1 mutation frequencies (up to 92% 1 bp deletions) (Feng et al., 2014, Ma et al., 2015) with subsequent stable
inheritance of targeted mutations (Feng et al., 2014). However, it has been reported that higher levels of T1
homozygous mutations using a Cas9 driven off an egg cell specific promoter can be achieved when compared to
a system using the 35:Cas9 (Wang et al., 2015). It was reasoned that by inducing direct expression only within
the egg cell, higher rates of heritable mutations were possible and unwanted somatic off target mutations could be
reduced. In addition, potential transgene silencing mediated by post transcriptional gene silencing (PTGS) which
is observed in some systems using the constitutive expression of the 35S is avoided (Elmayan et al., 1996). This
provides a rationale for using a targeted mutagenesis system with a Cas9 driven of germline specific promoters.
Targeted and stable mutations can be achieved in Arabidopsis thaliana but at various levels of mutation frequency
(Cho et al., 2014, Feng et al., 2014, Schiml et al., 2014, Hyun et al., 2015, Ma et al., 2015, Yan et al., 2015, Yan
et al., 2016). However, reports have shown that Cas9 mediated mutational efficiencies are significantly higher in
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crop plants like rice when compared to Arabidopsis thaliana even when both systems use the 35S:Cas9 (Liang et
al., 2014, Ma et al., 2015). The creation of transgenic crops are usually performed by either biolistic transformation
or in vitro Agrobacterium mediated transformation followed by rounds of tissue culture in order to regenerate a
plant harbouring the desired mutation (reviewed by Birch (1997)). However, in Arabidopsis thaliana, the most
common transformation method is Agrobacterium mediated transformation via floral dip (Clough et al., 1998).
Polyploidy can be defined as an organism that possesses three or more complete copies of the nuclear chromosome
set (De Storme et al., 2013). Previously undiscovered functions of genes can be discovered in polyploid
backgrounds (Wolff et al., 2015). For example, polyploid assisted gene function studies have aided in linking
imprinted genes with the process of blocking interploidy hybridisations (Kradolfer et al., 2013, Wolff et al., 2015).
In addition, isogeneic polyploids can present positive agronomic traits compared to its 2x counterpart (Fort et al.,
2015) presenting a need to study polyploidy at a fundamental level. However, gene function studies are hampered
by limited availability of null polypoid mutant lines as most T-DNA knockout mutants are in a 2x background
(Alonso et al., 2003). At present in order to create polyploid knock out mutants in order to study gene function
one of the most common methods is by treatment of 2x mutant plants with a cytokinesis inhibitor called colchicine
(Adams et al., 2003, Lehrer et al., 2008). Although this technique has been successful in creating polyploids in
many species (Song et al., 1995, Adams et al., 2003, Adams et al., 2004, Schranz et al., 2004), colchicine is highly
carcinogenic and must be used with care (Paget et al., 1960, Mailhes et al., 1987). Also, colchicine doubling is
not always effective at creating fully stable polyploidized plants and often high rates of aneuploidy is observed
(Mailhes et al., 1987, Schmid et al., 1999, Lehrer et al., 2008). For these reasons it was felt that the Cas9/sgRNA
system for creating stable mutant polyploid lines could be a safer, quicker and more effective alternative to
colchicine mediated chromosome doubling.
This chapter assesses the potential for creating null mutant lines for the METHYLTRANSFERASE 1 (MET1) gene
using the Cas9/sgRNA system in Arabidopsis thaliana. MET1 is an epigenetic regulator that maintains CG
methylation in Arabidopsis thaliana (Kankel et al., 2003). MET1 was one of the three epigenetic regulators that
showed significant dysregulation between the 21 °C/28 °C conditions in chapter 3 (Figure 11). Reports also show
that hypomethylated pollen mediated by MET1 repression can result in a rescue of seed abortion in interploidy
crosses suggesting that MET1 may function in undiscovered processes in a 4x background (Schatlowski et al.,
2014). For these reasons it was felt that MET1 would be a suitable gene to target using the Cas9/sgRNA system.
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The results in this study demonstrate that targeted mutagenesis of MET1 using the 35:Cas9 is inefficient at causing
stable heritable mutations. In addition, callus induction failed to increase targeted mutations of MET1 using the
Cas9 driven off the 35S promoter. However, by using a Cas9 driven by an egg cell specific promoter, high rates
of heritable mutations were observed when targeting the trichome related gene TRANSPARENT TESTA GLABRA
1 (TTG1). Heritable targeted mutations in the TTG1 gene was also achieved in a tetraploid background.
Furthermore by using the Cas9 driven off the egg cell specific promoter to target MET1 using two sgRNAs, a
large 5.2 kb genomic fragment was deleted from the Arabidopsis thaliana genome. Taken together these results
show that expression of Cas9 within germline tissues increases targeted mutation efficiencies in Arabidopsis
thaliana.
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Materials and methods
Molecular biology reagents

A toolbox for engineering Cas9 mediated gene editing binary vectors was acquired from the Sophien Kamoun lab
(http://kamounlab.tumblr.com/). Using this toolkit a 35S:Cas9 was engineered with an sgRNA to target
METHYLTRANSFERASE 1 (MET1). In addition, by using a toolkit supplied by the Qi-Jun Chen lab
(http://en.cau.edu.cn/) a Cas9 driven off the EGG CELL 1.2 (EC1.2) promoter accompanied by an sgRNA was
used to target both MET1 and TTG1. pMDC163 was acquired from the Grossniklaus Lab
(http://www.botinst.uzh.ch/en/research/development/grossnik.html) (Curtis et al., 2003).

sgRNA design, cloning and transformation

The list of vectors used in this study including the vector maps can be found in the vectors section of the
supplementary data. Each construct was engineered to contain a DNA sequence coding for a Cas9 derived from
Streptococcus pyogenes and an sgRNA engineered to contain a 20 bp guide sequence to target a gene of interest
in order to generate targeted mutations within the Col-0 accession. sgRNA guide sequences were designed specific
to the TAIR10 reference assembly for Arabidopsis thaliana either using E-CRISP (http://www.e-crisp.org/ECRISP/aboutpage.html) for MET1 guides in pAGMCas9:MET1 or CRISPR P (http://cbi.hzau.edu.cn/crispr/) for
TTG1 guides and MET1 guides (in pHEETTG1 and pHEEMET1, respectively). Default parameters were used in
order to design both guide sequences.
pAGMCas9:MET1 was generated via the golden gate method described in Weber et al., (2011). A PCR amplicon
was created with a forward primer consisting of a BsaI restriction site sequence and the 19 bp sgRNA targeting
MET1 accompanied by a reverse primer also containing a BsaI site. These primers were subjected to PCR with
pICH86966 as a template in order to create an amplicon consisting of an sgRNA sequence to target MET1 flanked
by BsaI sites.
This amplicon was digested with BsaI along with pICSL01009 (which contains the pU6) and was ligated into
pICH47751 to create pICH47751_U6:MET1 according to Belhaj et al., (2013). This vector was then digested with
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BbsI (NEB) along with pICH47732 (contains kanamycin resistance gene), pICH47742 (contains 35:Cas9) and
pICH41766 (contains a ligation linker module for ligation to pAGM4723 ) and were ligated into pAGM4723 via
the golden gate assembly method according to Weber et al., (2011) in order to create the vector
pAGMCas9:MET1.
pHEE2A-TRI was generated previously by (Wang et al., 2015). pHEETTG1 was generated in a similar method
described in Xing et al., (2014). In short, 2 self-annealing oligo’s were designed with the 19 bp guide sequence
targeting TTG1. These ligated oligo’s contain overhanging sequences matching the sticky ends created by BsaI
digestions of pHEE401. These oligo’s were digested and ligated into pHEE401 using BsaI to create pHEETTG1.
In order to create pHEEMET1 first the two sgRNA sequences were designed and incorporated into PCR a forward
primer (DT1-BsF: TTG D1) and reverse primer (DT2-R0: TTG D2), respectively. The PCR fragment was
amplified from pCBC-DT1T2. This amplicon was then digested with BsaI and ligated into pHEE401 in order to
create pHEEMET1.
The pGEM®-T Easy vector was sourced from promega and ligation and transformations were performed under
manufacturer’s instructions. The pMDC35S:GUS vector was engineered by amplifying the full 35S promoter
sequence from the pAGMCas9:MET1 vector using PCR. This amplicon was then ligated via the golden gate
method into pDONOR207. This vector was then recombined into pMDC163. The 35S promoter was recombined
in frame with the GUS sequence to allow for correct, in frame transcription of the GUS (β-glucuronidase) gene.
Unless otherwise stated all vectors in this study were transformed into Col-0 2x lines via the floral dip method
(Clough et al., 1998) and were selected on petri plates with the appropriate antibiotics

Restriction digestion based mutation screen

The sgRNA sequence targeting MET1 in the pAGMCas9:MET1 vector spans an MseI restriction site in the
predicted region of where the Cas9 enzyme should cleave the DNA in vivo (Figure 26A). Disruptions to this
sequence prevent digestion of the DNA sequence by MseI. PCRs were performed with primers spanning the MET1
sgRNA sequence in 25 µl total volume. 5 µl of amplicon were subjected to gel electrophoresis to verify the
presence of the amplicon. 20 µl of amplicon was subjected to restriction digestion (10 units of MseI (NEB) with
1x CutSmart® Buffer (NEB)). Digested products were then subjected to gel electrophoresis and were visualised
under a UV transilluminator.
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Callus induction and plant regeneration of Arabidopsis thaliana plants

Callus induction was performed as described by Sugimoto et al., (2013) with minor modifications. In short, seeds
from T1 pAGMCas9:MET1 lines were selected on callus inducing media (CIM) (Sugimoto et al., 2013). CIM
media consisted of 1x Gamborgs salts (Sigma), 3% w/v glucose and 1% v/v Gamborgs vitamins adjusted to a PH
of 5.7 supplemented with 0.8% w/v agar (sigma). CIM petri plates were also supplemented with 0.5 mg/L 2,4dichlorc~phenoxyacetic acid (2,4-D) (Sigma) and 0.2 mg/L 6-furfuryl-aminopurine (kinetin) (Sigma) along with
50 mg/ml Kanamycin and 5 µg/ml meropenem. DNA was extracted from 15-17 week old calli for mutation
detection analysis.

β-glucuronidase (GUS) staining

For GUS staining, plants were incubated for 30 min in 90% (v/v) acetone (Sigma) on ice, rinsed with 50 mM
sodium phosphate buffer, pH 7.0, and incubated for 17 h at 37 °C in staining solution (0.5 mg /mL−1 X-Gluc [5bromo-4-chloro-3-indolyl-β-D-glucuronide] (Sigma), 50 mM sodium phosphate buffer, pH 7.0, 0.5 mM
potassium ferricyanide (Sigma), and 0.1% [v/v] Triton X-100(Sigma)). After staining, samples were washed with
50 mM sodium phosphate buffer, pH 7.0, and cleared in 70% (v/v) ethanol. The GUS histochemical staining was
visualized under a stereo microscope.

pHEEMET1 PCR based genotyping

Two primers were designed flanking the endogenous sequence that matched the sequence of the two sgRNAs
from

pHEEMET1

(Figure

36A).

These

primers

were

named

sgRNA_met1_identify_F

and

sgRNA_met1_identify_R. An approximate ~5284 bp amplicon would be present if no targeted mutation had
occurred. However, an amplicon size of ~600 bp would be present if both sgRNAs had successfully caused a DSB
with subsequent NHEJ mediated DNA repair (Figure 36). DNA was extracted from each T1 plant and were
genotyped by PCR and subsequent gel electrophoresis.
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Results
Targeted mutagenesis of MET1 using pAGMCas9:MET1

One hundred kanamycin resistant plants were recovered from selection. Of these 100 plants, 58 tested positive by
PCR for the presence of the Cas9 sequence, confirming the integration of the T-DNA from pAGMCas9:MET1
(Figure 25 and Figure 26B). The MseI mediated restriction digestion based mutation screen revealed that one out
the 58 T1 plants showed resistance to MseI digestion (Figure 26D). This mutant was named Cas9-MET1 #63.
Of the 58 PCR confirmed mutant plants examined, one presented more auxiliary leaves and delayed flowering
(Cas9-MET1 #63) which is a phenotype described in established met1 mutant lines (Kankel et al., 2003, Mathieu
et al., 2007). Restriction digestion based mutant screening of these 58 plants confirmed that Cas9-MET1 #63
harboured a mutation in the target site (Figure 26D).
Amplicons of the targeted region of MET1 from T1 Cas9-MET1 #63 gDNA were cloned and sequenced using the
same primers used for restriction based screening which spanned the predicted mutation site. One of five clones
demonstrated a nucleotide substitution. At position 211 in the cDNA sequence positon of MET1 a C was present
instead of expected T (c.211 T>C). This substitution was present in the expected region of Cas9 mutagenesis,
three base pairs upstream of the PAM (Figure 26E).

Figure 25: Schematic representation of a portion of the expression cassette of pAGMCas9:MET1. 2x35S = 2x cauliflower
mosaic virus 35S promoter. nost = Agrobacterium tumefaciens derived NOPALINE SYNTHASE (nost) terminator. AT-pU6 =
Arabidopsis thaliana derived U6 promoter. MET1 sgRNA = sgRNA targeting MET1.
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Figure 26: Targeted mutagenesis of the MET1 gene using the 35S:Cas9. Sequencing and phenotype analysis of targeted
mutations of the MET1 gene in Arabidopsis thaliana. A. sgRNA target sequence. Red box indicates the MseI restriction site.
Lighting arrow indicates predicted DSB site. B. Table indicating the number of T1 pAGMCas9:MET1 mutants that present a
met1 phenotype. C. Phenotype of Cas9-MET1 #63 compared to WT. Line is 3.5cm. D. MseI digestion of T1 plants harbouring
the pAGMCas9:MET1 vector. A strong undigested band was observed in one of the samples named Cas9-MET1 #63. WT
sample is also labelled. E. Sequence chromatograms of WT and mutant sequenced clones. Also included is multiple alignments
of the five sequenced clones derived from Cas9-MET1 #63 leaf tissue.
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T2 pAGMCas9:MET1 screening presents no evidence of targeted mutations

.
Seeds of T1 pAGMCas9:MET1 plants were manually harvested and each of the 58 PCR confirmed T1
pAGMCas9:MET1 progeny were sown out on soil. 10 seeds from each of the 58 T2 lines were sown on soil. T2
plants were closely inspected for met1 related phenotypes (i.e. late flowering, more auxiliary leaves compared to
WT). However, out of all the 58 T2 populations assessed, all presented a WT like phenotype. In addition, close
inspection for any met1 related T2 phenotypes from Cas9-MET1 #63 offspring was also conducted, in which a
potential met1 like phenotype was seen in the T1 generation. However, no met1 related phenotypes were observed
in T2 progeny of Cas9-MET1 #63.

Plant callus harbouring a pAGMCas9:MET1 vector does not show any evidence for increased rates of targeted
mutagenesis

Direct callus sequencing of 15 week old callus containing the pAGM:Cas9:MET1 vector resulted in no evidence
of targeted mutagenesis (Figure 27A). Sequencing of 19 clones from a single callus showed presented a c.211
T>C a T to substitution in a single clone (#5) at the predicted DSB target site in MET1. Another clone (#1)
presented a c.204 T>C substitution.
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Figure 27: Callus induction does not increase rates of targeted mutagenesis in Arabidopsis thaliana. Sequencing of callus
harbouring pAGMCas9:MET1. DNA of callus was extracted and PCRs were performed using primers spanning the met1
sgRNA target region. Amplicons were then directly sequenced. A. Multiple alignment of 9 direct sequences deriving from
callus DNA. B. MET1 Sequencing of 19 clones derived from 17 week old callus containing pAGMCas9:MET1. Clone 5
displayed a c.211 T>C substitution and clone 1 displayed c.204 T>C substitution. A lightning bolt signifies the predicted site
of mutations.
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Expression of 35S:Cas9 is present throughout the plant.

T2 pMDC35S:GUS transformants were subjected to GUS staining in order to identify the potential location of
expression of the Cas9 form the pAGMCas9:MET1 vector (Figure 28B). GUS stains were present in various
tissues of the plant leaves, meristematic tissue, roots and stems (Figure 28B). However, the GUS stain was weak
in some tissues, including the carpel (Figure 28B).

Figure 28: Expression pattern of pMDC35S:GUS. GUS stains of T2 pMDC35S:GUS mutants. A. A schematic of a portion
of the expression cassette of pMDC35S:Cas9 B. GUS stains of T2 plants harbouring the pMDC35S:GUS vector.
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Targeted mutations in T1 plants harbouring pHEE2A-TRI

The pHEE2A-TRI vector contains two sgRNAs targeting three trichome development genes CPC AT2G46410,
TRY, AT5G53200 and ETC2 AT2G30420 (CTE hereafter) (Figure 29) (Wang et al., 2015). Triple cte mutants
display a clustered leaf trichome pattern which makes it easy to visualise potential triple mutants (Wang et al.,
2015). pHEE2A-TRI was used as a positive control to test for targeted mutagenesis in Arabidopsis thaliana.

Figure 29 Schematic representation of a portion of the expression cassette of pHEE2A-TRI. EC1.2p = EGG CELL 1.2
promoter, zCAS9 = Zea mays codon optimized Cas9, rbcS-E9t = RuBisCO small subunit terminator, U6-26p = Arabidopsis
thaliana U6 promoter, cpc = caprice, try = triptychon and etc2 = enhancer of try and cpc 2.

54 T1 hygromycin resistant plants were screened for cte related phenotypes. 3 plants displayed a clustered
trichome pattern on their leaves (Figure 30C). As expected, direct sequencing of the CTE genes form one T1 plant
that displayed clustered trichomes revealed targeted mutations in all three genes including a large 13 bp deletion
in the CPC gene and a 1 bp deletion in ETC2 and TRY (Figure 30B).
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Figure 30: Targeted mutagenesis in three genes, TRY, ETC2 and CPC using a Cas9 driven by the egg cell specific
promoter EC1.2. A. cte mutant compared to WT control. Line is 1mm. B. multiple alignment of WT sequence vs cte sequence
of each of the three genes. PAM sequences as well as predicted site of mutation (yellow lightning bolt) is included. C. Table
presenting the number of hygromycin resistant T1 pHEE2A-TRI plants, number of plants with a cte related phenotype as well
as the percentage of mutants with a trichome related phenotype.
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Targeted mutagenesis of TTG1

Null ttg1 mutants display complete absence of trichomes and pale seeds compared to WT (Walker et al., 1999).
64 T1 plants carrying pHEETTG1 were verified by PCR and examined for trichome development and anthocyanin
pigment accumulation (Figure 31) (Figure 32A). 4 plants (6.2%) displayed a complete absence of trichomes
(Figure 32B), and pale seeds when compared to WT plants (Figure 32E, F).

Figure 31: Schematic representation of a portion of the expression cassette of pHEETTG1.

Three plants (pHEETTG1 #1, pHEETTG1 #2, and pHEETTG1 #3) that harboured the ttg1 phenotype were
assessed for targeted mutations by cloning the endogenous TTG1 gene with subsequent Sanger sequencing (Figure
32G). pHEETTG1 #1 displayed a 1 bp and 5 bp deletion, pHEETTG1 #2 displayed a 1 bp deletion and
pHEETTG1 #3 displayed a 10 bp and 4 bp deletion (Figure 32G).
T2 progeny from the pHEETTG1 #1 plant that presented a null mutation in the T1 generation were screened for
absence of trichomes. Upon screening the T2 pHEETTG1 #1 progeny all presented absence of trichomes on the
true leaves (Figure 33).
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Figure 32: T1 Phenotype of pHEETTG1 plants: A.Table presenting 6.2 % of T1 mutants harbouring the pHEETTG1 vector
presenting complete absence of trichomes. B. ttg1 like phenotype observed in T1 pHEETTG1 mutants. C. Col-0 WT leaf
displaying WT like trichome development (line in 1mm). D. T1 plant harbouring pHEETTG1 displaying absence of trichomes
on leaves (line in 1mm). E. Col-0 WT mature seeds presenting dark coloured seeds due to anthocyanin accumulation (line in
1mm). F. T1 pHEETTG1 mature seeds presenting paler seeds compared to WT (line in 1mm). G. Sequence analysis from
cloned PCR products of pHEETTG1 #1, pHEETTG1 #2 and pHEETTG1 #3. Type of mutations are denoted.

Figure 33: Absence of trichomes on true leaves observed on T2 pHEETTG1 #1 seedlings compared to WT (line is 1
mm).
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Targeted mutagenesis of TTG1 in a tetraploid background

Potential targeted mutagenesis in a tetraploid (4x) Col-0 background was assessed. In order to perform this, Col0 accessions in a tetraploid (4x) background were transformed with the pHEETTG1 vector (Figure 29). Following
selection of 22 hygromycin resistant plants, 2 transformed plants displayed evidence to a loss of TTG1 function (
pEETTG1_4X_#1 and pHEETTG1_4X_#2).
Examination of these plants through later development identified a mosaic pattern where some leaves contained
absence of trichomes and others presented a normal WT trichome development (Figure 34). Targeted mutations
were assessed in tissues that displayed absence of trichomes. Cloned amplicons from pHEETTG1_4X_1 presented
a 1 bp deletion whereas pHEETTG1_4X_#2 presented both a 1 bp deletion and a 2 bp deletion (Figure 34C).
An auxiliary stem of T1 pHEETTG1_4X_1 displayed cauline leaves with complete absence of trichomes. Upon
visualising the T2 pHEETTG1_4X_1 seedlings from the seeds of this branch complete absence of trichomes was
observed (Figure 35).
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Figure 34: Targeted mutagenesis of TTG1 in a 4x background. A. Table of number of PCR confirmed T1 pHEETTG1
plants, plants presenting a WT like phenotype, number of plants presenting a homozygous ttg1 like phenotype or mosaic ttg1
plants. B. pHEETTG1_4X_1 and PHEETTG1_4X_2 which present leaves of both WT and ttg1 like trichome development.
Line is 5mm. C. Types of mutations detected from 4x pHEETTG1 T1 sequenced clones. Line is 1 mm.

Figure 35: Comparison of T2 pHEETTG1_4X_1 plants compared to WT 4x. Clear absence of trichomes observed on the
true leaves of T2 pHEETTG1_4X_1 plants. Line is 1 mm.
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Targeted mutagenesis using two sgRNAs combined with the EC1.2p:Cas9

Two sgRNAs were designed targeting the MET1 gene using the EC1.2p:Cas9. One guide was created 614 bp
downstream from the start codon. Another sgRNA was designed 5880 bp downstream from the start codon (Figure
36A). Genotyping results recovered zero 2x plants and four potentially interesting 4x T1 plants that presented an
expected 600 bp mutant amplicon. Two candidate plants named pHEEMET1_4x_#58 and pHEEMET1_4x_#63
were chosen for further validation as they presented a strong 600 bp amplicon during genotyping (Figure 36C).
Direct Sanger sequencing of the 600 bp amplicon indicated that a ~5.2 kb deletion was created (Figure 36D).
Similar sequence patterns were observed for pHEEMET1_4x_#63.
In order to validate the types of mutations that had occurred in MET1 through Cas9 mediated targeted mutagenesis,
the 600 bp MET1 mutant amplicon was cloned and sequenced from pHEEMET1_4x_#58. From 10 clones
sequenced, 5 presented a 5262 bp deletion, one presented a 5272 bp deletion, one presented a 5286 bp deletion
and one presented a 5407 bp deletion (Figure 36E).
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Figure 36: Targeted mutagenesis using two sgRNAs spanning the MET1 gene: A. Gene schematic diagram of MET1
indicating the position of the two sgRNAs with additional location of the genotyping primers. sgRNA sequences are also
included. B. Schematic of a portion of the expression cassette of pHEEMET1. C. Genotyping PCR result of
pHEEMET1_4x_#58 and pHEEMET1_4x_#63 presenting a mutant band of ~600 bp. D. Sanger sequencing of T1 plant #58
containing the pHEEMET1 vector presenting a 5.2 kb deletion. E. Cloned sequences derived from an amplicon of
pHEEMET1_#58 presenting various mutations from Cas9 mediated targeted mutagenesis in the MET1 gene.
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Discussion

This chapter explored targeted mutagenesis in Arabidopsis thaliana using two Cas9/sgRNA vector systems. This
was for the purpose of creating targeted and heritable mutations in Arabidopsis thaliana 2x and 4x backgrounds.
Targeted mutagenesis using the Cas9/sgRNA system has been achieved at various efficiencies in Arabidopsis
thaliana (Feng et al., 2013, Fauser et al., 2014, Feng et al., 2014, Schiml et al., 2014, Xing et al., 2014, Hyun et
al., 2015, Ma et al., 2015, Mao et al., 2015, Wang et al., 2015).
This chapter has successfully created stable null mutant lines using a Cas9 driven off the native egg cell specific
promoter EC1.2. (AT2G21740). Vectors containing EC1.2p:Cas9 with an sgRNA targeting TTG1 (driven off the
pU6) were used to efficiently target and cleave the TTG1 sequence with subsequent NHEJ. Mutation efficiencies
of up to 6.2% were observed in the T1 generations. Of the 6.2% of T1 mutant plants, absence of trichomes was
present on all leaves indicating that a null mutant was created. Mutations were verified by Sanger sequencing and
presented either homozygous or biallelic mutations. However, the biallelic mutations were most likely
contributing towards a null mutation as these mutants both displayed complete absence of trichome development
(Figure 32G). These sequencing results provide evidence that T1 null mutants can be efficiently created using
Cas9 mediated targeted mutagenesis in Arabidopsis thaliana using a Cas9 driven off the EC1.2 promoter which
complements the study performed by Wang et al., (2015).
Interestingly, targeted mutagenesis of T1 triple null mutants (in which three genes were simultaneously knocked
in the same generation) targeting three genes, CPC (AT2G46410), TRY, (AT5G53200) and ETC2 (AT2G30420)
was created using this system. This complements work performed by Wang et al., (2015) where they also
successfully created T1 triple null mutants using the same vector and process (using pHEE2A-TRI). This new
system to create triple mutants is a more efficient and quicker approach than using traditional crossing based
methods. In theory cte triple null mutants can be obtained in as early as one month as opposed to up 14 months if
a traditional crossing method was used.
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Expression location of the Cas9 endonuclease is vital for successful targeted mutagenesis

This study used a Cas9 endonuclease driven off the constitutively expressed 35S promoter as well as the egg cell
specific promoter of EC1.2. Initial experiments were conducted using a 35S:Cas9 system with the aim of inducing
targeted mutagenesis in the DNA methyltransferase gene MET1. Upon visual phenotypic inspection as well as
subsequent sequencing it became apparent that this system was inefficient at creating T1 mutations. 1.7% of T1
plants harbouring a 35:Cas9 showed a partial met1 phenotype.
In theory, Cas9 mediated mutations can cleave DNA at any stage in any cell as long as the Cas9 and sgRNA are
actively being transcribed in vivo. This means that if no mutations are detected in the T1 generation they can still
be created in the T2 generation. However, visual inspection of all 58 of the T2 Cas9 PCR positive
pAGM:Cas9:MET1 lines presented no met1 phenotype. This included the CAS9-MET1 #63 line that displayed a
late flowering phenotype and more leaves compared to WT (which is indicative to a met1 phenotype (Kankel et
al., 2003, Mathieu et al., 2007)) in the T1 generation. This suggested that if a mutation was created in the T1
generation that these were merely somatic and was not inherited to the next generation. This leads to a few
potential scenarios. That the 35S promoter displayed weak activity in heritable cells (like meristematic and
germline cells) or that the 35S:Cas9 was being post transcriptionally silenced. There have been reports of smRNA
mediated silencing of transgenes driven off the 35S promoters which adds some support to the later argument
(Elmayan et al., 1996). It may be possible that the 35S:Cas9 used in this study was being transcriptionally silenced
and as a result low mutation frequencies were observed.
Attempts were made to assess the location of expression of the 35S:Cas9 by designing a GUS reporter construct
where the GUS gene was driven off the 35S promoter that drove Cas9 expression from pAGMCas9:MET1. The
GUS stain results suggest that the lack of expression of Cas9 is not the reason why low mutation efficiencies were
observed in plants harbouring the pAGMCas9:MET1 vector as virtually ubiquitous GUS staining was observed.
However, one would need to carefully assess both meristematic cells and germline tissue in order to identify
whether GUS staining was present in these tissues. There seemed to be partial absence of GUS staining on the
carpels. These cells contribute to inheritance so it is important that a high expression of Cas9 is present in these
tissues or else it is most likely that one will not achieve high rates of heritable mutations.
The data in this study suggests that Cas9 driven off an egg cell specific promoter is more efficient at causing
heritable mutations when compared to using the 35S promoter. Using the EC1.2p:Cas9 T1 mutation efficiencies
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of up to 6.2% were observed and completely homozygous and biallelic mutations were observed in TTG1 leading
to null mutants in the T1 generation. The reason for this increased mutation efficiency is mainly due to the location
of where the Cas9 is specifically expressed. As described by Wang et al., (2015), high expression in the central
cell causes targeted DNA cleavage of the maternal allele in the female gamete. Due to Cas9 stability after
fertilisation (partly due to the presence of a native rbcS terminator rather that the Agrobacterium derived
NOPALINE SYNTHASE terminator) the Cas9 can actively cleave the paternal allele at the one celled embryo
stage. This would create either a biallelic or homozygous mutation within the newly developing one celled
embryo. As a result it will disrupt the function of the gene of interest. Wang et al., (2015) achieved T1 homozygous
mutants at a rate of up to 8.3% which is similar to the rate of mutations achieved in this study (6.2%). In addition,
by directly comparing targeted mutation efficiencies of the 35S:Cas9 and EC1.2:Cas9 Wang et al., (2015)
observed higher mutation efficiencies when using the EC1.2:Cas9. This partially complements results from this
study and suggests that targeted expression of the Cas9 within reproductive cells or cells that directly contribute
to transgenerational inheritance can improve heritable mutation efficiencies in Arabidopsis thaliana. However, it
must be conceded that two different sgRNAs were used when using the 35S:Cas9 (MET1 sgRNA (Figure 25))
system and the EC1.2:Cas9 (TTG1 sgRNA (Figure 31)) system. This may also alter the mutation efficiencies as
one sgRNA may be more efficient than the other at creating mutations (Moreno-Mateos et al., 2015).
Hyun et al., (2015) specifically drove Cas9 expression off the INCURVATA2 (ICU2) promoter (which is
specifically expressed in meristematic tissue) and observed reasonable rates of T1 somatic and heritable
mutations. A germ-line-specific Cas9 system was designed for Arabidopsis thaliana gene modification in male
gametocytes and high rates of heritable mutations were observed (Mao et al., 2015). In addition, by driving
expression of the Arabidopsis thaliana codon optimized Cas9 off the UBIQUTIN 10 (UBQ10) promoter which
is both highly expressed in early embryos and later in plant development, successful removal of a 5.1 kb fragment
was achieved (Yan et al., 2016). Further complementing the work in this study, it was shown that by driving Cas9
off the YAO promoter (AT4G05410), increased efficiencies of targeted mutagenesis occurred when compared to
using a 35S:Cas9 (Yan et al., 2015). YAO is actively expressed in dividing cells such as the shoot apical and root
meristem, and is also highly expressed in the embryo sac, embryo, endosperm, and pollen (Li et al., 2010). This
adds further evidence that targeted mutations are drastically increased if targeted expression of Cas9 is present in
meristem, heritable and/or early embryonic cells (Hyun et al., 2015, Wang et al., 2015, Yan et al., 2015).
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Callus induction does not improve targeted mutagenesis efficiencies in Arabidopsis thaliana

Studies using the 35S:Cas9 to achieve high rates of targeted mutagenesis has been successful in agronomic crops
such as wheat, maize and rice which conflicted results seen in this study (Liang et al., 2014, Wang et al., 2014,
Mikami et al., 2015). The production of many genetically modified crops involves the introduction of T-DNA
cassettes by bombardment followed by multiple rounds of tissue culture to create undifferentiated calli (Birch
1997). Plants regenerated during tissue culture must undergo callus formation which means that cells spend long
periods of time in a state of undifferentiation (Sugimoto et al., 2013). It was hypothesised that this period of time
in an undifferentiated state may improve the Cas9 mediated mutation efficiencies.
The data in this study suggests that time in undifferentiated calli does not increase the efficiencies of Cas9
mediated targeted mutagenesis in Arabidopsis thaliana when using the 35S:Cas9. From the sequenced calli
analysed no clear evidence of higher rates of targeted mutations was detected. This may be because of the time in
calli was too short to induce a substantial level of mutations. In this study ~4 month old calli was analysed. Perhaps
extra time in undifferentiated calli may aid the Cas9/sgRNA system in increasing Cas9 mediated targeted
mutagenesis. Additional time course experiments involving sequencing of calli containing the Cas9/sgRNA
system at different timepoints would be helpful in order to assess whether time in calli can boost targeted
mutagenesis in Arabidopsis thaliana.
It may be the case that the mutation detection systems used in this study may not be sensitive enough to detect
targeted mutations. Svitashev et al., (2015) used next generation sequencing tools to successfully detect targeted
mutations in Zea maize calli. These systems are more sensitive at detecting targeted mutations than Sanger
sequencing and could be helpful for detecting targeted mutations in calli in the system used in this study (Svitashev
et al., 2015). It may also be noted that alternative promoters that are known to be highly expressed in calli could
increase Cas9 expression and boost overall targeted mutagenesis efficiencies in calli.
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Targeted mutagenesis of polyploid Arabidopsis thaliana

A stable null ttg1 mutant line was generated in a 4x Arabidopsis thaliana background using the Cas9/sgRNA
system. Results suggested that only chimeric T1 mutants were created with only some leaves displaying absence
of trichomes while other leaves displayed WT trichome development. This varies from what was observed in a
2x background where only fully homozygous null mutants were found. However, it is also possible to achieve 2x
chimeric mutant plants using the EC1.2P:Cas9 (Wang et al., 2015).
There are double the number of alleles present in a 4x background when compared to a 2x background. For this
reason, there may be an insufficient amount of Cas9 protein available to efficiently cause a double stranded break
in every one of the four alleles. Also, 4x plants would have lower mutation efficiencies compared to 2x plants due
to the fact that there are double the number of alleles to mutate. In addition, allelic cleavage after the one-celled
embryo stage can lead to chimeric phenotypes where only a portion of cells are mutated (Wang et al., 2015). These
scenarios could explain why only chimeric ttg1 like phenotypes were observed in the 4x background.

Large genomic regions can be deleted from the Arabidopsis thaliana genome using Cas9 mediated targeted mutagenesis

MET1 was again chosen as a gene target for Cas9 mediated targeted mutagenesis. For this, the vector containing
the EC1.2p:Cas9 was used as it was proven to be a far more efficient system for the achievement of targeted
mutations when compared to use of the 35S:Cas9. Secondly, it was decided that two sgRNAs spanning the MET1
gene would be used as a method for targeted mutagenesis. It is reported that by using two sgRNAs spanning the
same gene it is possible to delete large regions of a targeted gene (Yan et al., 2016). This is advantageous as it can
give greater assurances that a gene is actually knocked out. Also, it allows for simple PCR-based genotyping of
the mutations which saves time in downstream mutation validation.
The results in this study show that the two sgRNAs targeting MET1 (in conjunction with the EC1.2P:Cas9) caused
DSBs at the predicted sites of Cas9 cleavage and NHEJ DNA repair pathways repaired the two DNA strands.
Subsequently a 5.2 -5.4 kb fragment was removed from the MET1 gene (Figure 36). PCR based genotyping
detected T1 mutations in a 4x Col-0 background. Surprisingly, no 2x mutants were identified using this method.
However, additional restriction digestion based methods on each one of the sgRNA sites could aid in mutation
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detection in the 2x backgrounds. These samples were analysed in the T1 generation. In order to verify that a stable
mutation was inherited then analysis in the T2 generation must be performed by either PCR based genotyping or
restriction digestion based screens. Taken together these results show that double sgRNA mediated targeted
mutagenesis can be achieved in Arabidopsis thaliana in order to remove large genomic fragments. It also provides
and attractive alternative to the single sgRNA approach as it is much easier to screen for mutations by a simple
PCR based genotyping screen as opposed to restriction digestion based mutation screens.
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Chapter 6: Final Discussion and future direction
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Changes in temperatures can alter the expression and imprinting status of certain imprinted genes

Genomic imprinting has been considered to be a functionally important process in seed development (Haig et al.,
1989). Imprinted genes in plants share important functions in the maintenance of correct seed development (Scott
et al., 1998, Kinoshita et al., 1999, Luo et al., 2000, Köhler et al., 2005). Although genomic imprinting has been
detected in various plant species including Zea Maize (Kermicle 1970) and rice (Folsom et al., 2014) the majority
of imprinting research has been conducted in Arabidopsis thaliana (McKeown et al., 2013).This has allowed a
more in depth analysis into the field of imprinting in plants. Recently, next generation sequencing technologies
has increased the number of discovered candidate imprinted genes (Gehring et al., 2009, Gehring et al., 2011,
Hsieh et al., 2011, McKeown et al., 2011, Wolff et al., 2011). However, from the vast majority of data produced
from these studies a limited amount of functionally relevant complementary studies have emerged and the true
reason for the function and evolution of imprinting still remains elusive.
To date, many theories have tried to explain why this uniparental expression pattern persists in plants. These
theories include the PCT (Haig 2004, Wang et al., 2013), co-adaption (Costa et al., 2012), postzygotic reproductive
and speciation barriers (Wolff et al., 2015), evolution of imprinting as a result of a by-product of a time when it
was an outcrossing species (Jiang et al., 2012) and proximity to transposable elements (Fujimoto et al., 2008,
Fujimoto et al., 2011). However, to date no one theory alone can fully explain this phenomenon.
A portion of this thesis was focused on ascertaining whether imprinted genes showed responses to changes in
environment. The PCT describes that imprinted genes evolved from a state of intragenomic conflict for resource
allocation to the developing offspring (Haig 2004). According to this theory iMEGs restrict resources to
developing offspring and iPEGs promote resource acquisition to developing offspring (Haig 2004). Therefore it
was postulated that according to the PCT any changes in expression to imprinted genes could alter the resource
allocation thus causing aberrant effects to developing offspring. Changes in temperature was used as a proxy for
environmental change.
The results from chapter three suggest that under the conditions used in this study there is no global change to the
expression of imprinted genes in response to moderate changes in temperature. Out of 17 imprinted genes tested
9 presented a significant expression difference (Student’s t-test P<0.05). However, the only gene that presented a
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significant difference after Bonferroni correction (P= 0.003) was VIM1. In addition, one gene, PUT1 displayed
differences in its imprinting status in response to changes in temperature (Figure 10).
Only one environmental condition was tested in this study. It is possible that changes to imprinted gene expression
and function can be altered under different environmental conditions including different abiotic and biotic stresses.
This study used a moderate increase in temperature of 7 °C in the day and a 5 °C change at night. Increases in
temperature above what was used in this study could induce changes in imprinted gene expression and reveal
cryptic functions (Sanchez et al., 2014). Sanchez et al., (2014) found that the imprinted gene SDC displayed a
cryptic functional role in heat stress adaptation in the vegetative plant phase in Arabidopsis thaliana. This indicates
that other previously undiscovered cryptic roles for imprinted gene could be found in phases of plant growth other
than seed development.
Direct future work stemming from this study would be to characterise the function of the gene PUT1 under the
temperature conditions used in chapter three. Using loss of function mutants for these genes one can assess if they
display a functional role during changes in temperature used in this studies. In addition, by testing loss of function
epigenetic mutants that displayed significant differences under the conditions in this study (AGO4, NRPD1A and
MET1) one can assess if these genes are linked to the alteration of imprinted gene expression and imprinting
status. Future work could involve the use of next generation sequencing technologies in order to understand the
full change of gene expression to the entire imprintome under the conditions used in this study. This could reveal
interesting candidate imprinted genes that could potentially display cryptic functions that may not have been
previously discovered under normal conditions (Folsom et al., 2014, Sanchez et al., 2014).

Imprinted genes with signatures of PDS show low levels reproductive infertility but may have some effects on mature seed
size.

This thesis also carried out investigations into the reproductive effects of imprinted genes that displayed signatures
of PDS in their coding sequences. It was hypothesized that if these genes contained sites displaying PDS then it
may be possible that these genes are being actively conserved by natural selection. This may suggest that these
genes display an evolutionary functional role that may contribute to an increase in fitness of the plant.
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By exploiting the use of T-DNA insertion libraries, a loss-of-function screen was conducted in order to assess if
imprinted genes displaying sites of PDS can have any functional role in reproduction. By observing the %ANU
across 27 mutants annotated to be imprinted genes and display signatures of PDS, it was found that nearly all
genes tested showed no effect on fertility. All but one gene displayed nearly 100% normal seeds and very little
seed abortion and unfertilised ovules. All bar two mutants (mutants 4 and 36) displayed significantly lower seed
size when compared to WT (Figure 12).
In addition, 8 genes were omitted from the study. Genotyping results for some of these mutants revealed that no
homozygous mutant could be recovered and only heterozygous or WT mutant plants were recovered. This could
indicate that these genes may be important to plant survival. Future work will be focused on analysing these
mutants more thoroughly in order to analyse functional roles for these genes. In addition, with the added ability
of producing null mutants using Cas9 mediated targeted mutagenesis one can now efficiently create novel null
mutants for the imprinted genes that had no corresponding T-DNA mutant. In addition, replication of the seed
size study of these mutants will be repeated in order to assess if imprinted genes with signatures of PDS do display
a role in mature seed size regulation.

sfi-1 displays functional disruption of filament elongation and affects mature seed size.

Chapter four also identified a mutant named sfi-1 that displayed mature filament elongation defects and effects in
mature seed size. Initially it was thought that SFI played a role in pre-fertilisation, gametophytic mediated seed
formation. This was because of the high rate of unfertilised ovules identified in initial %ANU screens (Figure 13).
However, it was later confirmed that sfi-1 is defective in correct filament elongation affecting the timing of
pollination. This is most likely due to the reduction of herkogamy in the flowers of sfi-1 which in turns prevents
mature anthers to pollinate mature stigmas.
In addition to this, mature seeds of sfi-1 were significantly smaller than WT indicating that SFI plays a role in
regulating seed size. Interestingly however, by analysing the seed size of sfi-1 x WT and WT x sfi-1 series, seeds
were significantly bigger than WT x WT and sfi-1 x sfi-1.
A paralog of SFI (SFI-LIKE1-1) shares sequence similarity of up to 61% to SFI which lies 3 kb downstream of
SFI. It could be possible that SFI-LIKE1-1 shares functional redundancy with SFI. For this reason it would be
interesting to create a double knock out mutant of both SFI and SFI-LIKE1. However, seeing as both genes lie
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very close to each other on chromosome 1 it would be very difficult to create a double mutant through conventional
crossing methods. Future work will involve creating a double mutant using Cas9 mediated targeted mutagenesis
with subsequent phenotyping in order to assess if a stronger phenotype (in seed size and filament elongation) is
observed. This would indicate that both genes share functional redundancy with each other.
Future work from this study would include complementing the mutant with a functional copy of SFI in order to
validate the phenotypes observed in this study. In addition to this an sgRNA targeting the SFI gene has been
designed and transformed into Arabidopsis thaliana in order to create an additional null sfi mutant.
sfi-1 filaments are defective in proper filament elongation. However, it is not clear yet whether these filaments are
defective due to a loss in number of cells or due to a loss of cellular elongation. Cross sections of these filaments
would help to garner a better insight into the function of SFI. For example if the filaments are defective in cellular
elongation this would indicate that this gene may have a role in GA signalling in the filament as GA heavily
regulates cell elongation throughout the plant (Cheng et al., 2004).

Targeted mutations can be made in both diploid and tetraploid Arabidopsis thaliana lines using Cas9 mediated targeted
mutagenesis

Chapter five focused on the use of Cas9 mediated targeted mutagenesis with the aim of creating null mutants in
Arabidopsis thaliana. With the use of an egg cell specific promoter driven Cas9 with an rbcS terminator, T1
homozygous mutants were created for the trichome related gene TTG1 and for the triple mutant cte. In addition,
by designing two sgRNAs spanning each end of the MET1 gene, successful deletion of a 5.2 kb fragment was
created.
Future work in this field would include the establishment of site-specific integration of DNA via HR. This is
typically difficult to perform in Arabidopsis thaliana as NHEJ is the most dominant DNA repair pathway in
somatic tissue (Qi et al., 2013). Three main strategies currently exist for increasing HR mediated gene editing in
Arabidopsis thaliana. This includes the use of Geminivirus-based replicons to replicate the donor DNA to high
levels so it can be integrated precisely into the genome by HR (Baltes et al., 2014). Another method would be to
supply the donor sequence on the same vector of the Cas9/sgRNA with the aim of inducing HR mediated gene
editing (Schiml et al., 2014). Efforts have been made to try and suppress key genes in the NHEJ DNA repair
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pathway with the aim of boosting the rate of HR. Maruyama et al., (2015) suppressed DNA ligase IV, a key
enzyme in the NHEJ pathway and found higher rates of HR mediated gene editing in mammalian cell lines. In
addition, by suppressing specific NHEJ repair pathways a 16 fold increase in the efficiencies of HR mediated
gene targeting was detected in Arabidopsis thaliana (Qi et al., 2013). Gene editing via HR could be useful for
ascertaining the functional role of the PDS sites in SFI. By replacing the PDS sites with its ancestral sites one can
determine the true function of these PDS sites in SFI.
In addition to targeting and mutating the 2x TTG1 gene, stably inherited Cas9 mediated mutations were created
in the TTG1 gene in a tetraploid background. Preliminary results indicates that mutation rates are lower in a 4x
background than a 2x background (most likely due to additional alleles that need to be mutated in a 4x
background). Nevertheless, this system could give researchers a useful tool to create 4x mutants in the future. This
could be particularly useful for creating 4x loss-of-function mutants that are annotated to be imprinted genes
which could lead to potentially exciting functional roles for imprinted genes linked to interploidy hybridisations
similar to (Kradolfer et al., 2013, Wolff et al., 2015).
Other gene editing systems are emerging which are promising be more specific and efficient than the conventional
Cas9/sgRNA systems. Zetsche et al., (2015) found a Cas9 like protein called “CRISPR from Prevotella and
Francisella 1” (Cpf1) that is capable of gene editing similar to Cas9. However, Cpf1 is much smaller than the
traditional Cas9 protein making it easier to manoeuvre into the cell. Curiously, unlike Cas9 that usually creates
blunt end cutting, Cpf1 cleaves DNA in such a way that a sticky end is left behind at the cleaved DNA site. This
makes it much easier for potential site specific DNA integration as one can simply engineer a donor DNA with
complementary sticky ends to insert.
It has been shown that targeted mutagenesis in human cells can be achieved by the use of an engineered Argonaute
nuclease from Natronobacterium gregoryi accompanied by a 24 bp guide DNA (Gao et al., 2016). The advantage
of this system is that it eliminates the need for a PAM sequence adjacent to the endogenous sgRNA target sequence
which is essential for sgRNA binding in the Cas9/sgRNA system (Jinek et al., 2012).
The Cas9/sgRNA system relies on DSBs followed by DNA repair by either NHEJ or HR in order to create directed
mutations or edits in the genome (Jinek et al., 2012). However, recent research has shown that targeted edits can
be made without the need for DSBs (Plosky 2016). By using a nuclease null Cas9/sgRNA system where the Cas9
is fused to a cytidine deaminase enzyme, successful single base pair substitutions without the need for DSBs was
created (Komor et al., 2016). This system was coined as “base editing”. This system is less invasive then the
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traditional Cas9/sgRNA system and could have the potential to be used in plants. For example, using this system
to change the specific SNP in SFI from the positively selected site to its ancestral site could be performed using
this system. This system also elements the need for HR dependant DSB repair which is difficult to achieve in
Arabidopsis thaliana (Qi et al., 2013).
It is planned to apply the skills obtained from Cas9 mediated targeted mutagenesis in Arabidopsis thaliana and
apply it to agronomic crops. Camelina sativa is an agronomic crop that is gaining popularity due to its interesting
seed fatty acid profile, low fertiliser use requirement and short life cycle (Zubr 1997, Fröhlich et al., 2005). From
a fundamental molecular standpoint it is also useful as Agrobacterium mediated floral dip transformation is
possible with this crop (Lu et al., 2008, Liu et al., 2012). This avoids the laborious method of transformation via
tissue culture which is what is required to transform many agronomic crops (Birch 1997). In addition, the genome
of Camelina sativa has recently been sequenced making it easier for researchers to perform fundamental molecular
studies using this crop (Kagale et al., 2014). Efforts will be made to harness Camelina sativa as a model agronomic
crop for subsequent Cas9/sgRNA gene editing studies in the future.
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Supplementary data
Chapter 3

Figure S 1: List of imprinted genes CYP2, ERD3, SIP1, MYB77 and their expression within in the seed tissue: CZE Chalazal Endosperm; CZSC - Chalazal Seed Coat; EP - Embryo Proper; GSC - General Seed Coat; MCE - Micropylar
Endosperm; PEN - Peripheral Endosperm; S - Suspensor; WS - Whole Seed. Dara extracted form (Belmonte et al., 2013)
(http://seedgenenetwork.net)
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Figure S 2: List of imprinted genes ENODJ, αDOX, ZAT10 and YUC10, and their expression within in the seeds
tissue: CZE - Chalazal Endosperm; CZSC - Chalazal Seed Coat; EP - Embryo Proper; GSC - General Seed Coat; MCE Micropylar Endosperm; PEN - Peripheral Endosperm; S - Suspensor; WS - Whole Seed. Dara extracted form (Belmonte et
al., 2013) (http://seedgenenetwork.net)
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Figure S 3: List of imprinted genes PUT1, FWA, MEDEA and VIM1and their expression within in the seed tissue:
CZE - Chalazal Endosperm; CZSC - Chalazal Seed Coat; EP - Embryo Proper; GSC - General Seed Coat; MCE Micropylar Endosperm; PEN - Peripheral Endosperm; S - Suspensor; WS - Whole Seed. Dara extracted form (Belmonte et
al., 2013) (http://seedgenenetwork.net)
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Figure S 4: List of imprinted genes VIM6, DNAJ, FXG1 and PP2C14 and their expression within in the seed tissue:
CZE - Chalazal Endosperm; CZSC - Chalazal Seed Coat; EP - Embryo Proper; GSC - General Seed Coat; MCE Micropylar Endosperm; PEN - Peripheral Endosperm; S - Suspensor; WS - Whole Seed. Dara extracted form (Belmonte et
al., 2013) (http://seedgenenetwork.net)
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Figure S 5: List of imprinted genes PRL1 and PHE1 and their expression within in the seed tissue: CZE - Chalazal
Endosperm; CZSC - Chalazal Seed Coat; EP - Embryo Proper; GSC - General Seed Coat; MCE - Micropylar Endosperm;
PEN - Peripheral Endosperm; S - Suspensor; WS - Whole Seed. Dara extracted form (Belmonte et al., 2013)
(http://seedgenenetwork.net)
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Table S 1: Primers used in this chapter. A. Primers used for Qrt-PCR. B. Primers used for imprinting status identification.
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Chapter 4

Table S 2: Primers and mutant IDs used in this chapter used in this chapter.
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Figure S 6: Gene structure of SFI-LIKE1 and the position of the sfi-like1-1 T-DNA insertion. A. SFI-LIKE1 gene
structure with location of sfi-like1-1 T-DNA insertion. B. Fertility test between sfi-1, sfi-like1-1 and WT. No significant
difference in the rate of unfertilised pistils on primary stem between sfi-like1-1 and WT (One-Way ANOVA, Tukey’s test. P
< 0.05).
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Chapter 5

Table S 3: Primers used in chapter 5.
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Vectors used in this thesis

pICSLo1009:ATU6:
Purpose: Level one CRISPR construction
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pICH47751:
Purpose: Level one CRISPR construction

pICH47761
Purpose: Level one CRISPR construction

144 | P a g e

pICSL01009
Purpose: Level one CRISPR construction
Contains the Arabidopsis thaliana U6 promoter

pICH47742
Purpose: Level two CRISPR construction
Contains: Cas9
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pICH47732_BAR
Purpose: Level two CRISPR construction
Contains: BASTA resistance gene

pICH47732_HPTII
Purpose: Level two CRISPR construction
Contains: Kanamycin resistance gene
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pICH47732_HPTII
Purpose: Level two CRISPR construction
Contains: Linker for single guides construction into pAGM4723

pICH47732_HPTII
Purpose: Level two CRISPR construction
Contains: Linker for single guides construction into pAGM4723
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pHEE401
Purpose: CRISPR construction
Contains EC1.2p:Cas9 and sgRNA scaffold and U6 promoter

pHEE2A_TRI
Purpose: CRISPR construction
Contains EC1.2p:Cas9 and sgRNA scaffold and U6 promoter
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pCBC DT1T2
Purpose: CRISPR construction

CRISPR/Cas based plant genome editing and gene regulation; used as template for
making expression cassette with multiple gRNA target sites

pCBC DT1T2-3544 nt
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pMCD163
Purpose: GUS staining

pMCD163 – 12833 nt
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