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Summary
The following combined thesis consists of two research projects, carried out at the
University of Birmingham. The first project analysed the control of meiotic crossovers
in Arabidopsis thaliana. Recombinant proteins were produced for two key meiotic
proteins, AtSHOC1 and AtASY1, for use in antibody-based immunological studies.
Additionally, protein interactions were analysed between AtPCH2 and a number of
axis-associated proteins, via yeast two-hybrid analysis. AtPCH2 was found to selfinteract and interact with the AtSPO11-accessory protein, PRD3, as seen with the
rice homologues. AtPCH2 did not interact with AtASY1, even following disrupted ATP
hydrolytic activity by mutagenesis, as was reported for the orthologues in budding
yeast. The results of this study therefore suggest that either the function of AtPCH2
may differ in Arabidopsis to that observed in yeast, or that AtASY1 may require
phosphorylation or additional proteins to interact. This project contributes to
understanding the control of meiotic recombination in plants, and ultimately
contributes to efforts to ensuring food security.

The second project involved investigating the control of spore germination in
Physcomitrella patens. The quorum-sensing signal molecules, N-acyl-homoserine
lactones, were found to effect germination rates, with unsubstituted, long chain
variants having more potent increasing effects overall. Additionally, increased
germination rates in a DELLA-deficient mutant line, lacking the negative regulator of
the gibberellin signalling pathway, were observed. This project thus provides novel
data suggesting the presence of a DELLA-mediated GA signalling pathway in moss,
controlling developmental processes, suggesting an earlier acquisition of this
pathway during land plant evolution, than was previously believed.
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Abstract
Homologous recombination results in the formation of novel combinations of alleles,
during meiosis. AtSHOC1 is an XPF endonuclease related protein essential for the
formation of class I crossovers. This study involves the generation of recombinant
proteins for both AtSHOC1 and the axis-associated protein, AtASY1, for use in
antibody-based immunological analyses. PCH2 is an ATPase thought to have a
functional role in the regulation of meiotic crossover outcomes, however little is
known regarding the molecular mechanisms of Pch2 function. In yeast, Pch2 binds
and remodels Hop1, the AtASY1 orthologue, regulating Hop1 localisation. In this
study, yeast two-hybrid analyses were carried out between AtPCH2 and key axis
proteins. AtPCH2 was found to self-interact and interact with the AtSPO11-accessory
protein, PRD3. AtPCH2 did not interact with AtASY1, even following disrupted ATP
hydrolytic activity, shown to increase Pch2 and Hop1 interactions, in yeast. AtPCH2
may therefore perform an alternative function compared to that in yeast, or AtASY1
may require modification or additional proteins to interact. Understanding the control
of recombination is of huge significance due to the beneficial impact this potentially
has on increasing genetic variation available to plant breeders, contributing to efforts
to ensure food security.
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Introduction

The global population is estimated to increase by 2 billion by 2050,
highlighting the need to enhance food production to ensure increasing food demand
is met. Arable land and space is limited, owing to the importance to generate
sustained improvements in crop yield. Moreover, inevitable adverse effects
associated with climate change have further heightened the importance of improving
crop yields (reviewed in Chakraborty & Newton 2011). As a result, ensuring food
security has emerged as a crucial target for the 21st century whereby considerable
efforts are being made.

One such effort of crop improvement is that regarding classical breeding.
Genetic variation permits adaptation to changing environments and emerging
pressures via natural selection. Therefore, plant breeding efforts whereby artificial
selection is harnessed to produce beneficial varieties, plays a crucial part regarding
food security. An example of this can be seen with the attempts to establish a
method by which breeders could select sugar beet (Beta vulgaris L.) lines with
increased drought tolerance (Ober et al. 2005). The amount and distribution of
rainfall presents a limiting factor on sugar beet yield in the UK, which is predicted to
have an increased impact following estimated climate change models. Hence, the
utilisation of genetic variation to generate sugar beet with drought-tolerance would
prove invaluable to ensuring sustained productivity, thus contributing to food security
efforts.

Homologous recombination during meiosis allows for the generation of genetic
variation by the production of novel combinations of alleles which confer new
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phenotypes. Such phenotypes could prove advantageous to crop breeders by
allowing for enhanced performance and increased yield. Consequently, an important
contribution to ensure food security includes fundamental research in an attempt to
understand the molecular control mechanisms underlying homologous recombination
during meiosis, in plants. An understanding of the control of meiotic recombination
could potentially provide breeders with increased genetic variation, via the
modification of recombination in crops.

Developments in microscopy techniques have permitted direct observations of
the segregation of chromosomes during meiosis in a number of organisms, providing
beneficial insights into chromosome behaviour and organisation during meiotic
events. Nevertheless, an understanding of the molecular mechanisms underpinning
the control of meiotic recombination has only recently emerged, with studies in
Saccharomyces cerevisiae (budding yeast) playing a prominent role. These along
with studies in a diverse range of eukaryotes, have provided insights into meiosis,
particularly with regards to the formation of meiotic crossovers (COs) (reviewed in
Osman et al. 2011).
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Introduction to Meiosis

Meiosis is a specialised type of cell division that forms the basis of sexual
reproduction within eukaryotic organisms. Meiosis is comprised of chromosome
duplication, via a single round of DNA replication, followed by meiosis I and meiosis
II, two sequential nuclear divisions, which subsequently result in the formation of four
recombined haploid gametes (Fig.1). Meiosis I and meiosis II, referred to as the
reductional and equational divisions respectively, are essential in the restoration of
zygote chromosome number, enabling stable chromosome complements over
generations (Hochwagen 2008).
Meiosis I and meiosis II are divided into four cytogenetically distinct stages –
prophase, metaphase, anaphase and telophase. Meiosis I consists of the separation
of homologous chromosomes, resulting in a reductional division whereby
chromosome number is halved. Furthermore, homologous recombination and thus
the formation of new combinations of alleles, occurs during prophase I of meiosis I,
following the reciprocal exchange of genetic information between two homologous
chromosomes.
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Figure 1. Schematic representation of meiosis. Prior to meiosis, DNA replication occurs.
Prophase I of meiosis I consists of pairing between homologous chromosomes and
subsequent synapsis. Homologous recombination occurs between homologue pairs
producing reciprocal exchange of genetic information. During metaphase 1, the homologous
chromosomes remain associated at the chiasma sites and align on the metaphase plate, with
their separation taking place during anaphase I. Telophase I involves the dyad stage where
two haploid cells with attached sister chromatids are formed. Meiosis I is followed by an
equational division in meiosis II whereby separation of the sister chromatids occurs to form
the tetrad stage of four recombined haploid gametes.
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The Meiotic Pathway

S-phase: sister chromatid cohesion

The synthesis-phase (S-phase) constitutes to the period of DNA replication that
occurs at the same time or shortly after the initiation of meiosis. An integral aspect of
this phase is the establishment of cohesion between newly synthesised sister
chromatids (Uhlmann & Nasmyth 1998). Sister-chromatid cohesion is an essential
prerequisite for accurate chromosome segregation by allowing for the biorientation of
chromosomes on the meiotic spindle (Nasmyth 2001).

Homologous kinetochores attach to microtubules emanating from opposite poles.
Cohesion maintains the association between homologous chromosomes, despite
forces attempting to pull them apart (Reider & Salmon 1998; Klein et al. 1999). The
tension generated as a result of these counteracting forces provides the signal that
homologous kinetochores are biorientated (Haering et al. 2002). Cohesion between
sister chromatids is removed following two individual events (Reider & Cole 1999;
van Heemst & Heyting 2000; Page & Hawley 2003; Petronczki et al. 2003). Cohesion
along the chromosome arms is removed during the metaphase-anaphase transition
during meiosis I, allowing for the disjunction of homologous chromosomes during
anaphase I. During anaphase II, the centromeric cohesion between sister chromatids
is removed resulting in their segregation towards opposite poles of the cell (Lee &
Orr-Weaver 2001).

Sister-chromatid cohesion is generated by the action of at least four highly conserved
proteins, which form the meiotic cohesin complex, REC8, STAG3, SMC1 and SMC3
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(Molnar et al. 1995; Prieto et al. 2001; Gruber et al. 2003). In Arabidopsis, AtSYN1
and ATSCC3 have been identified as the cohesins required for sister-chromatid
cohesion (Bai et al. 1999; Cai et al. 2003; Chelysheva et al. 2005). Assembly and
disassembly of cohesin, and therefore the regulation of this complex, is achieved via
the action of numerous accessory proteins. Loading of cohesin onto chromatin
involves the action of the adherin, AtSCC2, in Arabidopsis (Sebastian et al. 2009).
AtSGO1 is the shugoshin homologue essential for maintaining cohesion at the
centromeres, preventing premature sister chromatid separation during meiosis I
(Zamariola et al. 2013).

Defects regarding sister-chromatid cohesion result in aneuploidy and therefore
subsequent improper reproductive growth, seen via cytological analysis of A.thaliana
syn1 (rec8 homologue) mutants, highlighting the importance of cohesion and correct
segregation (Bai et al. 1999).

G2: proteinaceous axis formation

The elaboration of a proteinaceous axial structure occurs during the latter stages of
interphase in G2 (Kleckner 1999). The structure is formed along the chromatids, from
which chromatin loops emanate, forming a loop-array organisation (Fig.2) (Kleckner
1999). This structure, known as the axial element (AE), possibly persists until midprophase I, enabling subsequent steps to take place (Kleckner 2006).
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Meiosis I: the reductional division

Prophase I is divided into five cytologically prominent substages: leptotene,
zygotene, pachytene, diplotene and diakinesis. Prophase I is the longest stage of
meiosis, with studies showing it takes 30h in A.thaliana, with the whole of meiosis
being completed within 33h (Armstrong et al. 2003), although this varies between
species.

Pairing and movement of homologous chromosomes.

Pairing between homologous chromosomes is imperative, during early prophase I, in
order for correct chromosome segregation (Tiang et al. 2012). In eukaryotes,
chromosomes are arranged in the RabI-orientation, prior to meiosis. This
configuration consists of centromere clustering near one pole of the nucleus, with the
chromosomes arms extending towards the opposite pole, arranged in parallel (Tiang
et al. 2012). Progression into prophase I is accompanied by chromosome
movements leading to the formation of the characteristic ‘bouquet’ configuration. This
arrangement of chromosomes is observed in a range of organisms (Loidl 1990;
Zicker & Kleckner 1999; Scherthan 2001) and is characterised via the formation of a
polarized organisation with chromosomes bundled at their telomeres (Ding et al.
2004). The bouquet arrangement is thought to facilitate homologous pairing of
chromosomes by bringing the pairs of homologous chromosomes into close proximity
(Bass et al. 2000). Due to the significant changes in telomere organisation within the
nucleus, telomeres are thought to play an important role in homologous chromosome
pairing (Link et al. 2014).
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Studies in Schizosaccharomyces pombe (fission yeast) have led to the proposed
model in which chromosomes are aligned along their length, with their telomeres
clustered beneath the nuclear envelope near the microtubule organizing centre
(MTOC). Subsequent nuclear oscillations enable chromosomal movements which
allow for homologue search and recognition and thus homologue pairing (Ding et al.
2004). This model has been supported by numerous studies (Shimanuki et al. 1997;
Cooper et al. 1998; Nimmo et al. 1998; Yamamoto et al. 1999; Chikashige & Hiraoka
2001; Kanoh & Ishikawa 2001), providing evidence that telomere clustering and
nuclear movements facilitate pairing of homologous chromosomes, highlighting its
importance for homologous recombination.

Telomere clustering has been demonstrated to be a ubiquitous aspect of
chromosome behaviour during meiosis, however the degree and timing of this
phenomenon is known to vary between species. An example of this can be seen in
A.thaliana, whereby the classical bouquet configuration of telomeres is replaced by
nucleolus-associated clustering that is established prior to meiosis and remains
through to early-mid leptotene. Consequently, the pairing of telomeres and thus
homologue pairing is initiated earlier in A.thaliana than in other eukaryotic species,
due to the utilisation of a pre-existing arrangement (Armstrong et al. 2001).

Although observed early in some species, such as onion (Church & Moens 1976),
centromere pairing is not evident in A.thaliana until zygotene (Armstrong et al. 2001).
This led to the proposal that centromeric pairing may aid in the removal of unwanted
chromosomal connections via rapid telomere-led chromosome movements that occur
during midprophase (Lee et al. 2012).
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In Caenorhabditis elegans, pairing centres (PCs) located at subtelomeric regions on
each chromosome, comprised of heterochromatic repeats, have been implicated in
homologous chromosome recognition (MacQueen et al. 2005). PCs are attached to
the nuclear envelope via a nuclear membrane spanning complex of SUN/KASH
proteins, indirectly linking PCs to cytoskeletal microtubules (Hiraoka & Dernburg
2009). Interactions with the dynein motor protein, via the KASH protein ZYG-12, aid
in the separation of non-homologous pairing, thus promoting homologous
chromosome pairing (discussed in Osman et al. 2011). SUN domain orthologues
have been identified in A.thaliana (Graumann et al. 2009), implicating a similar
mechanism for the telomere-led chromosome movements observed.

Synapsis of Homologous Chromosomes

Homologous chromosomes are juxtaposed in an intimate association following
homologous pairing, enabling the formation of the synaptonemal complex (SC) along
the entire chromosome lengths (Moses 1968; von Wettstein et al.1984). The SC is a
highly conserved proteinaceous structure assembled during zygotene, owing to the
stabilisation of homologue pairing and hence facilitating recombination events that
are concurrently taking place (reviewed in Page & Hawley 2004).

DNA double-strand breaks (DSBs) are generated within the chromatin loops during
the G2/leptotene transition, following association of the loops with the axes.

A minority of these inter-axis bridges mature into axial associations, during leptotene
(Albini & Jones 1987; Rockmill et al. 1995; Tesse et al. 2003). These subsequently
nucleate and denote the formation of the SC and thus synapsis of homologous
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chromosomes, during zygotene. Axial elements are hence incorporated into the SC
tripartite structure as a component of the paired homologous lateral elements (LEs)
that are cross-linked by transverse filaments (TFs) spanning the central region (Fig.2)
(Heyting 1996; Zickler & Kleckner 1999). Assembly of the SC progresses throughout
zygotene, occurring in a zipper-like manner, with fully synapsed bivalents being
prevalent by pachytene.

Figure 2. [Reproduced from Higgins et al. (2005)]. Dual loop organization and the
structure of the synaptonemal complex. Schematic representation of the dual-loop
organization of sister chromatids, whereby parallel sets of loops are aligned and anchored
along a linear proteinaceous axis. Model also shows the structure of the SC, depicting the
organization of the TFs, with their C termini associated with the LEs and the opposing
dimers’ N termini overlapping in the central region, forming parallel homodimers.

In a number of organisms, genes encoding components of the SC have been
identified, implicated in SC formation. The ZMM protein, Zip1, in budding yeast, has
been identified as the TF component of the SC that polymerizes along aligned LEs
during zygotene (Sym et al. 1993). This coiled-coil protein localizes along the entire
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length of synapsed homologous chromosomes during pachytene. Furthermore, zip1
mutants were shown to be defective in synapsis, although homologous pairing and
AE formation still took place (Sym et al. 1993). In the absence of DSBs, a proportion
of Zip1 associates with the centromeres (Tsubouchi & Roeder 2005), hence
suggesting homolog pairing is dependent upon this centromeric interaction. ZYP1a
and ZYP1b are two partially redundant proteins, collectively referred to as ZYP1,
which were identified as the Zip1 orthologues in A.thaliana (Higgins et al. 2005).
ZYP1 localisation during the leptotene/zygotene transition has been shown to
depend on the formation of DSBs. This coincides with previous studies which
indicated that centromeres were not required for homolog pairing in Arabidopsis,
which is telomere-led (Armstrong et al. 2001).

Hop1 is a DNA-binding protein that contains a HORMA domain that associates with
the chromosome axes in budding yeast, and is therefore an integral component of
the SC (Hollingsworth & Byers 1989). ASY1 was identified as the functional
A.thaliana homologue of Hop1, with this protein being required for the synapsis of
homologous chromosomes (Caryl et al. 2000). This is evident by the asynaptic
phenotype displayed by asy1 mutants (Ross et al. 1997). Prior to chromosome axis
formation, AtASY1 is shown to associate with chromatin. With the progression into
leptotene, and therefore the formation of the axes, ASY1 localises to the chromatin
loop in which is in close proximity to the AEs (Armstrong et al. 2002).

Following

the

completion

of

homologous

recombination

during

pachytene,

desynapsis of the paired homologous chromosomes occurs during late prophase I
(diplotene), with the SC being fully disassembled by diakinesis (Heyting 1996).
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There is much discrepancy regarding the real functional role of the SC, however this
evolutionarily conserved structure is proposed to be fundamental for the homologous
recombination events that take place during meiosis.

Meiotic Recombination: Meiotic DNA Double-Strand Break Formation

Studies in budding yeast have provided much insight into the mechanisms that
underpin meiotic recombination in meiosis. The formation of DSBs, during leptotene,
denotes the onset of meiotic recombination. SPO11, a conserved topoisomerase IIrelated transesterase, catalyses programmed-DSB formation and remains covalently
attached to the 5’-ends on either side of each DSB site (Keeney et al. 1997). In
Arabidopsis, three paralogues of SPO11 have been identified, AtSPO11-1,
AtSPO11-2 and AtSPO11-3 (Grelon et al. 2001; Hartung & Puchta 2001), although
only AtSPO11-1 and AtSPO11-2 are required for DSB formation, thought to act nonredundantly as a heterodimer (Grelon et al. 2001; Stacey et al. 2006; Sanchez-Moran
et al. 2007). In budding yeast, a number of accessory proteins have been identified
as essential for the initiation of meiotic recombination (reviewed in Cole et al. 2010),
however, functional homologues of these proteins have yet to be identified in
Arabidopsis (Keeney et al. 1997). Nevertheless, DSB formation in Arabidopsis has
been found to require the activity of the three proteins AtPRD1, AtPRD2 and AtPRD3
(De Muyt et al. 2007; De Muyt et al. 2009). AtPRD2 directly binds to chromosomes to
promote DSB formation, whilst AtPRD1 has been shown to interact directly with
AtSPO11, suggesting it functions in partnership with the DSB formation catalyst
(reviewed in Osman et al. 2011). AtPRD3, on the other hand, has been shown to link
break complexes to the axis via interaction with AtASY1 (Osman et al. 2011).
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Meiotic Recombination: Double-Strand Break Processing

Following DSB formation, a DNA repair process is initiated which is facilitated by the
phosphorylation of the histone variant, H2AX, over regions surrounding DSBs
(Fernandez-Capetillo et al. 2003; Shroff et al. 2004). SPO11 remains covalently
attached to the 5’-DNA end on either side of the DSB. Subsequently, strand resection
of the 5’ ends occurs, alongside SPO11 removal, resulting in the formation of 3’
single stranded DNA (ssDNA). This process is mediated by the MRE11-RAD50XRS2/NBS1 complex acting in conjuction with COM1/SAE2 in budding yeast
(Mimitou & Symington 2009). SPO11 is released from the DSB ends following
endonucleolytic cleavage on either side of the DSB site (Neale et al. 2005). AtMRE11
and AtRAD50 interact in-vitro (Daoudal-Cotterell et al. 2002) and are involved in DNA
repair in Arabidopsis, therefore owing to the conservation of the MRX/N complex in
end processing (Gallego et al.2001; Bundock & Hooykaas 2002; Bleuyard et al.
2004; Puizina et al. 2004). In addition to this, NBS1 (Akutsu et al. 2007; Waterworth
et al. 2007) and COM1 orthologues have been identified in the Arabidopsis genome
(Uanschou et al. 2007). Although the precise mechanisms of DSB processing have
not been fully resolved, it is thought that both MRE11 and COM1/SAE2 are required
for sufficient endonuclease cleavage to permit strand resection and therefore
homologous recombination (reviewed in Osman et al. 2011).

Meiotic Recombination: Strand Invasion and Exchange

The RecA-related recombinases, RAD51 and DMC1, form nucleoprotein presynaptic
filaments on 3’ssDNA tails. Following homology searches, single end invasion occurs
resulting in the formation of joint molecules, implemented in the initiation of strand
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exchange (Bishop & Zickler 2004). An A.thaliana DMC1 orthologue has been
identified, along with six RAD51 paralogues, of which only three have been shown to
be essential for meiotic recombination: AtRAD51, AtRAD51C and AtXRRC3
(reviewed in Osman et al. 2011). Atrad51 mutant is infertile due to a lack of
AtSPO11-induced DSB repair ability (Li et al. 2004), with RAD51 being shown to
repair DSBs using the sister chromatid as a template (Siaud et al. 2004). On the
other hand, random segregation of univalents at anaphase I was observed in Atdmc1
mutants, demonstrating the role of this protein in inter-homologue recombination
(Couteau et al. 1999). It has been proposed that RAD51 and DMC1 coordinate their
functions as a means to promote inter-homologue recombination, thus ensuring
genetic variation (Bishop 1994), with RAD51 possibly acting to catalyse the activity of
DMC1 (Cloud et al. 2012). Immunolocalisation studies in A.thaliana early prophase I
chromosome spreads indicated that AtRAD51 and AtDMC1 form doublets which
were seen to co-localise with γH2AX foci. Therefore, it can be said that nucleoprotein
filaments comprised of either AtRAD51 or AtDMC1 flank DSBs. Furthermore, DSB
repair carried out by AtDMC1-coated nucleoprotein filaments is thought to be
mediated by the axis protein AtASY1, in order to promote inter-homologue
recombination over the use of the sister-chromatid as a template (Sanchez-Moran et
al. 2007; Kurzbauer et al. 2012).

A number of accessory proteins are thought to mediate strand exchange protein
assembly in budding yeast. One such accessory protein is Replication Protein A
(RPA), which is essential for the formation of nucleofilaments via its ability to remove
secondary structures within the DNA allowing for the assembly of RAD51 onto the 3’ended ssDNA. Incorrect RAD51-mediated strand exchange is proposed to be
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prevented following the coating of ssDNA by RPA (discussed in San Filippo et al.
2008). Strand invasion has also been shown to be promoted by the MND1/HOP2
complex (Chi et al. 2007), that is known to interact with both RAD51 and DMC1 in
A.thaliana in immunoprecipitation studies (Kerzendorder 2006; Vignard et al. 2007).
This complex is thought to enable homology searching and subsequent strand
invasion, coinciding with RAD51 and DMC1 activity (Tsubouchi & Roeder 2002),
stabilising the presynaptic filament whilst also promoting DNA duplex capture
(reviewed in Osman et al. 2011).

Single-end invasion of the RAD51/DMC1-containing nucleoprotein filament occurs
following a homology search, whereby the filament invades the intact duplex,
displacing complementary ssDNA from the donor strand. Polymerisation of the
invading strand occurs, causing the formation of a recombination intermediate
structure known as the ‘displacement loop’ (D-loop) (reviewed in Bishop & Zickler
2004), the fate of which results in either a crossover (CO) or non-crossover (NCO)
event.

Meiotic Recombination: Pathways to Crossover Formation

In a vast majority of species, including plants, ~5% of DSBs result in the formation of
genetic COs, thus resulting in the reciprocal exchange of genetic information.
However, a large proportion of single-end invasions are repaired via DNA synthesis
mechanisms, resulting in a NCO event (Barakate et al. 2014). This repair pathway is
referred to as synthesis-dependent strand annealing (SDSA) (Fig.3) (Allers & Lichten
2001).
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Following strand invasion, the stable intermediate single end invasion (SEI) is formed
as a result of the invading strand in the D-loop interacting with the intact duplex.
Association of the second invading strand with the donor duplex occurs resulting in
DNA synthesis allowing for the joining of the newly synthesised 3’end DNA with the
resected 5’ ends. As a result of this, a stable DNA intermediate is formed known as
the double Holliday junction (dHJ) (Holliday 1964), the resolution of which leads to
CO formation (reviewed in Bishop & Zickler 2004).

Chiasmata are the physical manifestations of the reciprocal exchange of genetic
information and thus the result of COs. Therefore, in addition to increasing genetic
diversity, COs ensure accurate chromosome disjunction by allowing for the vital
physical connection between homologous chromosomes, owing to the importance of
CO events in meiosis (Jones & Franklin 2006). CO assurance has been observed in
most species, whereby at least one obligate CO per chromosome pair is ensured
(Jones 1984; Jones & Franklin 2006; Shinohara et al. 2008). CO homeostasis is
carried out in order to ensure an obligate CO, by the maintenance of COs being
favoured at the expense of NCOs (Martini et al. 2006). The control of CO events is
therefore tightly regulated in many species, including A.thaliana, where it has been
observed that each of the 5 chromosome pairs always receives an obligate CO, with
wild-type showing 8-12 chiasmata per nucleus (Higgins et al. 2004).

Studies in budding yeast led to the development of the early decision model of
meiotic recombination, suggesting an early time point for the CO/NCO decision
(reviewed in Osman et al. 2011). It is proposed that prior to the establishment of a
stable SEI intermediate, the fate of individual DSBs to proceed via the CO/NCO route
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is determined, with the imposition of this fate coordinating with SC formation
(Barakate et al. 2014).

Two alternative CO formation pathways coexist in most eukaryotes, resulting in class
I and class II COs (Fig.3) (Börner et al. 2004).

Pathways to Crossover formation: Class I Crossovers

The Class I crossover pathway is the major pathway accounting for ~85% of the total
number of meiotic COs in A.thaliana. The formation of Class I COs is dependent
upon a series of recombination proteins, collectively referred to as ZMMs (the zipper
proteins: ZIP1, ZIP2, ZIP3 and ZIP4, MER3 (Meiotic Recombination 3) and the MutS
homologoues: MSH4 and MSH5) and on the MLH1-MLH3 heteroduplex, first
identified in budding yeast (Börner et al. 2004; discussed in Lynn et al. 2007). These
proteins are conserved in a wide range of eukaryotes, with putative homologues also
identified in Arabidopsis (reviewed in Osman et al. 2011). MSH4 and MSH5 have a
fundamental role regarding the promotion of CO formation (Ross-MacDonald &
Roeder 1994; Zalevsky et al. 1999). These proteins have been shown to form a
dimer which binds to the cores of dHJs and other recombination DNA intermediates,
such as D-loops, stabilising single-end invasion via a sliding clamp mechanism.
Conversion of intermediates into dHJs and subsequent resolution of dHJs by
nucleases is therefore promoted by the embracing of duplex DNA by the dimer
(Snowden et al. 2004). In yeast, the msh5 mutant phenotype supported the role of
this protein, as no apparent dHJs or COs were observed (Börner et al. 2004). MSH4
and MSH5 orthologues have been found to be encoded by the A.thaliana genome
(Higgins et al. 2004; Higgins et al. 2008a). Immunolocalisation studies revealed a
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significant decrease in AtMSH5 foci localisation to chromosomes from zygotene to
pachytene, possibly indicating recombination intermediates carry out additional
functions as well as CO formation (Higgins et al. 2008b). On the other hand, the
retinoblastoma protein, RBR, whose mutant phenotype displays a reduction in CO
formation, is thought to be required for normal localisation of AtMSH4 (Chen et al.
2011). The Class I CO formation pathway is sometimes referred to as the MSH4dependent pathway.

The TF protein, Zip1, known to play a fundamental role in SC formation, has also
been shown to be involved in CO formation in budding yeast, as a ZMM (Storlazzi et
al. 1996; Borner et al. 2004). A reduction of CO formation observed in zip1 mutants
in budding yeast, Arabidopsis and Barley (Börner et al. 2004; Higgins et al. 2005;
Barakate et al. 2014), along with the fact that the appearance of AtZYP1 foci
coincides with that of AtMSH4/AtMSH5, prior to SC formation, led to the suggestion
that Zip1 is involved in the control of CO formation.

Shortage in Chiasmata 1 (SHOC1) is an Arabidopsis gene epistatic to the
Arabidopsis ZMMs, of which mutants display a similar phenotype to other A.thaliana
ZMM mutants (discussed in Osman et al. 2011), with a significant reduction in CO
formation (Mascaisne et al. 2008). AtSHOC1 is required for the Class I CO formation,
identified to act in the same pathway as AtMSH5 following double mutant analysis
(Higgins et al. 2008a). AtSHOC1 is an XPF endonuclease related protein thought to
be involved in the maturation of DNA intermediates, resulting in CO formation
(Mascaisne et al. 2008). SHOC1 homologs have been identified in a number of
eukaryotes, with this protein showing similarity to the yeast ZMM protein Zip2 (Chua
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& Roeder 1998). XPF-related endonucleases are involved in branched-DNA structure
recognition and processing, therefore owing to the resolution of recombination
intermediates, such as dHJs. XPF proteins form a heterodimer with an ERCC1
protein in order to function in somatic DNA repair. AtPDT (ParTing Dancer) is an
Arabidopsis specific protein which shares sequence similarity with the ERCC1 protein
family and has been shown to play a role in meiotic recombination (Wijeratne et al.
2006). AtSHOC1 has been shown to interact in-vitro with AtPTD, allowing for the
assumption to be made that SHOC1 and PTD form an XPF-ERCC1-like heterodimer
in Arabidopsis that is required for the formation of class I COs, possibly by the
resolution of dHJs (Macaisne et al. 2011).

Dissolution is the alternative way to process recombination intermediates, leading to
NCOs. This mechanism is carried out in eukaryotes by the RTR complex comprised
of a RecQ helicase, a type1A topoisomerase and the structural protein RMI1 (Thaler,
& Stahl 1988; Bonnet et al. 2013).

Class I COs are sensitive to CO interference whereby the occurrence of one COdesignation interferes with the occurrence of another nearby CO-designation,
resulting in CO patterning where COs tend to be evenly spaced. This phenomenon
was first identified in Drosophila (King & Mortimer 1990), with the formulation of a
number of models trying to account for a plausible explanation to decipher the
reasons as to why and how it occurs. Such models include the polymerization model
(King & Mortimer 1990), the counting model (Foss et al. 1993; Lande & Stahl 1993)
and the mechanical stress model (Kleckner et al. 2004). The mechanical stress
model illustrates the macroscopic mechanical properties of chromosomes enabling
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the accumulation, relief and redistribution of stress, with the formation of COs
redistributing mechanical stress at certain regions (Kleckner et al. 2004; Börner et al.
2004). This theory can be qualitatively modelled by analogy with a beam-film model,
which is a known physical system that displays analogous behaviour (Kleckner et al.
2004; discussed in Zhang et al. 2014). The promotion of the formation of widely
spaced COs by CO interference, along with CO homeostasis and interhomologue
bias, a process which ensures DSBs are preferentially repaired using a homologue
instead of a sister, are meiotic regulatory mechanisms that act in coordination to
confer CO assurance and thus the formation of at least the obligate CO. Pachytene
Checkpoint 2 (PCH2) is a hexameric ring ATPase, with homologs in a range of
organisms, including Arabidopsis (Chen et al. 2013; Miao et al. 2013). Mutant
phenotypes include defective interhomologue repair bias, timely progression of
recombination, elevated CO levels and defects in CO interference, thus indicating a
role for PCH2 in the regulation of meiotic CO outcomes (Börner et al. 2008; Joshi et
al. 2009; Zanders & Alani 2009; Zanders et al. 2011; Ho & Burgess 2011; Farmer et
al. 2012). PCH2 has been shown to bind to and remodel the axial component Hop1,
the budding yeast ASY1 homologue, in the presence of ATP, displacing it from DNA
thus regulating Hop1 binding (Chen et al. 2013). In budding yeast, Zip1 is loaded in
response to pre-existing Hop1 pattern during zygotene, which confers CO placement
(Börner et al. 2008). PCH2 promiscuously removes loaded Hop1 from the
chromosome axis, by physically interacting with the protein. The maintenance of
differential Hop1 localization is critical for the promotion of interhomologue repair at
CO designation sites (Chen et al. 2013).
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Pathways to Crossover formation: Class II Crossovers

Class II COs represent only 5-10% of COs in A.thaliana which arise from a second
pathway of CO formation (Mercier et al. 2005). This pathway is independent of the
ZMM proteins and requires the activity of the MUS81-EME1 heteroduplex (reviewed
in Osman et al. 2011). Class II COs differ to Class I COs by the fact that the Class II
pathway is independent of MSH4, and therefore has different genetic requirements,
and by the fact that this pathway is not sensitive to CO interference, resulting in an
uneven CO distribution in comparison to Class I CO distribution (Berchowitz et al.
2007; Berchowitz & Copenhaver 2010).
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Figure 3. [Reproduced from Osman et al. (2011)]. Schematic diagram showing the
meiotic double-strand break repair pathways. Processing of DSBs results in the strand
resection of 5’ends to 3’ ends. This precedes strand invasion which leads to the formation of
the D-loop. A number of D-loops undergo the SDSA repair pathway, resulting in NCO
formation. A portion of DNA intermediates undergo 2nd end capture, synthesis and ligation.
The stabilisation of these structures leads to the formation of dHJs. Resolution of dHJs by
endonuclease leads to the formation of a CO, whereas dissolution generates NCOs.

29

Arabidopsis thaliana: a model plant for studying meiosis.
The use of Arabidopsis in numerous studies investigating meiosis has provided
valuable insights regarding meiotic recombination and its control. A.thaliana is a key
experimental system utilised to increase understanding of the control of genetic COs.
This is mainly due to the fact that this plant species has a relatively small genome
size, of which has been sequenced (Arabidopsis Genome Initiative 2000), and the
identification and characterization of meiotic genes in this species has been
enhanced by the availability of a large selection of T-DNA insertional mutants
(Mercier et al. 2001). In addition to this, Arabidopsis is considered cytogenetically
amenable with synchronized meiocytes being present within the anther locules,
permitting the analysis of the cytogenetically distinct stages apparent within meiosis
(Armstrong et al. 2001). Although it is clear that there are fundamental differences in
the mechanics of meiotic control between the various species analysed, analyses
carried out in A.thaliana have provided much insight into the control of meiosis in
plants, over the last decade, allowing for the generation of tools that could potentially
be used to analyse processes in crop species. The fundamental knowledge obtained
from Arabidopsis can ultimately be translated to crop species for practical application,
enabling the understanding of the mechanisms in these species along with the ability
to manipulate meiotic recombination in an attempt to increase the genetic variation
available to plant breeders, therefore contributing to food security efforts.
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Aim and Objectives.

An understanding of the networks and protein interactions controlling the formation of
meiotic COs in A.thaliana is of great importance. This is mainly due to the potential
this has on the ability to manipulate recombination pathways, allowing CO outcomes
to be changed to increase available genetic variation. This investigation is being
carried out in order to provide fundamental insights into the control of genetic
crossover formation during meiosis in A.thaliana. This will be achieved by the gene
cloning and subsequent protein expression and purification of both AtSHOC1 and
AtASY1, in order to generate recombinant proteins to be used in antibody-based
immunolocalisation studies, which will allow the dynamics of the repair process in
relation to axis-remodelling to be analysed in more detail. Furthermore, a yeast twohybrid (Y2H) system will be used to test for a direct interaction between AtASY1 and
AtPCH2, as previous data suggests these proteins form a complex, with an
interaction being confirmed with the yeast homologues. In addition to this, the
interaction between PCH2 and a number of other key axis proteins, including
AtPRD3, will be carried out, along with the mutagenesis of PCH2, in order to remove
its ATP hydrolytic activity to determine the impact this has on possible protein
interactions.
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Materials and Methods
1. A.thaliana SHOC1 and ASY1 Recombinant Protein Production for Antibody
Production.
1.1. SHOC1: Gene Cloning
AtSHOC1 AT5G52290.1 (see Appendix 1 for genomic sequence).
Polymerase Chain Reaction (PCR) purified SHOC1 (exon 7) (see Appendix 1 for
DNA sequence) was used in subsequent steps.
1.1.2. Ligation of Blunt-end PCR Purified SHOC1 DNA fragment into cloning
vector
pCR®-Blunt (Invitrogen) – Zero Blunt® PCR Cloning Kit (Invitrogen by Life
Technologies).
pCR®-Blunt vector is a 3.5kb plasmid designed for blunt-end cloning to ensure a low
background of non-recombinants via the lethal Escherichia coli ccdb gene (Bernard
et al. 1994).
PCR purified AtSHOC1 exon 7 DNA fragment was cloned into pCR®-BLUNT
(Invitrogen).
Table 1. Reagents and volumes for the ligation reaction of PCR purified
AtSHOC1 exon 7 DNA fragment into the blunt-end cloning vector, pCR®BLUNT (Invitrogen).
Reagent

Volume

Purified SHOC1 exon 7 PCR product

7μl

pCR®-Blunt vector

1μl

10x T4 Ligase Buffer (New England Biolabs – NEB)

1μl

T4 Ligase enzyme (NEB)

1μl

Total volume = 10μl
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Ligation reaction was mixed by pipetting up and down and incubated at 16°C for 2h.
1.1.3. Transformation of pCR®-Blunt-SHOC1 into competent E.coli DH5α cells
by heat shock.
2µl pCR®-Blunt-SHOC1 ligation mix was added to a 50µl aliquot of competent cells
that had been thawed on ice for 10mins. The mixture was mixed by gently pipetting
up and down, heat-shocked at 42°C for 45s and incubated at 37°C for 45mins with
shaking at 200rpm, in 400µl Lysogeny Broth (LB).
50µl, 100µl and 250µl of transformed cells in LB were plated onto fresh LB agar
plates with Kanamycin antibiotic selection (50µg/ml final concentration). (As a
negative control, untransformed DH5α E. coli cells were also plated onto a
Kanamycin LB agar plate to ensure antibiotic selection is efficient).
Plates were sealed with parafilm and incubated overnight (O/N) at 37°C.
1.1.4. Colony PCR
Colony PCR was carried out to clarify whether E. coli DH5α cells had been
successfully transformed with the recombinant plasmid.
A single E. coli colony was used to inoculate a PCR reaction (Table 2) (this was
carried out for 8 different colonies obtained from the kanamycin LB agar plates).
Table 2. Colony PCR reaction to confirm successful transformation of E.coli
cells with pCR®-Blunt ligated with the AtSHOC1 DNA insert.
Reagent
Sterile Distilled Water (SDW)

Volume
7.5μl

2μM primer mix (SHOC1 forward and reverse primers – 5μl
see Appendix 1 for primer sequences).
GoTaq® Green Master Mix (2x) (Promega)
Total volume = 25μl

12.5μl
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A positive control was carried out for the colony PCR using DNA from previously
PCR purified SHOC1 DNA fragment (6.5µl SDW, 5µl 2µM forward and reverse
primer mix, 1µl Purified SHOC1 PCR product, 12.5µl GoTaq® Green Master Mix
(2x)).
Table 3. PCR Programme for the colony PCR to ensure successful
transformation of E.coli cells with the recombinant plasmid.
Steps
Initial Denaturation

Temperature, Time
95°C for 2min

Cycle –x32
Denaturation

95°C for 30s

Annealing

60°C for 1min

Extension
73°C for 1min
Final extension
73°C for 10min
(carried out with a heated lid at 112°C) using a ThermoHybaid PCRSprint thermocycler.

DNA Agarose Gel Electrophoresis:
7µl of each of the 8 PCR reactions and the positive control, with added DNA loading
buffer, was ran on a 1% agarose (Sigma) gel containing 0.5µg/ml ethidium bromide,
along with 1kb+ DNA Ladder (Invitrogen) at 100V for 40mins (Hybaid electrophoresis
kit). The gel was visualised using a Gel-Doc XR imager using QuantityOne Software.
1.1.5. O/N Liquid Culture
4 single colonies that had been shown to have been successfully transformed with
ligated pCR®-Blunt and the SHOC1 DNA insert via colony PCR, were used to
inoculate 5ml LB broth with the selective antibiotic kanamycin at a final concentration
of 50µg/ml.
Launched liquid cultures were incubated O/N at 37°C with shaking at 200rpm.
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1.1.6. Plasmid DNA Purification
Plasmid DNA (pCR®-Blunt ligated with SHOC1) was purified from the O/N liquid
cultures using a Promega Wizard Plus SV Miniprep DNA Purification System
(Promega) using the manufacturer’s guidelines for the microcentrifuge protocol.
Purified Plasmid DNA was heated at 65°C for 10mins prior to subsequent steps.
1.1.7. Restriction Digestion
2 samples of purified pCR®-Blunt/SHOC1 were cut with the restriction enzymes NdeI
and XhoI (NEB) (Table 4).
Table 4. Restriction digest reaction to digest pCR®-Blunt/SHOC1 with the
restriction enzymes NdeI and XhoI (NEB).
Reagent

Volume

Sterile Distilled Water (SDW)

13.5μl

Buffer 4 (10x) (NEB)

2μl

Bovine Serum Albumin

0.5μl

Purified Plasmid DNA

3μl

NdeI

0.5μl

XhoI

0.5μl

Total volume = 20μl

Plasmid DNA was digested at 37°C for 60mins.
Purified pET-21b (Novagen) expression vector (obtained from a glycerol stock of
transformed DH5α E.coli cells, cultured O/N and purified using the Promega Wizard
Plus SV Miniprep DNA Purification System (Promega) using the manufacturer’s
guidelines for the microcentrifuge protocol) was also cut with the same restriction
enzymes, as shown above, to form a linear plasmid with complementary sticky ends
to the SHOC1 DNA insert.
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Restriction digests of pCR®-Blunt/SHOC1and pET-21b were visualised by DNA gel
electrophoresis (as described above) on a 0.8% agarose (Sigma) gel along with
uncut samples of each and 1kb+ DNA Ladder (Invitrogen).
1.1.8. Large-Scale Restriction Digest
Carried out to cut the 2x SHOC1 DNA inserts out of the pCR®-Blunt cloning vector
and to linearize pET-21b expression vector to ensure complementary sticky ends.
Table 5. Large-Scale Restriction digest reaction to digest pCR®-Blunt/SHOC1
and linearize pET-21b expression vector with the restriction enzymes NdeI and
XhoI (NEB).
Reagent

Volume

SDW

51μl

Buffer 4 (10x) (NEB)

10μl

Bovine Serum Albumin

1μl

Purified Plasmid DNA

30μl

NdeI

4μl

XhoI

4μl

Total volume = 100μl

Plasmid DNA was digested at 37°C for 90mins.
Restriction digest reactions were ran on a 0.8% agarose (Sigma) gel at 86V for 1h.
1.1.9. Gel extraction and purification of restriction digests
2x SHOC1 DNA inserts and linearized pET-21b was extracted from the agarose gel
and purified using a QIAquick Gel Extraction Kit (QIAGEN) following the
manufacturer’s guidelines for the microcentrifuge protocol.
Gel purified SHOC1 and pET-21b was subsequently visualised by DNA gel
electrophoresis, ran on a 0.8% agarose (Sigma) gel, to ensure purity and as a
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method to semi-quantify DNA to determine a concentration ratio to be used in
subsequent ligation steps.
1.1.10. Ligation of SHOC1 into pET21-b (Novagen) Expression Vector
Table 6. Reagents and volumes for the ligation reaction of AtSHOC1 DNA
fragment into pET21-b (Novagen) Expression Vector.
Reagent

Volume

Gel purified SHOC1 exon 7 restriction digest

3μl

pET21-b (Novagen) expression vector

4μl

10x T4 Ligase Buffer (NEB)

1μl

T4 Ligase enzyme (NEB)

0.5μl

SDW

1.5μl

Total volume = 10μl

Ligation reaction was mixed by pipetting up and down and incubated at 16°C O/N.
Ligation into the protein expression vector pET-21b will generate a recombinant
protein fused to a C-terminal His-tag protein.
1.1.11. Transformation of pET-21b-SHOC1 into competent E.coli DH5α cells by
heat shock.
2µl pET-21b-SHOC1 ligation mix was added to a 50µl aliquot of competent that had
been thawed on ice for 10mins. The mixture was mixed by gently pipetting up and
down, heat-shocked at 42°C for 45 seconds and incubated at 37°C for 45mins with
shaking at 200 rpm, in 500µl LB broth. (carried out for both SHOC1 samples).
50µl, 100µl and 250µl of transformed cells in LB broth were plated onto fresh LB agar
plates with ampicillin antibiotic selection (100µg/ml final concentration). (As a
negative control, untransformed DH5α E.coli cells were also plated onto an ampicillin
LB agar plate to ensure antibiotic selection is efficient).
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Plates were sealed with parafilm and incubated overnight (O/N) at 37°C.
8 single transformed colonies for both SHOC1 samples ligated in pET-21b were
restreaked onto fresh ampicillin (100 µg/ml) LB agar plates, sealed with parafilm and
incubated O/N at 37°C.
1.1.12. O/N Liquid Culture
8 single colonies for each pET-21b/SHOC1 sample, that had been restreaked, were
used to inoculate 5ml LB broth with the selective antibiotic carbenicillin (synthetic
ampicillin analogue) at a final concentration of 100µg/ml.
Launched liquid cultures were incubated O/N at 37°C with shaking at 200rpm.
1.1.13. Plasmid DNA Purification
Plasmid DNA (pET-21b ligated with SHOC1) for each SHOC1 sample was purified
from the O/N liquid cultures using a Promega Wizard Plus SV Miniprep DNA
Purification System (Promega) using the manufacturer’s guidelines for the
microcentrifuge protocol.
Purified Plasmid DNA was heated at 65°C for 10mins prior to subsequent steps.
1.1.14. Restriction Digestion
The 2 samples of purified pET-21b/SHOC1 were cut with the restriction enzymes
NdeI and XhoI (NEB) (Table 7).
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Table 7. Restriction digest reaction to digest purified pCR®-Blunt/SHOC1 with
the restriction enzymes NdeI and XhoI (NEB).
Reagent

Volume

SDW

11.5μl

Buffer 4 (10x) (NEB)

2μl

Bovine Serum Albumin

0.5μl

Purified Plasmid DNA

5μl

NdeI

0.5μl

XhoI

0.5μl

Total volume = 20μl

Plasmid DNA was digested at 37°C for 90mins.
Restriction digests of the 2 pET-21b/SHOC1 samples were visualised by DNA gel
electrophoresis (as described above) on a 0.8% agarose (Sigma) gel, ran at 90V,
along with uncut samples of each and 1kb+ DNA Ladder (Invitrogen). This was
carried out to ensure that the samples contained pET-21b that had been successfully
ligated with the SHOC1 DNA insert.
1.1.15. DNA Sequencing
In order to confirm pET-21b plasmids ligated with SHOC1 DNA inserts for both
samples were in-frame and had no mutations, purified plasmid DNA was sequenced.
DNA sequencing was carried out by the Functional Genomics Unit, University of
Birmingham, UK, using the BigDye Terminator Sequencing v2.0 Ready Reaction Kit
(PE Biosystems).
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Table 8. DNA Sequencing Reaction to sequence purified plasmid DNA to
confirm pET-21b plasmids ligated with SHOC1 DNA inserts were in-frame and
free from mutations.
Reagent

Volume

Purified plasmid DNA

3μl

Primer (0.8μM concentration)

3μl

SDW

4μl

Total volume = 10μl
3 reactions were carried out, using the following primers: T7 Promoter, SHOC1
Exon 7 forward, SHOC1 Exon 7 Reverse (see Appendix 1 for sequences).

Sequencing reactions were run out on an ABI 3700 DNA Analyser.
DNA sequences were analysed using Chromas software. The BLAST program on
the

National

Centre

for

Biotechnology

Information

(NCBI)

website

(www.ncbi.nlm.nih.gov) was used to carry out homology searches.
As a result of the DNA sequencing results, only one of the pET-21b/SHOC1 samples
was used for the protein expression protocol.
1.2. ASY1: Gene Cloning
The Arabidopsis ASY1 gene’s coding region was cloned into the expression vector
pGex-6P-1 (Amersham Pharmacia Biotech), as an N-terminal fusion to glutathione Stransferase (GST) (Armstrong et al. 2002).
1.3. Protein Expression of SHOC1 and ASY1 Recombinant Proteins
1.3.1. Transformation of Ready-Competent E.coli BL21 (DE3) cells (Novagen)
with pET-21b/SHOC1 and pGex/ASY1
2µl of purified plasmid DNA was added to a 50µl aliquot of E.coli BL21 (DE3) cells.
The mixture was kept on ice for 20mins prior to being heat-shocked at 42°C for 45s.
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Transformed cells were mixed with 400µl LB broth and incubated at 37°C on a
shaker at 200rpm, for 30mins.
Recovered transformed cells were plated onto fresh ampicillin (100µg/ml) LB agar
plates, which were sealed with parafilm and incubated at 37°C O/N.
Single colonies of transformants were restreaked onto ampicillin (100µg/ml) LB agar
plates, sealed with parafilm and incubated at 37°C until single colonies were visible.
1.3.2. Small-scale induced protein expression
1.3.2.1. Induction of protein expression
2 single colonies of E.coli BL21 cells transformed with pET-21b/SHOC1 and 1 colony
of E.coli BL21 cells transformed with pGex/ASY1, was used to inoculate 20ml
prewarmed LB broth (0.5% glucose, 100µg/ml carbenicillin) in prewarmed 100ml
conical flasks.
Cultures were incubated O/N at 30°C with shaking at 200rpm.
19ml prewarmed LB broth (0.5% glucose, 100µg/ml carbenicillin) was inoculated with
1ml O/N culture, in prewarmed 250ml conical flasks. Cultures were incubated at 30°C
until an OD650 ~ 0.5 was reached.
In order to induce expression of the two SHOC1 proteins and the ASY1 protein,
Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of
1mM (Cultures that had not been induced, referred to as uninduced, were carried out
as a negative control for protein expression analysis). 0h samples were taken after
induction with IPTG, for all of the cultures. 1ml of culture was removed, centrifuged
for 5mins at 13k rpm, the supernatant was discarded and the resultant pellets were
stored at -20°C until needed. 4h and 24h samples were also taken.
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1.3.2.2. Protein Extraction from Bacterial Pellet
Pellets from 0h, 4h and 24h were thawed on ice for 20mins. Cell pellets were
resuspended in 300µl Bugbuster Mastermix (Novagen) and mixed on a rotator for
20mins. The solutions were centrifuged at 13k rpm at 4°C for 15mins.
10µl of the supernatant (S/N), containing the soluble fraction of proteins, was
transferred to a sterile 1.5ml microcentrifuge tube and 3µl 5 x Final Sample Buffer
was added. Resultant pellets, containing the insoluble protein fraction, were
resuspended in 300µl 1 x Final Sample Buffer (Tris-HCl (pH 6.8) 12.5% (v/v), SDS
2% (w/v), Glycerol, 10% (v/v), β-Mercaptoethanol 5% (v/v), Bromophenol blue
0.001% (w/v).
Soluble and insoluble protein fractions were boiled for 10mins. 10µl of the insoluble
samples, 13µl of the soluble samples and 8µl ThermoScientific PageRuler Plus
Prestained

Protein

Ladder

(ThermoScientific)

were

loaded

onto

12.5%

polyacrylamide Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE) for further analysis, using a 3rd generation BioRad self-assembly kit. Gels
were ran at 50V for 30mins to allow samples to travel through the stacker gel,
following which the voltage was increased to 100V for 1.5h to allow samples to
migrate though the resolving gel and for separation of the proteins to occur according
to their molecular weight. SDS-PAGE gels were stained with Coomassie Blue (0.25g
coomassie blue, 112.5ml methanol, 112.5 ml acetic acid (glacial), 25ml SDW) for 1h
and destained (100ml methanol, 35ml acetic acid (glacial), 365ml SDW) O/N.
1.3.2.3. Large-Scale Protein Expression
Purified transformants were used to inoculate 20ml prewarmed LB broth (0.5%
glucose, 100µg/ml carbenicillin), in prewarmed 100ml conical flasks. Cultures were
incubated O/N at 30°C, with shaking at 200rpm.
10ml O/N culture was used to inoculate 190ml prewarmed LB broth (0.5% glucose,
100µg/ml carbenicillin), in prewarmed 2L conical flasks. Cultures were incubated at
30°C with shaking at 200rpm until an OD650 ~ 0.5 was reached. IPTG to a final
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concentration of 1mM was added to the cultures to induce protein expression. 0h
samples were taken (as described above). 24h post-induction, cultures were
centrifuged using a floor centrifuge (SORVALL ® RC26) at 5k rpm for 10mins at 4°C.
The S/N was discarded and resultant cell pellet was resuspended in 150ml cold lysis
buffer (50mM Tris-HCL pH 8.0, 100mM NaCl, 1mM 0.5M EDTA, made up to 500ml
with SDW). The resuspension was centrifuged at 5k rpm for 10mins at 4°C in order to
wash the cells, and the S/N was discarded.
1.3.2.3.1. Western Blotting
Insoluble SHOC1 proteins were extracted from 0h and 24h post-induction bacterial
pellets (as described previously). Protein samples were separated on a 12.5% SDSPAGE gel and electroblotted onto Hybond C extra nitrocellulose membrane
(Amersham Pharmacia Biotech). Western blots were incubated with anti-His probe
(1:5000 dilution) followed by anti-mouse antibodies conjugated to horseradish
peroxidase (HRP) (1:10000 dilution) (Sigma-Aldrich). ECL reagents (Amersham
Pharmacia Biotech) were used to visualise the protein bands, which were
subsequently detected by autoradiography.
1.3.2.4. Protein Purification
Upon induction, HISTAG-SHOC1 and GST-ASY1 recombinant proteins accumulated
as insoluble inclusion bodies in E.coli BL21.
Bacterial pellets were resuspended in 40ml cold lysis buffer. 400µl 10µgml -1 lysozyme
and 100µl of 50mM phenylmethanesulfonylfluoride (PMSF) was added and samples
were incubated at 4°C for 1.5h. Following this, 26mg sodium deoxycholate and 50µl
50mM PMSF was added and the samples were incubated at 37°C for 30mins.
Samples were subsequently syringed through a 0.4mm needle twice, centrifuged at
5000rpm for 20mins at 4°C and the S/N was discarded. The resultant pellet was
resuspended in 20ml cold lysis buffer, syringed and centrifuged again under the
same conditions. This was repeated 3x. The resulting pellet was resuspended in 5ml
PBS (1x) (Sigma) and syringed.
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1.3.2.4.1. Analysis of Purified Inclusion Bodies
1.3.2.4.1.2. SDS-PAGE
Purified HISTAG-SHOC1 and GST-ASY1 recombinant inclusion bodies were ran on
a 12.5% polyacrylamide SDS-PAGE gel along with BSA of a known concentration for
quantification of purified proteins.
1.3.2.4.1.3. Western Blot
Undiluted and diluted purified samples of both the SHOC1 and ASY1 recombinant
proteins were ran on 12.5% and 10% SDS-PAGE gels, respectively, and
electroblotted onto Hybond C extra nitrocellulose membrane. Western blot for
SHOC1 protein was carried out as before. ASY1 western blots were incubated with
anti-ASY1 antiserum (1:1000 dilution) followed by anti-rabbit antibodies conjugated to
HRP (1:10000). ECL reagents were used to visualise the protein bands, which were
detected by autoradiography.
1.3.2.4.1.4. Protein Quantification
Protein concentrations were quantified using BioRad assays according to the
manufacturer’s guidelines. 2µl, 5µl and 20µl purified inclusion bodies (resuspended in
PBS) were added to PBS to make a final volume of 800µl. 200µl BioRad Stain was
added to each sample, which were incubated at room temperature for 10mins.
Absorbance at 595 nm was measured using a spectrophotometer (Jenway 6305).
The absorbance of BSA (2.5 µgµl-1) was used as a standard.
Rabbit polyclonal antiserum was produced against the HISTAG-SHOC1 and
GST-ASY1 fusion proteins (ISL, Poole, UK).
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2. Yeast Two-Hybrid Analysis of PCH2 with ASY1 and other key meiotic
proteins.
Yeast Two-Hybrid Analysis was carried out using the Matchmaker™ Gold Yeast
Two-Hybrid System (Clontech) according to the manufacturer’s User Manual.
2.1. Gene cloning
The coding regions of PCH2, ASY1, ZYP1, ASY3 and PRD3 Arabidopsis genes were
cloned into both the pGBKT7 DNA-BD and pGADT7 AD Cloning Vectors (Clontech)
and sequenced using the BigDye Terminator Sequencing v2.0 Ready Reaction Kit
(PE Biosystems) by the Functional Genomics Unit, University of Birmingham, UK
(see Appendix 2 for PCH2 primer sequences).
2.2. Yeast Transformation
Yeast Transformation was carried out using the Yeastmaker™ Yeast Transformation
System 2 (Clontech) according to the manufacturer’s user manual.
2.2.1. Preparation of Competent Yeast Cells
Y2H Gold Yeast cells (S.cerevisiae) (from a glycerol stock) were aseptically spread
onto YPDA (see Appendix 2 for recipe) agar plates. Incubated at 30°C, for 4 days,
until single colonies became visible.
Inoculated 3ml YPDA liquid medium with a single colony (diameter >2mm) of Y2H
Gold Yeast Cells. Incubated cultures at 30°C, with shaking at 200rpm, for 12h.
2x 3.5µl culture was used to inoculate 50ml YPDA liquid broth in a sterile 250ml
conical flask and incubated at 30°C, with shaking at 250rpm, until OD 600 ~ 0.5 was
reached (23.5h).
Cultures were transferred into 2 sterile 50ml falcon tubes and centrifuged at
2.7x1000g for 5mins at room temperature. Resultant pellets were resuspended in
30ml SDW and centrifuged. Yeast cells were resuspended in fresh 1.5ml
1.1xTE/LiAC solution (see Appendix 2). Cell suspensions were transferred into 2
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respective 1.5ml microcentrifuge tubes, centrifuged at high speed for 15s. Resultant
pellet was resuspended in 600µl 1.1xTE/LiAc solution.
2.2.2. Transformation of Competent Yeast Cells
Yeastmaker Carrier DNA was denatured by boiling for 5mins and subsequently kept
on ice until needed. (This was repeated prior to use).
3µl (100ng) plasmid DNA constructs, 5µl (10µgµl-1) denatured Yeast Carrier DNA
and 50µl competent Y2H Gold Yeast cells were combined in a pre-chilled 1.5ml
sterile tube, and gently mixed by pipetting up and down. 500µl PEG/LiAc (see
Appendix 2) was added.
Cells were incubated at 30°C for 30mins, mixing the cells every 10mins. 20µl DMSO
was added and the mixture was pipetted up and down gently to mix. Mixture was
heat-shocked at 42°C for 15mins (mixing the cells every 5mins). Cells were
centrifuged at high speed for 15s. Resultant cell pellets were resuspended in 1ml
YPDA broth and the cells were incubated at 30°C, with shaking at 200rpm, for 1h.
Cells were centrifuged at high speed for 15s and the resultant cell pellet was
resuspended in 1ml filter-sterilized 0.9% (w/v) NaCl solution (see Appendix 2).
100µl of transformed yeast cells were spread onto SD/-Leu/-Trp (Double Dropout
(DDO)) and SD/-His/-Leu/-Trp (Triple Dropout (TDO) media agar plates, to act as a
control and to test interactions respectively. Plates were subsequently allowed to dry,
and incubated at 30°C until colonies appeared
2.2.3. Drop Dilution of interacting proteins and the appropriate controls.
Single yeast colony used to inoculate 100µl filter-sterilized 0.9% NaCl, vortexed
1min. Diluted solution 1:10 and 1:100, vortexing each for 1min. Drop pipetted 3µl of
each of the serial dilutions for interacting protein colonies and their controls onto
DDO, TDO and SD/-Ade/-His/-Leu/-Trp (Quadruple Dropout (QDO)) medium agar
plates. Plates were incubated at 30°C for 1.5 days.
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3. Yeast Two-Hybrid Analysis of PCH2 E291Q with ASY1 and other key
recombination proteins.
3.1. Site-directed Point Mutagenesis of PCH2 gene.
Point mutagenesis of PCH2 was carried out using the Quikchange II XL Site Directed
Mutagenesis Kit (Agilent Technologies) according to the protocol provided.
3.1.2. Mutagenesis Oligonucleotide Primer Design.
The online tool (Quikchange Primer design) was used to design appropriate primers
for the point mutagenesis of the coding sequence of PCH2 at the site E291 to
product a mutant variant of the gene, referred to as PCH2 E291Q (see Appendix 2
for mutagenesis primer sequences).
3.1.3. Mutant Strand Synthesis Reaction
Carried out for pGBK-PCH2.
Table 9. Mutant Strand Synthesis Reaction for the site-directed point
mutagenesis of the AtPCH2 gene.
Reagent

Volume

10x Reaction Buffer

5μl

Plasmid DNA construct (pGBK-PCH2)

1.2μl (10mg)

10μM oligo primer 1

1.1μl

10μM oligo primer 2

1.1μl

dNTP mix

1μl

QuikSolution Reagent

4μl

Double-distilled water (ddH20)

36.6μl

Total volume = 50μl
1µ PfuUltra HF DNA Polymerase was added to the reaction.
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Reaction was subjected to the following temperature cycle (Table 10).
Table 10. PCR Programme for the mutant strand synthesis reaction for the sitedirected point mutagenesis of the AtPCH2 gene.
Steps

Temperature, Time
95°C for 1min

Initial Denaturation
Cycle –x18
Denaturation

95°C for 50s

Annealing

60°C for 50s

Extension
68°C for 8min
Final extension
68°C for 7min
Temperature cycle carried out in a Techne TC-412 ThermoCycler Machine.

3.1.4 Dpn I Digestion of the Amplification Product
1µl Dpn I restriction enzyme was added to the amplification reaction, mixture was
centrifuged for 1min at high speed. Reaction was incubated at 37°C for 1h to digest
the parental (non-mutated) dsDNA.
3.1.5. Transformation of XL10-Gold Ultracompetent Cells (Agilent).
XL10-Gold Ultracompetent cells were thawed on ice. 45µl aliquot was transferred to
a

pre-chilled

14ml

BD

Falcon

polypropylene

round-bottom

tube.

2µl

β-

Mercaptoethanol (β-ME) mix (provided with the kit) was added, mixture was pipetted
up and down gently to mix and cells were incubated on ice for 10mins.
2µl Dpn I-treated DNA was added to the cells, mixture was mixed and incubated on
ice for 30mins. Mixture was heat-shocked at 42°C for 30s, and incubated on ice for
2mins. 500µl preheated filter-sterilized NZY+ broth (see Appendix 2) was added,
mixed by gently pipetting up and down. Cell mixtures were incubated at 37°C for 1h,
with shaking at 200rpm.
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250µl was spread onto fresh kanamycin (50µgml-1) antibiotic selection agar media
plates, which were incubated at 37°C until single colonies became visible (~20h).
3.1.6. O/N liquid cultures of pGBK-PCH2 E291Q
Inoculated 10ml LB (50µgml-1 Kanamycin antibiotic selection) with a single colony of
transformants. Incubated culture at 37°C for 16h.
3.1.7. Plasmid DNA Extraction of pGBK-PCH2 E291Q
Carried out using the Promega Wizard Plus SV Miniprep DNA Purification System
(Promega) using the manufacturer’s guidelines for the microcentrifuge protocol.
(Visualised by DNA gel electrophoresis on a 1% agarose gel).
3.1.8. DNA Sequencing of pGBK-PCH2 E291Q
Purified plasmid DNA was sequenced using the primers used for point mutagenesis
(Appendix 2), to ensure the pch2 coding sequence was ligated into the Y2H vector
and has the correct point mutation.
3.1.9. Gene cloning of PCH2 E291Q from pGBK cloning vector into pGAD
cloning vector.
3.1.9.1. PCR Reaction to amplify PCH2 E291Q Coding Sequence.
Carried out using In-Fusion Advantage PCR Cloning Kit (Clontech), following the kit
protocol.
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Table 11. PCR Reaction to amplify PCH2 E291Q Coding Sequence using InFusion Advantage PCR Cloning Kit (Clontech).
Reagent

Volume

Phusion HF Buffer (ThermoScientific)

4μl

10mM dNTP mix

0.4μl

10μM PCH2 Mutagenesis Primer 1

1μl

10μM PCH2 Mutagenesis Primer 2

1μl

Plasmid DNA

1μl (10μg/50μl)

DMSO

0.6μl

Phusion F 530S Enzyme (ThermoScientific)

0.2μl

Double-distilled water (ddH20)

12.8μl

Total volume = 20μl

Reaction was subjected to the following temperature cycle (Table 12).
Table 12. PCR Programme for the PCR reaction to amplify PCH2 E291Q Coding
Sequence using In-Fusion Advantage PCR Cloning Kit (Clontech).
Steps
Initial Denaturation

Temperature, Time
98°C for 30s

Cycle –x35
Denaturation

98°C for 10s

Annealing

52°C for 30s

Extension
72°C for 45s
Final extension
72°C for 10min
Temperature cycle carried out in a Techne TC-412 ThermoCycler Machine.
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3.1.9.2. Gel extraction and Purification of amplified PCH2 E291Q Coding
Sequence.
PCR product was ran on a 1% agarose gel at 90V for 1h. Band was extracted and
purified using a QIAquick Gel Extraction Kit (QIAGEN) following the manufacturer’s
guidelines for the microcentrifuge protocol.
3.1.9.3. Ligation of Gel Purified PCH2 E291Q PCR insert into linearized pGAD
vector.
pGAD cloning vector was linearized by the restriction enzymes NdeI and EcoRI.
(PCR primers used to amplify PCH2 E291Q coding sequence were designed with
15kb extensions (5’) that are homologous to the ends of linearized pGAD).
Ligation of PCR insert into pGAD vector was carried out using the In-Fusion HD
Cloning Kit (Clontech).
Table 13. In-Fusion Cloning reaction to ligate PCH2 E291Q gel purified PCR
insert into pGAD vector.
Reagent

Volume

5x In-Fusion HD Enzyme Premix

2μl

Linearized pGAD

3.5μl

PCH2 E291Q gel purified PCR insert

3.5μl

Double-distilled water (ddH20)

1μl

Total volume = 10μl

Reaction was incubated at 50°C for 15min and then kept on ice.
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3.1.10. Transformation of DH5α E.coli cells with pGAD-PCH2 E291Q
2.5µl ligation reaction was added to a 50µl aliquot of thawed cells, mixture was kept
on ice for 30mins. Cells were heat-shocked at 42°C for 90s, mixed with 800µl LB and
incubated at 37°C for 1h with shaking at 200rpm. Transformed cells were centrifuged
at 13000rpm for 15s. Pellet was resuspended in 100µl LB.
100µl transformed cells in LB were spread on ampicillin (100µgml -1) LB agar plates.
Plates were incubated at 37°C until single colonies appeared.
3.1.11. Analysis of pGAD-PCH2 E291Q sequence.
O/N culture of transformants was launched and plasmid DNA was purified using the
Promega Wizard Plus SV Miniprep DNA Purification System (Promega), using the
manufacturer’s guidelines for the microcentrifuge protocol. Purified plasmid DNA was
sequenced to ensure only correct mutation was present.
3.1.12. Yeast Transformation
Yeast Transformation was carried out using the Yeastmaker™ Yeast Transformation
System 2 (Clontech) according to the manufacturer’s user manual (see previous
yeast transformation of PCH2 for full protocol).
Drop dilution was carried out for any interacting proteins and the appropriate controls.
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Results

1. AtSHOC1 and AtASY1 Recombinant Protein Production for Antibody
Production.

In order for immunolocalisation analyses to be carried out to gain an insight into the
functional roles of these proteins, recombinant AtSHOC1 and AtASY1 proteins were
generated, to act as antigens for polyclonal antibody production.

1.1. SHOC1: Gene Cloning

Forward and reverse primers were designed to amplify a 726bp fragment of exon 7 in
the SHOC1 coding sequence (Appendix 1). The forward and reverse primers were
designed to introduce restriction sites to permit ligation into expression vectors.

PCR purified SHOC1 (exon 7) fragment was ligated into the pCR®-Blunt cloning
vector, used to transform DH5α E.coli cells. Colony PCR was carried out using DNA
obtained from the transformed bacterial colonies to ensure successful transformation
(Appendix 3. Fig.1). From this, it can be seen that there is a PCR product of an
amplified SHOC1 DNA fragment of the correct size of 726bp for seven of the clones
analysed, however, there is no product for the second clone. Therefore, it was
deduced that 7 clones have the AtSHOC1 coding sequence ligated into the vector.

pCR®-Blunt/SHOC1 plasmid DNA was purified and digested using the restriction
enzymes NdeI and XhoI, along with purified pET-21b expression vector DNA (Fig.4).
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pCR®-Blunt/SHOC1
Cut

Uncut

Cut

Uncut

pET-21b

Cut

Uncut

726bp

Figure 4. DNA gel electrophoresis image showing the restriction digestion of pCR®Blunt/SHOC1 and pET-21b expression vector, cut with the restriction enzymes, NdeI
and XhoI.

The 726bp DNA insert, corresponding to the SHOC1 fragment, was cut out of the
pCR®-Blunt cloning vector for both of the clones, following digestion (Fig.4).
Consequently, a large-scale restriction digestion was carried out and the digested
fragments were ran on a 0.8% agarose gel. The resultant bands representing the
SHOC1 DNA insert for both of the clones, and the band corresponding to the
linearized pET-21b expression vector were excised and gel purified (Appendix 3,
Fig.2.).

The gel purified SHOC1 DNA inserts were ligated into the gel purified linearized pET21b expression vector. DH5α E.coli cells were transformed with the ligation mix of the
two clones, and the resultant transformants were selected for by growth on ampicillin
agar plates. Transformant colonies were restreaked, and O/N cultures were
launched, using the ampicillin antibiotic analogue, carbenicillin.
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Plasmid DNA was purified and digested, using NdeI and XhoI, to ensure pET-21b
had been successfully ligated with the SHOC1 DNA insert for both clones. It became
apparent at this stage that the linearized pET-21b expression vector was of a larger
size than the 5.4kb expected size, possibly due to the formation of multimers.
Therefore, the SHOC1 DNA inserts were ligated into an alternative pET-21b
expression plasmid, obtained from a different glycerol stock, which had been
linearized with the same restriction digests and confirmed to be of the correct size
(Appendix 3, Fig.3). The second clone (Appendix 3, Fig.3) was sequenced whereby it
was concluded that the SHOC1 DNA insert had been ligated into the pET-21b
plasmid vector in-frame and the construct was mutation-free.

1.2. ASY1: Gene Cloning
The AtASY1 gene’s coding region was cloned into the expression vector pGex-6P-1
(Amersham Pharmacia Biotech), as an N-terminal fusion to glutathione S-transferase
(GST) (Work done by Armstrong et al.).

1.3. Protein Expression of SHOC1 and ASY1 Recombinant Proteins.

Both the pET-21b/SHOC1 and pGEX/ASY1 were transformed into Ready-Competent
E.coli BL21 (DE3) cells. A small-scale test of protein induction was initially carried out
with incubation temperatures of 37°C, however, although the recombinant ASY1
protein was expressed, there was no apparent induced expression of the SHOC1
recombinant protein (no data shown). Therefore, an alternative method was carried
out with optimised conditions. Incubation temperatures were decreased to 30°C,
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0.5% glucose was added to the LB (100µgml-1 carbenicillin) liquid media, and flasks
and media were pre-heated prior to use.

The expression of ASY1 and SHOC1 recombinant proteins was visualised on SDSPAGE. The ASY1 recombinant protein, with an expected size of ~90kDa, was
expressed following induction with IPTG in the insoluble protein fraction only
(Appendix 3, Fig.5). For the two cultures of SHOC1 recombinant protein, a band with
a molecular weight of ~40kDa was revealed. This band was not present in the
uninduced samples for 4h and 24h post-induction in both the insoluble and soluble
protein fractions. The SHOC1 recombinant protein has an expected molecular weight
of 27.95kDa, however, as the band of ~40kDa was only present in the induced
samples and not in the un-induced samples of the cultures, it was assumed that this
represents recombinant SHOC1. Higher expression of SHOC1 was obtained 4h postinduction when compared to that after 24h, in the soluble fraction (Appendix 3, Fig.5).
Higher expression of SHOC1 for both cultures was obtained 24h after induction with
IPTG than for 4h, in the insoluble fraction. Due to induced expression of ASY1and
SHOC1 for both cultures, 24h post-induction in the insoluble fractions, large-scale
induced expression was carried out under the same conditions as the test-induction.

Western blot analysis was carried out to detect the expression of recombinant
proteins following the large-scale induction for the two SHOC1 cultures. In order to
confirm that the ~40kDa protein revealed by SDS-PAGE was SHOC1, an anti-His
antibody was used to detect the His-Tag fusion to the C-terminus of recombinant
SHOC1 (Fig.5).
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+IPTG SHOC1 Culture 1

+IPTG SHOC1 Culture 2

~40kDa

Figure 5. Detection of SHOC1 recombinant protein by western blot analysis with antiHis antibody.

The protein expressed in both cultures, following induction with IPTG, can be
considered to be the recombinant SHOC1 protein as the fused His-tag was
adequately detected by the anti-His antibody (Fig.5). Additionally, there is higher
expression 24h post-induction when compared to that at the 0h post-induction time
point (Fig.5). The expression of the ASY1 protein was only analysed by SDS-PAGE
and not by western blot analysis, prior to purification.

1.3.2.4. Protein Purification
Both ASY1 and SHOC1 recombinant proteins accumulated as inclusion bodies 24h
post-induction (Appendix 3, Fig.5; Fig.5). Consequently, the bacterial pellets obtained
from the large-scale induction were used in the subsequent protein purification.
Protein purity and semi-quantification of inclusion bodies was determined via SDS
PAGE (Fig.6).
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Soluble
SHOC1
culture 1

A

Insoluble
SHOC1
Culture 1

Purified inclusion bodies
SHOC1 Culture 1

2µl 10µl

20µl

Purified inclusion bodies
SHOC1 Culture 2

2µl 10µl

20µl

~70kD
a~55kDa
~35kDa

B
Soluble ASY1

Insoluble Purified inclusion bodies
ASY1
ASY1
2µl

10µl

20µl

BSA (2.5µgµl-1)

2µl

10µl

20µl

~130kDa
~100kDa
~70kDa
~55kDa

Figure 6. Coomassie blue stained SDS-PAGE gels showing varying amounts of known
concentration of BSA for estimation of ASY1 and SHOC1 purified protein concentrations.
(A) Purified SHOC1 inclusion bodies from cultures 1 and 2 of varying volumes.
(B) Purified ASY1 inclusion bodies and BSA of a known concentration of varying volumes.
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The large-scale induction had yielded vast concentrations of both the ASY1 and
SHOC1 recombinant proteins, with the concentration for both being greater than the
known concentration of BSA (2.5µgµl-1). However, the purified inclusion bodies did
not appear to be very pure, with the samples containing a significant amount of other
proteins (Fig.6). Nevertheless, the purity of SHOC1 recombinant protein from the two
samples and ASY1 recombinant protein was deemed sufficient for antibody
production.

A western blot analysis (Fig.7) was carried out for the two samples of SHOC1 purified
inclusion bodies and ASY1 inclusion bodies, with and without dilution. The
recombinant proteins were visualised with anti-HIS and anti-ASY1antibodies,
respectively.

A

ASY1 Purified
Inclusion Bodies

1:10

~90kDa

Insoluble
ASY1
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B
SHOC1 Purified
inclusion bodies
Culture 1
1:10

SHOC1 Purified
Inclusion Bodies
Culture 2

1:10

~40kDa

Figure 7. Detection of purified ASY1 recombinant protein (A) and purified SHOC1 recombinant
protein (B) for both cultures with (1:10) and without dilution, by western blot analysis.

The ASY1 purified recombinant protein and the two samples of SHOC1 purified
recombinant protein were successfully detected by western blot analysis using the
appropriate antibodies (Fig.7).

In order to quantify the purified recombinant proteins in the undiluted samples, a
BioRad assay was carried out with known concentrations of BSA (Table 14) (see
Appendix 3 for raw data).

60

Table

14.

Concentrations

of

undiluted

purified

recombinant

proteins

determined via a BioRad assay.
Recombinant Protein

Concentration (mgml-1)

SHOC1 (Culture 1)

3.00

SHOC1 (Culture 2)

3.56

ASY1

4.34

As a result of the high concentrations determined by the BioRad assay (Table 14),
the purified recombinant proteins were diluted 1:10. Rabbit polyclonal antiserum was
subsequently produced against the HIS-tag-SHOC1 and GST-tag-ASY1 fusion
proteins.

2. Yeast Two-Hybrid analysis of PCH2 with ASY1 and other key meiosis
specific proteins.

Previous data (Franklin et al. Unpublished Data) has suggested that AtPCH2 forms
part of a complex with AtASY1, therefore Y2H analysis will be carried out to test for a
direct interaction between these two proteins and AtPCH2 with a number of key axis
proteins, in order to analyse the function of this protein.

The coding sequences of the Arabidopsis PCH2, ASY1, ZYP1, ASY3 and PRD3
genes were cloned into both the pGBKT7 DNA-BD and pGADT7 AD cloning vectors,
sequenced and used to transform Y2H Gold yeast cells for Y2H analysis, along with
empty vectors, as their constitutive controls (Table 15). Transformed yeast cells
were plated onto DDO, as a selective step to screen co-transformed cells, and TDO
SD media agar plates to test for protein interactions.
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Table 15. Plasmid DNA Construct Combinations Transformed into Competent
Y2H Gold Yeast Cells for Yeast Two-Hybrid Analysis.
Ligated in pGAD Vector

Ligated in pGBK Vector

PCH2
PCH2
Empty vector as a negative control
PCH2
ASY1
ASY1
Empty vector as a negative control
PCH2
ZYP1
ZYP1
Empty vector as a negative control
PCH2
ASY3
ASY3
Empty vector as negative control
PCH2
PRD3
PRD3
Empty vector as a negative control

PCH2
Empty vector as a negative control
PCH2
ASY1
PCH2
Empty vector as a negative control
ASY1
ZYP1
PCH2
Empty vector as a negative control
ZYP1
ASY3
PCH2
Empty vector as a negative control
ASY3
PRD3
PCH2
Empty vector as a negative control
PRD3

After three days incubation at 30°C, colonies were visible for yeast transformed with
the various combinations of vectors on the DDO media, with the exception for yeast
transformed with the vector expressing PCH2 fused to the activating domain of the
GAL4 promoter ie. pGAD-PCH2. Colonies of yeast transformed with pGAD-PCH2
constructs on the DDO media did not become visible until a total of six days
incubation. Therefore, it could be deduced that the yeast transformation had been
successful for these constructs, as both the pGBK and pGAD plasmid vectors were
present in the cell thus permitting growth on the DDO media. Two interactions were
visible, after a three day incubation period, shown by the growth of colonies on the
TDO media. It was clear that pGBK-PCH2 interacted with pGAD-PCH2 and that
pGAD-PRD3 interacted with pGBK-PCH2. Consequently, as the control experiment
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had shown that the transformation of yeast with the pGAD-PCH2 constructs had
been successful, the test plates were incubated for an additional day to allow for any
possible new interactions with these constructs to become visible. However, no new
interactions were revealed on the TDO medium, therefore the Y2H experiment was
stopped.

Drop dilutions of yeast transformed with PCH2 (Fig.8) and PRD3 (Fig.9) constructs
was carried out in order to confirm the interaction and analyse the strength, after an
incubation period of 1.5 days.

A

pGAD-PCH2/empty pGBK

empty pGAD/pGBK-PCH2

pGAD-PCH2/pGBK-PCH2

B

pGAD-PCH2/empty pGBK
empty pGAD/pGBK-PCH2
pGAD-PCH2/pGBK-PCH2

63

C
pGAD-PCH2/empty pGBK

empty pGAD/pGBK-PCH2
pGAD-PCH2/pGBK-PCH2

Figure 8. Yeast Two-Hybrid analysis illustrated by serial drop dilutions, showing the self-interaction
of PCH2 after 1.5 days of incubation at 30°C.
(A) Control experiment of the yeast transformed with the PCH2 constructs grown on SD/-Leu/-Trp
(DDO) agar media.
(B) Yeast transformed with the PCH2 constructs and negative controls grown on SD/-His/-Leu/-Trp
(TDO) agar media.
(C) Yeast transformed with PCH2 constructs and negative controls grown on SD/-Ade/-His/-Leu/Trp (QDO) agar media.
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A
pGAD-PRD3/pGBK-PCH2

pGAD-PCH2/pGBK-PCH2

empty pGAD/pGBK-PCH2

pGAD-PCH2/empty pGBK

pGAD-PRD3/empty pGBK

B

empty pGAD/pGBK-PCH2

pGAD-PRD3/pGBK-PCH2

pGAD-PCH2/pGBK-PRD3
empty pGAD/pGBK-PCH2

pGAD-PCH2/empty pGBK

pGAD-PRD3/empty pGBK

empty pGAD/pGBK-PRD3

Figure 9. Yeast Two-Hybrid analysis illustrated by serial drop dilutions, showing the
interaction of PRD3-PCH2 after 1.5 days of incubation at 30°C and negative controls.
(A) Yeast transformed with the PRD3 and PCH2 constructs grown on SD/-His/-Leu/-Trp (TDO)
agar media.
(B) Yeast transformed with PRD3 and PCH2 constructs grown on SD/-Ade/-His/-Leu/-Trp
(QDO) agar media.
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PCH2 strongly self-interacts in the heterologous system, as there was substantial
yeast growth on both the TDO and QDO media (Fig.8). The growth of yeast
transformed with PCH2 fused to the activating domain in pGAD was slower than that
observed for the yeast transformed with PCH2 fused to pGBK (Fig.8).

PCH2 was also found to interact with PRD3. When yeast was transformed with PCH2
fused with the activating domain of Gal-4 and PRD3 fused with the binding domain,
there was a substantial growth on the TDO and QDO media. This suggests that
pGAD-PRD3 and pGBK-PCH2 were strongly interacting in yeast cells (Fig.9).

3. Yeast Two-Hybrid analysis of PCH2 E291Q with ASY1 and other key meiotic
specific proteins.

Site-directed point mutagenesis was carried out to disrupt the ATP hydrolysis activity
of PCH2, as previous data showed that the interaction between the yeast Pch2 and
ASY1 homologues, was stronger as a result. The mutation was achieved using
primers designed to generate an amino acid substitution at site E291 in the PCH2
coding sequence, to change a glutamic acid to a glutamine, (PCH2 E291Q). The
PCH2 E291Q coding sequence, within the pGBK vector, was amplified, the PCR
product was visualised on a DNA gel electrophoresis and purified (Fig.10), before
ligation into the pGAD vector.
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Amplified PCH2 E291Q PCR Product

1

2

1517bp
1200bp
1000bp

Figure 10. DNA gel electrophoresis to purify amplified PCH2 E291Q PCR
product.

Figure 10 shows the 1,500bp gel purified amplified PCH2 E291Q coding sequence
obtained following mutagenesis of the PCH2 coding sequence. This PCR product
was cloned into the pGAD cloning vector and used in a Y2H analysis to test for
interactions (Table 16).

Table 16. Plasmid DNA Construct Combinations Transformed into Competent
Y2H Gold Yeast Cells for Yeast Two-Hybrid Analysis of mutated PCH2.
Ligated in pGAD Vector

Ligated in pGBK Vector

PCH2 E291Q
PCH2 E291Q
Empty vector as a negative control
PCH2 E291Q
ASY1
PCH2 E291Q
ZYP1
PCH2 E291Q
ASY3

PCH2 E291Q
Empty vector as a negative control
PCH2 E291Q
ASY1
PCH2 E291Q
ZYP1
PCH2 E291Q
ASY3
PCH2 E291Q

67

Yeast transformed with the various constructs (Table 16) including pGAD-PCH2
E291Q and pGBK-PCH2 E291Q, was incubated at 30°C for 4 days, by which time it
was apparent that the only interaction was between PCH2 E291Q and itself. The
transformations were shown to have been successful following a screen on DDO
media. The TDO plates were incubated for an additional two days in order to allow
for growth of experimental yeast to see if any new interactions became apparent,
however this was not the case. As a result, a drop dilution of the interacting mutated
PCH2 yeast and its corresponding controls was carried out (Fig.11).

A

pGAD-PCH2 E21Q/pGBK-PCH2 E291Q

empty pGAD/pBGK-PCH2 E291Q

pGAD-PCH2 E291Q/empty pGBK
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B
pGAD-PCH2 E21Q/pGBK-PCH2 E291Q

empty pGAD/pBGK-PCH2 E291Q

pGAD-PCH2 E291Q/empty pGBK

C

pGAD-PCH2 E21Q/pGBK-PCH2 E291Q

empty pGAD/pBGK-PCH2 E291Q

pGAD-PCH2 E291Q/empty pGBK

Figure 11. Yeast Two-Hybrid analysis illustrated by serial drop dilutions, showing the self-interaction
of PCH2 E291Q-PCH2 E291Q after 1.5 days of incubation at 30°C.
(A) Control experiment of the yeast transformed with the PCH2 E291Q constructs grown on SD/Leu/-Trp (DDO) agar media.
(B) Yeast transformed with the PCH2 E291Q constructs and negative controls grown on SD/-His/Leu/-Trp (TDO) agar media.
(C) Yeast transformed with PCH2 E291Q constructs and negative controls grown on SD/-Ade/-His/Leu/-Trp (QDO) agar media.
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The yeast transformed with PCH2 E291Q-PCH2 E291Q were able to grow on TDO
and QDO, however the yeast transformed with the empty vector controls did not
(Fig.11). Therefore, it can be concluded that PCH2 E291Q homo-dimerises in yeast
cells. As was seen with the previous Y2H with non-mutated PCH2, there appears to
be slower growth of yeast when transformed with the mutated PCH2 insert fused to
the activating domain of pGAD (Fig.11A). It should also be noted that the yeast
appears to be slightly pinker in colour compared to that obtained when non-mutated
PCH2 was analysed.
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Discussion

Meiosis is essential for the life cycles of all sexually reproducing organisms. Genetic
variation generated as a result of meiotic recombination is of great importance to
allow for the production of novel combinations of alleles and therefore the formation
of novel traits.

Numerous proteins have been identified in budding yeast, which have been
implemented in the control of the meiotic events (reviewed in Roeder 1997; Zickler &
Kleckner 1999; Dresser 2000). Functional analysis of these proteins as a means to
decipher the control of meiotic recombination, proves beneficial as gained knowledge
can ultimately be translated into crop species, in an attempt to allow for the
manipulation of this process to increase genetic variation.

Homologues of the genes that encode these proteins in other eukaryotic species
have been identified, as a result of the utilisation of a number of techniques
(reviewed in Kumar & De Massy 2010). The identification of proteins sharing
sequence homology in A.thaliana has proved challenging over recent years, mainly
due to functional divergence of genes due to a whole genome duplication event (The
Arabidopsis Genome Initiative, 2000). Functional analysis of proteins revealed via
homology searches, requires extensive research and the use of numerous tools in
order to confirm the roles of these proteins within meiosis.

The use of Arabidopsis as a model plant species to research meiotic events has
increased recently with the identification of a range of meiotic mutants, enabling a
method by which meiotic genes can be identified and characterised. The availability
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of such meiotic mutants has enabled the ability to clone genes involved in meiosis,
contributing to research on meiotic recombination in flowering plants. Nevertheless,
compared to other eukaryotes, such as budding yeast, comparatively few meiotic
genes have been characterised (reviewed in Osman et al. 2011).

The generation of recombinant proteins is a valuable process allowing for the
production of antibodies that can be used for immunocytology techniques.
Immunocytology represents a tool of great significance in terms of deciphering
protein function and therefore control of meiotic events. Antibodies able to detect
meiotic proteins, enable localisation and co-localisation studies to be carried out, thus
contributing to efforts to determining protein function (discussed in Caryl et al. 2003;
Osman et al. 2011).

Consequently, the cloning of the AtSHOC1 and AtASY1 genes, and the expression
and purification of the generated recombinant proteins, represented in this study, will
prove valuable for insights into the functions of these meiotic proteins.

SHOC1 (shortage in chiasmata) was identified via the screening of A.thaliana meiotic
mutants generated via T-DNA insertions, whereby a mutant phenotype of reduced
fertility and meiotic defects was displayed (Mascaisne et al. 2008). A 1594 amino
acid protein is encoded for by the SHOC1 gene, of which homologues in various
eukaryotes have been revealed that all comprise of the highly conserved homology
domain. Similarity of this domain to the domain found within the XPF family of
nucleases, inferred this protein as XPF-related with possible nuclease activity.
SHOC1 mutants analysed by chromosome spreads, revealed the generation of
polyads as the products of meiosis. The potential biological function of SHOC1 was
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deciphered due to a reduced number of chiasmata, and thus COs, in the Atshoc1
mutant,

compared

to

wild-type,

which

consequently

affected

chromosome

segregation. Furthermore, SHOC1 was found to belong to the ZMM group of
proteins, enabling the assumption to be made that this protein is involved in the
class I pathway of CO formation, processing branched DNA intermediates to promote
the generation of COs, and thus chiasmata (Macaisne et al. 2008).

A further insight in the function of SHOC1 was made following the identification that
SHOC1 interacted with PTD, suggesting that these proteins form an XPF-ERCC1-like
complex required for class I CO formation (Mascaisne et al. 2011).

In order to study the localisation of SHOC1 and to enhance knowledge regarding the
function of this meiotic protein, the production of an antibody to permit
immunolocalisation studies would prove beneficial.

The gene cloning of SHOC1 carried out in this study, did not involve the cloning of
the entire coding sequence of the gene. Instead, a small fragment of exon 7 of the
gene (Appendix 1) was cloned, resulting in the expression of a truncated version of
the protein. This was carried out due to the fact that previous studies (West, A.
unpublished data), had cloned the entire SHOC1 gene however, no expression of the
protein was achieved. This may have been due to the fact the gene product may
have been toxic, proving lethal to E.coli strains used to induce expression. As a
result, cloning of a 726bp SHOC1 insert from exon 7 was carried out.

Blunt-end cloning of the SHOC1 PCR fragment into the cloning vector, pCR®-Blunt
(Invitrogen), was carried out, which proves advantageous over other cloning vectors
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mainly due to the inclusion of the lethal E.coli ccdB gene, fused to the C-terminus of
LacZα, that ensures low background of non-recombinants. The lacZα-ccdB gene
fusion is disrupted following the ligation of the blunt PCR insert, therefore only
allowing for the growth of positive recombinants following transformation (Bernard et
al. 1994). Hence, following transformation of E.coli DH5α cells with the SHOC1pCR®-Blunt construct, it could be pre-conceived that the colonies visible had been
successfully transformed with the recombinant plasmid. However, following colony
PCR, it was apparent that one of the colonies analysed did not appear to have been
transformed with a recombinant plasmid, as amplification of the SHOC1 DNA insert
did not occur (Appendix 3, Fig.1). DNA sequencing of the SHOC1-pCR®-Blunt
construct was not carried out following plasmid DNA purification, therefore it could
not be guaranteed that the gene was free from mutation and had been ligated into
the vector in-frame, in the correct orientation. However, as sequencing was carried
out once the insert had been cloned into the expression vector, this did not pose too
much of a problem and did not affect the reliability of the results obtained.

The pET-21b expression vector was used for the expression of the truncated SHOC1
protein, which proves a beneficial plasmid for protein production. The use of the T7
RNA polymerase within the host expression cell enables the selective induced
expression of the gene of interest, with a vast majority of the cells’ resources involved
in the expression upon induction. Due to the polymerase gene being controlled by
the lac-UVS promoter, IPTG can be used as a means to induce expression. The
pET-21b plasmid is also advantageous as it confers resistance to the antibiotic,
ampicillin, therefore providing a selectable marker to identify positive transformants.
In this study, carbenicillin was used as an alternative for ampicillin for liquid cultures.
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Carbenicillin is a synthetic analogue of ampicillin, known to be more stable, resulting
in fewer satellite colonies (Basker et al. 1977).

The AtASY1 coding region was ligated into the pGEX-6P-1 expression vector. This
vector produced recombinant ASY1 with a fusion to a GST peptide at the N-terminus.
Armstrong et al. (2002) produced an ASY1 protein fused to GST and found that the
antibody they had produced did not cross-react with the GST component and was
specific for the ASY1 component. On the basis of this, it can be thought that the
antibody produced as a result of the present study, will adequately detect ASY1.

The BL21 (DE3) E.coli strain was used in this study as a means to induce expression
of the SHOC1 and ASY1 proteins. These cells were used as they are known to aid
protein production as they are deficient in protease and hence do not degrade
proteins as they are generated.

Expression of both SHOC1 and ASY1 was initially carried out at 37°C, in the first
test-induction. SDS-PAGE analysis revealed that no expression of SHOC1 had
occurred and although ASY1 had appeared to be expressed, it was of a small
quantity compared to amounts yielded in previous studies (Armstrong et al. 2002). As
a result of this, the protocol for inducing expression was optimized. The cultures were
subjected to temperatures of 30°C, glucose was added to the media and cultures
were prevented from reaching stationary phase by restreaking of BL21 transformants
and prevention of cold-shock. This alternative method is usually employed when the
proteins expressed are sufficiently toxic. A majority of proteins involved in meiosis,
bind to DNA, therefore inhibiting normal functioning of host cells. This may be the
case with SHOC1. A basal level of expression is known to be sufficient enough to

75

prevent the establishment of plasmids and adequate growth of DE3 lysogen bacteria.
Grossman et al. (1998) describe a method by which regulation of basal expression
levels can be ensured. This is achieved through the addition of glucose to the media
in which the bacteria are grown in, that prevents the metabolism of alternative carbon
sources that causes a rise in cyclic adenosine monophosphate (AMP) levels,
resulting in the stimulation of transcription from the lac-UV5 promoter. Preventing
growth to stationary phase and addition of glucose to liquid media ensures plasmid
stability by significantly decreasing basal transcription and expression levels, thus
increasing expression of the target protein following induction with IPTG. SHOC1 and
increased amounts of ASY1 proteins were expressed following the use of this
alternative method (Appendix 3, Fig.4).

Analysis of expression of SHOC1 by both SDS-PAGE and Western Blotting revealed
a band apparent, following induction with IPTG only, with a molecular weight of
~40kDa (Appendix 3, Fig.4; Fig.5). The expected molecular weight of the truncated
protein was 27.95kDa. Electrophoretic migration abnormalities may be the reason for
the difference in calculated and actual protein size. These abnormalities have been
shown to occur with a number of other DNA processing proteins, such as AtRECQ4A
(Schröpfer et al. 2013) and MUS81-EME1 (Geuting et al. 2009). Confirmation that
this protein was in fact SHOC1 was achieved via western blot analysis whereby an
anti-HisTag probe was used to facilitate the detection of the Histag peptide fused to
the SHOC1 protein, as a result of the pET-21b expression vector (Fig.5).

The GST-ASY1 fusion protein accumulated as insoluble inclusion bodies, as the
expression of this protein was identified within the insoluble fraction (Appendix 3,
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Fig.5). This coincides with results obtained by Armstrong et al. (2002) that also found
that their recombinant protein was expressed within the insoluble fraction as an
inclusion body. Consequently, the HISTAG-SHOC1 fusion protein was expressed
within both the soluble and insoluble fractions (Appendix 3, Fig.5). It can be seen
there is a larger expression within the soluble fraction 4h post-induction with IPTG
that is higher than the expression observed 24h post-induction, as indicated by the
band size and intensity. Consequently, the highest level of expression in the
insoluble fraction was seen 24h post-induction. Therefore, it can be proposed that the
fusion protein is in a soluble form initially, however, over a period of 20h, it
accumulates as inclusion bodies within the insoluble fraction.

The large-scale induced expression of both the fusion proteins produced in this study
was carried out to yield the highest concentration of protein possible. Thus, proteins
were extracted 24h post-induction from the bacterial pellets, and the insoluble
fraction. Purification of the insoluble inclusion bodies obtained was carried out via the
use of chemical detergents and the application of sheer force by syringing the
proteins through a needle. This eliminated a vast amount of contaminating proteins
from the sample, as seen by the reduced number of other bands on the SDS-PAGE
gels (Figure 6; Appendix 3, Fig.5), and western blot analysis (Fig.7). Although this
purity was deemed sufficient for antibody production, additional or alternative
purification methods could have been carried out in order to attempt to purify the
protein samples further to reduce the majority, if not all contaminants, as
quantification of the samples by BioRad assay (Table 14) would have accounted for
contaminants in addition to the target proteins. Sonication is a widely used
purification method, demonstrated to purify recombinant proteins efficiently to the
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point where there is a single band on a coomassie blue stained SDS-PAGE gel, as
seen in the data presented by Schröpfer et al. (2014). Therefore, this method could
have been employed which would have likely achieved purer samples. Moreover, the
HisTag affinity tag fused to the SHOC1 recombinant protein could have been utilised
for purification purposes, in a one-step method, under totally denaturing conditions
that would also enable solubilisation of the protein (Hoffman & Roeder 1991).

The generation of both SHOC1 and ASY1 recombinant proteins, presented in this
study, allowing for the production of polyclonal antibodies, will aid research into not
only the functions of these specific proteins but also the functions of other meiotic
proteins. Armstrong et al. (2002) revealed data regarding immunocytological
analyses carried out using an antibody specific to an ASY1 recombinant protein, as a
means to gain an understanding to the functional role of this protein within meiosis.
However, although this has already been carried out, the production of an anti-ASY1
antiserum shown in the present study is of great importance mainly due to the fact
that the localisation of ASY1 is used as a tool to investigate the mutant phenotype
shown by chromosome behaviour, of other key meiotic proteins. For example,
insights into AtSHOC1 function during meiosis, was aided by the use of anti-ASY1
antiserum, which allowed for the chromosome axes to be viewed in Atshoc1 mutants
(Mascaisne et al. 2008).

ASY1, otherwise referred to as Asynaptic 1, is a gene the mutant phenotype of which
is complete failure of chromosome synapsis (Ross et al. 1997; Armstrong et al.
2002). As a result, no normal pachytene cells are prevalent, and a low residual
bivalent frequency is apparent, at late diplotene, with the majority of chromosomes
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revealed as univalent (Ross et al. 1997; Sanchez-Moran et al. 2001). Polyads,
containing uneven chromosome numbers, are formed as a result of the meiotic nondisjunction, from the lack of synapsis. Using an antibody raised against recombinant
ASY1, both spatial and temporal distribution was revealed via immunolocalisation
analysis. The data obtained revealed that a continuous signal was present
throughout leptotene and zygotene, that disappears simultaneously with desynapsis
of the homologous chromosomes (Armstrong et al. 2002). Analysis using
immunogold labelling enabled the realisation that the protein localises to discrete
points, associated with the axial and lateral elements, associated with chromatin
(Armstrong et al. 2002). Localization analyses and the mutant phenotype of ASY1,
allowed for the proposal to be made that this protein had a possible function in
homologous chromosome juxtaposition, defects of which results in the asynaptic
phenotype identified, or the recruitment of the bases of the chromatin loops to the
proteinaceous structure developed in G2 (Armstrong et al. 2002; Ferdous et al.
2012).
AtASY1 is comprised of a HORMA region over the first 250 amino acids. This domain
has been identified in a number of proteins that interact directly with chromatin
(Aravind & Koonin 1998), including the ASY1 yeast homologue, Hop1. A reduction in
meiotic recombination is a feature prominent in yeast Hop1 mutants (Hollingsworth &
Byers 1989). Hop1 is able to bind to DNA (Hollingsworth et al. 1990), with
suggestions that the HORMA domain may participate in DNA-binding activity
(Kironmai et al. 1998). Hop1 has been shown to associate with the chromosome
axes, with discontinuous loading initially during leptotene, which progresses to
domain-like organisation that is most apparent when synapsis is complete, at

79

pachytene. The ZMM protein, Zip1, in budding yeast, also exhibits this domain-like
organization onto the chromosomes (Börner et al. 2008). It is thought that CO
designation dictates the loading of both Hop1 and Zip1, with Zip1 being loaded as a
result of a pre-existing Hop1 pattern (Börner et al. 2008).

Pch2, an ATPase that couples both the binding and hydrolysis of ATP, in order to
induce conformational changes on its substrates (Hanson & Whiteheart 2005), has
been found to bind Hop1, in yeast. This interaction coincides with a proposed model
in which the localisation of Hop1 is restricted to specific chromosomal regions, by the
remodelling of the protein by Pch2. Therefore, interhomologue repair is promoted at
CO designation sites, following the chromosomal organization deciphered by Pch2
(Chen et al. 2013). In vitro-binding assays using purified proteins, identified weak
binding of GST tagged-Pch2 with Hop1 that were transient in the presence of ATP
and would therefore prove challenging to detect in vivo (Chen et al. 2013).

As a result of these findings, a Y2H analysis was carried out in this present study, in
order to test whether the A.thaliana PCH2 ortholog interacts with the Arabidopsis
functional homolog of Hop1, ASY1. A number of other key meiosis specific proteins
were also tested for interactions with AtPCH2, contributing to the functional analysis
of this protein within the control of meiotic recombination. The results of the Y2H
analysis revealed that AtPCH2 did not interact with AtASY1, as was apparent for the
yeast homologues (Chen et al. 2013).

Subsequently, AtPCH2 was not found to interact with the Zip1 Arabidopsis
homologue, ZYP1. This TF protein is comprised of two globular domains, separated
by a coiled-coil domain (Higgins et al. 2005), a structure which is highly conserved
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among all TF proteins identified in a wide range of eukaryotes (Meuwissen et al.
1992; Dong & Roeder 2000; Anderson et al. 2005; Schild-Prüfert et al. 2011). The
rice (Oryza sativa) orthologue of PCH2, CENTRAL REGION COMPONENT 1
(CRC1), was found to interact with ZEP1, the rice ZYP1 ortholog, in Y2H assays
(Miao et al. 2014). Therefore, the rice PCH2 homologue is thought to be a
component of the SC. Although the SC is a highly conserved structure among
eukaryotes, there is poor conservation at the sequence level of the components
identified. As a result, difference in primary sequences between the rice and
Arabidopsis orthologues, may be an explanation as to why interactions occur
between the homologues in one species and not another.

Y2H analysis did reveal that Arabidopsis PCH2 self-interacts, an interaction that can
be considered strong, as demonstrated by growth on both TDO and QDO media
(Fig.8). Chen et al. (2013) found that Pch2 self-interacts in budding yeast, owing to
the oligomerization of this protein into single hexameric rings that comprise of a
central pore, essential for its functional role in meiosis. As a result, it can be
suggested that this essential feature of PCH2 is conserved in Arabidopsis, due to the
self-interaction observed in both the flowering plant and yeast.

Throughout the Y2H analysis, it was apparent that slower growth of yeast occurred
when yeast cells were transformed with the construct whereby AtPCH2 was fused to
the activating domain, compared to that observed with PCH2 fused to the binding
domain (Fig.8A). This observation may be representative of the functional role of
AtPCH2, in that when AtPCH2 is fused to the binding domain, the protein is bound to
the GAL4 promoter and thus restricted in its capability to bind other loci within the
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cell. However, when fused to the activating domain, the protein is free to bind other
loci, causing damage to the yeast cells, allowing for a slower growth of the organism.
As a result of this slower growth seen in this study, it proved advantageous to clone
PCH2 into both of the cloning vectors, pGAD and pGBK, as if the coding sequence
would have just been ligated into the pGAD vector, the slow growth of the yeast
could have enabled for the assumption to be made that the transformation had not
been successful at all.

Moreover, AtPRD3 interacted with AtPCH2, when AtPCH2 was fused to the binding
domain only, after 1.5 days incubation of the yeast (Fig.9). AtPRD3 is a DSB-forming
factor known to function alongside SPO11 (De Muyt et al. 2009), interacting with
AtASY1, linking break complexes to the axis (Osman et al. 2011; Franklin et al.
Unpublished Data). A possible interaction between AtPRD3 and AtPCH2 provides
valuable insights into the functional role of these two proteins. This interaction is
consistent with that observed in rice, whereby the orthologues of PRD3 and PCH2,
PAIR1 (Nonomura et al. 2004) and CRC1 respectively, were also found to interact,
possibly forming a complex that promotes the formation of DSBs during meiotic
recombination (Miao et al. 2013). Therefore, the formation of such complex could be
conserved in Arabidopsis, suggesting a similar role for AtPCH2 and AtPRD3.

Mutagenesis of the AtPCH2 coding sequence in order to form the mutant variant,
PCH2 E291Q, was also carried out in this study in order to further test interactions
via Y2H analysis. Chen et al. (2013) identified that the introduction of a mutagen
within the Walker B domain, is associated with a dominant negative phenotype.
Mutagens within this domain are known to disrupt the ATP hydrolysis activity of an
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ATPase, with no alteration to the ATP binding function (Hanson & Whiteheart 2005).
Mutated Pch2 allows for an ATP-bound state whereby the interaction of the ATPase
and its substrate is locked (Brosh & Matson 1995). Chen et al. (2013) revealed that in
the presence of ATP, Pch2 with a mutation in the Walker B domain interacted
strongly with Hop1, in budding yeast. The mutagenesis of Pch2 also enabled the
proposal to be made that the ATP hydrolysis activity of this protein is required for the
DNA-binding stimulation of Hop1 (Chen et al. 2013). The fact that no interaction
between AtASY1 and AtPCH2 E291E was observed in this present study could
indicate no conservation of the interaction between the Arabidopsis homologues of
these two proteins. This would imply that AtPCH2 does not promote inter-homolog
bias, via the remodelling of AtASY1, as reported in yeast. On the other hand, it may
have been the case that the interaction in Arabidopsis between these two proteins is
significantly weaker, and therefore could not be detected via Y2H.

As a possible interaction between AtPCH2 and AtPRD3 was shown by Y2H analysis,
it would be interesting to test whether this interaction is dependent on the ATP
hydrolytic activity of AtPCH2, via mutation of the ATPase, in order to analyse this
interaction further.

Mutated AtPCH2 still self-interacts (Fig.11), however, it can be deduced that when
compared to the yeast seen with non-mutated PCH2 (Fig.8), that the yeast is slightly
more pink in colour (Fig.11). This may be due to an accumulation of adenine, hence
hinting at a weaker self-interaction of PCH2 E291Q, compared to PCH2.

As a result of the data presented in this study, it was revealed that AtPCH2 and
AtASY1 do not interact directly when analysed via Y2H, as was observed for their
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yeast homologues (Chen et al. 2013). The reason for this may be due to a
modification of AtASY1 required to permit the interaction, such as phosphorylation of
the protein. Another possible explanation may be that the interaction seen in yeast,
involves the non-classical DNA-binding domain that is found within Hop1, but is not
conserved within AtASY1. AtASY1 has a SWIRM domain instead of a zinc-finger
domain (Hollingsworth et al. 1990; Armstrong et al. 2002). Consequently, it may just
be the case that the Arabidopsis homologues do not interact, suggesting an
alternative function in meiotic recombination, which may be a result of the functional
divergence observed by many A.thaliana proteins, resulting from the genome
duplication event (Arabidopsis Genome Initiative 2000). Nevertheless, it is now
known that AtASY1 is depleted by AtPCH2 from the axes as synapsis occurs, with
this remodelling being crucial for the control of CO distribution (Franklin et al.
Unpublished Data).

Future work regarding the data presented in this study should focus on further
functional analyses of AtSHOC1, in terms of its function in the formation of Class I
COs, utilising the antibody produced in this study. In addition to this, further
investigations into the functional role of AtPCH2, by inferring protein-interactions
should be carried out, and alternative methods should be employed, other than Y2H
analyses, in order to extend the data presented. One such possible method is
immunoprecipitation, whereby possible investigations into interactions between
phosphorylated and non-phosphorylated forms of the AtASY1 protein could be
carried out.
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Conclusions

The mechanisms underpinning meiotic recombination are known to be mediated by
the functions of numerous proteins, the vast majority of which are conserved
between eukaryotic species. Analysis of such meiotic proteins in A.thaliana has
increased over recent years. In this study, the production of recombinant AtASY1 and
AtSHOC1, was carried out, whereby an optimized method of SHOC1 expression was
established. The resultant production of antibodies, will permit immunolocalisation
analyses of these and other proteins, thus providing further insights into the
functional roles of proteins, allowing for a greater understanding of the control of
meiotic recombination in plants. This study also indicated that AtPCH2 and AtASY1
do not interact, as displayed by their yeast homologues, thus indicating the need for
further research to demonstrate possible reasons as to why this is not conserved
between species. Interestingly, this study identified an interaction between AtPRD3
and AtPCH2, coinciding with an interaction identified between the rice homologues.
Research regarding the control of meiotic recombination is of great importance; due
to the beneficial impact this potentially has on increasing genetic variation available
to plant breeders. Genetic variation that can be exploited by plant breeders is often
limited by the fact that COs predominantly occur towards the ends of chromosomes
and a large proportion of genes rarely recombine. Therefore, knowledge to permit the
manipulation of the control of meiotic recombination would prove invaluable to
enabling plant breeders to employ classical breeding techniques to select for
favourable traits, hence contributing to food security efforts.
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Appendix 1.

SHOC1 AT5G52290.1: Genomic Sequence (6202bp)
ATGCGAACTCGATTTCTCAACATCGATTACTTCTCTACTCCACCTTCTCACGTATTTGAAACCCTAGGCTTCCTCAATCTTCCGGCTCCTGATAATTTCCCGGC
ACCCATCGTCTACAACGGAGAAGAAGACCGTCTCCGATTTGGCTCGATCGAAAATGTTAGTATCCCTATCGGAAATTTGCCTATTGAAGCTGCTTTGTCGAA
GTTCCTTTCCGACGTGGTTCCCGACCGCGTCAGTGTGGACTATCGAGTTTTTGAAATCGACGACTCTTCGCTCGGAGTTTATTACTCAGACGAGGTAAAGTT
CCTTCGATCTAGATATTATCAGTTCCTGGAGGTGAAATTTCGAATTTCCTGAGTCTCGCTGACTGTTTCTGTCAACGGTCCTTTGTTTCTTATAGTGAGATTGGT
TGTAGATTTTTCGAAATTTGTGGTGTGTTTTCTCAGTTTCCATTTCTGATTGTTGCTTAGATCTTATATTCATACTTGGGTTGGAAATTTTGGTAGCTTAAGCGAAT
CTTACCGGAGTTTGAAAACCGAAGTTATGATCTATTTGCAGAAGGATGACGGAGATGCCATTGCGGATAAAGCTACACCTAAAATTATTGAGTTGGAGACTC
CAGAGTTGGATTTTGAGATGGTATTGCTCAAGCTGTGTAAGCATTGTACTAATTGAACTAGTTCAGCTTTTTCTTTTTCATTGCGAGATAAAGCATCTTTTGATAT
ACAGGAGAACAAGCTCTTATGCACGAGTGAGGATCATCTCCAATGTTTCTCTGAAGTTCTAGAGATCAAAAATGACCCGGTAAATCCCTGAGTTGATTTTAGT
TGGCACACACAACAGTAGTTTTTGCTTTTGCTGTAGAGTGGTAGAGCTGGTTCCTGTTCTTGGCATCATCTGATTTTAGCTAGTCTTCTTATTGCAGGTTAAATA
TGAGGGGTCAGATATTATCCTGCAGAACTCAAAGGACATTCAAGAGCAGATTTATTCTGTTGATTACATTCCTTCTGATTACTTTACAGAGAACAACACTTCTG
TAGCAGAAAATGAATGCTTCCGCAAGATTCAACCATGGTTCAAAGATGCCAGATTTCCCCTTCTAGAAGTGGATGAAGTAAACTTGAGCGAACTATCAAGCT
TATCTGTGCTTGATAAAGTATTTACTGTTCTTGAGACGATTGAACCCCAAGACACTAATGCAGGGAGTTCTCTCATTATCAATTCTAAGGAGCTTATAGGCTCA
AAGGATTATGATCTATTGGATGTACTCTCTACGGATTGCTATTTGAACAAGAGTGGCCAATCTGATGTGGTACCAGAGGATGAATTTTCTGAAATGGATATAGT
GACTATCCTGGAAATATCAAATGCTGAGGAATTTCAGGGAAAGGTGGCTGTACCAGTAACTTATGAGGAATTCCAGATCCTGGATGTGGATATCTCTGATGT
TTTTGATATCTTCCTTTGTCTTCAAAAAGCCATTGAACCAGAAATCTGTTACGGTATGTTCAGTAAAGAGATGAACTTCAAGGATTTCGATGAATTAGTTGTCAG
TTCCGAACTTGCCTTCACAGATGATGCCTTCAAGTCTTTGCCTACTCCTATTTTACATGATTATGAGATGACAAGATCTCTGGAGCTCATTTATGAGGATGTTTT
GTCAAAGATCAAGCCTCAATCCTTGTCTGCCTCAAATGACATATACTTGCCGTGGAACCTTCTTGAGGAAAGAAACCACAACCATTGTGATTATCCGTTTGAA
GAAATAGTTACATTCAACATTGATTATAACTGGGAAGCTTCAGAAGGAGACAAATGGGTTTATGATTTCATTTTCTCTGAAGATGCTTTCTGCGAGCCACTTGT
AGAGAAATGCACTGAACCTTTCTATGGTATATCTAACCTTGATGAGCATGCTCCTGTTAATACTTCGCATGGGTTATTGGAAAACCCTTTCCAAAAAACAGGA
GCAAGGGATTGTGCAGTGGATGATAATGCTAAGAAGGCTACGCTGTTGTTCAAATCAATGTCTGCTTTTGATGACTTAACCTTTTTCATGGATCCGAAGAAGG
CTGTGATTGAAGATAATCTCGAGTCTAGAGTCGAAGCTGCTAAGACTACCAACCATAAATGTATGTCTATTGACTCGAAGGCTTCATGTAGATCTGGTGGTAT
GCACCCAAACCCGAAGACAGAGGAAATGATACTTCACAGTGTGCGCCCTTCAGAAAATATTCAGGCTCTTGTTGGGGAATTTGTGAAGAGCTATTTAACTCT
TGTGAAGGATGAATCAGAGAATTTATCAGAAGATAAACTTAAGTTACTCAGCATATCTAAAGGAAAGCTTATTGACTGCATAAGAAAGGCAAATGTCCACAAA
ACACAGTTGGCGGATGATAAGACTTTCACGTTTGCATTACTATTAGCAATTAAACAGATGACATGGTATATGTGTTTCTTCGGTATCCATGTGGCATATATCTAT
CTTAACAAGGTATGTCGAAGCTCAAATCCCATGAAGATAGGATTGCACACCCTCTACTCAGCAGTTGAAACAGAACACAAATCAGATGAGACAGACATCAC
AAGATCACATCCATCACTAGCTGTTATCCAGGGGATTTTACAGTCAGAATTTGCCCGGGGGAACTCCAAAGCATTACTTTTGGCTGAGAAAGTGTTTTGGTC
CTCGCTGAAGAGGCTACTGATGTCCATGGGGTTATCTTACAATGACCTCAACAGTCCCTCCCCAAGTGGAAATCGACCAAATGTTCATGAAGCCATAGAACT
TGGTTTCCTGCCGATTTCAGACTGTCTAATTATCTCTTACGAGTGAGTATTATTTCTTCCTATAGCCATATCCTCATTATCAATGATCATAGCTTTTCACAGTTGA
ATTTTTTGGGAACTAGAAAGGGAACCAAAGAATTGATATATTGCGGCCTGAAAAGCATTTTCAGTCTTTTAGCATGGTGATTGTAAGAGATACCACAAAATGTT
GTTACTTCTCTGCTCGTGAAATTGCTGCATTATTGTTCTTTGCATGCTAAAACATAGCTTTATCGATTCTTTGTTCAATATCTTTTAGTGAAATTGTCTTTTGGGAG
TAGTTAAGCTAACTAGTCCTTTCTTTTTCATCTAAGGCAAATTTCTCCATCTTTTCCTGTGGAGAATTTCAGCGTCATTGTAGAATATGGAGGTCCAAATGCCTC
GCCCAGATATTCTTTTCCTTCAAAGTTGGATTCCTTTCCTTCCTTTCATTTCATAAAAGTGGAGCTGGATATGCCCAGTGCATGCGGGCAACTCTGTGCAGGT
GTTACAGTACCTTATAGTCTCAAAATGATAAAGGTGAGAAACATTCAACCTTTTCTTACAAGTTATATTGGTAGATTGTATATTACGATGGAAGAGTCTGTGTGA
AGGGTTCAAATTCAGAGCAGTAGATCAATCTGTATCACAAATAGTACTTTCATGAGCATATGATCTTGATTGGTTTTGCAACACTGAAAATTATGCAAGTTTAA
CATTAGTATGTACTTTAACCTAAAATTGTGTTGTCACATCAGTGGTATTCACGTTTATTCCATAACTGCATATTTTGAACGCTTTGTTTGAATATGTTCCAGAATAT
GCAGATACGAGAACCTATGTACACTATTATCTCTTTTGTAGGGAGACGAAGTTGAGACGAAAACTGGGTGGTTGGAAGAAGTGTTGAACTTTGTTCCACTTG
AAAAAGTGTGTTATGCAGGATCTTCCGAAACCACAAATGAATCTGAATTTATCTCCATGCCTCAAGAATCTGAAAGAAAACGTGGGATAATTGAACAGGGTCT
CTCTGACCAAAGATCTGTGATTGTTGTGAACACAAAAACTGTCGATAAGGAGATGATCATATCCAGAAGAAGTACATACCAGAAGGTGTTAGCAATGGAAAA
AGAAGGAGTGCAAGTTGTGGAGCGCGATTCAGATCTACCTGTGGACCTGATGTTAAGTCCTGCAGTTTGCCTACTCTGGTATGATAGTGAAACTGTTAGTAA
GAAGTCGGCTGCAACTATTGGTACTTCCTCAAGTTCACTTTCATGGATTGGAGATATCGCAACTAATGTTTTGACGTCATTGAGTTTCAGTTTCAGCACTTGCA
TTATGGTAAATTCCACCAAACTTTGCTTTTTGCCGTTCTTTTGTGGGAACGTTGCAGTATATATGTGGACCTTTCACTTTAAGAATCATCTTCTATTATTTTTGCTA
ATTTGATGATTACAAACTTACTAGATGTTTAATACTCACTCATATACTAAAGTCTCTGCAACATTTTCTTCTAAACTGTAGACTGAGTCCAGAGAACTTAAAGAA
CGATTGTTATTTTTCGTACAGGTTTTTGAGGGGGAACCCGCCTTCCTGGCTGCCGTAATGGACTCCTCTGATGAACTGTATGCAGCAGCTGGTAGCCTAGGA
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ATCAGTTTACAGATGTTTTGCTCATCGTCAGCTAATCTCACGGATGAAATTATATTGAAGTGTATCAAATCTTCTGTTAAGTTGTCCAAACTCCATGTCAAAATG
CCCGAGTCAGAATCTCTAGCAGAATCATTTCTCACCAAGTTTCCTTCCGTGAATCCACTCACAGCTCAAGTAATTCTGTCATCTTCTGGGTCACTTCTCGAATT
CATGAAGCTCCCACATAAAAGCAAGGTTGAAAGGACGCAAAAGTATCATGTACCTGAAGAGAGTGTTGATCTATTCAGTTCAGTATGCAGATACGGAGCAA
GGGAGGACTCCAGATCTGTAATGACAGACAGCTCTTCTTCGGTATCTTCTGGACCTGACTCAGACACACACCATGTCAGTGTCCATTCTGGCTCAAAAAAGA
AACAGTACATTGCTGAGAAAGATGAGATAGATATGGACGACTTGGTGCATTTTTCTCCCTCGATAGAATTTGCTGATACACAGCTCAAGTCTTCTGGGGATTT
CCAACTTGATGATTCTTGGTCATCGAAAGATCATGAGATCTTTCATTTTGACCCTGTCACTGAATTCTCAGATGCACCTTTCAAACCTTCTGGGATCAGTCATC
CCAATGACTCTTGGCCGTCTAAAGATCCTGAGAGATTTGACAAGAAGTCAGGACCTGGTTCATCATCAAAGGACACATTTTGGGAGAAAGATCAGCCTGATT
TTTCAGTGGAGGACAGTCTTCCTGGAATTCCTGAATTAGAAGATTGGAGTTTCCCAGTTAAAGACAAATTCATGAGCCAGAACAGAGGATGTAAATTTCCGGT
GATGAGAGATTTTAACTTGCATGACAATAGGAACTCGGAGAATTTCATCGCAGACTACAAAGGTGAAGTAATTGACAGAGCTGATAAGTATCTCGAGGAAGA
CTTCCCGCCTTCTCCTGGTTATAATAGGTTTGCTCGAATAGTTTCTGATGTTAATGAAGAGGAACTTCCAAGAAAATCAAAATCTTCAAGGAAGTTATCTTTCTT
TGGATCTCTCCAGCCTAACTTCCCAAAGGCGGCTGACATCGACTCGAGTTCTGAAAGATACGCCACTGAGAAAGATTCAAAATATGATAACAACACTTCTTT
GCGTGGCTATGCTGATAACTATCCAGCAAAACGCCAAAGGACCCTTTTGGAGGAGGTCTTAACACGAAGATCTGCAGTTCCAACAACAGAGCTTCCATTTA
GAGAAGAAATATCACATTTTGGTGGATCTCCACTATCAAACGCAATCCGTTCTTCAAATCAAGTACAAAGTTCTCCTTGGACGGTTGATTTCCTTAACAGAGTT
CGAGAAAGAAGCAGAGCAAGGAAACAACAACAATCTCTTCCTTCTTATGCTTCTCCACCTAGTTTGGAGACTCCAGGGAACATAAAGAAAGCTAATACCAA
GAGAAAGAGTCCATCCATACTCGAGTTTTTCAAGTATAAAGGAGGCAACAAACTTCAAGAAGAGAAGAGGCAGAAGCGGTCAAAGAATTCTTCAGCCTCAC
CAAAAAACGAGAGATTTTACTCGCCTCTTAAGTCATGCACACCAATTGATAAGCGAGCAAAACAGGTATTCATTATATATGATCCCTATAGAAGTGAGATTTGT
TCATACCGTTGATTTCTTTAACATCTTTTTTTTTTCATTCCAGTCTCTATCTTACACAGCGAATGGAACTGGCCAAACAAAACTTGTATGGAAGTAA

SHOC1 (exon 7) AT5G52290.1: DNA Sequence (1686bp) (highlighted = fragment
amplified by designed forward and reverse primers).
Proposed antibody size = 726bp
GTTTTTGAGGGGGAACCCGCCTTCCTGGCTGCCGTAATGGACTCCTCTGATGAACTGTATGCAGCAGCTGGTAGCCTAGGAATCAGTTTACAGATGTTTTGC
TCATCGTCAGCTAATCTCACGGATGAAATTATATTGAAGTGTATCAAATCTTCTGTTAAGTTGTCCAAACTCCATGTCAAAATGCCCGAGTCAGAATCTCTAGC
AGAATCATTTCTCACCAAGTTTCCTTCCGTGAATCCACTCACAGCTCAAGTAATTCTGTCATCTTCTGGGTCACTTCTCGAATTCATGAAGCTCCCACATAAAA
GCAAGGTTGAAAGGACGCAAAAGTATCATGTACCTGAAGAGAGTGTTGATCTATTCAGTTCAGTATGCAGATACGGAGCAAGGGAGGACTCCAGATCTGTA
ATGACAGACAGCTCTTCTTCGGTATCTTCTGGACCTGACTCAGACACACACCATGTCAGTGTCCATTCTGGCTCAAAAAAGAAACAGTACATTGCTGAGAAA
GATGAGATAGATATGGACGACTTGGTGCATTTTTCTCCCTCGATAGAATTTGCTGATACACAGCTCAAGTCTTCTGGGGATTTCCAACTTGATGATTCTTGGTC
ATCGAAAGATCATGAGATCTTTCATTTTGACCCTGTCACTGAATTCTCAGATGCACCTTTCAAACCTTCTGGGATCAGTCATCCCAATGACTCTTGGCCGTCTA
AAGATCCTGAGAGATTTGACAAGAAGTCAGGACCTGGTTCATCATCAAAGGACACATTTTGGGAGAAAGATCAGCCTGATTTTTCAGTGGAGGACAGTCTTC
CTGGAATTCCTGAATTAGAAGATTGGAGTTTCCCAGTTAAAGACAAATTCATGAGCCAGAACAGAGGATGTAAATTTCCGGTGATGAGAGATTTTAACTTGCA
TGACAATAGGAACTCGGAGAATTTCATCGCAGACTACAAAGGTGAAGTAATTGACAGAGCTGATAAGTATCTCGAGGAAGACTTCCCGCCTTCTCCTGGTTA
TAATAGGTTTGCTCGAATAGTTTCTGATGTTAATGAAGAGGAACTTCCAAGAAAATCAAAATCTTCAAGGAAGTTATCTTTCTTTGGATCTCTCCAGCCTAACTT
CCCAAAGGCGGCTGACATCGACTCGAGTTCTGAAAGATACGCCACTGAGAAAGATTCAAAATATGATAACAACACTTCTTTGCGTGGCTATGCTGATAACTA
TCCAGCAAAACGCCAAAGGACCCTTTTGGAGGAGGTCTTAACACGAAGATCTGCAGTTCCAACAACAGAGCTTCCATTTAGAGAAGAAATATCACATTTTGG
TGGATCTCCACTATCAAACGCAATCCGTTCTTCAAATCAAGTACAAAGTTCTCCTTGGACGGTTGATTTCCTTAACAGAGTTCGAGAAAGAAGCAGAGCAAG
GAAACAACAACAATCTCTTCCTTCTTATGCTTCTCCACCTAGTTTGGAGACTCCAGGGAACATAAAGAAAGCTAATACCAAGAGAAAGAGTCCATCCATACTC
GAGTTTTTCAAGTATAAAGGAGGCAACAAACTTCAAGAAGAGAAGAGGCAGAAGCGGTCAAAGAATTCTTCAGCCTCACCAAAAAACGAGAGATTTTACTC
GCCTCTTAAGTCATGCACACCAATTGATAAGCGAGCAAAACAG
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SHOC1 Exon 7 Primers Used to Amplify DNA fragment (Sequence 5’ to 3’).
Forward - cc/catatg/TCACTTCTCGAATTCATGAAG
Reverse - cc/CTCGAGATACTTATCAGCTCTGTC
T7 Promoter Primer Used for DNA Sequencing (Sequence 5’ to 3’).
TAATACGACTCACTATAGGG

Appendix 2.
PCH2 internal sequencing primers (5’ - 3’)

PCH2 Primer 1: GGTTACTACGTTATGCTGGG
PCH2 Primer 2: AACTACTGCTATTGATGTTGC

YPDA Media Recipe
2.5g Yeast Extract
5g Bactopeptone
5g Glucose
Made up to 250ml with SDW, stirred with a magnetic stirrer until dissolved. Adjusted
pH to 6.5 using kOH.
Added adenine hemisulfate to a final concentration of 120µgml-1 (3.75ml 0.2%
adenine hemisulfate).

1.1x TE/LiAc Solution (Reagents provided in Clontech Transformation Kit)
1.1ml 10x TE Buffer
1.1ml 1M LiAc (10x)
Total volume bought to 10ml with SDW.

PEG/LiAc (polyethylene glycol 3350/lithium acetate) solution (Reagent provided
in Clontech Transformation Kit)
8ml 50% PEG 3350

110

1ml 10X TE buffer
1ml 1M LiAc
Total volume = 10ml

0.9% (w/v) NaCl Solution
0.9g NaCl was dissolved in 100ml of SDW and filter-sterilized.

Sequences of the Oligonucleotide Primers Used for the Point Mutagenesis of
PCH2 (5’ to 3’).
1. CTGGTATTTGTTTTGATCGATCAGGTAGAAAGTCTTGCTGCTGCT
2. AGCAGCAGCAAGACTTTCTACCTGATCGATCAAAACAAATACCAG
NZY+ Broth Recipe (per liter)
10g NZ amine (casein hydrolysate)
5g yeast extract
5g NaCl
Bought to a final volume of 1L with SDW.
pH adjusted to pH 7.5 using NaOH.
Autoclaved.
12.5ml filter-sterilized 1M MgCl2
12.5ml filter-sterilized 1M MgSO4
20ml 20% (w/v) filter-sterilized glucose
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Appendix 3.

Results:

SHOC1 gene cloning

1

2

3

4

5

6

7

8

726bp

Figure 1. DNA Gel electrophoresis image illustrating a 726bp SHOC1 DNA fragment
amplified by colony PCR for 8 clones transformed with pCR®-Blunt/SHOC1 and a positive
control of PCR purified SHOC1 DNA insert.
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pCR®-Blunt/SHOC1

A

726bp

B

Figure 2. Large-Scale Restriction Digest of pCR®-Blunt/SHOC1 and pET-21b and gel extraction
of SHOC1 inserts and linearized pET-21b.
(A) DNA gel electrophoresis image showing confirmation that large-scale restriction digest
with NdeI and XhoI had successfully cut out the two SHOC1 DNA inserts from pCR®-Blunt
cloning vector following the loading of 3µl into a 0.8% agarose gel.
(B) DNA electrophoresis gel depicting the bands representing the two SHOC1 DNA inserts and
the pET-21b expression vector to be extracted from the gel and purified.
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726bp

Figure 3. DNA Gel Electrophoresis image showing the restriction digests of four pET-21b/SHOC1
clones, both cut with the restriction enzymes NdeI and XhoI, and uncut samples.
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Protein Expression of SHOC1 and ASY1 Recombinant Proteins.

+IPTG ASY1

A

-IPTG SHOC1 Culture 1

+IPTG SHOC1
Culture 1

~100kDa
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Figure 4. Detection via SDS-PAGE of ASY1 and SHOC1 recombinant proteins to validate
expression upon induction with IPTG.
(A) Coomassie blue staining of the SDS-PAGE gel revealed that ASY1 (circle) of ~90kDa was
expressed upon induction and is present within the insoluble fraction 4h and 24h postinduction with IPTG. SHOC1 protein of ~90kDa is present 4h post-induction in the insoluble
fraction for culture 1.
(B) Coomassie blue staining of the SDS-PAGE gel revealed that the ~90kDA SHOC1 protein is
expressed 24 post-induction in the insoluble fraction for culture 1 and both 4h and 24h postinduction with IPTG for culture 2.
(C) Coomassie blue staining of the SDS-PAGE gel revealed that ASY1 is not expressed in the
soluble fraction. SHOC1 protein of ~90kDA is present within the soluble fraction for culture 1
4h post-induction with IPTG.
(D) Coomasssie blue staining of the SDS-PAGE gel revealed that SHOC1 protein of ~90kDa is
expressed in the soluble fraction 24h post-induction for culture 1 and both 4h and 24hh postinduction with IPTG for culture 2.

BioRad Assay Raw Data

Table 1. Absorbance at 595nm of the recombinant ASY1 and SHOC1 proteins, using
2.5µgµl-1 BSA as a standard.

Recombinant
Protein
SHOC1
Culture 1

Replicate
2µl
0.015
0.016
0.0155

Volume
5µl
0.129
0.135
0.132

1
2
Average

20µl
0.638
0.490
0.564

SHOC1
Culture 2

1
2
Average

0.035
0.118
0.0765

0.192
0.191
0.1915

0.655
0.638
0.669

ASY1

1
2
Average

0.080
0.096
0.088

0.209
0.269
0.239

0.827
0.807
0.817

BSA
(Standard)

1
2
Average

0.031
0.063
0.047
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Calculations:
As 2µl BSA at a known concentration of 2.5µgµl-1 was used as a standard, the
standard concentration of a volume of 2µl was 5µg.

SHOC1(1):

(0.564/0.047) x 5µg = 60µg in 20µl

Therefore, there is 15mg in 5ml purified inclusion bodies so the protein sample if of a
concentration of 3mgml-1.

SHOC1(2):

(0.669/0.047) x 5µg = 71.17µg in 20µl

Therefore, there is 17.8mg in 5ml purified inclusion bodies so the protein sample if of
a concentration of 3.56mgml-1.

ASY1:

(0.817/0.047) x 5µg = 86.91µg in 20µl

Therefore, there is 21.7mg in 5ml purified inclusion bodies so the protein sample if of
a concentration of 4.34mgml-1.
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Abstract
Understanding the mechanisms underlying key evolutionary transitions is of great
importance due to the potential this offers to manipulate such mechanisms in crop
species, contributing to efforts to ensure food security. Physcomitrella patens, the
model bryophyte, has recently emerged as a powerful system for investigating plant
development and evolution. This study investigates the effects of hormone networks
and N-acyl-homoserine lactones, on the control of spore germination, which is
currently not sufficiently understood compared to the analogous process in seed
plants. The results of this study demonstrate that specific molecules show specific
responses, with unsubstituted and longer acyl-HSLs having more potent increasing
effects on spore germination overall. A negative effect on spore germination was
shown for mutants lacking the initial enzyme in the gibberellin synthesis pathway,
ent-kaurene synthase. This study also demonstrates significantly increased spore
germination rates in a DELLA-deficient mutant line, which lacks the negative
regulator of the gibberellin signalling pathway. Therefore, this study provides novel
data suggesting the presence of a DELLA-mediated GA signalling pathway in moss,
challenging previous evidence that the hormonal pathway was acquired following the
evolution of the bryophyte lineage.
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Introduction

The transition from unicellularity to multicellularity confers one of the most important
steps throughout evolution (reviewed in Grosberg & Strathmann 2007). This
evolutionary transition was key in the development of present life on earth, enabling
the colonisation of land by plants and the formation of the earth’s ecosystems,
climate and atmosphere.

The transition to multicellarity arose independently multiple times throughout
evolutionary history, with frequent origins within the plant/algal lineage (Bonner 2000;
Kaiser 2001). One of the key advantages of being multicellular is increased size,
which constitutes to successful avoidance of predators (Bell 1985). An example of
this can be observed with Scenedesmus acutus, a freshwater green algae. This
species can live either as unicells or become ‘multicellular’, increasing its size by
colony formation (Van den Hoek et al. 1995). This transformation has been shown to
be induced following exposure of S.acutus cultures to water from cultures of a known
predator of the species, Daphnia (Lürling & Van Donk 2000). This mechanism of
increasing its size through ‘multicellularity’ enables the algae to avoid predation by
becoming too large for consumption and additionally by using gravity to move their
position lower within the water. Furthermore, multicellularity is also advantageous as
biological complexity can be increased via the generation of new biological structures
(discussed in Ratcliff et al. 2011), enabling the formation of an internal environment
protected by an outer layer of external cells (Gerhart & Kirschner 1997).

It is apparent why multicellularity frequently arose from unicellular ancestors,
however little is known regarding the mechanisms underlying how this phenomenon
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actually occurred (Herron et al. 2009). Understanding the ecology and physiology of
transitional forms is proving challenging due to extinction and thus only fossil
evidence being available (Herron & Michod 2008). Nonetheless, numerous genes
and epigenetic modifications of patterns of gene expression that are required for the
development of multicellular organisms, have also been shown to exist within unicells
(Shapiro 1998; Bonner 2000; Kaiser 2001; Miller & Bassler 2001; Lachmann et al.
2003; Keller & Surette 2006; Merchant et al. 2007; Prochnik et al. 2010; Richter &
King 2013). Consequently, it may be the case that the evolution of multicellularity
occurred from mechanisms already utilised by their unicellular ancestors, as a means
to recognise self from non-self and interact with other organisms within their
environment.

The ability to understand how multicellularity arose is of great significance due to the
potential this offers to manipulate such mechanisms in order to provide social benefit.
Considerable efforts are currently being made to ensure food security, which has
recently emerged as a crucial target for the 21st century (reviewed in Godfray et al.
2010). The need to enhance food production is highlighted by the fact that by the
year 2050 the global population is estimated to increase to 9 billion, heightening the
importance to ensure increasing food demand is met. Moreover, limitations of arable
land and space raise pressures on the need to generate sustained crop yield
improvements, as well as inevitable adverse effects as a result of climate change
(reviewed in Chakraborty & Newton 2011). Therefore, one such effort to contribute to
ensuring food security is that of understanding multicellularity in order to ultimately
generate a means to modify the mechanisms involved. In doing this, ecosystems
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could be manipulated in such a way to maximise their useful potential to improve
crop yields.

In addition to understanding the transition to multicellularity, understanding more
regarding the transition from an aquatic environment to a terrestrial one also offers
the potential to increase productivity of plants. For example, in order to adapt to life
on land, plants had to overcome numerous obstacles, including that of a limited water
supply. Mechanisms involving drought-resistance evolved enabling successful
colonisation of land. Understanding this process offers the potential to manipulate
plants, particularly crop species, in order to increase their drought-tolerance, thus
contributing to efforts to ensure food security. Therefore, an understanding of plant
development and tracing evolutionary history to increase knowledge on the key
transitional events that occurred is of great importance.

Physcomitrella patens: a model system to understand plant development and
evolution.

The model bryophyte moss species, Physcomitrella patens, is increasingly being
used for research regarding plant evolution and development. The recent availability
of the genome (Rensing et al. 2008) makes this model plant system the only primitive
plant to have its genome completely sequenced, thus proving significant for studies
aiming to understand the molecular biology of evolution (reviewed in Prigge &
Bezanilla 2010). Furthermore, due to the key position of P.patens within evolutionary
history, this ancient plant is considered an early stage in the transition to terrestrial
life from an aquatic one. Hence, this species represents a powerful tool for
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understanding land plant evolution and the key transitions that took place (discussed
in Delaux et al. 2012).

Additionally, there are numerous other advantages associated with using P.patens as
a research tool. Firstly, efficient gene targeting (Kammerer & Cove 1996; Schaefer &
Zryd 1997) in this species enables the manipulation of genes and the generation of
knockout mutants, thus allowing for reverse genetic approaches to be carried out
(Reski 1998). The simple morphology and rapid generation time of Physcomitrella is
also advantageous as it allows for ease of culturing, in addition to vegetative
propagation being easily achieved at any developmental stage (reviewed in Prigge &
Bezanilla 2010). Finally, a vast majority of the key developmental gene families found
in flowering plants have been identified to be conserved in the genome of P.patens,
adding to the potential of further understanding land plant evolution and development
by studying this model system (Rensing et al. 2008; Prigge & Bezanilla 2010).

P.patens is commonly found colonising banks exposed by decreasing water levels
(Hodgetts 2010), developing in late summer from spores, as an ephemeral species
(Cove 2005). The moss is largely distributed in temperate regions (Rensing et al.
2009), however the strain commonly used for research purposes was obtained from
Gransden Wood, Cambridgeshire and is known as the ‘Gransden’ isolate (Cuming
2011).

Mosses, alongside hornworts and liverworts, are a group of plants collectively known
as the bryophytes. These non-vascular plants, made the transition onto land
approximately 470 million years ago, and hence have accumulated a number of
adaptations through evolution, in order to overcome the stresses associated with

10

habituating a terrestrial environment (Prigge & Bezanilla 2010). One such adaptation
was the generation of a desiccation-resistant structure, the sporophyte, analogous to
the seed structure produced by the more recent lineage of land plants, the
spermatophytes (Delaux et al. 2012).

Bryophytes share a common life cycle which is characterised by a specific alternation
of generations (see Fig.1). In bryophytes, the haploid gametophyte is the dominant
generation, unlike vascular plants, and constitutes the large, green part of the plant.
The diploid generation is the sporophyte, which produces a large number of haploid
spores via meiosis. Germination of an imbibed spore occurs when protonema, a
filamentous structure, protrudes through the spore coat. Protonemal filaments are
comprised of two cell types, chloronemata and caulonemata. Chloronema emerges
initially, which is characterised by large numbers of chloroplasts and perpendicular
walls, followed by the differentiation of the cells into the faster growing cell type,
caulonema. Additional chloronemal cells are formed following further branching of the
protonemal filaments, by tip growth of their subapical cells, generating side branches.
Maturation of the plant coincides with the transition of these side branches to form
meristematic buds, known as gametophyte initials. The shoot of this dimorphic plant,
the gametophore, is then produced from these initials, enabling the generation of the
complex structures such as the phylloids, rhizoids and reproductive organs.
Physcomitrella is a monoecious species, therefore both the antheridia (male) and
archegonia (female) are produced within the same individual plant, at the top of a
single gametophore. The production of biflagellate spermatozoids occurs within the
antheridia, which require moist conditions for motility. Due to P.patens being selfcompatible, once the spermatozoids enter the archegonia, fertilisation occurs
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producing the diploid generation, the sporophyte, a spore capsule associated with a
short seta. Following maturation, which can be observed with a darkening in colour,
the spore capsule breaks enabling the distribution of the haploid spores for the
generation of new individual plants (Engel 1968; Cove 2005; Prigge & Bezanilla
2010).

A

D

B

C

Figure 1. Diagram showing real-life images of the key stages within the life cycle of Physcomitrella patens.
A) Imbibed haploid unicellular spore. B) Germinated spore with protruding protonemal filaments from the
spore capsule. C) Protonemata with side branch formation from chloronemal filaments. D) Adult plant
comprised of leafy shoot-like gametophyte tissue. [Images: Whitbread, A. (2014)].

Antheridia and archegonia are generated as a result of shorter light periods and
decreased temperatures (Hohe et al. 2002), with sporophyte formation also being
triggered by these conditions (Cove et al. 2005). To ensure survival and reproductive
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success of the plant, the timing of germination of the spore is critical, in order to allow
for favourable conditions. The timing is primarily controlled by the formation of the
desiccation-resistant structure itself, as with seeds in non-vascular plants. Seed
germination is also known to be controlled by a number of hormonal and
environmental factors (reviewed in Holdsworth et al. 2008), however little is known
regarding the regulatory mechanisms that are responsible for determining the timing
of spore germination in ancient lineages of plants, such as the bryophytes.
Nevertheless, previous studies have implied conservation of some of these
regulatory mechanisms between the two different types of dispersal units, even
though they arise from different developmental stages and vary in ploidy (discussed
in Sabovljević et al. 2014).

Gibberellins and Abscisic Acid: Hormones known to affect plant growth and
development.

Gibberellins (GAs) are a group of plant growth regulators (PGRs), established as key
players in the germination of seeds in vascular plants (reviewed in Sabovljević et al.
2014). These ent-kaurene derived phytohormones have also been identified to be
involved in cell expansion, flower induction, antheridia formation (discussed in Hooley
1994) and spore germination in the non-seed vascular fern lineage (Weinberg &
Voeller 1969), as well as a number of other processes.

The role of gibberellins in Arabidopsis seed germination has been studied
extensively, where it has been shown by numerous functional genomic approaches,
that inhibition of endogenous GA biosynthesis and detection, results in seed
germination inhibition (Koornneef & van der Veen 1980; Gallardo et al. 2002;
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Voegele et al. 2011). The GA signalling pathway in vascular plants initiates with the
binding of bioactive GAs to the GIBBERELLIN INSENSITIVE DWARF 1 (GID1)
receptor. The perception of GA, through a conformational change of the receptor
molecule, enables the GA-induced degradation of the transcriptional repressor
DELLA protein (Dill et al. 2004; discusses in Wang & Deng 2014).

Conflicting results has contributed to a lack of understanding regarding the roles of
GAs within bryophytes. Although ubiquitous in vascular plants, and over 100
identified within the genomes of numerous bacteria, fungi and plants (Gomi &
Matsuoka 2003), it is becoming increasingly evident that land plant bioactive GAs are
not present within bryophytes (Anterola & Shanle 2008).

The GID1-like (GLP1) and DELLA proteins in P.patens share only limited homology
with those found in Arabidopsis (Vandenbussche et al. 2007), with no interaction
between these proteins being shown in the bryophyte (Yasamura et al. 2007). With
no documented phenotype of DELLA deficient P.patens mutant strains, and no
detectable growth responses to GA, it has been suggested that there is no GA
signalling in moss and that this process evolved later in land plant evolution
(Yasamura et al. 2007).

In spite of this, it is apparent that GA-like substances are present within mosses
(Ergün et al. 2002), with Anterola & Shanle (2008) indicating that a GA-like
biosynthesis pathway is present within P.patens, which may be indicative of a similar
pathway observed in vascular plants.

The bifunctional ent-kaurene synthase

(Copalyl Synthase/Kaurene Synthase (CPS/KS), the initial enzyme in the GA
synthesis pathway, was identified in P.patens by Hayashi et al. (2006), whereby
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functional analysis of a cps mutant suggested no apparent role of the enzyme in
spore germination. However, the use of AMO-1618, an inhibitor of gibberellin and
ent-kaurene biosynthesis in angiosperms, on P.patens spores identified a potential
role of gibberellin-like compounds for germination. Decreased rates of spore
germination was observed with AMO-1618, the effects of which were reduced upon
exogenous application of ent-kaurene, thus suggesting the potential need for the
gibberellin precursor ent-kaurene for spore germination (Anterola et al. 2009).
Following the recent availability of the complete genome sequence of P.patens
(Rensing et al. 2008), the identification of putative genes involved in the biosynthesis
pathway of GA and the subsequent functional analyses, via the generation of
knockout mutants, should increase current understanding of the roles of GA/GA-like
phytohormones in moss, particularly in terms of the control of spore germination.

The regulation of seed germination is known to be tightly regulated by the
antagonistic interactions between GA and another phytohormone, abscisic acid
(ABA), with GA promoting germination whilst suppression being a result of high ABA
levels (reviewed in Kucera et al. 2005). ABA is a ubiquitous compound, identified in a
vast number of taxa, shown to exhibit a range of functional roles (discussed in
Savovljević et al. 2014). With regards to seed germination, increased levels of ABA
have been shown to result in suppression of germination, and therefore maintenance
of primary seed dormancy, of which can be overcome by increased levels of GA
(Kucera et al. 2005). Biosynthetic pathways of ABA have been shown to be encoded
for by the genome of P.patens (Rensing et al. 2008), with ABA playing a vital role
with the response to stresses caused by drought, salt and osmolarity, by improving
tolerance (Cuming et al. 2007; Khandelwal et al. 2010). Consequently, the ABA-
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biosynthetic pathway may represent an evolutionary adaption to the stresses
imposed on ancient plants, which made the transition onto land.

Jasmonates, brassinosteroids and ethylene are additional phytohormones known to
be implicated in the regulation of growth and development in flowering plants (Steber
& McCourt 2001; Linkies & Leubner-Metzger 2012), alongside ABA and GAs
(reviewed in Sabovljević et al. 2014). As a reduced number of these hormone
signalling pathways, and therefore their corresponding extensive interactions, are
implicated in moss morphogenesis, analysing hormone signalling pathways in
P.patens represents a beneficial means to gain a thorough understanding of the
complex interactions, many of which may have arisen since the divergence of the
bryophyte lineage. Moreover, due to the lack of knowledge regarding the control of
spore germination in moss, functional analysis of the various hormones and
analysing the interactions between them may provide beneficial insights into the
regulation of this process.

N-acyl-homoserine lactones: Quorum-sensing molecules shown to induce
responses in plants.

In addition to phytohormones, other chemical compounds have been found to effect
plant growth and development. N-acylated derivatives of

L-homoserine

lactones

(acyl-HSLs) are quorum-sensing (QS) signal molecules, produced by gram-negative
bacteria species, that have been extensively studied with regards to plant responses
(Mathesius et al. 2003; Ortiź-Castro et al. 2008; von Rad et al. 2008; Schikora et al.
2011; Bai et al. 2012; Schenk et al. 2012). QS is a mechanism employed by bacteria
in order to respond to population cell density, via the regulation of the expression of
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specific gene sets (Cha et al. 1998). By the production and detection of these small,
diffusible chemical signal molecules, bacteria are able to monitor their surroundings
and respond accordingly (Cha et al. 1998). Acyl-HSLs are termed autoinducers as
perception by bacteria, not only generates a specific response, but it also induces the
production of additional acyl-HSLs, by a positive feedback-type system (González &
Venturi 2013).

Acyl-HSL QS systems utilise a synthase protein component, which catalyses the
synthesis of the signal molecules within the bacterium, and is generally a homolog of
the LuxI protein found within the Lux operon. A transcriptional factor (TF) that shares
homology with LuxR is responsible for the subsequent detection of acyl-HSLs and
thus the generation of a beneficial response. Specific responses are produced
following the perception of a local quorum, upon which a physiologically relevant
threshold concentration of acyl-HSLs has been reached, indicating an increase in the
local bacterium population size (Whitehead 2001). This results in the interaction of
the signal molecules with the cognate TF and hence the transcription of specific gene
sets, in a coordinated manner (Fig.2) (discussed in Scott et al. 2005).
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Figure 2. [Modified from Choudhary & Schmidt-Dannert 2010]. A schematic diagram representing the
acyl-HSL (AHL) mediated QS system in gram-negative bacteria.
Autoinductor synthases, homologs of the LuxI, catalyse the synthesis of acyl-HSL signal molecules. At
low population densities, the concentration of acyl-HSLs is low. At high population densities, and high
acyl-HSL concentrations, a threshold is achieved indicating the presence of a local quorum. The signal
molecules interact and activate the LuxR transcription factor homolog and the resultant complex
mediates the transcription of target gene sets to permit the generation of a response.

A number of different acyl-HSLs can be synthesised by a single gram-negative
bacterial species, as a result of various LuxI homologs encoded for by their genome
(Kock et al. 2005), however, these all share a conserved principal structure. All acylHSLs comprise of a homoserine lactone moiety with an associated acyl side chain
(Scott et al. 2005). Variation between the acyl-HSL molecules arises from differing
lengths of the acyl side chain, which can range from four carbons to a maximum of
18. In addition to this, at the third carbon position (C3), different substitutions can
also occur whereby the molecule can either be unsubstituted (N-acyl-HSL), contain a
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ketone group (oxo) or a hydroxyl group (OH). These differences between the various
synthesised acyl-HSL molecules, contributes to specificity whereby certain variations
result in specific gene sets being transcribed (Scott et al. 2005).

Bacteria employ acyl-HSL mediated QS for intercellular communication, hence why
acyl-HSLs are produced in high concentrations (OD600 0.5) during biofilm and colony
formation. This system enables the bacteria to essentially work together rather than
independently, thus allowing for responses to be generated in concert to enhance the
effect required. A diverse range of gene systems have been shown to be regulated
by acyl-HSL mediated QS, by a range of gram-negative bacterial species across a
spectrum of genera (Cha et al. 1998; Pierson et al. 1999; Winas et al. 1999; Loh et
al. 2002; Whitehead et al. 2002; von Bodman et al. 2003; Zheng et al. 2003; Ramey
et al. 2004). Gene systems that are responsible for the formation of biofilms
(Dickschat 2010) and plant and animal disease-causing virulence factors (Rad et al
2008) are just two examples of the many that are regulated by this mechanism.

A number of plant-associated bacterial species have been shown to utilise QS
systems and synthesise acyl-HSLs (Cha et al. 1998). Although this may
predominantly be used as a means for the bacteria to communicate between
themselves, it has become increasingly apparent that acyl-HSLs can mediate
biocommunication between the microbes and the eukaryotic plant hosts as well,
representing inter-kingdom interaction.

The perception of bacteria, and other microorganisms, by plants is of significant
importance in terms of monitoring their surroundings and thus being able to respond
accordingly to enhance their chances of survival (Schenk et al. 2014). The ability of
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eukaryotic plants to detect the chemical QS molecules may have occurred as a result
of the coevolution of the microbes with their specific host. The perception of acylHSLs by plants may provide them with an evolutionary advantage over their
associated microbial community, especially if the bacteria are pathogenic species, as
it may enable the plants to detect increasing population numbers and alter the QS
outcome (Palmer et al. 2014). For example, plants may produce anti-QS molecules
and use quorum quenching as a response to a detected local quorum, via the
perception of acyl-HSLs. As a result, the plant is able to intersect the QS signal,
preventing transcription of specific gene sets, thus averting the synthesis of virulence
factors by pathogenic bacteria, for instance (Manefield et al. 2002; Koh et al. 2013).

A number of studies have been carried out analysing the effects of bacterial QS
molecules on plants, with some implying that perception of these induces a primed
state of the plant (Schenk et al. 2014). A study testing the interactions between
tomato (Solanum lycopersicum) and Serratia liquefacians, provided the initial
indication that acyl-HSLs have a functional involvement in plant immunity. The results
of this study showed that S.lycopersicum became resistant to Alternaria alternata, a
pathogenic fungal species, following the growth of wild-type S.liquefacians, whereas
no induced resistance occurred following the growth of a corresponding AHLdeficient mutant (Schuhegger et al. 2006). Consequently, additional studies have
been carried out whereby it has been deduced that interactions between microbes
and plants can induce local defence mechanisms (Schenk et al. 2014). In the model
plant system, A.thaliana, resistance against both bacterial and fungal pathogens was
observed following the exogenous application of synthetic acyl-HSLs (Schenk et al.
2014).
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However, it is not just immunity that is a response of plants to the QS signal
molecules. Several reports have shown acyl-HSL application on plants can modify
protein profiles by inducing changes in gene expression, altering the formation of
roots (Mathesius et al. 2003; Ortiź-Castro et al. 2008; Rad et al. 2008; Shikora et al.
2011; Schenk et al. 2012), including the promotion of adventitious root growth (Bai et
al. 2012). A large number of studies have been carried out regarding the rhizosphere
of plants and the interactions of microbes, due to the natural association of bacteria
with these structures. Plant-growth-promoting bacteria have been shown to employ
QS systems which aid with the colonisation of the rhizosphere, thus providing benefit
for both bacteria and host plant (Lugtenberg et al. 2001; Savka et al. 2002). The
ecology of rhizosphere bacterial populations on S.lycopersicum has been shown to
be modulated by acyl-HSLs produced by bacteria a significant distance away, able to
be perceived by signal diffident bacteria, owing to the movement of the compounds
through the rhizosphere via diffusion (Pierson et al. 1998; Steidle et al. 2001).
Furthermore, Joseph & Phillips (2003) demonstrated the potential beneficial effects
on the physiology of plants by the by-products of acyl-HSL degradation. Exogenous
application of homoserine lactones, and homoserine, the degradation products of
acyl-HSLs, was carried out on bean roots. The effects observed represented a plantmicrobe interaction whereby both the rhizosphere-associated bacteria and the host
plant benefited. A significant increase in the conductance of stomata was observed,
owing to higher transpiration rates and therefore enhanced mineral nutrient
availability for growth promotion of the plant and the associated acyl-HSL producing
bacteria.
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Plant-produced compounds, such as strigalactones and alkamides, share structural
similarity to the bacteria-generated acyl-HSL molecules. Consequently, it can be
thought as not surprising that these QS molecules impose effects on the growth and
development of plants, as both alkamides and strigalactones are known to induce a
number of morphological responses, including changes in root architecture (OrtiźCastro et al. 2008).

Biotechnological applications involving acyl-HSLs and QS systems are currently of
much interest, due to the potential beneficial impacts on society. Manipulating the
formation of biofilms by bacteria, in order to prevent the occurrence of plant and
animal diseases, is one such area of interest. Acyl-HSL molecules, or derivatives of,
are being targeted as potential antimicrobials as a means to aid with the prevention
of harmful diseases caused by pathogenic bacteria (reviewed in Jayaraman & Wood
2008). Furthermore, in order to control gene expression in plants, the lactoneinducible system employed by bacteria for QS has been investigated in terms of
introducing an efficient inducible system within plants themselves, which may prove
beneficial in terms of translating this knowledge to crop species in order to contribute
to efforts to ensure food security. An inducible system was introduced into P.patens,
whereby the

receptor

QS

component

of

Agrobacterium tumefaciens

was

translationally fused to the TF, VP16, activation domain. Following application of
acyl-HSL molecules, the resultant transcriptional regulator was shown to induce gene
expression in the moss, whilst not affecting endogenous gene expression (You et al.
2006). Bioengineering plants themselves to synthesise acyl-HSL molecules is also
an application that has been investigated, whereby it was found that engineering
plants to express the synthase genes, enabled the production of acyl-HSLs, which
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were freely diffusible across plant membranes (Scott et al. 2005). As a result of these
possible applications, increasing current knowledge on plant responses to acyl-HSLs
is of great significance.

Aim and Objectives.

An understanding of the regulatory mechanisms imposed on spore germination in the
model bryophyte, P.patens, is of great importance. This is mainly due to the potential
this has on enhancing current understanding of the mechanisms that may have
evolved as a result of the colonisation of land by plants, whilst providing insights into
transitions to multicellularity. This investigation is being carried out in order to provide
fundamental insights into the control of spore germination of P.patens, by both
hormone signalling networks and QS signalling molecules, which have both shown to
induce physiological changes in more evolutionary recent vascular plants. This will
be achieved by carrying out numerous spore germination assays whereby
gibberellin, abscisic acid and acyl-HSLs will be exogenously added to the medium in
order to determine the effects these potentially have on spore germination and the
interactions between these that may also have an impact on the regulation of
germination. In addition to this, P.patens wild-type spore germination will be
compared to that observed with mutants lacking proteins within the gibberellin
pathways. This will be carried out in order to gain a higher understanding of the effect
of gibberellin on spore germination and thus provide crucial insights into the
evolutionary history of the hormonal signalling pathway.
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Materials and Methods.
SPORE GERMINATION ASSAYS.
P.patens Tissue Culture.
All tissue culture techniques were carried out under sterile conditions.
Gransden wild type P.patens gametophyte and protonemal tissue was cultured on
BCD media (250mgl-1 MgSO4.7H2O, 250mgl-1 KH2PO4 (pH6.5), 1010mgl-1 KNO3,
12.5mgl-1 FeSO4.7H2O, 0.001% Trace Element Solution [0.614mgl-1 H3BO3,
0.055mgl-1 AlK(SO4)2.12H2O, 0.055mgl-1 CuSO4.5H2O, 0.028mgl-1 KBr, 0.028mgl-1
LiCl, 0.389mgl-1 MnCl2.4H2O, 0.055mgl-1 CoCl2.6H2O, 0.055mgl-1 ZnSO4.7H2O,
0.028mgl-1 KI and 0.028mgl-1 SnCl2.2H2O) with 0.8% agar (Sigma-Aldrich) or as BCD
liquid cultures, at 22°C under a 16h light regime (65µmoles/m 2/s or 4810 LUX; 36W
Cool white fluorescent tubes). Additional 1mM CaCl2 and 5mM ammonium tartrate
was supplemented upon generation of protonemata, whilst BCD media used for the
growth of gametophore was supplemented with only 1mM CaCl2.
P.patens Induced Sporulation.
Cultured protonemal and gamtetophyte tissue was homogenised for 1 minute at
19,000rpm, using a polytron tissue tearer (IKA® T25 digital Ultra-Turrax), and used to
cover the surface of a moist sterile peat plug (Jiffy Products UK). The homogenate
covered peat plugs were placed in Magenta pots (Sigma) and exposed to a
temperature of 22°C under a 16h light regime. Following successful generation of
gametophore tissue over the entire surface (~3-4 weeks), the plugs were exposed to
a lower temperature of 15°C under short day conditions (8h light and 16h dark;
50µmoles/m2/s or 3996 LUX, 36W cool fluorescent tubes) to promote production of
reproductive structures (~3-4 weeks). 1-2ml SDW was added to the base of the plug
prior to the plugs being incubated back at 22°C for 1-2 weeks, in order to allow for the
generation of sporophytes. Sterile forceps were used to harvest mature (dark brown)
sporophytes from the plugs, using a Nikon SMZ645 dissecting microscope.
Harvested sporophytes were left at room temperature for 1-2 weeks to dry before
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being stored within sterile 2ml eppendorf tubes, in the dark at room temperature for
future use.
Spore Germination Assays.
A ratio of at least three mature, dried sporophytes per ten petri dishes was used for
assays, with sporophytes being of similar age and level of maturity (time postharvest).
Sterilisation and release of spores from sporophytes.
Using sterile forceps and a Nikon SMZ645 dissecting microscope, gametophyte
tissue was removed from the sporophytes, in addition to the foot and seta, with the
sporophyte capsules only being used in subsequent steps. The sporophyte capsules
were divided into groups of small numbers within sterile 2ml eppendorf tubes, and
sterilised. 1ml 25% ParazoneTM bleach was added to the sporophytes, and the tubes
were placed on a rotator for 10 minutes. Following removal of the bleach, 1ml sterile
distilled water (SDW) was added to wash the spores, and the tubes were placed on
the rotator for 10 minutes. This washing step was carried out a further two times, and
the resultant sterilised spores were released from the sporophyte capsules, via the
application of a mechanical pressure, in 1ml SDW.
Plating of Sterilised Spores.
Spore solutions were transferred to a falcon tube (15ml/50ml/round-bottomed) and
diluted with SDW to permit 500μl to be plated on each petri dish. Sterile cellophane
discs (A.A. Packaging Limited) were laid over the surface of BCD (supplemented with
additional 5mM CaCl2 and 5mM ammonium tartrate) agar. 500μl spore solution was
plated, with the solution being resuspended by pipetting up and down three times
beforehand to ensure even distribution of spores across all plates. Plates were
allowed to dry before being sealed with MicroporeTM tape and either stored in the
dark at 4°C for a short period of time before being transferred, or incubated directly at
22°C with a 16h light regime, to induce spore germination.
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Exogenous hormone/chemical treatment to spores.
A volume of the hormone/chemical solutions to be analysed, was added to 1ml SDW
in order to obtain a desired final concentration following the addition to the molten
BCD agar media, prior to pouring it into the petri dishes. The same volume of solvent
for each plate was ensured, and a solvent-only negative control was used for each
hormonal/chemical assay.
Spore Germination Assay Data Collection.
A Leica compound microscope, with a total magnification of 40x (10x eyepiece; 4x
objective lens), was used to observe and count plated spores, every 1-3 days, until
the assay was deemed to be finished. The percentage of germinated spores for each
plate was recorded, with a minimum of 200 spores being counted in total. A minimum
of 2 technical replicates of each plate was carried out and the resultant average
germination % was determined, with the standard deviation (STDEV) and standard
error of the mean (SEM) being calculated using the functions available on Microsoft
Excel. Spores were determined germinated following the observation of spore coat
deformity and subsequent protonemal filament tissue growth.
For some assays, biological replicates were carried out with fresh media and spores
of a different level of maturity (different post-harvest date) to those previously used.
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Table 1. Information regarding the mutant bacterial extract and the
corresponding wild-type and the P.patens mutants analysed in this present
study.
Mutant bacterial extract and corresponding wild-type
Bacterial species: Serratia plymuthica
Mutant: Referred to in study as AHL-deficient Serratia mutant (S.plymuthica C48).
Only produces short-chain N-acyl-homoserine lactones; deficient in long-chain Nacyl-HSLs.
Source of extracts: Liu Xiaguang, University of Nottingham, England.
Reference: Xiaoguang, L., Mohammed, B., Yingxin, M., Müller, H., Ovadis, M.,
Eberl, L., Berg, G. & Leonid, C. (2007) Quorum-sensing signalling is required for
production of the antibiotic pyrrolnitrin in a rhizospheris biocontrol strain of Serratia
plymuthica. FEMS Microbial Lett. 270: 299-305.
P.patens mutants
CPS/KS Mutants
(Genotypes analysed in present study)
1) CPS/KS Disruption Mutant
2) CPS/KS Knockout Mutant (PBK3-e)
Source: Henrik Toft Sorensen et al. (Denmark)
PpDellaA Mutant
Genotype: Deficient in the DELLA A protein involved in the giberellin signalling
pathway.
Source: Nick Harberd et al. (Oxford, England)

Statistical Analysis.
Statistical analysis of the data was carried out via the application of a two-tailed
student’s T-Test, with two-sample assumed unequal variance, performed using the
function on Microsoft Excel. Statistical analysis was carried out for each experimental
array of data, at each time point, with that of the corresponding control data set. A pvalue of <0.05 resulted in the conclusion that the data sets being analysed were
statistically significantly different.
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P.PATENS RNA EXTRACTION FOR TRANSCRIPTOME SEQUENCING BY JGI
(Trizol Protocol).
RNA extraction carried out under sterile, RNase-free conditions.
Re: moss, CPS/KS came from Henrik Toft Sorensen's lab in Denmark, and the PpDellaA came
from Nick Harberd's lab in Oxford.

RNA was extracted from dry spores (~250 harvested sporophytes), imbibed spores
(spores from ~250 sporophytes in liquid BCD for ~14-16h) and germinating spores
(spores from ~250 sterilised sporophytes plated at high density on BCD agar
medium, incubated at 22°C (16h light) until >60% germination observed).
Imbibed spores were centrifuged in a 5415D Eppendorf Microcentrifuge for 30s at
10,000 x g and the BCD was removed.
Germinating spores were obtained from plates by scraping with a sterile microspatula
and transferred to RNase-free microcentrifuge tubes.
P.patens spore material (dry, imbibed and germinating) was immediately froze in
liquid nitrogen and homogenised either by using balls in a ball mill for 1min at 30Hz,
or a micropestle.
1ml Trizol was added to the homogenised tissue, in a fume hood and material was
subsequently vortexed until resuspended. Solutions were incubated at room
temperature for 5 minutes to allow the dissociation of nucleoprotein complexes,
centrifuged for 10 minutes at 12,000 x g at 4°C, and the resultant supernatant
transferred to a sterile 1.5ml microcentrifuge tube. 200μl chloroform (0.2ml per initial
ml of Trizol) was added, solutions were vortexed for 15s and incubated at room
temperature for 2.5 minutes. Solutions were centrifuged for 15 minutes at 12,000 x g
at 4°C until clear phase separation. Upper aqueous phase was transferred into a
sterile 1.5ml microcentrifuge tube and 500μl isoproponal was added, solution was
resuspended by pipetting up and down. Solutions were incubated at room
temperature for 10 minutes, centrifuged for 10 minutes at 12,000 x g at 4°C and the
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resultant supernatant was discarded. Visible white pellet was washed by adding 1ml
75% ethanol and centrifuging for 5 minutes at 7,500 x g at 4°C. The supernatant was
removed and the pellet was air-dried at room temperature. Dry pellet was dissolved
in 100μl RNase-free water and incubated for 10 minutes at 55°C. RNA samples were
analysed using ND-1000 Nanodrop to determine concentration and purity.
RNA Clean-Up with QIAGEN RNeasy Mini Kit, using a modified version of the
manufacturer’s protocol.
350μl Buffer RLT + β-mercaptoethanol (10%) was added to 100μl extracted RNA
sample. 250μl 100% ethanol was added to the RNA and solution was mixed by
pipetting up and down. 700μl of the sample was transferred to an RNeasy mini spin
column placed in a 2ml collection tube, and centrifuged for 15s at 8,000 x g. Flowthrough was discarded.
DNase digestion. 350μl Buffer RW1 was added to the RNeasy spin column which
was centrifuged for 15s at 8,000 x g. Flow-through was discarded and spin column
was placed into a new 2ml collection tube. 10μl DNase 1 stock solution (lyophilized
DNase 1 dissolved in 550μl RNase-free water, mixed by inversion and divided into
aliquots for storage at -20°C) was added 70μl Buffer RDD and mixed by inverting
gently and centrifuged briefly to collect residual liquid. 80μl DNase solution was
added to the RNeasy spin column, directly. Samples were incubated at room
temperature for 15 minutes. 350μl Buffer RW1 was added to the spin column and the
samples were centrifuged for 15s at 8,000 x g and the flow-through was discarded.
RNA clean-up. 500μl buffer RPE was added to the RNeasy spin column and was
centrifuged for 15s at 8000 x g. The flow-through was discarded and the spin column
was carefully placed into a new 2ml collection tube. An additional 500μl Buffer RPE
was added to the RNeasy spin column and the sample was centrifuged for 2 min at
8,000 x g. Flow-through was discarded and the spin column was placed into a new
2ml collection tube and was centrifuged for 1 minute at 8,000 x g. RNeasy spin
column was placed into a sterile 1.5ml RNase-free microcentrifuge tube. 30μl preheated (37°C) RNase-free water was added directly onto the column membrane and
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the sample was centrifuged for 1 minute at 8,000 x g to elute the RNA. Eluate was
re-eluted through the spin column as an attempt to increase obtained yield, and
centrifuged for another 1 minute at 8,000 x g. RNA samples were analysed again
using a ND-1000 Nanodrop. RNA samples were stored at -80°C.
P.PATENS RNA PREPARATIONS FOR TRANSCRIPT ANALYSIS OF MUTANTS
AND REVERSE TRANSCRIPTION - POLYMERASE CHAIN REACTION (RT-PCR),
FOR GENE EXPRESSION ANALYSIS.
RNA extractions were conducted using the BIOLINE ISOLATE II RNA PLANT KIT.
RNA was extracted from dry spores, imbibed spores and germinating spores, in
addition to the vegetative

material; colony tissue (entire P.patens plant),

gametophyte (obtained by cutting from a plug prior to the production of reproductive
structures) and protonemal tissue. RNA was extracted according to the
manufacturer’s guidelines for both of the kits used, with the exception that pre-heated
(37°C) RNase-free water was used for the elution of the RNA, and the eluate was reeluted to increase yield. RNA samples were analysed using a ND-1000 nanodrop
and samples were stored at -80°C.
RT-PCR
RT-PCR was carried out on 20ng RNA using the BIOLINE MyTaqTM One-Step RTPCR Kit according to the product manual guidelines, in a TC-412 TECHNE
Thermocycler, with the following gene-specific primers
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Table 2. Gene-specific primer sequences for RT-PCR.
Gene

Primer
Type

Primer Nucleotide Sequence (5’ -> 3’)

Tubulin
Tubulin
Ent-kaurene
Synthase
(CPS/KS)
Ent-kaurene
Synthase
(CPS/KS)

Forward
Reverse
Forward

TGTGCTGTTGGACAATGAG
ACATCAGATCGAACTTGTG
CACAGACTTCCGATACCCATGG

Expected
Fragment
size
438bp
521bp

Reverse

GCCTTGGCATCTTCCATCATCG

Table 3. RT-PCR Reaction Components for a 25μl reaction.
Reagent
2x MyTaq One-Step Mix
Forward Primer (10μM)
Reverse Primer (10μM)
Reverse Transcriptase
RiboSafe RNase Inhibitor
DEPC-H20
Template (20ng)
Total Volume = 25μl

Volume
12.5μl
1μl
1μl
0.25μl
0.5μl
Up to 20μl
5μl 4ngμl-1

Table 4. RT-PCR Program [Reproduced from the BIOLINE Product Manual].
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GENOTYPE ANALYSIS.
DNA EXTRACTION
DNA was extracted from P.patens protonemal tissue using a BIOLINE ISOLATE II
Plant DNA Kit, according to the manufacturer’s protocol.
PCR
PCR was carried out on extracted DNA samples, using the BIOLINE MyTaq™ Red
Mix, according to the product instructions, using the following gene-specific primers.
Table 5. Gene-specific primer sequences for PCR.
Gene
Tubulin
Tubulin

Primer
Type
Forward
Reverse

Primer Nucleotide Sequence (5’ -> 3’)
TGTGCTGTTGGACAATGAG
ACATCAGATCGAACTTGTG

Expected
Fragment size
752bp

Table 6. PCR Reaction.
Reagent

Volume

MyTaq Red Mix, 2x

12.5μl

Forward Primer (20μM)

0.5μl

Reverse Primer (20μM)

0.5μl

DNA Template

Volume added to dilute DNA to 100ng.

Water (ddH20)

Volume added to make a final reaction
volume of 25μl.

Final Volume = 25μl

The standard PCR cycling programme was carried out, as advised in the product
manual, in a TC-412 TECHNE Thermocycler, using an annealing temperature of
50.15°C, 30 cycles of the denaturation/annealing/extension set and a final extension
of 10 minutes. The PCR reactions were subsequently stored at 4°C until needed.
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GEL ELECTROPHORESIS.
DNA (gDNA and cDNA) and RNA samples were visualised and analysed by gel
electrophoresis. Gel Loading Buffer (6x) (New England Biolabs) was added to each
sample, and subsequently loaded onto a 1% agarose (Web Scientific Iberose, High
Specification Agarose) gel containing 0.5μgml-1 ethidium bromide, using a gel
electrophoresis kit (Appleton Woods) and a Hoefer EPS 2A200 power supply.
The gel was visualised using a Gel-Doc XR imager using QuantityOne Software.
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Results
Spore Germination Assays.
Germination of P.patens imbibed spores was determined following the observation of
spore coat deformation and hence a less spherical appearance, due to protruding
protonemal filaments, which give rise to the generation of a protonemal colony
(Fig.3). From Figure 3 (A, B), it can be seen that a spore increases subtly in diameter
and becomes more spherical in appearance following imbibition. Figure 3C
represents the apparent deformation of the spore coat, as a result of the protruding
protonemal filament. In this present study, germinating spores are said to have been
those whereby a protonemal filament is visible, either by the reduction in the
spherical appearance of the spore coat, or by the presence of a protruding
filament(s) or the clear formation of a protonemal colony. Therefore, spores shown in
C-J of Figure 3 are considered to have germinated.
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Figure 3. Physcomitrella patens spore germination. A-J represent the morphological changes that
occur as a result of the germination process. (A) Dry spore. (B) Imbibed spore. (C) Deformation of
spore coat. (D) Protrusion of protonemal filament. (E, F) Growth of protruding protonemal filament.
(G) Protrusion of multiple protonemal filaments. (H, I, J) Formation of a protonemal colony and
subsequent growth.
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Initial germination of wild-type P.patens spores was shown to vary greatly between
different spore batches, as seen from the data presented in this study, in addition to
the rate of germination. This variation can be seen in Figure 4 whereby two different
Wt spore batches were plated on BCD agar medium at the same time. It can be
seen that spores that were harvested from the plugs the earliest (blue), showed an
increased rate of germination compared to those harvested 13 days later (green),
with some data points showing a highly significant increase, such as that for day 10.
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Figure 4. Spore germination assay indicating the germination rate of 2 different batches of
wild-type P.patens spores with 1 week and 4 days difference between the dates in which the
sporophytes were harvested, showing a higher rate for the older spores analysed. Statistical
analysis - Student’s T-Test (* = p < 0.05, ** = p < 0.01). Error bars = ± SEM.

For the germination assays presented in this study, wild-type spores were used to
obtain negative control data when compared to data shown by mutant spores. Due to
the possible variation between spores harvested at different times, for all assays
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presented in this study, spores of the same or very similar (i.e. within 1-2 days) age
(post-harvest) were used.

Analysing the effects of N-acyl-homoserine lactones of different substitution states at
C3 and different chain lengths on P.patens spore germination.

10nM Synthetic Panel

In order to determine whether AHLs have an effect on spore germination, synthetic
AHLs of different substitution states at carbon 3 (C3) and of varying carbon chain
lengths were analysed, initially at a concentration of 10nM, as this had previously
been found to be physiologically relevant (Coates et al. Unpublished Data). A panel
of all of the substitution states and carbon chain lengths was tested on wild-type
spores of the same age (5 months post-harvest).
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Figure 5. Spore germination assay indicating the germination rate of 15 day old (post-harvest) wild-type
P.patens spores when grown on BCD media supplemented with 10nM synthetic AHLs of varying
substitution states and chain lengths. Highest promotional effects shown by 3-oxo-C4-HSL. Statistical
analysis - Student’s T-Test (* = p < 0.05, ** = p < 0.01). Error bars = ± SEM.
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Figure 5 (see also Fig.A1.1.) indicates the germination rate of 15 day old (postharvest) Wt P.patens spores when supplemented with 10nM synthetic AHLs of
varying chain lengths and substitution states at C3. It must be noted with this assay
that the data obtained showed that the solvent- (methanol-) only control slightly
promoted germination compared to that observed with the negative BCD-only
control; however this promotion was not seen to be statistically significant over any of
the time points (data not shown). A substitution state of oxo at C3 of chain length C4
can be seen to have the most promotional effects on spore germination compared to
that observed with the solvent-only control, throughout the entire assay, although not
statistically significant. On the other hand, the following synthetic AHLs at a final
concentration of 10nM were found to show slightly lower levels of germination; 3-oxoC6-HSL, 3-oxo-C8-HSL, 3-oxo-C10-HSL, 3-oxo-C12-HSL, 3-OH-C4-HSL, 3-OH-C6HSL and 3-OH-C8-HSL. Therefore, it can be said that with the exception of 3-oxoC4-HSL, the 3-oxo-HSLs had lower percentages of germination at each time point,
and a lower rate.

In terms of the 3-OH-HSLs, it can be seen from Figure 5 (and Fig.A1.3) that the
shorter chain molecules had a slight inhibitory effect on spore germination. However,
the longer chains, C10 and C12, could be said to slightly promote germination with 3OH-C10-HSL showing the same rate as the control experiment up until day 13,
whereupon the germination rate increases during the log phase. 3-OH-C12-HSL also
demonstrates promotional effects throughout the entire assay, albeit the increased
rate is not statistically significant.
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On the other hand, the N-acyl-HSLs were shown to have the most potent affect
overall on spore germination, (Fig.5; Fig.A1.1), with all of the carbon chain lengths
showing an increased average rate of germination during the log phase at day 17
(Fig.6).
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Figure 6. Graph illustrating the percentage of spore germination for spores grown on BCD media
supplemented with the different AHL molecules at a final concentration of 10nM, and the relevant
controls, at day 17 of the assay, showing significant promotion by all of the unsubstituted HSLs and
3-oxo-C4-HSL. Statistical analysis - Student’s T-Test (* = p < 0.05, ** = p < 0.01). Error bars = ± SEM.

When the AHLs were substituted with OH and HSL, it is apparent that the chain
lengths C10 and C12 were consistently more potent in terms of promoting spore
germination.
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Figure 7. P.patens spore germination when spores were grown on BCD medium supplemented with
10nM synthetic N-acyl-HSLs of carbon chain lengths C10 (A) and C12 (B), compared to that of the
solvent-only control, demonstrating promotion for both chain lengths. Statistical analysis - Student’s
T-Test (* = p < 0.05, ** = p < 0.01). Error bars = ± SEM.

N-acyl-HSLs, C10 and C12, in length show slightly increased germination compared
to that shown by the solvent-only control (Fig.7). As a result of the promoting effects
on spore germination of the long chain (C10, C12) 3-OH-HSLs and N-acyl-HSLs, at a
final concentration of 10nM, the effects of the C10 and C12 AHLs at a range of
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concentrations was analysed in order to ascertain a concentration at which these
effects are more potent.

Long chain (C10) Synthetic AHL Assays at a range of concentrations.

AHL molecules of chain length C10 were exogenously added to the BCD media on
which spores that had been harvested two months previously, were grown on. In
order to ascertain which concentrations optimised the promoting effects on spore
germination, of the different substitution states of AHLs, four different concentrations
were used: 2nM, 10nM, 0.1µM and 1µM.
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Figure 8. P.patens spore germination when spores were grown on BCD medium supplemented
with synthetic N-acyl-HSLs of carbon chain lengths C10 at concentrations 2nM, 10nM, 0.1µM
and 1µM, compared to that of the solvent-only control. A) 3-oxo-C10-HSLs. B) 3-OH-C10-HSLs.
C) N-acyl-C10-HSLs. Most of the HSLs show an increased rate of germination compared to that
of the control, although not a significant promotion. Error bars = ± SEM.

The majority of the substituted and non-substituted acyl-HSLs show an increased
spore germination rate compared to that observed for the solvent-only control, at the
different concentrations analysed (Fig.8). It can be deduced that 3-oxo-C10-HSLs
show a slight increase at concentrations of 10nM and 1µM, whilst at a concentration
of 2nM the rate could be said to be slightly lower than that shown by the solvent-only
control, indicating no increase in spore germination. It is apparent that the 3-oxoC10-HSLs show the most potent increased rate of spore germination at a
concentration of 0.1µM (Fig.8A).
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On the other hand, spore germination rate was observed to be slightly increased by
the addition of 3-OH-C10-HSLs at all of the 4 concentrations used (Fig.8B), with the
most promotion at 10nM (Fig.9).
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Figure 9. P.patens spore germination when spores were grown on BCD medium supplemented with
synthetic 3-OH-C10-HSL at a concentration of 10nM compared to that of the solvent-only control. 3-OHC10-HSL at 10nM showed significant promotion of germination rate, compared to that of the control,
over 4 individual time points. Statistical analysis - Student’s T-Test (* = p < 0.05, ** = p < 0.01). Error
bars = ± SEM.

The synthetic AHL substituted with an OH group at C3, of chain length C10,
adequately increased spore germination rate, with four of the data points being
shown to be statistically significant, compared to the negative control (Fig.9).

Furthermore, N-acyl-C10-HSLs slightly increased spore germination rate at all of the
concentrations used, at a similar level (Fig.8C).
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Long chain (C12) Synthetic AHL Assays at a range of concentrations.

The following assay involved analysing the effects of exogenously added synthetic
AHLs of different substitution states and length of C12, at different concentrations, to
BCD medium in which spores of 2 months old (post-harvest) were grown on.
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Figure 10. P.patens spore germination when spores were grown on BCD medium supplemented
with synthetic N-acyl-HSLs of carbon chain lengths C12 at concentrations 2nM, 10nM, 0.1µM
and 1µM, compared to that of the solvent-only control, showing that promotional effects of the
different substituted C12-HSLs varies with varying concentrations. A) 3-oxo-C10-HSLs. B) 3-OHC10-HSLs. C) N-acyl-C10-HSLs. Error bars = ± SEM.

3-oxo-C12-HSLs increase spore germination at all of the four concentrations used
(Fig.10A). This increase appears to be dose-dependent in the fact that as the
concentration is increased from 2nM to 0.1µM, the rate of germination increases
slightly. However, at a concentration of 1µM, spore germination appears to be
increased but to a lesser extent compared to that observed with the other three
concentrations.

With regards to the 3-OH-C12-HSLs, it appears that these too all increase spore
germination at the concentrations used in this assay (Fig10.B). At the highest
concentration of 1µM, it can be seen that spore germination is promoted the most,
when compared to that observed by the solvent-only control.
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Figure 11. P.patens spore germination when spores were grown on BCD medium supplemented
with synthetic 3-OH-C10-HSL at a concentration of 1µM compared to that of the solvent-only
control. Significant increased germination can be seen at three individual time points,
highlighting the promotional effect of 3-OH-C12-HSL at this concentration. Statistical analysis Student’s T-Test (* = p < 0.05, ** = p < 0.01). Error bars = ± SEM.

The extent of this promotion on spore germination is exemplified in Figure 11,
whereby it can be seen that 3-OH-C12-HSLs at a concentration of 1µM significantly
increased germination percentage at three different time points analysed.

Nevertheless, the N-acyl-C12-HSLs at a concentration of 1µM, promote spore
germination very little (Fig.10C). However, it can be seen that these molecules show
an increased rate of germination at the lower concentrations, with the most potent
effect being observed at 2nM.
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0.1μM Synthetic Panel

As a result of the data presented in both Figures 8 and 10, it can be seen that at a
concentration of 0.1μM, all of the substitution states of the AHLs have a positive
effect on spore germination, to some extent. Therefore, the AHL molecules with both
the short and long chain lengths were analysed at a final concentration of 0.1µM, as
this concentration was deemed adequate for all of the longer chained AHLs as a
whole, with 2 month old (post-harvest) wild-type spores.
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Figure 12. Spore germination assay indicating the germination rate of 2 month old (post-harvest)
wild-type P.patens spores when grown on BCD media supplemented with 0.1µM synthetic AHLs of
varying substitution states and chain lengths, showing no or very low increased germination rates.
Error bars = ± SEM.
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The majority of the different substituted AHLs of varying chain lengths very slightly
promote spore germination at 0.1µM (Fig.12). The increased promoting effects
observed from the AHLs at a concentration of 10nM (Fig.5), is not apparent at 0.1µM.
For instance, 3-oxo-C12-HSL shows the same germination rate as observed for the
solvent-only control, up to a point, whereby there is then an increase in the rate over
a short period of time, however the rate then goes to stationary phase and matches
that seen for the negative control by day 20. Initially, on day 7, 3-oxo-C12-HSL and
3-OH-C12-HSL even showed significantly decreased germination. For the C10 and
C12 N-acyl-HSLs, it can be seen that there is an initial promotional effect on the rate
of germination, however as the germination rate comes to the end of the log phase
and into the stationary phase, the rate of germination becomes lower than that seen
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with the negative control.
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Figure 13. Graph illustrating the percentage of spore germination for spores grown on BCD media
supplemented with the different AHL molecules at a final concentration of 0.1µM, and the
relevant controls, at day 14 of the assay. C10 and C12 3-oxo-HSLs showed increased germination
compared to the shorter chains of this substitution state. Statistical analysis - Student’s T-Test (*
= p < 0.05, ** = p < 0.01). Error bars = ± SEM.
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Figure 13 illustrates the percentage of germination observed at a single time point,
day 14, for each of the different treatments and the relevant controls. From this, it can
be seen that the slight increase observed is not statistically significant. It is apparent
however, that for the 3-oxo-HSLs, the two longer chained molecules of C10 and C12
in length, have a higher percentage of germination than the shorter chained
molecules, however this effect is not observed for the 3-OH-HSLs or the N-acylHSLs.

Long Chain (C10 and C12) Synthetic AHLs at a concentration of 0.1µM on older
(post-harvest) P.patens spores.

Due to the only subtle promoting effects, if any, of the long chain AHL molecules at
0.1µM on spores 2 months of age (post-harvest) (Fig.12), the same analysis was
carried out with older spores that were 8 months post-harvest, to test the hypothesis
that younger spores may be slightly insensitive to the effects of AHLs.
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Figure 14. Spore germination assay indicating the germination rate of 8 month old (post-harvest)
wild-type P.patens spores when grown on BCD media supplemented with 0.1µM synthetic AHLs
of varying substitution states and long chains. A) C10. B) C12. Error bars = ± SEM.

The long chain AHL molecules at a final concentration of 0.1µM, within BCD media of
which 8 month old (post-harvest) spores were grown on; do not show much
promotional effects on the rate of germination (Fig.14). It can be seen that for 3-oxo-
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C10-HSL there is a slight increase, however for the C12 3-oxo-HSL, the rate of
germination is actually lower than that observed for the solvent-only control. On the
other hand, 3-OH-C10-HSL shows a similar germination rate as for the control
whereby there is a small increase seen for the C12 equivalent. Furthermore, for both
the C10 and C12 N-acyl-HSLs the germination rate was very similar to that seen for
the solvent-only control with only a very subtle increase seen for the longer chain Nacyl-HSL (Fig.14.).

Abscisic Acid Rescue with C10 and C12 Synthetic AHLs at a concentration of 0.1µM.

From the results obtained previously within this study, it was deduced that AHLs of
C12 in length, have overall a slightly more potent promoting effect on spore
germination than the shorter chains. As a result, the C12 AHLs at 0.1µM were
exogenously added to BCD medium on which 2 month old (post-harvest) spores
were plated on, in addition to ABA at concentrations of 5µM and 10µM. This was
carried out in order to test whether the promoting effects observed for the C12 AHLs
were sufficient enough to rescue and therefore overcome, the inhibitory effects
already known for ABA.
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Figure 15. Spore germination assay indicating the germination rate of 2 month old (postharvest) wild-type P.patens spores when grown on BCD media supplemented with 0.1µM
synthetic C12 AHLs of varying substitution states and Abscisic Acid (ABA). A) 5µM ABA. B) 10µM
ABA. The reduced germination caused by the ABA application at both concentrations, was not
rescued by any of the C12-HSLs. Error bars = ± SEM.
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It can be clearly seen that the initial germination observed for the spores occurred at
day 10, for the solvent-only control (Fig.15). The C12 AHLs were not shown to
rescue the inhibitory effect of ABA at a concentration of 5µM on spore germination at
all, with the 3-oxo-C12-HSL and the N-acyl-C12-HSL showing a slightly lower
germination rate than that shown for the 5µM control (Fig.15A). On the other hand, all
three of the AHL variants displayed a very slight increased germination rate, when
added to medium containing ABA, than the 10µM ABA control (Fig.15B). However, it
can be seen that overall the AHL molecules did not rescue spore germination, as the
rates were still remarkably lower than that shown by the solvent-only control.

The effects of natural AHL molecules secreted by a Serratia bacterial species when
compared to an AHL-deficient mutant.

The following assay involved adding the extracts secreted by Serratia bacterial
species (Wt) to the BCD medium, at a dilution of 1:50, in order to determine the
effects of natural AHLs secreted by the bacteria. The extracts of an AHL-deficient
mutant were also added for comparison (extracts prepared by Xiaguang Liu, Univ of
Nottingham). As the extracts were within Luria Broth (LB) media, an LB-only control
was used, in addition to a BCD-only control to ensure the spores used show ‘normal’
germination.
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Figure 16. Analysing the effects of natural AHL molecules secreted by Serratia bacterial species,
compared to the extract produced by an AHL-deficient mutant, on P.patens spore germination. Both
the Serratia extracts showed a decreased rate of germination compared to that observed for the LBonly control, with an even lower rate shown for the Wt extract than for the AHL-deficient mutant
extract. Error bars = ± SEM.

The LB control data did not show any effects of adding LB to the BCD medium, as
there was no statistically significant difference between the spore germination
observed between the LB-only control and the BCD control (data not shown). It can
be seen from Figure 16 that both the extracts from both the Wt and mutant Serratia
bacteria showed a decreased rate of germination compared to that shown by the LBonly control. The Serratia Wt extracts also show a reduced rate of germination
compared to that shown by the spores that were grown on medium containing the
extracts secreted by the AHL-deficient Serratia mutants. Therefore, this data does
not show that the natural AHL molecules secreted by Serratia bacteria have a
promoting effect on P.patens spore germination
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Analysing the effects of gibberellin and abscisic acid and their respective
pathways, on spore germination.

The Effect of Gibberellins on P.patens Spore Germination.

To analyse the effect of GA on spore germination and to ascertain whether 1µM GA 9methyl ester could rescue the effects of 5µM and 10µM ABA, when exogenously
added to BCD media, the following assay was carried out with spores 2 months of
age (post-harvest).
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Figure 17. 5µM and 10µM ABA rescue with 1µM GA9-methyl ester on P.patens spore germination.
Application of GA9-methyl ester showed increased germination rates, although no rescue of the inhibitory
effects of ABA at both concentrations was seen. Error bars = ± SEM.
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The addition of 1µM GA9-methyl ester to the BCD medium, increases the germination
rate of the spores, compared to that seen with the solvent-only control (Fig.17).
However, this difference was not found to be statistically significant when analysed
by the Student’s T-test. The inhibitory effects on spore germination of both 5µM and
10µM can also be seen by Figure 17, as the germination observed is much lower
than that seen for the negative control. However, when 1µM GA 9-methyl ester is also
added to the medium, in addition to ABA at the two concentrations, there is a slight
increase in the rate of germination compared to when ABA is present on its own.
Nevertheless, even with the addition of GA9-methy ester, it can still be seen that the
rate of germination and level of germination is still very low compared to that
observed for the solvent-only control and the GA9-methyl ester control.
As a means to analyse the effects of the gibberellin pathway protein, ent-kaurene
synthase (CPS/KS), on P.patens spore germination, an assay was carried out
looking at two different CPS/KS mutants. One of the mutants was produced via
disruption within the gene and the other mutant was a complete gene knockout
(PBK3-e). The spore germination rates of the mutants were compared against Wt
spores, of similar age (2 months post-harvest). For the complete gene knockout
CPS/KS mutant, the Wt spores used in the assay were of the exact same age
whereas for the disruption mutant, the Wt spores were harvested one day after the
mutant spores.
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Figure 18. Analysis of the effects of gibberellins on P.patens spore germination by comparing wildtype germination to that observed from two CPS/KS mutant plants. A) A complete knockout mutant.
B) A mutant created by a disruption in the gene. Slightly decreased germination rates were shown for
the CPS/KS KO mutant throughout the entire assay, whilst decreased rates were only seen following
day 14, for the disruption mutant, with a significant decreased rate at day 20. Statistical analysis Student’s T-Test (* = p < 0.05, ** = p < 0.01). Error bars = ± SEM.

The germination rate observed for the CPS/KS KO mutant can be seen to be very
slightly lower than that shown for the corresponding wild-type spores, for all of the
data points, once germination had been initiated (Fig.18A). However, this was not
statistically significant at any time point. On the other hand, the germination rate for
the CPS/KS disruption mutant can be seen to be very similar to that for the wild-type,
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although once the majority of spores (~50%) had germinated, there is a slight
decrease in the rate of germination, to the point whereby at day 20 the Wt
germination percentage is very statistically significantly higher than that for the
mutant.

CPS/KS Mutant Genotyping: RNA transcript and DNA gene analysis.

RNA Extraction and RT-PCR.

RNA was extracted from protonemal tissue for both the CPS/KS mutants (disruption
mutant and the KO mutant (PBK3-e)), the Wt in which the mutants were produced
from (CPS/KS Wt) and another Wt, as an additional control.

Table 7. RNA quantity and quality extracted from protonemal tissue of the
CPS/KS mutants and wild-types, obtained using an ND-1000 Nanodrop.

SAMPLE

ng/µl

260/280

260/230

Wt

383.4

2.19

1.75

CPS/KS Wt

404.75

2.21

1.79

CPS/KS Disruption

244.3

2.12

1.27

334.5

2.21

1.11

Mutant
CPS/KS KO (PBK3-e)
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Figure 19. Gel electrophoresis image showing the RNA extracted from protonemal tissue of the CPS/KS
mutants and the respective wild-types, using the BIOLINE ISOLAT II PLANT RNA KIT. RNA quantity and
quality for all samples is sufficient, although RNA from the CPS/KS KO mutant looks slightly degraded.

From Table 7 it can be seen that the quality and quantity of the RNA extracted from
the protonemal tissue of both the two CPS/KS mutants and the wild-types, is
sufficient for subsequent analysis with RT-PCR, in order to genotype the mutants.
However, it can be said that the RNA for the CPS/KS KO mutant is slightly degraded,
from gel electrophoresis (Fig.19).

The extracted RNA was used for RT-PCR, using both tubulin primers as a control
and CPS/KS primers designed to amplify a small fragment of the cDNA produced
from the transcript of the CPS/KS gene.
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1 kb
500bp

Tubulin Primers Used

CPS/KS Primers Used

Figure 20. Gel electrophoresis image showing the results of the RT-PCR analysis for the genotyping
of CPS/KS mutants to confirm the presence of cDNA produced by the transcript of the gene. A
band representing the tubulin fragment can be seen for all of the RNA samples, although a lower
quantity can be seen for the CPS/KS KO mutant sample. The CPS/KS fragment is present within the
two Wt control samples and the disruption CPS/KS mutant, but not for the KO mutant.

The results of the RT-PCR analysis are depicted in Figure 20, whereby it can be
seen that the two wild-type protonemal P.patens samples and the two CPS/KS
mutant samples, show a band of the correct size for the expected tubulin cDNA
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fragment, at ~438bp. Although the RNA that had been extracted was quantified and
supposedly 20ng of each sample was used in the reactions, it can be seen that the
tubulin fragments amplified are of varying concentrations, according to the brightness
of the bands present on the gel. It can be seen that for the Wt sample and the
CPS/KS KO sample, that the bands for these PCR reactions are relatively fainter
compared to the bands for the other two samples, indicating a lower quantity or
quality of RNA used, highlighting the slightly degraded CPS/KS KO RNA sample.
The negative control, whereby no RNA template was used in the reaction, can be
seen to have not produced any cDNA, therefore showing that there is no
contamination within the reaction, thus increasing the reliability of the results
obtained for the other reactions with the tubulin primers.

Furthermore, it can be seen that when the CPS/KS primers were used within the RTPCR reaction, that cDNA was amplified for both of the Wt samples, as expected, as
there is a band shown on the gel at the correct expected size of the fragment of
~521bp (Fig.20). Additionally, it can be seen that there is a band for the CPS/KS
disruption mutant, although there is not a band for the complete KO mutant, thus
suggesting that mRNA transcript is not being transcribed in this mutant plant.
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DNA Extraction and PCR for genotyping the cps mutants.

DNA was extracted from 100mg protonemal tissue of two wild-type plants, and the
two mutant variants and quantified using an ND-1000 nanodrop (Tab.7).

Table 8. DNA quantity and quality extracted from protonemal tissue of the
CPS/KS mutants and wild-types, obtained using an ND-1000 Nanodrop.
SAMPLE

ng/µl

260/280

260/230

Wt

26.3

1.91

2.06

CPS/KS Wt

3.70

1.98

0.86

CPS/KS Disruption

14.75

1.90

2.51

58.5

1.84

2.31

Mutant
CPS/KS KO (PBK3-e)

Table 8 shows the quantity and purity of the DNA extracted. It can be seen from this
that the quantity is fairly low, and for the CPS/KS Wt sample in particular, the purity is
not very high. However, the DNA extracted is sufficient for genotyping, therefore
100ng DNA was used as templates in 25μl PCR reactions, with no DNA template
being added for the negative control. The PCR was only carried out with tubulin
primers designed to amplify a fragment of tubulin gDNA.
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1kb
500bp

Figure 21. Gel electrophoresis image showing the results of the PCR analysis for the
genotyping of CPS/KS mutants to confirm the presence of gDNA of a fragment of the
tubulin gene. Tubulin fragment was amplified for all of the samples, both Wt and mutant.

The samples analysed, both Wt and mutants, show a band present of the correct
fragment size of ~752bp, indicating the presence of tubulin gDNA (Fig.21.).
Therefore, it shows that the DNA extracted is of sufficient quality to be used for
subsequent analysis with primers designed to amplify a fragment or the entire
CPS/KS gene, for complete genotyping of the mutant variants.

67

Analysing the effect of the gibberellin signalling pathway protein DELLA homologue
on P.patens spore germination.

A comparison of the germination of DELLAa Wt spores and spores in which were
mutants of the Della A proteins (dellaa) was carried out. Spores of corresponding
ages (10 days post-harvest) were used for both DELLAa and dellaa spores and 5
replicates were analysed.
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Figure 22. Analysis of the effects of gibberellins on P.patens spore germination by comparing wild-type
germination to that observed from a Ppdellaa mutant plant. Ppdellaa deficient mutant spores showed
highly significantly increased germination rates the respective Wt. Statistical analysis - Student’s T-Test
(* = p < 0.05, ** = p < 0.01). Error bars = ± SEM.
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Spore germination rate is significantly increased for the spores that are unable to
produce Della A proteins, the dellaa mutants, compared to that observed for the Wt
spores (Fig.22). This increase in germination rate can be seen to be statistically
significant for six of the data points obtained, therefore indicating a significant
increase and a positive effect on spore germination.
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P.patens RNA Extraction for Transcriptome Sequencing by JGI.

RNA was extracted from spores during various stages of the germination process,
using the trizol method, in order to provide RNA for the sequencing of the
transcriptome (to be carried out by the US department of Energy Joint Genome
Institute as part of a collaborative project headed by Stefan Rensing).

Table 9. Quality and quantity of the RNA extracted, via the trizol method after
the Qiagen clean-up, from P.patens material at differential germination stages,
for the sequencing of the transcriptomes, obtained by an ND-1000 nanodrop.
Replicate

Sample

ng/μl

260/280

260/230

1

Dry Spores

134.4

1.87

1.18

Imbibed Spores 1

42.5

1.86

0.97

Imbibed Spores 2

97.13

1.80

0.92

Germinating

47.43

1.55

0.60

Dry Spores

11.25

1.93

0.88

Imbibed Spores

7.9

1.81

0.26

Germinating

14.9

2.15

1.26

1856.6

2.21

2.53

624.5

2.21

2.47

Spores
2

Spores 1
Germinating
Spores 2
Germinating
Spores 3

The RNA quality and quantity extracted using the trizol method with the Qiagen
clean-up process, is not consistent between replicates (Tab.9). As a result, it was
decided to extract the RNA for the sequencing of the transcriptome, with the
BIOLINE ISOLATE II PLANT RNA Kit instead, with the necessary controls of
protonemal tissue that had been grown on BCD medium.
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Table 10. Nanodrop data of the RNA extracted for the sequencing of the
transcriptome of various P.patens tissue material, using the BIOLINE ISOLATE
II PLANT RNA KIT.
Technical
Replicate
1

2

3

4

Samples and biological
replicates
Colony Tissue 1
Colony Tissue 2
Colony Tissue 3
Colony Tissue 4
Dry Spores
Gametophyte
Dry Spores
Imbibed Spores
Early Germinating Spores 1
Early Germinating Spores 2
Late Germinating Spores 1
Late Germinating Spores 2
Protonemal 1
Protonemal 2
Protonemal 3
Gametophyte
Dry Spores
Imbibed Spores
Gametophyte 1
Gametophyte 2
Dry Spores
Imbibed Spores
Germinating Spores
Protonemal 1
Protonemal 2
Gametophyte 1
Gametophyte 2

ng/μl

260/280

260/230

58.05
232.3
232.6
67.95
139.6
116.9
194.4
107.1
631.8
763.2
465.2
454.25
366.7
409.0
483.7
35.65
173.4
203.9
45.7
96.9
265.2
96.8
554.8
948.3
668.8
68.62
58.8

2.12
2.20
2.13
2.14
2.13
2.12
2.18
2.20
2.20
2.16
2.16
2.21
2.23
2.20
2.17
2.04
2.18
2.22
2.22
2.17
2.06
2.21
2.19
2.25
2.24
2.16
2.11

1.91
2.28
1.99
1.83
1.95
2.14
2.15
1.90
2.19
2.05
1.95
2.34
2.45
2.05
2.25
1.38
1.92
1.44
1.34
1.91
0.89
0.49
1.32
1.55
2.06
1.26
1.94

Table 10 shows that in general, the quality of RNA extracted is of a high standard
from most of the different tissue types used. It can be seen that for the 260/280
ratios, all of the RNA samples extracted were above 2 in value.
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Discussion

Analysing spore germination and the possible regulatory networks that are employed
to control the timing of this process, in P.patens, represents a powerful tool for
gaining an understanding of land-plant evolution.

Throughout this study, spore germination was characterised by the observation of
protruding protonemal filament through the spore coat (Fig.3). In doing this, it was
ensured that all of the results were consistent and reliable, as the distinction between
ungerminated and germinated spores was the same. It is apparent that in some
studies, germination is characterised differently (discussed in Glime 2007), therefore
initial germination and rates may differ between studies. It is imperative that a
standard means of determining germination is established and used by all
researchers, in order to prevent any conflicting results being published that may
hinder the collaborative effort to increase current understanding.

For this study, spores of various ages (post-harvest) were used. From Figure 4, it can
be seen that two Wt spore batches of different ages showed significantly different
rates of germination. This difference did however decrease over time, with the
germination percentage of the younger spores showing to increase to just below the
levels observed for the older spores. It is known that different spore batches do
exhibit varying germination rates to one another. However, Coates et al.
(Unpublished data) emphasise that there is no correlation between the germination
rates and initial germination of spores with age. Nevertheless, it has to be noted that
in some instances, variation between spores of different ages does occur, hence the
reason as to why throughout all assays, spores of corresponding ages were used to
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ensure eradication of this variation. As moss in an ephemeral species, spores are
known to initiate germination when environmental conditions are favourable, so
theoretically all spores should germinate at the same time and rate, unless an
additional regulatory mechanism is being employed. Nonetheless, spore batch
variation may be utilised as a strategy for survival. All spores for this investigation
were subjected to identical environmental conditions, however, as numerous
environmental factors are known to affect germination (Coates et al. unpublished
data), slight variations within an assay may have contributed to differences observed.
In addition to this, sporophytes are harvested from the plugs when they are deemed
mature, i.e. dark brown in colour. Therefore, it is only based on observational means
whether the sporophytes are mature, hence, sporophytes harvested on the same day
may still differ in maturity levels. As a way to try to reduce possible issues regarding
this, for each assay more than 2 sporophytes were used, with a ratio of 3
sporophytes worth of spores for each ten petri dishes.

Acyl-HSLs have an effect on P.patens spore germination, with longer chain,
unsubstituted molecules showing the most potent positive effect.

Numerous physiological effects, as a result of altered gene expression profiles, on
plants have been reported by the presence of the QS signal molecules, acyl-HSLs
(Mathesius et al. 2003; Ortiź-Castro et al. 2008; Rad et al. 2008; Shikora et al. 2011;
Schenk et al. 2012). As a result, an investigation was carried out in order to
determine whether molecules, of varying acyl-chain lengths (4-12C) and substitution
states, showed any apparent effects on the germination of P.patens spores.
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Initially, the acyl-HSLs were added at a final concentration of 10nM, based on
previous unpublished data by Coates et al. For this assay (Fig.5), it was noted that
the solvent-only control, whereby the highest amount of methanol used was added,
showed a subtle increased rate of germination, compared to that observed for the
BCD-only control (data not shown). Although, the addition of methanol is thought to
inhibit spore germination rather than promote it, this highlighted the importance of
including a solvent-only control in each of the assays whereby solutions had been
made up with a substance other than water. In doing this, it ensures that the
germination rates are being analysed just on the basis of the added compounds,
rather than the variation that may be incurred by the added solvent. However, the
BCD control is still of great significance as it is used as a means to determine that the
spores are behaving in an expected manner and therefore acting as a control to
assure the data is reliable. Moreover, from figure 5, it can be seen that there was an
apparent decrease in the germination percentage of the spores for a number of the
different treatments. A decrease in germination numbers cannot occur, as
germination is notably an irreversible process. Nevertheless, due to a minimum of
200 spores being counted for each plate, it may have been the case that a different
part of the plate was counted than was counted previously, whereby less germination
had taken place, due to chance or environmental factors (such as the position of the
light source in relation to that part of the plate). Therefore, in order to gain a more
representative germination percentage, a higher number of spores should have been
counted to reduce inaccuracies.

However, in terms of the effects of acyl-HSLs at a concentration of 10nM, from figure
5 it can be seen that the addition of 3-oxo-C4-HSL (an acyl-HSL substituted with a
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ketone group, of 4 carbons in acyl side-chain length) promoted germination rate,
compared to that observed for the control and for the other acyl-HSLs, although not
statistically significantly. It may be the case that acyl-HSLs of a shorter chain length
are able to enter plant cells via simple diffusion, whereby longer molecules require
active transport to gain entry into plant cells. As spore germination, following
imbibition, is an active process itself (Glime 2007), spores may not expend additional
energy on transporting molecules through their cell plasma membranes, as a
compromising cost-benefit approach. Nonetheless, it can be seen that the
unsubstituted and 3-oxo-acyl-HSL short chained molecules did not show the same
promotional effects as 3-oxo-C4-HSL, so this may not be a reasonable explanation.
Furthermore, apart from the C4-HSL, the other ketone substituted HSLs showed a
lower rate of germination than the other substitutions, therefore implying that is it not
the effect of the HSL being substituted with a ketone group that confers the
promotional effects observed.

Alternatively, for the 3-OH-HSLs, the shorter chains showed a reduced rate of
germination, compared to that observed for the control. The longer chains, however,
show a slightly increased rate, suggesting that the long chain OH-HSLs promote and
have an opposite effect to that seen with the shorter chain molecules. As this study
only used acyl-HSLs with a maximum acyl-side chain length of 12 carbons, it would
have been interesting to investigate whether this promotional effect is more potent
with increasing chain length. Furthermore, the unsubstituted HSLs all appeared to
show promotion of spore germination (Fig.6), however, as with the OH-HSLs, it was
the longer chains 10 and 12 carbons in length, which showed the most potent
promotion (Fig.7), as also observed for previous data obtained by Coates et al.
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(Unpublished Data). Ortiź-Castro et al. (2008) examined the effects of acyl-HSLs on
root architecture of the vascular model plant, A.thaliana. The result of which
determined that the most bioactivity was observed for medium-long molecules, with
side-chains 10 carbons in length, showing the most potent bioactivity, whereby
increased root hair formation was noted. Additionally, this study found that at higher
concentrations, the effect was amplified, suggesting the effect was dose–dependent.
However, the concentrations used in this study was substantially higher than 10nM,
with concentrations used ranging from 12-192μM on a multicellular root rather than a
unicellular spore.

As it was deciphered that acyl-HSLs with a longer acyl side-chain length were found
to have more potent effects on plants in previous studies, and with the unsubstituted
and hydroxyl substituted HSLs at 10nM (Fig.7) in this current investigation, the longer
molecules of C10 and C12 were used in an assay to analyse the effects of
concentrations of these molecules on spore germination. For these analyses, four
different concentrations were used (2nM, 10nM, 0.1μM and 1μM). From figures 8 and
10, it can be seen that there is not a single concentration whereby all of the various
acyl-HSLs showed potent increased germination rates, suggesting that each
variation has a particular concentration whereby it induces a greater effect. It is
apparent that the different substituted molecules and the C10 and C12 molecules all
differ in the effect they have on spore germination between the concentrations, with
some showing increased germination rate at one concentration, whilst another
showed a decreased rate at the same concentration. An example of this can be seen
with 3-OH-HSL, where the C10 variant was most potent at 10nM (Fig.9), whereby the
C12 equivalent showed the highest germination promotion at 0.1μM (Fig.11). Bai et
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al. (2012) found that 3-oxo-C10-HSL at a concentration of 100nM showed an
increased effect at promoting adventitious root growth in mung bean. From Figure 9,
it can be seen that at 0.1μM (100nM) 3-oxo-C10-HSL also had the greatest effect on
promoting spore germination. Thus suggesting that at this concentration, this
particular acyl-HSL variant greatly induces plant responses, in both non-seed and
seed plants. Bai et al. (2012) also reported that at concentrations greater than
100nM, 3-oxo-C10-HSL inhibited adventitious root growth. The inhibition of spore
germination was not observed in this present study, however with 3-oxo-C12-HSL, it
can be seen that above 0.1μM, the promotion was not as potent as at the lower
concentrations (Fig.10). N-acyl-C12-HSL also showed this effect, however the
greatest rate of spore germination was shown at 2nM and consequently the effect
was decreased at higher concentrations (Fig.10). Therefore it can be suggested that
the acyl substituted variant is the most potent one in this family.

Accordingly, it can be concluded that the different acyl-HSLs have a specific
concentration at which they have a greater effect on promoting spore germination in
P.patens, with some even showing no promotion to even a very slight decrease at
certain concentrations, whilst promoting at others. Coates et al. (unpublished data)
showed that strong inhibition occurs when concentrations above 5μM are used,
although this may have been due to the high solvent volume as well. It may be the
case that unicellular spores are just highly sensitive to these compounds.

As all of the acyl-HSLs appeared to at least slightly promote spore germination at a
concentration of 0.1μM, to some extent, and the fact that Bai et al. (2012) showed
that this was the most potent concentration for 3-oxo-C10-HSL for promoting
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adventitious root growth, all of the acyl-HSLs were analysed at this concentration to
determine the effects of the varying substitution states and chain lengths (Fig.12).
From this it could be seen that the majority did show increased rates of spore
germination, however no significant promotion was observed. 3-oxo-C12-HSL and 3OH-12-HSL were shown to initially have a negative effect on spore germination but
then show increasing rates of the later germinating spores. On the other hand, the
opposite was shown for N-acyl-C12-HSL, whereby initial promotion was observed, up
a point, whereby the effect was then reduced so that the percentage of germinated
spores at a single time point was lower than that observed for the solvent-only
control. From figure 13, it can be seen that the longer oxo-HSLs showed an
increased germination percentage, than the shorter ones. Therefore, it can be
thought that at this concentration, the longer oxo substituted molecules are more
potent than the shorter chains, in which had a greater effect at the lower
concentration of 10nM (Fig.5).

As the spores used to analyse the effects of acyl-HSLs thus far had been relatively
young (<2months post-harvest), the C10 and C12 length HSLs were used at a
concentration of 0.1μM, to ensure that younger spores are not insensitive to the
effects of acyl-HSLs, hence as to the reason why the promotional effects at this
concentration are not significant. However, it was apparent this was not the case, as
only a slight increase was observed, as seen with younger spores (Fig.14). In some
instances, such as with 3-oxo-C10-HSL, there was a decreased promotional effect to
that shown in previous assays, at this concentration. However, this may be a result of
spore batch variation further highlighting the importance of repeating assays with
spores of varying ages.
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All of the assays in this present study have shown that not all of the acyl-HSLs
variants have the same promotional effects on spore germination. Analysis of the
A.thaliana transcriptome, following application of three different acyl-HSL molecules,
showed that specific responses occurred with each one, highlighting the fact that
plants do react differently to each type (Schenk et al. 2014). As acyl-HSLs are
produced by bacteria, and can be perceived by plants possibly as a result of
coevolution to enhance reproductive fitness, it could be the case that either a
negative, positive or neutral effect on spore germination is a result of the plant
responding to the particular bacteria in which produces that specific acyl-HSL variant.
For example, as mutual bacterial species are present within P.patens’ natural
environment, no effect on spore germination may occur following perception of some
of the molecules, as no benefit will be conferred to the moss as a result. Mathesius et
al. (2003) carried out proteome analysis with two ketone substituted acyl-HSLs of
different chain lengths, and showed that around 150 proteins were differentially
accumulated as a result, providing evidence that specificity with regards to the acylHSL molecules and the responses generated by plants exists. Subsequently, in order
to determine which specific acyl-HSLs have a greater effect on promoting spore
germination, a transcriptome analysis of P.patens treated with the various molecules
should be carried out.

Schenk et al. (2014) also reported that saturation of the response system to acylHSLs occurs, whereby the molecules only have a limited time to act. It was shown
that when acyl-HSLs were applied to plants for a period of 3 weeks or longer, that no
significant alterations in phenotype was observed. This may be a possible
explanation as to why the results in this present study were not showing consistent
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positive effects on spore germination. As some of the spores used in the assays
displayed a late initial germination time and subsequent slow germination rate (even
for the control), the spores may become unresponsive to the molecules prior to an
effect being made.

An analysis of the responses of A.thaliana to both acyl-HSLs and their subsequent
by-products following degradation was carried out by Palmer et al. (2014). This study
not only showed that seedling growth was significantly altered in an acyl-chain length
dependent manner, but also that the observed effects were a result of the aminolysis
of the molecules by an enzyme encoded for by the plant’s genome. The enhanced
growth observed of the seedlings was found to be a result of the acyl-HSLs
stimulating ethylene production, which promoted seedling growth. As the hormone
ethylene has been shown to inhibit spore germination in Physcomitrella (Coates et al.
unpublished data), it can be said that this response to acyl-HSLs of promoting the
production of this hormone is not conserved in the more ancient moss lineage as no
positive effect on spore germination would have been observed. If it is in fact the
degradation products of acyl-HSLs that are responsible for observed plant
responses, the shorter chain C4-HSLs should show the most potent effects on spore
germination, as these have the highest degradation rates (Yates et al. 2002; Hmelo &
Van Mooy 2008). Nevertheless, although this was observed at a concentration of
10nM for the 3-C4-oxo-HSL (Fig.5), this was not consistently seen. From this study, it
could be said that the unsubstituted acyl-HSLs show consistently increased spore
germination rates, in particular the longer chain molecules (C10 and C12). N-acylHSLs are notably less stable than substituted molecules, thus coinciding with Palmer
et al. (2014); these molecules may show more potent effects on P.patens, due to

80

them being degraded into their corresponding by-products faster, which are
responsible for inducing the response.

ABA has been identified to carry out functional roles in P.patens, regarding tolerance
to stress (discussed in Takezawa & Komatsu 2011). Coates et al. (unpublished data)
showed that ABA inhibits spore germination, although not completely as seen with
seed germination, by similar mechanisms carried out to initiate desiccation tolerance
responses. In order to determine whether acyl-HSLs interact with the ABA hormonal
signalling pathway, and thus can rescue the inhibitory effects of ABA, the C10 and
C12 molecules were used in conjunction with both 5μM and 10μM ABA in an assay.
From figure 15, it can be seen that the longer chain acyl-HSLs of varying substitution
states was not able to rescue the inhibitory effects of ABA, with only a slight increase
shown to that observed for the ABA-only controls, particularly for the higher
concentration of the hormone. Therefore, this data suggests that the acyl-HSLs at
0.1μM concentration, do not rescue the effect of ABA and that the QS molecules do
not interact with ABA signalling pathways. As specific acyl-HSLs are more potent at
specific concentrations, as shown previously, it may be the case that the effect of
ABA may be reduced more upon addition of the acyl-HSLs at a concentration
whereby they are known to exhibit an increased effect. In addition to this, a lower
concentration of ABA should also be analysed as the data shows it is very potent on
moss spores.

Thus far, only synthetic acyl-HSLs have been analysed. Therefore, the extracts of an
acyl-HSL producing bacterial species of Serratia and an AHL-deficient mutant, was
added to the BCD medium to analyse the effects of naturally occurring acyl-HSL
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molecules. From this analysis (Fig.16), it can be seen that a negative effect on spore
germination was observed, compared to that seen by the control. This may have
been a result of the effects of other molecules that had been secreted by the
bacteria, as this effect was observed for both the Wt and AHL-deficient extracts, with
an even lower rate of germination being shown for the Wt extracts whereby the acylHSLs should have been present. It is not known which specific acyl-HSLs were
produced by the bacteria and at which concentrations these molecules were present.
Schuhegger et al. (2006) found that acyl-HSLs produced by Serratia liquefacians
induced resistance to a fungal pathogen, in the seed tomato plant species.
Therefore, if the same effect occurs on P.patens, no change in spore germination
would be observed. In order to expand upon the analysis of naturally bacterial
synthesised acyl-HSLs on moss spore germination, the molecules could be purified
as to ensure no other compounds within the bacterial extracts are conferring any
effect. There is great biotechnological interest in the cultivation of beneficial plantgrowth-promoting bacteria, therefore the effects of the acyl-HSLs produced by a
range of gram negative bacterial species is of significant importance (Lugtenberg et
al. 2001; Savka et al. 2002).

Gibberellins positively affect Physcomitrella spore germination.

In order to examine the regulatory effects of a GA-like pathway in moss, an assay
was carried out to determine whether a GA derivative can rescue the inhibitory
effects of ABA, as shown in seed plants. In seed plants, there is definite interaction
between ABA and GA signalling pathways, whereby ABA biosynthesis is downregulated, in an antagonist manner, upon the presence of GA, in order for seed
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germination to be promoted (Holdsworth et al. 2008). Therefore, representing a
regulatory mechanism whereby the timing of seed germination can be sufficiently
controlled. GA9 methyl-ester is a bioactive gibberellin found within P.patens, (Hayashi
et al. 2010) however this gibberellin is not found to be active in the seed plant
Arabidopsis (Talon et al. 1990). GA9 methyl ester does have a positive effect on
spore germination, compared to the rate observed for the solvent-only control, as
seen with seeds (Fig.17). However, unlike in seed plants, GA application is not able
to rescue the inhibitory effects of ABA. Nevertheless, there is a very subtle increase
in the rate of germination compared to the ABA-only controls, although this is not to
the same level observed for the solvent only control. If the assay was continued for a
longer period of time, it would be interesting to see whether the germination rate
would be increased further, more than that of the ABA-only control, to reach a higher
germination percentage, indicating cross-talk between the hormonal pathways, as
seen in seed plants. It can be seen from figure 17, that the increased rate of
germination is higher with the lower ABA concentration. This could be said to have
occurred as there is already less ABA present, therefore the endogenous levels of
ABA within the moss, do not have to be lowered as much in order for GA to promote
germination. Finkelstein et al. (1994) indicate that different Arabidopsis seed batches
have varying sensitivity levels to ABA, thus this may also be the case with spores
therefore this assay should be carried out with spores of different batches to enable a
definite conclusion to be made regarding the effects of the interactions between GA
and ABA. Different concentrations of the two hormones should also be investigated
to ensure that the concentrations used are not an issue as to why GA was not able to
fully rescue the inhibitory effects of ABA. In seed germination, it is a balance of the
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two hormones which regulates germination (Holdsworth et al. 2008), thus the
balance of the two hormones may need to be modified to enable sufficient regulation
to be observed in spore germination. Furthermore, ABA does not completely inhibit
spore germination in P.patens, as spore germination still occurs albeit at a
substantially reduced rate (Fig.17).

Ent-kaurene is an intermediate precursor from which GA is synthesised from
(Olszewski et al. 2002; Yamaguchi 2008). The synthesis of ent-kaurene is a result of
the sequential cyclisation steps of geranylgeranly diphosphate (GGDP) by netcopalyl disphosphate synthase (CPS) (Sun & Kamiya 1994) and ent-kaurene
synthase (KS) (Yamaguchi et al. 1996; 1998). Subsequent oxidisation of ent-kaurene
results in the formation of the bioactive GAs. In Physcomitrella, CPS/KS is the initial
enzyme in the GA-biosynthesis pathway, as opposed to the two observed in vascular
plants (Chen et al. 2011). Hayashi et al. (2010) suggest that a diterpene metabolite
from ent-kaurene may be utilised by P.patens as a regulator of development, as entkaurene was also shown to have an effect on the differentiation of protonemal tissue
from chloronemata to caulonemata. The effects of a disruption PpCPS/KS mutant
was also analysed in terms of spore germination by Hayashi et al. (2010), whereby
no apparent effect was observed. However, as only a single time point was analysed,
and not the overall rate, the data may not indicate a reduced germination rate and
thus may not be deemed accurate or representative. Figure 18 shows the results of a
spore germination assay whereby a P.patens CPS/KS KO and disruption mutant
were analysed compared to the Wt of similar age (post-harvest). A negative effect on
the rate of spore germination was observed with the complete KO mutant, suggesting
a role for ent-kaurene in the germination of spores, as with seeds. On the other hand,
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only the later germinating spores were shown to have a reduced rate of germination
for the disruption mutant, with a significantly decreased germination percentage seen
at day 20, compared to that of a Wt a day older in age. It can also be seen that the
initial germination of this mutant line, showed a minor increased rate, however, as the
Wt used was not of the exact age as the mutant line, this may be a result of variation
observed between spore batches, as discussed previously, rather than due to the
lack of CPS/KS in the mutant. The negative effect on spore germination
demonstrated in this study, coincides with the germination phenotype for cps mutants
by both Anterola et al. (2009) and Coates et al. (Unpublished data), whereby different
spore batches were used, thus suggesting a role for PpCPS in germination.
Therefore, gibberellin-related compounds, notably ent-kaurene, may be implicated in
moss spore germination, in addition to other developmental processes.

As a means to ensure the mutant lines in the PpCPS/KS mutant assay were in fact
deficient of the mRNA transcript of the gene and therefore did not produce the cDNA,
mutant genotyping was carried out with RNA extracted from the mutant protonemal
tissue, and the respective wild-types. From figure 20, it can be seen that there is a
band indicating the presence of a partial CPS/KS transcript for the CPS/KS disruption
mutant. This may be due to the fact that the primers used were designed to amplify a
fragment of the CPS/KS transcript, and not the whole transcript. Therefore, the part
that was amplified is present within the disruption mutant, although it may have been
shifted downstream, however the disruption would ensure the resultant translated
protein would not be functional, as demonstrated by the results of the phenotypic
analysis in figure 19. On the other hand, the complete KO mutant does not appear to
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have CPS/KS cDNA and can therefore be assured to not be able to synthesise entkaurene, hence subsequent phenotypic analysis can be deemed reliable.

Additionally, DNA was successfully extracted from different samples of protonemal
tissue, from the wild-type and the two CPS/KS mutants, in order to confirm the
absence of the gene. It can be seen from table 8 however, that a relatively lower
yield of DNA was extracted than was for RNA (Table 7), although 100mg of wet
tissue was used for both. The use of commercial kits for extracting DNA has been
known to yield slightly lower amounts than other available more labour-intensive
protocols, with the possible degradation of DNA (Santella 2006). Whole genome
amplification could have been carried out in order to increase the amount of DNA
(Santell 2006), however, the yields obtained were considered adequate for
genotyping for this purpose. The extracted DNA was subjected to PCR analysis, with
primers designed to amplify a fragment of the tubulin gene. As can be seen from
figure 21, the tubulin gene is present within all of the extracted DNA samples, for
both the wild-types and the mutants, and is absent in the negative control. Thus, the
DNA extracted could be used with primers designed to amplify the gDNA of the
CPS/KS gene, for complete mutant analysis, for future studies. Although an
additional control of a reverse transcriptase negative reaction should have been
carried out as an additional way to ensure reliability of the results.

GAs are known to be imperative for seed germination to occur (Koorneef & van der
Veen 1980), however it can be seen from figure 17 that this is not the case with
spore germination, as germination still occurs in the absence of GA, just to a lesser
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extent. Hence, GA and GA-related compounds may have a modulatory role on spore
germination rather than a regulatory one (Coates et al. unpublished data).

A

DELLA-mediated

GA

signalling

pathway

in

moss

may

regulate

developmental processes, including spore germination.

The subsequent assay involved determining the possible hormone regulatory
mechanisms involved in spore germination of P.patens, an area in which is currently
not well understood compared to that of seed germination. Seed germination is
known to be regulated by the GID1-SLEEPY-DELLA protein gibberellin signalling
pathway. The DELLA protein indirectly regulates GA synthesis by repressing the
action of GA when not present. The presence of GA enables the interaction between
the DELLA protein and the GA-bound GID1 receptor, which results in DELLA
degradation thus allowing for GA action to take place (Claeys et al. 2014). Two
putative DELLA proteins have been identified to be encoded for by the genome of
P.patens, DELLA A and DELLA B, that probably arose from a gene duplication event.
However, at the sequence level, the genes of these proteins appear to be highly
divergent to the orthologues identified within flowering plants (Yasamura et al. 2007).
There is no apparent interaction between the GID1-like receptor (GLP1) and DELLA
protein in Physcomitrella (Yasamura et al. 2007), with the moss being thought to
predate the evolution of the classical gibberellin signalling pathway characterised in
more recent plant lineages (Hirano et al. 2008). However, Yasamura et al. (2007)
tested this interaction with GA3, a bioactive GA found in vascular plants, rather than a
GA known to be active in the early-evolving land plant (Hayashi et al. 2010).
Developmental effects following GA-application in P.patens, similar to those
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observed in vascular plants, have not been found to occur (Decker et al. 2006)
leading to the general conception that there is no GA-signalling pathway in moss and
that it developed later in evolutionary history (Yasamura et al. 2007). The DELLA-like
protein found in moss is thought to carry out an alternative function as opposed to
acting as a GA-regulatory repressor (Vandenbussche et al. 2007).

In this study, we analysed the phenotype of a PpDellaA mutant with regards to spore
germination. It can be seen from figure 22, that there is a significant increase in the
rate of spore germination in the absence of DELLA A, compared to the Wt, with a
slightly faster initial germination observed as well. This data coincides with data
obtained by Coates et al. (Unpublished data) whereby different spore batches were
analysed. Consequently, these results suggest for the first time that increased spore
germination is likely to be the phenotype of Ppdella mutants, implying that the DELLA
proteins may be involved in a moss developmental process that may also be
regulated by the presence of GA.

Due to the limited homology between the GA-signalling proteins in P.patens and
Arabidopsis, it has been proposed that the molecular onset of the pathway may have
evolved in Physcomitrella (Vandenbussche et al. 2007). As a result, the apparent
DELLA-mediated GA-like signalling pathway in P.patens may represent a modified,
more ancient version of that observed in vascular plants today.
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Transcriptome data may increase our understanding of the hormone signalling
pathways and their regulatory effects, in moss.

RNA was extracted from tissue of various stages throughout the lifecycle of P.patens,
in particular stages associated with spore germination, in order for transcriptome data
to be obtained. From tables 9 and 10, it can be seen that the RNA extracted with the
commercial kit is of higher yield and purity that that obtained from the trizol method,
which may be due to RNase contamination and subsequent degradation of the RNA
with the trizol method, as it was a more time-consuming method. Isolation by Trizol
was carried out for the majority of the samples in the collaborative project,
nevertheless, it may just be the case that this method is not as efficient with
extracting RNA from spores. It can be seen from table 10, that the RNA extracted
from gametophyte tissue was of a lower yield than that extracted from the other moss
tissues. This may be due to this particular tissue type having rigid cell walls in which
made the tissue harder to homogenise sufficiently. However, with this extracted RNA
and the transcriptome analysis that will be carried out, a detailed understanding of
the protein profiles during the various stages of spore germination can be gained,
whereby the proposed involvement of the various hormonal signalling pathways, and
their crosstalk, will be apparent. Thus, this represents a crucial step in increasing
knowledge on spore germination and its control in P.patens.
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Conclusions

Current understanding of the control of spore germination is much less than that for
the analogous seed germination, observed in vascular plants. This study provides
insights into the possible effects on spore germination of the model bryophyte
P.patens, of both the bacterial quorum-sensing signal molecules, N-acyl-homoserine
lactones, and the two hormones known to antagonistically regulate seed germination,
gibberellin and abscisic acid. From this study, it was observed that the different
substituted acyl-HSL molecules, of varying chain lengths, do not all show a
ubiquitous effect on spore germination. Different variants show different effects on
the rate of spore germination, at different concentrations. Unsubstituted acyl-HSLs
showed the most potent increasing effects on spore germination at a range of
concentrations, with the longer chains showing the greatest promoting effects overall.
The data in this study shows that gibberellins and abscisic acid do affect
Physcomitrella spore germination rate, similarly to that observed in seed plants,
although to a lesser extent. This study provides novel data that suggests the
presence of a DELLA-mediated gibberellin signalling pathway in moss, contradicting
the widely accepted dogma that such pathway evolved after the bryophyte lineage.
This investigation therefore provides a comprehensive analysis of the possible
mechanisms that control the timing of spore germination, and the evolution of these,
thus providing beneficial insights that may aid with future efforts to ensure food
security.
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Appendices

Appendix 1.

P.PATENS SPORE GERMINATION ASSAYS.

Analysing the effects of N-acyl-homoserine lactones of different substitution
states at C3 and different chain lengths on P.patens spore germination.
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Figure A1.1. Spore germination assay indicating the germination rate of 15 day old (postharvest) wild-type P.patens spores when grown on BCD media supplemented with 10nM
synthetic AHLs of varying substitution states and chain lengths. A) C4. B) C6. C) C8. D) C10. E)
C12. Error bars = ± SEM.

