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Abstract

Recombination is a critical event in meiosis required for proper chromosome segregation;
however, despite its importance, crossovers have not yet been analysed in egg-laying
mammals, representing an extant species from the most basal of the contemporary
mammalian lineage. The platypus is a unique species in that it has a complex system of ten
sex chromosomes that form a chain in meiosis, and the segregation of this chain raises many
questions regarding the state of meiotic recombination among chain members. This study
aimed to set a foundation for recombination studies in the platypus. 15 genes essential for
crossover formation were analysed; while most of these genes showed generally high levels of
conservation, surprisingly it was found that Mei4 and Rec114 are not expressed during
platypus meiosis. This raises several questions about the platypus double-strand break
induction mechanism in which these genes have an essential function in other mammals.
Furthermore, characterisation of the crossover hotspot-determining protein, Prdm9, shows
that the platypus protein differs significantly from the Prdm9 of eutherians, suggesting that
the gene underwent rapid evolution after the divergence of monotremes nearly 200 Million
years ago. This study also aimed to examine the distribution of crossovers in meiotic cells
using MIh1 as a marker for crossover events. Despite conservation of the protein and
expression and some specific staining overall, crossover counts could not be analysed in
platypus male meiotic cells. Surprisingly another protein which can be found in earlier
meiotic stages, Dmc1, showed a very distinct pattern in platypus pachytene cells. It was
observed that an average of 24 Dmc1 foci were present in platypus pachytene, long after
Dmcl is expected to have diminished from chromosome cores. These foci seemed to localise
to the ends of chromosomes and were more prominently associated with the sex
chromosomes, particularly the pseudoautosomal regions. Together with other evidence this
suggests that the Dmc1 antibody may be cross-reacting with Rad51, which plays a structural
role in pachytene, holding chromosomes together at the telomeres. Overall this work provides
first evidence for a general conservation of genes involved in the recombination pathway but

has also identified some genes that may have diversified in their function.
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Chapter 1: Background: Meiosis and the
DSB machinery

Introduction to meiosis

Meiosis is a specialised cell division necessary for the formation of gametes. In most
instances the complex process of the meiotic division begins in the gonads with the diploid
nucleus of a germ cell containing two homologous copies (one paternal and one maternal) of
each chromosome. After one round of DNA replication the diploid germ cell undergoes two
consecutive cell divisions producing four haploid gametes. In males these progeny cells are
termed spermatozoa while in females, three polar bodies and one mature ovum are produced.
As meiosis results in the production of gametes, it follows that it is essential for all sexual
reproduction, but more to the point, sexual reproduction generally hinges on recombination,
the process of forming crossovers between homologous chromosomes. In what has become a
somewhat dogmatic perspective, crossovers have three widely-recognised functions. First,
they promote genetic diversity by creating new and potentially beneficial allelic combinations
(Whitby, 2001). Second, crossovers can remove deleterious mutations that would otherwise
decay genetic information (e.g. Drosophila Y chromosome preservation) (Carvalho, 2003).
Last, the physical connection made by the chiasmata is necessary for proper chromosome
segregation (Whitby, 2001; Roeder, 1997).

Unlike mitosis—the process of somatic cellular division—meiosis has a linear directionality;
it is not cyclical. At the end of Interphase a diploid number of chromosomes exists, each
consisting of a pair of sister chromatids. The second meiotic division (meiosis I, also termed
the equational division) is similar to mitosis in that sister chromatids are segregated into
daughter cells at anaphase I1. It is the first division (meiosis I, also known as the reductional
division) that makes meiosis distinct from mitotic division. Meiosis | produces two haploid
daughter cells: secondary spermatocytes in males, a secondary oocyte and a polar body in
females. Like mitosis and meiosis Il, meiosis | is divided into several distinct stages. The first
of these, prophase I, is what truly sets meiosis apart. This stage is further divided into five
distinct substages that can be characterised by chromosomal events and the status of the
proteinaceous synaptonemal complex (SC) (Table 1). Throughout these five stages, three key

processes take place: (1) chromosome pairing is the interaction between homologous
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chromosomes resulting in their juxtaposition and the formation of bivalents. This includes
two major events: chromosomes must first come into close physical proximity and they must
also undergo a step of homology recognition (Pawlowski & Cande, 2005). (2) Synapsis is the
establishment of the proteinaceous synaptonemal complex (SC) structure between two
homologous chromosomes. (3) Meiotic recombination, the intricate series of events spanning
a period of DNA double strand break initiation to the completion of the repair process,
resulting in the formation of chiasmata via reciprocal chromosome arm exchange. These
processes are highly complex and although described here as separate events, their
interdependence and precisely orchestrated coordination should not be overlooked (reviewed
in Pawlowski & Cande, 2005). The error-free completion of each of these processes is
required as any mistakes in meiosis can result in a variety of deleterious consequences

ranging from infertility to miscarriage or severe birth defects.

Table 1: Events of prophase | Outlined here is the progression of chromosome pairing, synapsis, and
homologous recombination over the five stages of prophase I.

Synapsis and
chromosome Bouquet DSB Signs of
Stage SC components morphology formation repair recombination
Leptotene  Axial elements Single Telomeres DSBs Early nodules
(SCP3/Corl, homologues spread along  appear
SCP2) begin to comprised of nuclear
form sister chromatids  envelope
Zygotene  Axial elements Partial synapsis, Telomeres DSBs Early nodules
become lateral centromeres are closely disappear
elements; central  closely paired clustered
region
(SCP1/Syn1,
Tex12, SYCE],
SYCEZ2) forms
Pachytene Lateral elements Full synapsis Telomeres Double Late nodules
persist, central (except XY), disperse Holliday
element fully compacted junctions
formed bivalents
Diplotene  All components Chromosomes Mature Chiasmata
begin to dissociate paired at Crossovers
chiasmata only.
Diakinesis Components Further Chiasmata
dissociated except chromosome
around the compactions,
centromere chiasmata link
persists

It has been estimated that 10-25% of human foetuses have the “wrong” number of
chromosomes (Hunt & Hassold, 2002; Hassold & Hunt, 2001). Furthermore, nearly one third

of spermatogenesis is spent in meiosis, and more than 90% of that time is spent in prophase
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I—and most of that time is spent in Pachytene finalising crossovers (Cobb & Handel, 1998).
This underscores the critical importance of meiosis—and crossing over in particular—to

sexual reproduction and, therefore, to the persistence of sexually reproductive organisms.

The double strand break (DSB) repair pathway of meiotic

recombination

The proteins catalysing the recombination pathways were first identified in yeast and later in
nematode, fly, mouse, and humans; however, while many groups are utilising other model
organisms, generally most meiotic recombination studies have been performed in yeast, C.
elegans, or mouse. Effectively little is known about the evolution and diversity of
recombination mechanisms in reptilian and mammalian lineages, with new variations still
being discovered. Recent findings indicate that crossovers and non-crossovers arise from
different branches of the same pathway. DSBs seem to be the initiating factor of both routes,
as mutations preventing DSB formation and processing also eliminate both COs and NCOs,
but new evidence has challenged the hypothesis that NCOs and COs arise from the same
double Holliday junction (dHJ)-containing intermediates. First, studies in budding yeast have
shown that NCOs and COs do not form in temporal unison; rather, NCOs form before COs
(Allers & Lichten 2001). It has also been shown that mutants with reduced SEI or dHJ have
consequent reductions in CO, but not NCO, frequencies (Borner, Kleckner, & Hunter, 2004).

While NCO-specific intermediates have not been identified there is a proposed mechanism:
Synthesis-Dependent Strand-Annealing (SDSA). An overview of SDSA and its relation to the

CO-producing repair pathway can be seen in Fig. 1.

In addition to these two complicated recombination models, there is yet more complexity as
there is more than one pathway regulating crossovers. Indeed, there are at least two crossover
pathways just in budding yeast: the Msh4-Msh5! pathways (also called the ZMM-dependent
pathway) and the Mus81-Emel/Mms4 pathway (Fig. 1). While the former is subject to
crossover interference—a phenomenon preventing two crossovers from forming closely
together—the latter is not, and both pathways, in addition to the SDSA model, are all initiated
by DSBs (Cromie & Smith, 2007).

! Note on gene and protein nomenclature: gene names are italicised while protein names are not; additionally,
human and chicken gene and protein names are all capitalised (e.g. for a gene: SHH and a protein: SHH), while
most other eukaryotic genes and proteins are written with only the first letter capitalised (e.g. for a gene: Shh
and a protein: Shh). Bacterial proteins are written the same as non-human/chicken proteins; however,
bacterial and yeast genes are all lower-cased and italicised.
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NOTE:
This figure is included on page 11 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1: The DSB repair pathways DSBs are initiated and 5’-end resection produces 3’ tails in all
pathways. In steps 3a-7a the ZMM-dependent pathway produces crossovers subject to interference.
Rad51 catalyses single end invasion as Mer3 extends the newly formed heteroduplex region (3a) as
Msh4-Msh5 forms a sliding clamp around the resulting Holliday junctions (3a-6a) as DNA synthesis
extends the D-loop (4a) and second end capture (5a) spur on the production of the double Holliday
junction (6a). The dHJ is then resolved (7a). The SDSA involves a temporary single end invasion (3b)
followed by DNA synthesis (4b). The extended 3" tail is then unwound (5b) and reannealed, resulting
in a non-crossover (6b). The Mus81-dependent pathway (3c-6¢) produces interference insensitive
crossovers. After single end invasion (3c), the invading strand is cut. DNA synthesis extends the
resulting semi-D-loop (4c), allowing for the formation of a single Holliday junction (5c). Resolution of
the sHJ results in a crossover. Other, more complex joint molecules consisting of three and four
interconnected duplexes are formed between homologues and sister chromatids in the absence of the
BLM orthologue, Sgs1 (not shown here) (Figure from Whitby, 2005).
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Regulation of meiotic recombination

DSB initiation and 5' resection

DSBs do not form randomly along the chromosomes; rather specific regions, termed
“hotspots” tend to be preferential sites of DSB induction (Koehn, Haring, Williams, &
Malone, 2009; Gerton et al., 2000; Sun et al., 1989). These hotspots tend to occur in the
promoter regions of genes but are generally absent vincinal the centromeres and telomeres
(Blat, Protacio, Hunter, & Kleckner, 2002; Petes, 2001; Baudat & Nicolas, 1997). Genome-
wide microarray studies have further suggested that hotspots occur preferentially in high GC
chromosomal domains, however, no obvious consensus sequence has ever been linked to
hotspots (Haring, Lautner, Comeron, & Malone, 2004). A large number of proteins have been
shown to govern the recombination pathway, and moreover at least ten proteins (Spoll,
Rec102, Rec104, Ski8/Rec103, Rec114, Mei4, Rec107/Mer2, Mrell, Rad50, and Xrs2) have
been identified as being essential in initiating meiotic recombination via DSB induction
(Keeney, 2001). Null mutations of these ten genes are indistinguishable from one another in
an S. cerevisiae model—all result in an absence of DSBs or recombination, disrupted
synapsis, and unviable spores (Koehn et al., 2009). Other studies have demonstrated that these
ten proteins function within three sub-complexes: (1) the Spol1-sub-complex, comprised of
Spoll, Ski8, Rec102, and Rec104 (Arora, Kee, Maleki, & Keeney, 2004; Cheng, Liu, Wang,
Parker, & Song, 2004; Kee, Protacio, Arora, & Keeney, 2004; Jiao, Salem, & Malone, 2003,
Kee & Keeney 2002; Uetz et al., 2000; Salem, Walter, & Malone, 1999); (2) the Rec114-sub-
complex, consisting of Rec114, Rec107, and Mei4 (Sasanuma et al., 2008; Maleki, Neale,
Arora, Henderson, & Keeney, 2007; Henderson, Kee, Maleki, Santini, & Keeney, 2006; Li,
Hooker, & Roeder, 2006; Arora et al., 2004); and (3) the MRX-sub-complex, made up of
Mrell, Rad50, and Xrs2 (Borde, 2007). While it has been suggested these ten proteins
function as a holocomplex, the exact mechanism by which they collectively form DSBs has

been challenging to define.

Among the first meiotic recombination-associated proteins to be identified was Spoll
(Klapholz, 1985; Esposito, 1969). The original DSBs that initiate all the recombination repair
branches are made by Spol1, a meiosis-specific protein with homology to an archeal type Il
topoisomerase (Bergerat et al., 1997). The Spoll-initiated DSBs have further been implicated
as necessary for synapsis and sex body formation (Bellani, Romanienko, Cairatti, &

Camerini-Otero, 2005). Spol1 is evolutionarily extremely well conserved, with orthologues
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present in yeast (Lin & Smith, 1994), fly (McKim & Hayashi-Hagihara, 1998), C. elegans
(Dernburg et al., 1998), mouse and humans (Shannon, Richardson, Christian, Handel, &
Thelen, 1999). Several studies aiming to retard recombination showed that when DSBs were
induced (with all subsequent resolution was prevented) Spol1 was found covalently linked to
the 5’ terminus of the broken DNA (Keeney, Giroux, & Kleckner, 1997). Cytological studies
show that Spol11 forms foci on chromatin during leptotene in mouse, Sordaria macrospora,
and S. cerevisiae (Prieler, Penkner, Borde, & Klein, 2005; Storlazzi et al., 2003; Romanienko
& Camerini-Otero 2000), but strangely enough, Spol1l is present in greater quantities than
what is simply required for DSB formation (Neale, Pan, & Keeney, 2005), and the Spol1 foci
persist on chromatin at hotspots well into Pachytene (Prieler et al., 2005; Storlazzi et al.,
2003; Romanienko & Camerini-Otero, 2000). It is still unknown what, if any, purpose the

persistence of Spoll has (Keeney, 2007).

In contrast to Spol1, the role of Mei4 and Rec114 in mammalian DSB formation was only
recently discovered. To date, the mammalian Mei4 and Rec114 protein structures have only
been characterised in a series of short signature sequence motifs (SSMs) located mostly in the
N- and C-termini of the proteins (Kumar, Bourbon, and de Massey, 2010). Altogether the
SSMs only constitute approximately 20% of the total protein sequences, which has been
interpreted as a reflection of the overall low amino acid sequence identity of the proteins
across species (Kumar et al., 2010). Kumar et al. (2010) found that the six SSMs of yeast
Mei4 form alpha-helical or coiled coil structures, which they propose are indicative of
protein-protein interactions. In contrast, they also predicted SSMs 1-6 of Rec114 form beta-
sheet structures of unknown biochemical functions. Using these data, they were able to
identify orthologues of Mei4 and Rec114 in most eukaryotes (excluding Sordariomycetes, C.
elegans, and Drosophila), including mammals. This study also found that the N-terminal
region of Mei4, but not the C-terminal, is necessary for interaction with Rec114. Furthermore,
both the N- and C-terminal regions of Rec114 are needed for this interaction. Kumar et al.
also tested mouse Mei4 mutants finding that in the absence of Spol1, Mei4 foci are present in
wildtype numbers; however, in Mei4 mutants DSBs are not induced. They thus concluded that
Mei4—and by extension Rec114—play a structural role in DSB induction (while Spoll

actually makes the DSB), yet the mechanisms of this function are still not known.

After DSB induction, the 5’ termini are resected via 5’-to-3" exonucleolytic action of the
MRX-sub-complex. It has since been observed that mutations in rad50, mrell, and
com1/sae? result in failure to resect DSBs (McKee & Kleckner, 1997; Nairz & Klein, 1997;
Prinz, Amon, & Klein, 1997; Alani, Padmore, & Kleckner, 1990). In cases of rad50 and
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mrell, null mutations also result in failure to induce DSBs, suggesting they are intimately
involved in the formation and processing of DSBs (Nairz & Klein, 1997; Johzuka & Ogawa
1995; Alani et al., 1990). Looking into the evolution of Rad50 and Mrell it was found that
Rad50 is homologous to the E. Coli ShcC protein while Mrell is homologous to SbcD
(Sharples & Leach, 1995). In E. Coli, SbcC/ShcD acts as an exonuclease of dSDNA. The
observed homologies, therefore, further support the role of Rad50 and Mrell in 5’ end
resection (Connelly & Leach, 1996).

DSB induction seems to be conserved between yeast and mammals; however, the resolution
of recombination intermediates differs slightly, most notably in terms of regulation. While
both use the RecA homologues Rad51 and Dmcl, additional proteins are required in
mammals. RecA homologues and other proteins are relegated to distinct recombination
nodules that, in higher eukaryotes, far outnumber matured sites of crossing over. This
overabundance of recombination nodules seems to be unique to higher eukaryotes as in yeast
generally all early nodules mature into crossovers. Over the course of prophase I in mammals,
the protein composition of recombination nodules changes as their numbers decline,
suggesting that there is a temporal order to resolving recombination (reviewed by Cohen &
Pollard 2001).

RecA homologues, early recombination nodules, and strand invasion

In 1992 rad51, a recA homologue was identified in yeast (Aboussekhra, Chanet, Adjiri, &
Fabre, 1992; Shinohara, Ogawa, H., & Ogawa, T 1992). Since then, Rad51 has been found in
most eukaryotes (Brendel, Brocchieri, Sandler, Clark, & Karlin, 1997) as well as archaea
(Sandler et al., 1999). Additionally, eukaryotes contain a family of Rad51 paralogues (Sung,
Krejci, Van Komen, & Sehorn, 2003), although the number of paralogues differs between
organisms. Also in 1992, Bishop et al. identified a meiosis-specific RecA homologue, Dmcl.
Like Rad51, Dmcl is also well conserved in eukaryotes, and both proteins seem to be
required for meiotic recombination (Bishop, Park, Xu, & Kleckner, 1992).

Rad51 has been shown to be necessary for both mitotic and meiotic recombination and is
essential for cell viability in vertebrates. In mitosis, Rad51 is the only recombinase expressed
and recombination occurs predominantly between sister chromatids; however in meiosis,
where both Rad51 and Dmc1 are expressed, recombination occurs preferentially between

homologues (Sheridan et al., 2008). Rad51 is very well conserved; between yeast and humans
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there is ~50% sequence identity (Shinohara et al., 1993, 1992). Rad51 forms a right-handed
helical filament on ssSDNA (Fig. 2) that catalyses strand exchange (Egelman, 2001; Ogawa,
T., Yu, Shinohara, & Egelman, 1993).

Unlike Rad51, Dmcl is typically described as being meiosis-specific—though it is worth
noting studies in plants have shown somatic Dmc1 activity (e.g. Doutriaux, Couteau,
Bergounioux, & White, 1998). Dmc1 shares about 50% sequence identity with Rad51 and
(like Rad51) is highly conserved (Habu, Taki, West, Nishimune, & Morita, 1996; Bishop et
al.,1992). Indeed, despite the high identity between Rad51 and Dmc1, it has been suggested
that this is due more to convergent evolution than common origins. It is also thought that
Dmc1l evolution was driven primarily by the advantages of sexual reproduction (Marcon &
Moens 2005). In humans, DMC1 forms an octameric ring with itself (Fig. 2), binding as a
ring to DNA (Masson et al., 1999; Passy et al., 1999); however, it has also been shown that
conditions stimulating DMC1 recombinase activity also stimulate its ability to form filaments
like those of RAD51 and RecA (Bugreev, Golub, Stasiak, Stasiak, & Mazin, 2005; Lee et al.,
2005; Sauvageau et al., 2005; Sehorn, Sigurdsson, Bussen, Unger, & Sung, 2004). Ultimately,
whether or not the octameric ring plays a role in meiotic recombination has yet to be shown
(Sheridan et al., 2008). Recent studies have shown that the Dmc1 filament is essentially
identical to the Rad51 filament with respect to structural parameters including persistence
length, helical pitch, filament diameter, DNA bp per helical turn, and helical handedness
(Sheridan et al., 2008). This suggests the functional differences between Rad51 and Dmc1 are
the result of accessory proteins; Dmc1 function requires Mei5-Sae3, Hop2-Mnd1, and
Tid1/Rdn54 while Rad51 functions in association with Rad52, Rad55-Rad57, and Rad54
(Sheridan et al., 2008). In both yeast and humans, Dmc1 catalyses in vitro strand exchange
and D-loop formation (Gupta, Golub, Bi, & Radding, 2001; Hong, Shinohara, & Bishop,
2001; Masson et al., 1999). Despite the conservation and the critical role of Dmc1 in many
species, fruit flies, nematodes, and Neurospora all lack a Dmc1 homologue (Shinohara &
Shinohara, 2004).
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Figure 2: Dmcl and Rad51
assembly After DSB initiation and
5’-end resection, RPA and Rad52
bind to a 3" tail, prompting Rad51 to

NOTE: assemble, forming a right-handed
This figure is included on page 16 helix along the ssDNA. Dmc1 then
of the print copy of the thesis held in forms an octameric ring on the

opposing 3’ tail. Following Rad51
and Dmc1 assembly, single end
invasion is catalysed (Figure from
Shinohara & Shinohara 2004).

the University of Adelaide Library.

Despite their structural and functional similarities, Dmc1 and Rad51 each play a unique role
in the formation of crossovers. Many researchers (Zickler & Kleckner, 1999; Schwacha &
Kleckner, 1997; Shinohara et al., 1997) have suggested that cooperation between Dmc1 and
Rad51 is critical to the development of meiosis-specific recombination. Cytological studies in
yeast, lily, and mouse have all shown that Rad51 and Dmc1 form foci on meiotic
chromosomes in Zygotene and that Rad51 foci co-localise with Dmc1 (Tarounas, Morita,
Pearlman, & Moens, 1999; Terasawa, Shinohara, Hotta, Ogawa, H., & Ogawa, T., 1995;
Bishop, 1994), supporting the claim that the two act cooperatively. In mouse and yeast Dmc1l
mutants, RAD51 foci still form, suggesting that RAD51 assembly on chromosomes is
independent of DMCL1 function (Pittman et al., 1998; Yoshida et al., 1998; Bishop, 1994).
However, rad51 mutants in yeast are also defective in Dmc1-focus formation (Bishop, 1994;
Shinohara et al., 1997), implying that Rad51 promotes Dmc1 foci. In 2000, Shinohara et al.
used high resolution immunostaining to reveal a side-by-side staining of Rad51 and Dmcl
foci (Shinohara, M., Gasior, Bishop, & Shinohara, A., 2000). Consistent with this finding,
two-hybrid studies show homotypic, but not heterotypic, interactions of Dmc1 and Rad51
(Catlett & Forsburg, 2003; Dresser et al., 1997). These findings support the proposed
hypothesis that Dmc1 and Rad51 function independently rather than forming heteromeric
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filaments (Shinohara et al., 2000; Zickler & Kleckner, 1999). Immuno-EM imaging of Dmcl
and Rad51 in mice further suggests an independent assembly of the two proteins (Tarsounas
et al., 1999) and identified the proteins within the early recombination nodule. Shinohara et al.
proposed that Dmc1 and Rad51 would be asymmetrically distributed at either end of the DSB,
thus resulting in functionally differentiated DSB ends. In 2001, Hunter and Kleckner reported
the two ends of a DSB do indeed act independently; at the Zygotene/Pachytene transition only
one DSB end is engaged in forming SEI (Hunter & Kleckner, 2001). It is still unclear,
however, how Dmcl and Rad51 are distributed at DSBs.

HORMA-domain proteins and recombination partner selection

While most reviews of meiotic recombination assume that crossovers form between
homologous chromosomes, this is not always the case. Observed intermediates in budding
yeast indicated that inter-homologue recombination was greatly favoured (Schwacha &
Kleckner, 1997); however, in fission yeast, hot spots exist where inter-sister recombination
occurred at a higher frequency than inter-homologue interactions (Cromie et al., 2006). The
difference between the two seems to be an inter-sister barrier that presents in budding, but not
fission, yeast. While the mechanism of the barrier is not fully understood, it is thought that
Mek1, Hopl and Red1 of the axial elements play a role; mutations in these genes remove the
meiotic block to inter-sister recombination in budding yeast (Niu et al., 2005; Wan, de los
Santos, Zhang, Shokat, & Hollingsworth, 2004; Pecifa et al., 2002; Bishop et al., 1999;
Schwacha & Kleckner, 1997; Mao-Draayer, Galbraith, Pittman, Cool, & Malone, 1996;
Rockmill & Roeder, 1990). Comparisons of joint molecule formation in 2D gel analysis of
dmcl and rad51 mutants suggests that Dmc1 promoted interhomologue over inter-sister
recombination (Schwacha & Kleckner, 1997). In yeast, in which the Red1 block to inter-sister
recombination was defective, rad51 deletions had no effect on the number of interhomologue
interactions while dmcl deletions eliminated such interactions, leaving only inter-sister
recombination. In yeast, the ATR and ATM homologues, Mecl and Trell, are required along
with Hopl (a HORMA domain protein) for the prophase checkpoint (Carballo, Johnson,
Sedgwick, & Cha, 2008; Aravind & Koonin, 1998). Hopl is necessary for SC and DSB
formation and, when phosphorylated by Mecl and Trell, is essential for the maintenance of
the meiotic prophase checkpoint and the interhomologue bias (IH bias) of crossovers
(Carballo et al., 2008; Niu et al., 2005; Bailis, Smith, & Roeder, 2000; Woltering et al., 2000;
Schwacha & Kleckner, 1994). HORMA domain-containing proteins have been shown to be
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conserved evolutionarily and have similar roles in other organisms from plants and nematodes
to mammals (Wojtasz et al., 2009; Goodyer et al., 2008; Martinez-Perez et al., 2008; Sanchez-
Moran, Santos, Jones, & Franklin, 2007; Couteau & Zetka, 2005; Martinez-Perez &
Villeneuve, 2005; Nonomura et al., 2004; Caryl, Armstrong, Jones, & Franklin, 2000; Zetka,
Kawasaki, Strome, & Muller, 1999). In 2009, Wojtasz et al. showed that Hormad1 and
Hormad2 accumulate on unsynapsed chromosome axes in mouse, and that Hormad1/2 deplete
from the chromosomes in response to SC formation in an ATP-dependent fashion (Wojtasz et
al., 2009), making them an interesting candidate when looking at sex chromosome
recombination (as much of the paired sex chromosomes do no synapse). It is possible that this
depletion downregulates IH bias and the prophase checkpoint at completion of the
chromosome homology search and formation of SCs between aligned homologues, thus
Hormad1/2 may be at the centre of coordination between homologue pairing, synapsis, and

crossing-over.

The fate of SEI: Rpa and Blm

RPA is a heterotrimeric complex (consisting of Rpal, Rpa2, and Rpa3) that binds sSDNA
(Wold, 1997). In somatic cells, Rpa recruits Rad51 (Mcllwraith et al., 2000), however in
meiotic cells, Rpa expression increases as Rad51 and Dmc1 leave chromosome cores (Oliver-
Bonet, Turek, Sun, Ko, & Martin, 2005; Moens et al., 2002). Rpa foci are associated with
transition nodules (TN) that initially contain Rad51/Dmc1 but later are comprised of Msh4,
BIm and topoisomerases (Marcon & Moens, 2005). It is debatable whether or not Rpa is
associated with recombination nodules (RNs, a.k.a. crossovers) due to temporal separation
between MIh1 and Rpa, though immunofluorescent studies have shown some co-localisation
(Plung et al., 1998). It has thus been suggested that Rpa, along with Msh4/Msh5 (and possibly
MIh3) may be involved in conformational changes necessary to convert TNs to RNs, further
suggesting meiotic-specific roles for Rpa and evolutionary modifications in the development
of sexual reproduction (Marcon & Moens, 2005). It has also been suggested that Rpa
phosphorylation is the key to the proteins’ differential functions during these various
processes (Clifford, Marinco, & Brush, 2004; Brush, Clifford, Marinco, & Bartrand, 2001;
Wang, Guan, Perrault, Wang, & lliakis, 2001; Brush & Kelly, 2000; Brush, Anderson, &
Kelly, 1994). The phosphorylation of Rpa may explain its persistence in prophase, allowing
Rpa to displace Rad51/Dmc1 and provide the necessary DNA conformation for interaction
with BIm, Msh4/Msh5, and topoisomerases.
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BLM is a helicase belonging to the well-conserved RecQ family which is responsible for
genome maintenance from bacteria to humans (We & Hickson, 2006). BIm has been shown to
interact with Rad51 along with a host of other proteins involved in DNA-damage repair,
including Mus81, MlIh1, Rpa, and Atm (Sharma, Doherty, & Brosh, 2006; Beamish et al.,
2002). In 2000, Karow et al. described that BIm can reorganise Holliday junctions and
promote branch migration, and in vitro studies have shown that BIm acts to unwind D-loops
and resolve HJs (Bachrati, Borts, & Hickson, 2006; Wu & Hickson, 2003; Karow,
Constantinou, Li, West, & Hickson, 2000; van Brabant, 2000). Yet, the activity of BIm has
been somewhat controversial: several studies have indicated that BIm may repress
homologous recombination or promote it (Adams, McVey, & Sekelsky, 2003; Gonzalez-
Barrera, Cortes-Ledesma, Wellinger, & Aguilera, 2003; Sonoda et al., 1999). Blm likely acts
as a mediator in crossover formation. The BIm homologue, Sgs1, prevents aberrant CO
formation by suppressing joint molecule (complexes comprised of 3 and 4 interconnected
DNA duplexes) formation. Sgs1 and pro-crossover factors Msh5 and MIh3 are antagonistic,
as Sgsl prevents dHJ formation in msh5 mutants and sgs1 mutants alleviate CO defects in
msh5/mlh3 mutants (Oh et al., 2007). It is in disrupting any aberrant junction molecules (JMs)

that BIm maximised efficient repair while minimising deleterious COs (Oh et al., 2007).

Mismatch repair proteins

In yeast, Msh4 and Msh5 were identified to be meiosis-specific MutS homologues, the two
forming a heterodimeric complex—a sliding clamp—with one another (Svetlanov & Cohen,
2004). However, due to a deletion, they are missing the appropriate residues necessary for
mismatch detection (Svetlanov & Cohen, 2004). The structure of the Msh4-Msh5 heterodimer
is such that it allows heteroduplex-like structures to pass through it. Yeast studies had
suggested their role in recognising HJs, perhaps involved in resolving recombination
intermediates. Msh4-Msh5 have also been linked to a large number of vital functions in
meiotic recombination including chromosome pairing (Kneitz et al., 2000; de Vries et al.,
1999; Edelmann et al., 1999) crossover interference (Novak, Ross-Macdonald, & Roeder,
2001; Zalevsky et al., 1999) and the stabilisation of HJs in vitro (Snowden, Acharya, Butz,
Berardini, & Fishel, 2004).

MLH1, MLH3, and PMS2 (Pms1 in yeast) are the major eukaryotic MutL homologues active
in meiosis, though none of them are meiosis-specific. MLH1 forms a heterodimer with either

MLH3 or PMS2, with both dimers having different functions. Yeast studies show mlh1 and
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mlh3 mutants have defective crossover formation, thus suggesting the MIh1-MIh3
heterodimer plays a vital role in crossover formation (Svetlanov & Cohen, 2004). Further, in
mice and humans MLH1 and MLH3 form foci in pachytene with number and distribution
matching that of the chiasmata (Moens et al., 2002; Anderson, Reeves, Webb, & Ashley,
1999). These finding have led to the interpretation of MLH1 and MLH3 as markers of
crossovers. Moreover, biochemical and immunofluorescent studies have implied a functional
interaction between MLH1 and MLHS3. Indeed, the recruitment of MutL homologues to MutS
homologue complexes seems to require the heterodimerisation of MLH1 and MLH3
(Svetlanov & Cohen, 2004); however, this does not necessarily mean the two universally co-
localise. It has been shown that MLH3 foci are occasionally found in the absence of MLH1.
This could mean that MLH3 localises at crossovers before (and recruits) MLH1 and/or
MLH3-exclusive foci may be a novel class of meiotic nodule involved in non-reciprocal

recombination.

Temporal progression of recombination

As implied by the changing composition and number of recombination nodules, the
machinery regulating meiotic recombination is subject to temporal and spatial expression. In
2005, Oliver-Bonet et al. characterised the temporal expression of meiotic DSB repair
proteins (Fig. 3) in human spermatogenesis (Oliver-Bonet et al., 2005). Oliver-Bonet’s study
began with the localisation of RAD51, first seen in late leptotene / early zygotene. RAD51
initially is visible as foci along the axial elements, having a fixed number until mid-zygotene.
At this point, the foci numbers decline until virtually all RAD51 foci are gone in mid-
pachytene. However, they found a heavy concentration of RAD51 persists on the axial
elements of the X chromosome and on the pseudoautosomal region well into late pachytene.
Overall, RAD51 foci number declined with an increase of synapsis, and during pachytene
RAD51 foci localised to asynaptic regions. While RAD51 co-localised briefly with MSH4
during zygotene, it never co-localised with MLH1. MSH4 expressed shortly after RAD51,
first appears in early zygotene. Unlike RAD51, though, MSH4’s temporal expression follows
somewhat of a bell curve, increasing until it reaches its maximum at late zygotene / early
Pachytene (in human males this amounts to nearly 200 foci). After peaking, MSH4 numbers
decline until they plateau from mid-to-late Pachytene. During this plateau, MSH4 co-localises
with MLH1 and MLH3. MSH4 was also detected on the sex body, present on the axes of the
X and Y chromosomes in early Pachytene, even if the sex chromosomes existed as univalents.

Like RAD51, MSH4 also localises on the AEs of some asynapsed regions of the autosomes,
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though not all asynapsed regions had MSH4 foci. The persistence of Msh4 through Pachytene
has also been reported in mouse (Santucci-Darmanin et al., 2000). The interaction of MSH4
with RAD51, RPA, MLH1, and MLH3 in human and mice (Neyton et al., 2004; Moens et al.,
2002; Santucci-Darmanin et al., 2002, 2000) has influenced the hypothesis that MHS4 has
diverse functions in meiosis. One of these roles may be structural in nature as Msh4 mutants
in mice initiate synapsis but cannot maintain it, implying that Msh4 is essential for proper
synapsis (Kneitz et al., 2000). MSH4 has been detected at nascent sites of synapsis, as well as
at asynapsed regions in Pachytene, further suggesting a structural role of MSH4 (Oliver-
Bonet et al., 2005).

MLH3 first appears at early Pachytene, co-localising with MSH4; the appearance of MLH3
further coincides with a decrease in MSH4 foci. MLH1 foci follow shortly after, supporting
the hypothesis that MLH3 can attach to recombination nodules in the absence of MLH1

(Lipkin et al., 2002) as well as supporting the hypothesis that MLH3 recruits MLH1. On the
sex chromosomes, one—and only one—foci was identified, positive for MSH4, MLH3, and

MLH1, localised in the pseudoautosomal region in humans (Oliver-Bonet et al., 2005).
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NOTE:
This figure is included on page 22 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 3: Temporal progression of recombination machinery in prophase | A. Graphical representation of temporal expression of RPA, MSH4, MLH1, MLH3, and
RADS51 foci. See text for review (Figure from Oliver-Bonet et al., 2005). B. Breakdown of events of DSB repair; proteins governing each stage are indicated via arrows.

See text for further review.
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Regulation of crossover frequency and position

Recent studies have begun to characterise the temporal and spatial activities of recombination
proteins, and there is increasing evidence that chromosome morphology (e.g. size, centromere
position) and chromatin conformation play an important role in the process of meiotic
recombination (Kleckner et al., 2004; Nabeshima, Villeneuve, & Hillers, 2004; Hillers &
Villeneuve, 2003; Meneely, Farago, & Kauffman, 2003). Spatial regulation of crossovers has
also been demonstrated in a number of species. In chicken, MLH1 foci appear in late
Zygotene and persist through Pachytene. The number of foci has a linear, direct relationship
with SC length as well as DNA content and SC number (Pigozzi, 2001). Generally speaking,
the longer an SC, the more DNA is present, and therefore more MLHL1 foci. The exceptions to
this trend are the microbivalents. The number of foci on microbivalents in relation to the
amount of DNA and SC length is higher (proportionally) than in the larger bivalents. The
microbivalents invariably have one MLH1 focus each while the longer bivalents can have
anywhere from two to nine foci. The distribution of these foci was further shown to be non-
random, and although no specific localised position was identified, there was a noticeable
reduction of foci near the kinetochores (Pigozzi, 2001). Interestingly, it has been shown that
centromere location can influence crossover position in humans as the metacentric
chromosome 16 typically has two chiasma each located on one opposing arm and each distal
to the centromere. In contrast, the acrocentric chromosome 15 has anywhere from one to three
chiasmata located across the long arm (with none on the short arm), and in the event of
trichiasmates, the third crossover is positioned adjacent to the centromere (Saadallah &
Hulten, 1983).

In 2002, Froenicke et al. used immunofluorescent staining against MLHZ1 combined with
fluorescence in situ hybridisation of chromosome specific DNA probes in order to construct a
physical recombination map for mouse meiotic chromosomes. In general, they observed the
same trend Pigozzi had seen in chicken. There were, however, some notable exceptions. In
mouse, chromosomes 5, 7 and 11 had SCs that were 10-20% longer than would be predicted
by this trend while chromosomes 3, 16 and 18 were 10-14% shorter. SC length accounted for
96% of the variation in foci number, with the longer SCs having more MLH1 foci. However,
the three shortest SCs (chromosomes 16, 18 and 19) did not follow this relationship. Each of

these short SCs had one MLH1 focus per bivalent, rather than the expected frequency
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(predicted to be less than one focus per bivalent). This observed MLH1 foci has been termed

the “obligate crossover.”

The location of the MLH1 foci also followed a set pattern. On all SCs, foci were severely
repressed within 0.5-1 um of the centromere. In the longest SCs (chromosomes 1, 2, 4, 5, 7
and 11) two MLH1 foci were typically present. When two foci were present, they had a
bimodal distribution: one focus near the centromere while the other was near the distal end. If
the longest SCs had only one foci, its distribution tended to be more spread out over the area
between the locations of the double-foci SCs. Mid-length SCs (chromosomes 3, 6, 8, 9, 10
and 12) generally had one focus. However, in the instances where they had two, distribution
was more bimodal than the longer SCs with foci being relegated to more extreme ends. When
shorter SCs had only one MLH1 focus a more wide-spread localisation was observed than
was seen on longer SCs. The short SCs (chromosomes 13-19) rarely had two foci, though
when present these foci were at extreme opposing ends. More typically, these chromosomes
had only one foci which had a unimodal distribution for chromosomes 14 and 18, but a
bimodal distribution for chromosomes 13, 15, 16 and 17. In all shorter chromosomes, the
MLH?1 focus could localise anywhere along the SC length, though it appeared most frequently
at the distal ends of the SC. As a result of the recombination mapping, Froenicke et al.
concluded that there were “hot” and “cold” regions of recombination as well as crossover

interference present in mouse (2002).

It has thus been demonstrated that many species have a non-random distribution of crossovers
(de Massy, 2003), but what regulates the number and position of these crossover events?
Using ChlIP analysis, a Spol1-based ChIP-chip approach was used to detect sites of DSBs in
budding yeast. These studies found that DSB hotspots tend to occur in promoter regions while
being repressed in centromeric and telomeric domains (Mieczkowski et al., 2006; Borde et al.,
2004; Gerton et al., 2000), confirming previous conclusions of Southern blot analysis (Baudat
& Nicolas, 1997). However, similar experiments in fission yeast have revealed more widely
distributed DSB sites (Cromie et al., 2007; Young, Schreckhise, Steiner, & Smith, 2002).
Other studies in yeast have shown that Spol1 activity is restricted to hotspot domains. A
specialised form of Spoll made to target UAS sites only acted on targets integrated into
hotspots while it failed to act on targets integrated outside of hotspots (Fukuda, Kugou,
Sasanuma, Shibata, & Ohta, 2007). In mouse, variants of the Dsbcl (Double-strand break
control 1) locus were found to influence DSB and CO formation at hotspots on chromosomes
(Grey, Baudat, & de Massy, 2009). Located in the Dsbcl locus is the Prdm9 gene (Baudat et
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al., 2010). Prdm9 is a member of the PR-domain family and encodes a protein, Prdm9,
present in prophase of meiosis and has been shown to trimethylate lysine 4 of histone H3
(Hayashi, Yoshida, & Matsui, 2005). This is significant because in yeast and mice, the
trimethylation of H3K4 is an indicator of DSB initiation sites (Buard, Barthes, Grey, & de
Massy, 2009). In 2010, Baudat et al. demonstrated that variations in the PRDM9 zinc finger
array were associated with hotspot usage in mouse and humans (Baudat et al., 2010). Indeed,
they showed that PRDM9 specifies DSB induction sites in mammals via direct binding to
specific sequences in the genome. This was expanded upon through the findings that Prdm9
has also been shown to be a hybrid sterility gene; the number of zinc fingers encoded by
Prdm9 directly affects hybrid sterility (Mihola, Trachtulec, VIcek, Schimenti, & Forejt,
2008). In a recent study, Oliver et al. found that the Prdm9 gene has been subject to rapid
evolution across many Metazoan taxa (Oliver et al., 2009). They found that positive selection
and concerted evolution directly and profoundly altered the DNA-binding specificity of
PRDMQ in primates and rodents. However, the influence of positive selection was not
universal across taxa and was not observed in ray-finned fish or tunicates. There are examples
of lineage specific changes of the Prdm9 gene which include loss of all zinc finger domains in
C. elegans Prdm9, pseudogenisation in dog, and duplication in platypus (Oliver et al., 2009).

The phenomenon of crossover interference also has a major impact on meiotic recombination
regulation. Interference, as its name implies, is a repression of adjacent crossovers—it
prevents crossovers from being formed within a certain distance of one another. Previously it
was thought that interference was mediated by the SC, after all, fungi known to lack SCs also
lacked interference (Cromie & Smith, 2007). In budding yeast, a mutation in Zipl—an SC
component—knocks out both the SC and interference (Sym & Roeder, 1994). However, it
now seems interference is established prior to synapsis. The Zip2 and Zip3 proteins are part of
the ZMM group that are required to form interference-sensitive crossovers (Borner et al.,
2004). Msh4 and Msh5 are also members of the ZMM group of proteins that co-localise with
Zipl and Zip2 (Novak et al., 2001). Zip1 and 2 form as foci in meiosis that have a frequency
and display interference matching that of COs (Fung, Rockmill, Odell, & Roeder, 2004;
Henderson & Keeney, 2004; Rockmill, Fung, Branda, & Roeder, 2003); these foci also mark
sites of synapsis initiation (Agarwal & Roeder, 2000; Chua & Roeder, 1998), suggesting that
interference not only precedes synapsis but that synapsis may be initiated at sites of

interference-sensitive COs.

Recent evidence in C. elegans shows that the physical structure of chromosome axes

influences interference. Only the ZMM pathway exists in nematode, meaning a high level of
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interference is exhibited (typically only one CO occurs per bivalent) (Meneely et al., 2002).
Yet when two or three chromosomes are fused end-to-end, still only one crossover is
observed between the fused homologues, instead of two or three COs (Hillers & Villeneuve,
2003). Continuity of the axis is essential; when a fused chromosome recombines with two
unfused chromosomes (such that one has a “broken” axis and the other does not) CO number
between the two increases (Nabeshima et al., 2004). It has since been suggested that meiotic
COs are promoted to relieve stress locally in chromosome axes, which then suppresses further
CO formation (Kleckner et al., 2004). However, this hypothesis still does not explain the
specific roles of ZIP2-ZIP3 or MSH4-MSHb5.

Given the critical importance of meiotic recombination, it follows that the number and
position of crossovers are tightly regulated yet, genome-wide and regional recombination
rates differ between males and females, as well as between individuals of each sex (Sun et al.,
2006; Hassold et al., 2004; Lynn et al., 2002; Kong et al., 2002; Broman, Murray, Sheffield,
White, & Weber, 1998). In 2008, Kong et al. showed that sequence variance in the human
RNF212 gene was associated with sex-based differences in recombination rate (Kong et al.,
2008). This was further substantiated when RNF212 variants were specifically shown to
influence male recombination rates (Chowdhurry, Bois, Feingold, Sherman, & Cheung,
2009). RNF212 is a putative orthologue of the C. elegans ZHP-3 gene, a homologue of the
yeast Zip3 gene (Jantsch et al., 2004). The Zip3 gene, as part of the ZMM recombination
pathway, is involved in SC formation, yet the conservation between RNF212 and ZHP-3 is
low (Kong et al., 2008). This may suggest an alternate function of the RNF212 protein in
humans and other mammals, though the Kong et al. 2008 study clearly indicates that RNF212
still plays a role in recombination, and it’s possible that RNF212 influences different

recombination rates via crossover interference.

It has been observed that the degree of interference does not depend only on species but also
on sex. In humans, the female recombination map is 1.7 times longer than that of males
(Broman et al., 1998; Donis-Keller et al., 1987). In mice, the female map is 1.3 times longer
(Roderick, Davisson, & Doolittle, 1996). Petkov et al. proposed that interference underlies the
sex differences in recombination frequency (2007); looking at crossovers on mouse
chromosome 1, they found that females averaged 1.97 chiasmata per bivalent while males
only had 1.60. Furthermore, females had approximately 1.5 times higher frequency of double
crossovers and ~14 times higher frequency of triple crossovers. Indeed, they also found that

males had a larger interference distance than females. In females, complete interference
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extends up to 40 Mb and fades between 40 and 77 Mb while in males complete interference
extends to 57 Mb, fading between 57 and 112 Mb. Given that chromosome 1 is only 197 Mb;
females have plenty of space for 3 COs, while males would require nearly the entire length of
the chromosome to accomplish this. Overall it has been concluded that interference is
correlated with bivalent length in Pachytene. Differences in the bivalent length have been
reported between males and females in humans and mice (Tease & Hulten, 2004). In female
mice, chromosome 1 was measured to be 13.7 um long while in males it was only 10.2 ym
(Petkov et al., 2007). It has now been suggested that the position of crossovers is dependent

(to a degree) on interference distance, which is then related to SC length.

Sex chromosomes and queering the crossover paradigm

What is the crossover paradigm?

Crossing over between homologues has been recognised as a necessity for proper meiotic
segregation and progression (Page & Hawley, 2003). Crossovers are tightly controlled such
that every bivalent makes at least one “obligate” CO, with multiple COs on the same
chromosome being widely spaced (Jones & Franklin, 2006; Hillers, 2004). In eutherian
mammalian males, recombination between the X and Y chromosomes is further restricted to
the small pseudoautosomal region (PAR). Because a crossover is generally necessary for
proper segregation of sex chromosomes, the crossover frequency per Mb of DNA is orders of
magnitude higher in the PAR compared to the rest of the genome. Recent studies have shown
that the serine/threonine kinase, ATM, is necessary for sex chromosome synapsis and the
formation of the X-Y obligate crossover (Barchi et al., 2008). Many studies have further
linked aneuploidy to male infertility (Calogero et al., 2003; Aran et al., 1999; Moosani et al.,
1995) and reduced XY crossovers, specifically, have been correlated with increased
aneuploidy of sex chromosomes (Sun et al., 2008). Overall, the crossover paradigm describes

the necessity of crossovers for correct meiotic segregation and progression.

27| Page



Sex chromosomes: exceptions to the rules?

The hypothesis of X-Y crossovers goes back to Koller and Darlington who, in 1934,
concluded that rat sex chromosomes always undergo one crossover in their paring segment
(Koller & Darlington, 1934). It had been shown that X and Y chromosomes form end-to-end
associations, and in 1959, Ohno, Kaplan, & Kinositar supported the obligate sex chromosome
crossover hypothesis (Ohno, Kaplan, & Kinositar, 1959), and electron microscopy confirmed
that the sex chromosomes undergo partial synapsis followed by chiasma formation (Solari,
1974). Since then, an X-Y crossover model has been proposed. First, sex chromosome pairing
is possible due to homologous pairing segments. It has since been demonstrated in many
species that PARs exist and are instrumental in sex chromosome pairing, synapsis,
recombination and segregation—in humans, the PAR exists between Xp and Yp (Pearson &
Bobrow, 1970). Second, a single obligatory crossover is made in the PAR, supporting the
hypothesis that all chromosomes require at least one CO (Hulten, 1974). It is widely thought
that the X-Y PAR in humans was too small to accommodate more than one crossover
(Burgoyne, 1982), and this idea was supported when it was observed that chromosomes 21
and 22 g arms—which are about four times the length of the PAR—have one and only one
CO (Hulten, 1974). Furthermore, it has been demonstrated that COs in the PAR are strongly
restricted to the proximal third of the pairing region (Solari, 1980). This evidence suggests
that crossover location and number is highly regulated in the PAR. A summary of meiotic

recombination in sex chromosomes (for some vertebrates) can be found in Table 2.
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Table 2: Summary of meiotic recombination in sex chromosomes Outlined below are known details regarding the pseudoautosomal regions (PARS), synapsis and the
formation of axial elements (AEs), and meiotic recombination and the formation of recombination nodules (RNSs) of the heterogametic sex in birds and mammals Pigozzi

& Solari, 2005, 1997).

Aves Mammalia
Palaeonathae Neognathae Monotremes Marsupials Eutherians
Ratites Tinamiformes
R. americana N. maculosa G. gallus O. anatinus T. elegans M. musculus
Sex Chromosomes  ZZ (3), ZW (%) ZZ (), ZW (9) 77 (3), ZW (?) SX5Y (&), 10X (9) XY (&), XX (9) XY (&), XX (9)

Large PAR spaning
most of the length of the

Large diversity of PAR sizes
(some span large portions of

PARs sex chromosomes chromsomes, some are small)
Synapsis along vast Synapsis along PAR
majority of axial length
Synapsis

2-3 RN freely Single RN freely distributed
Recombination in  distributed along 80% of along 25% of W chromosome
the PAR of SC
heterogametic sex

Small terminal PAR

Full heterologous synapsis

Single RN strictly located
at the synaptic terminus

Large diversity of PAR sizes, Hypothesised absence of PAR

some PARs have yet to be
identified.
Unknown

Hypothesised meiotic chain
held together via terminal
chiasmata

Asynaptic; sex chromosomes
form AEs and associate via a
dense plate
Achiasmate

Small terminal PAR

Synapsis along PAR

Single RN

29| Page



However, studies in birds have shown some variation in the regulation of CO placement in the
PAR. Neognaths have a single crossover that is strictly localised near the synaptic telomeres
of the Z-W chromosomes, contrasting with the more wide-spread range of the single CO in N.
maculosa, a bird belonging to more basal avian taxa of Ratites (Pigozzi & Solari, 2005). R.
americana, has multiple COs along most of the SC of the ZW bivalent (Pigozzi & Solari,
1997). This free recombination observed in the ratites has been partly attributed to low W
heterochromatin content, the nearly equivalent size of their Z and W chromosomes, and an
interference distance of 25% the length of the W axial length (Pigozzi & Solari, 1997),
although it is very likely this is also a function of PAR size. Though these species of birds
show multiple sex chromosome COs, they are unique in that their PARS are considerably
larger than those of mammals and Neognaths. Nonetheless, double-crossovers have been
observed in humans and mice. In humans, the Xp-Yp PAR has a recombination frequency of
50% (meaning it always recombines) in male meiosis, and recombination across the PAR is
an order of magnitude higher in males vs. females (Henke, Fischer, & Rappold, 1993; Page et
al., 1987; Rouyer et al., 1986). In 1994, a double CO was described in the human PAR
(Rappold, Klink, Weiss, & Fischer, 1994), and though exceptionally rare, the finding
challenged Burgonye’s assertion that one and only one CO forms between sex chromosomes
(Burgonye, 1982). The possibility of double PAR crossovers was confirmed using sperm-
typing (Schmitt et al., 1994). Also identified was a relatively strong interference with a
coefficient of coincidence (ratio of observed to expected) of 0.26, where 0 is complete
interference and 1 is no interference (Schmitt et al., 1994). Interestingly, PAR1 in human was
subject to less interference than was once thought, as it was originally hypothesised that
recombination would occur at a frequency of 0.018 in PARs (observed ~0.4) and that
interference would be complete. In fact the value of 0.26 coincidence is similar to the 0.35
estimated for the autosomes (Shields, Collins, Buetow, & Morton, 1991; Morton & Collins,
1990; Pascoe & Morton, 1987). The mouse PAR, which is only 700 Kb long (Perry, Palmer,
Gabriel, & Ashworth, 2001), is vastly shorter than the human PAR (about 2.5 Mb), but
nonetheless can have double COs. Moreover, double COs seem to occur at a higher frequency
in mouse than in human and with no significant interference (Soriano et al., 1987). Double
recombinants are still rare, as Soriano et al. reported only three in a sample population of 127
(1987).

Crossing over, then, has been recognised to be required at least once in the PAR, and
recombination outside the PAR does not occur. Theories of sex chromosome evolution

propose that the sex determining locus was established on sex chromosomes in a region of
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reduced recombination, perhaps due to inversions (Charlesworth & Charlesworth, 1978;
Ohno, 1970). It has been shown that DNA sequence divergence increases with distance from
the PAR—a feature that has been called evolutionary strata (Lahn & Page, 1999). It is thought
that strata may be the result of multiple Y inversions that disrupted recombination (Lahn &
Page, 1999). Furthermore, strata resembling those on the human X have also been observed in
the chicken Z (Lawson-Handley, Ceplitis, & Ellegren, 2004).

Throughout this review the position that crossovers are necessary for meiosis has been
repeatedly expressed, however, Drosophila males and Lepidoptera females (Turner &
Sheppard, 1975) do not undergo meiotic recombination at all. In mammals, exceptions to the
obligate crossover paradigm seem to be restricted to sex chromosomes. Marsupial sex
chromosomes (like those of eutherian males) pair later than the autosomes and form a dense
sex body, thought to be an effect of chromosome condensation and transcriptional
inactivation (Solari, 1974). Unlike eutherians, marsupial sex chromosomes do not form a
synaptonemal complex. Instead their sex chromosomes develop axial elements that do not
associate via an SC, but rather a dense plate (DP) attached to the chromosome ends (Seluja,
Roche, & Solari, 1987; Roche et al., 1986; Solari & Bianchi, 1975). Balloon-like structures
have also been observed between sex chromosomes (Roche et al., 1986; Sharp, 1982), and it
has been thought that these structures are related to the DP (Page et al., 2003; Roche et al.,
1986). Using immunofluorescence studies, it was determined that the DP was made up of
Sycp3 (Page et al., 2003), and it was further observed that no central element forms between
marsupial sex chromosomes, suggesting that the two never synapse. In 2005, it was shown
that the DP is conserved across marsupial species (Page et al., 2005). Moreover, because the
sex chromosomes of marsupials do not have a PAR, they are achiasmate (Page et al., 2006;
Toder, Wakefield, & Graves, 2000; Graves, 1996). The pairing and association of achiasmate
sex chromosomes raises interesting questions. It was observed that the sex chromosomes
paired in early Pachytene, perhaps as part of a secondary polarisation, correlated with the
adjacent location of the Golgi and centrioles, causing a late bouquet stage in which the sex
chromosomes find one another (Page et al., 2003; Roche et al., 1986; Solari & Bianchi, 1975).
The actual mechanism of recognition is unclear as chromosome ends associate, but this
association is not specific to a given arm (Page et al., 2003). The DP begins to form as the
axial elements (AEs) of the sex chromosomes thin, seeming to be derived from an expansion
of the AE ends along the nuclear envelope and both the DP and AEs are continuous (Page et
al., 2003). The DP then holds the sex chromosomes together until their segregation at late

metaphase / anaphase | (Page et al., 2006).
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Achiasmate sex chromosomes are not unique to marsupials, and have also been identified in
rodents (gerbils and voles) (Wolf, Baumgart, & Winking, 1988; Ratomponirina, Viegas-
Péguignot, Dutrillaux, Petter, & Rumpler, 1986; Ashley & Moses, 1980; Solari & Ashley,
1977). It had been proposed that sex chromosomes in these species use telomeric or distal
heterochromatic associations to remain paired (Wolf et al., 1988; Ashley & Moses, 1980;
Solari & Ashely, 1977). In 2007 the behaviour of these eutherian achiasmate sex
chromosomes was investigated. It was observed that the sex chromosomes did not synapse, as
evidenced by the lack of Sycpl (de la Fuente et al., 2007). Instead, the sex chromosomes
associated along the nuclear periphery, each forming its own distinct axial element (AE). In
Pachytene, the X and Y AEs were juxtaposed, but never in contact, and by Diplotene the AEs
of the X and Y had folded and become entangled, such that by diakenesis the X and Y were
indistinguishable (de la Fuente et al., 2007). As with the marsupial DP, the gerbil sex
chromosomes were connected via their AEs (SYCP3) until their segregation at anaphase | (de
la Fuente et al., 2007). Furthermore, MIh1 was never observed between the sex chromosomes;
instead, the X and Y accumulate a considerable number of Rad1 foci, persisting into late
Pachytene (de la Fuente et al., 2007). De la Fuente et al. proposed that the lack of MIh1 was

due to the absence of a PAR, although confirmation of this was never provided.

The complex monotreme sex chromosome chain raises more questions

about PAR crossovers

The above-mentioned findings of crossing over within PAR (or in the case of marsupials,
gerbils, and voles the complete absence of crossovers) underscores both the rigid control of
recombination in the sex chromosomes during spermatogenesis as well as the breadth of
flexibility afforded in these systems. The extent of this flexibility may be challenged yet again
as monotremes (platypus and echidna) question preconceived notions that suggest extensive
meiotic multiples are hindrances to fertility and rarely observed in mammals (Gritzner,
Ashley, Rowell, & Marshall Graves, 2006). Since the 1950’s the platypus karyotype has
generated controversy. Initially it was thought that the platypus had micro- and
macrochromosomes like birds and reptiles (Van Brink, 1959), but later reports of the
discovery of ten unpaired mitotic chromosomes and a male meiotic chain resulted in the
hypothesis of a sex-linked or an autosomal translocation system (reviewed by Grutzner et al.,
2006). Recently, however, the controversy has been resolved to reveal a complex system of

ten sex chromosomes (five X and five Y) in the platypus and nine (five X and four Y) in the
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echidna (Rens et al., 2007, 2004; Griitzner, Deakin, Rens, EI-Mogharbel, & Marshall Graves,
2003). During spermatogenesis the 10 platypus (Fig. 4) sex chromosomes (and the 9 in
echidna) form an alternating chain such that all Y chromosomes are oriented towards one
meiotic pole and the X chromosomes are oriented to the opposing pole (Rens et al., 2007,
Gritzner et al., 2003).

Figure 4: The platypus sex chromosome chain a) Inverted DAPI stain of the male meiotic chain and
b) the same chain hybridised with a telomeric repeat (red). The elements of the chain ordered for
oriented segregation. (Figure from Gritzner et al., 2003).

The discovery of the monotreme sex chromosome chains has raised a number of questions
about sex determination, evolution (reviewed by Grutzner et al., 2006), fertility, and meiotic
behaviour. In sex chromosome evolution studies it was found that while the platypus, like all
mammals, has an XY sex chromosome system, the platypus and therian X chromosomes
share no homology (Veyrunes et al., 2008). The platypus orthologues of genes found on the
human X (e.g. SOX3) all map to the platypus autosome 6, indicating that this is the ancestor
of the therian X and Y chromosome (Veyrunes et al., 2008). Furthermore, the platypus X
chromosome shares extensive homology with the chicken Z chromosome (Veyrunes et al.,
2008; Rens et al., 2007; Gritzner et al., 2004). The platypus and echidna chains are results of
reciprocal translocations between autosomes and sex chromosomes (Griitzner et al., 2006),
and studies of other fixed chromosomal heterozygotes show a propensity for terminal and
subterminal chiasmata (Stack & Soulliere, 1984; Lin, 1980). Based on these findings, it has
been assumed that translocation chromosome chains cannot be held together via proximal
chiasmata because only terminal and subterminal chiasmata would permit the chain flexibility
required for the zigzag confirmation at metaphase (Grutzner et al., 2006; Rickards, 1983),
although this rule is not universal (Rowell, 1991). In the platypus, sex chromosomes in the
chain show a tandem arrangement; furthermore, given the small, shared terminal paring
regions of many of the sex chromosomes, it has been suggested that the chain is held together
by terminal chiasmata (Gritzner et al., 2006). The exceptions to this are the X1 and Y1 long
arms, which share extensive homology (Grtzner et al., 2004; Rens et al., 2004).

33| Page



Many PARs have been identified in the echidna and the platypus (Fig. 5). In the platypus,
nine PARs are predicted between the ten sex chromosomes, though only seven have been
identified: PAR 1 encompasses the entire long arm of X1 and Y1, but PAR 7 (between X4
and Y4) and PAR 9 (between X5 and Y5) have yet to be identified (\Veyrunes et al., 2008).
Likewise, eight PARs are expected in echidna, though only six have been identified; yet to be
detected are PAR 5 (between X3 and Y3) and PAR 6 (between Y3 and X4) (Rens et al.,
2007). It was recently shown that the platypus meiotic chain assembles in a stepwise fashion
such that X1-Y1 pair first, then X2 and Y2, and so on until the chain is fully paired (Daish,
Casey, & Grutzner, 2009). Left unanswered, however, are questions concerning synapsis and

recombination.

NOTE:
This figure is included on page 34 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 5: Platypus pseudoautosomal regions PARs 1-6 and PARS8 have been identified, but PAR 7
(between X4 and Y4) and PAR 9 (Between X5 and Y5) are still unidentified. (Figure from Daish et
al., 2009).

The current proposal for recombination in the monotreme meiotic chains suggests that each
member of the chain (with the exception of the two terminal chromosomes) must have two
crossover events each, one per PAR. This feat, while possible (as evident in other species with
smaller meiotic multiples) is still quite an undertaking, as most of these sex chromosomes are
extremely small. In order for most of them to have two chiasmata would seem to require an
extremely low (if not non-existent) level of crossover interference. Given the unidentified
PARs on some chromosomes, some members of the chain may be achiasmate and form a DP-
like structure as observed in marsupials. Interestingly, the major histocompatibility complex
(MHC) was recently mapped to the platypus sex chromosome chain; however, the MHC in
monotremes is not contiguous, rather it is located on two different PARs (Dohm, Tsend-
Ayush, Reinhardt, Gritzner, & Himmelbauer, 2007). Using gene mapping it was found that
the MHC core class | and 11 genes were located on the platypus Xs/Y3 (PAR 5) while the
MHC class Il genes were located on the Y4/Xs (PAR 8) (Dohm et al., 2007). This is a
particularly important finding as the MHC is a recombination hotspot in the human genome
(Dohm et al., 2007) and its localisation in the PARs of the platypus chromosome chain could
be indicative of recombination hotspots being utilised to ensure proper segregation of the

chain via homologous recombination.
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Other factors of interest in monotremes are the divergence between the platypus and the
echidna sex chromosome chains. In both species X3, Y1, Xz, Y2, and X3 are homologous;
however, the platypus Y3 and X, are autosomal in echidna and likewise the echidna Xs is
autosomal in platypus. Furthermore, the platypus Y's has partial homology to the echidna Y,
suggesting the two had been fused (Rens et al., 2007). These neo-sex chromosomes in
echidna may make for an interesting comparison of crossover frequency between sex
chromosomes and their autosomal orthologues. Also of interest is the considerable size
discrepancy present in monotreme karyotypes. Platypus and echidna have a few large
chromosomes and several small chromosomes (Warren et al., 2008), and a comparison of
crossover frequency and position between the different sizes of chromosomes will provide
interesting insights in mammalian meiotic recombination. Currently nothing is known about
monotreme meiotic recombination, and an in-depth investigation of whole-cell crossover
frequencies, crossover spatial and temporal arrangements, and recombination in the sex
chromosome chain will be instrumental to further understanding the diversity existing in

meiotic recombination systems.

Project aims:

Aim 1: Identification and characterisation of recombination machinery in

platypus

In order to gain first insights into the molecular basis of monotreme meiotic recombination,
major players in the recombination pathway were identified and characterised. To this end,
this study aims to bioinformatically analyse a broad range of genes critical to the initiation
and processing of DSBs into crossovers. This involves 15 key genes: Spoll, Mei4, Rec114,
Rad50, Rad51, Dmcl, Hormadl, Rpal, Blm, Msh4, Msh5, Mlh1, MIh3, Rnf212, and Prdmo.
Platypus orthologues® will be identified and evolutionary conservation analysed. This
includes multiple alignment analyses comparing the platypus protein sequence to protein

sequences from other taxa, prediction of protein domains in platypus, and phylogenetic

2 Orthologues are determined via two methods. Initially nucleotide BLASTS using a known mouse gene
sequence are used to search for platypus orthologues; if, following a reciprocal BLAST using the platypus gene
sequence, the original mouse sequence is re-obtained as first match, then the platypus sequence is deemed a
putative orthologue. If the platypus gene further demonstrated conserved genomic context with the mouse gene,
then the platypus gene is a likely orthologue (Jun, Mandoiu & Nelson, 2009).
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analyses to examine evolutionary differences in the platypus genes and signs of positive

selection. Furthermore, this research will determine gene expression in platypus.

Aim 2: Visualisation of crossover events in platypus

In addition to the bioinformatics analysis of recombination genes in platypus it was a major
aim of this study to gain insight into the distribution of crossovers in situ in platypus using
immunofluorescent imaging. If successful, visualisation of mature crossovers by an Mihl
antibody in platypus would provide first estimates of recombination rates in platypus. A
diploid male platypus pachytene cell has 52 chromosomes organised into 21 autosome pairs
and ten sex chromosomes in the meiotic chain, i.e. a total of 21 autosomes plus 9 PARs.
Assuming the obligate crossover paradigm is upheld in the platypus, it is hypothesised that
there will be a minimum of 30 MIh1 foci per cell, though it is certainly possible that any
given cell may have significantly more foci than that as some autosomes may be likely to
have more than two crossovers per homologous pair. Depending on the success using these
antibodies across species, visualisation of other stages of the meiotic recombination was
attempted using Rad51/Dmcl antibodies. In the case of Rad51 or Dmcl it would be expected
that hundreds of foci would be present in zygotene, with foci numbers decreasing until they
approach zero in pachytene. In order to stage cells in pachytene, antibodies against members
of the synaptonemal complex will be used. In other platypus immunofluorescence
experiments it has been established that Smc3 and Scpl antibodies stain platypus cells well
(A. Casey pers. comm. 2010; Daish et al., 2009). Either of these antibodies can easily be used
to estimate the cell stage as zygotene cells are not fully synapsed but pachytene cells are. In
this study, antibody epitopes were compared against the database protein sequences in order
to ensure the best chance of reactivity. Western blots were then used to test the accuracy of

antibody reactivity.

Aim 3: Analysis of crossover localisation in the platypus sex chromosome

chain

Contingent on the success of Aim 2, it is the goal of this study to specifically demonstrate
whether or not crossovers occur between members of the platypus sex chromosome chain.
The sex chromosome chain has provoked several questions about platypus meiosis, namely
how the chain is faithfully segregated into daughter cells. Visualising crossovers between

members of the chain is an essential step in answering these questions, and to that end this
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study aims to use genomic clones (BAC clones) for specific regions of the chain and
comparative analysis with immunofluorescence data to demonstrate recombination between
sex chromosomes. This investigation aims to examine the X-specific and shared regions of
X1, as the X; chromosome and PARL1 both represent a large percentage of the chromatin in the
chain and, furthermore, PAR1 spans almost an entire arm of the X; chromosome, making it
likely that any crossovers present in that PAR would be easily detected. Additionally this
research will examine PARs of other members of the chain, one in a more central position (Y
PAR) and one at the terminal of the chain (Ys). A probe for a known hotspot in other
organisms, the MHC domain, will also be used because it is hypothesised that this region will
also be likely to be a hotspot in platypus. Lastly, as a comparative control for the PARs, this
analysis will examine recombination on chromosome 6, a mid-length autosome. Again,
assuming the obligate crossover paradigm, it is hypothesised that each of the PARs and

chromosome six will have crossovers while the X;-specific region will not.
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Chapter 2: Identification and
characterisation of DSB repair

machinery in platypus

As a representation of a group of extant mammals most distantly related to eutherians, the
platypus is a critical species to understand the evolution of meiotic recombination pathways in
mammals. As more has been learned about the diverse dynamics of meiotic recombination in
marsupials and chickens, the status of platypus meiotic recombination machinery has become
an increasingly important link to understanding the evolution of regulating factors in this
complex process. Moreover, the extensive platypus sex chromosome chain poses a unique set
of problems to the crossover pathway, specifically, how can a chain consisting of ten sex
chromosomes—most of which are very small in size—undergo faithful segregation in
meiosis? It is possible the platypus recombination pathway has undergone changes to
specifically handle the dynamics of extensive meiotic chains. Through a series of multiple
alignments, protein domain predictions, and phylogenetic analyses, this study represents a
first bioinformatic characterisation of fifteen genes critical to meiotic recombination in yeast
and mouse (Spoll, Mei4, Rec114, Rad50, Rad51, Dmc1, Hormadl, Blm, Rpal, Msh4, Msh5,
Mih1, MIh3, Rnf212, and Prdm9).

This study began with an identification of platypus orthologues of meiotic recombination
genes (a full list of materials and methods is available in the supplemental data on the
accompanying CD). Orthologues of all fifteen genes were successfully identified in platypus
and most showed a conserved genomic context with mouse and human; the only observed
exceptions were Msh4 and MIh3 (Table 4). While a lack of conserved genomic context is
problematic, it is important to note that the platypus genome assembly is patchy despite being
sequenced to 6X coverage, and as a result the annotation and assembly is fraught with errors
(Warren et al., 2008). These errors often manifest as gaps in the assembly or, occasionally,
incorrect gene sequence. Thus, it was reassuring to observe a conserved genomic context for
thirteen of the genes studied; furthermore, with additional bioinformatics characterisation, it
was possible to say with a high degree of certainty that the observed Msh4 and MIh3 are
orthologous with the mouse genes (for an overview of the characterisation of the fifteen genes

examined in this study, see Tables 4 and 5).
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Table 3: Summary of characterisation of meiotic recombination machinery in platypus

Gene Conserved genomic Platypus Expression in Expression in
Function names context in platypus orthologue platypus testis mouse testis Comments
Duplicated gene; missing eutherian
Hotspot determination Prdm9 + + + + domains
Double strand break Complete assembly; predicted functional
Initiation Spo1l + + + + domains present
Complete assembly; predicted functional
Mei4 + + - + domains absent
Complete assembly; predicted functional
Rec114 + + - + domains absent
Complete assembly; predicted functional
5'-end resection Rad50 + + + + domains present
Complete assembly; predicted functional
CO partner selection Hormad1l + + + + domains present
Single-end invasion Assembly extended; predicted functional
Rad51 + + + + domains absent
Assembly extended; predicted functional
Dmcl + + + + domains present
Apparent complete assembly; functional
Transition Nodule Rpal + + + + domains present
Disrupts aberrant Predicted incomplete assembly; predicted
junction molecules BIm + + + + functional domains absent
Predicted incomplete assembly; predicted
Processing intermediates, Msh4 = + + + functional domains absent
stabilising Holliday Predicted incomplete assembly; predicted
junctions Msh5 + + + + functional domains present
Establishing and Complete assembly; predicted functional
stabilising crossovers MIh1 + + + + domains present
Complete assembly; predicted functional
MIh3 - + + + domains present
Sex-biased recombination Complete assembly; predicted functional
rates Rnf212 + + + + domains present
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After platypus orthologues were identified, their expression in platypus adult testis was
examined using RT-PCR (for methods and primer list see supplemental materials and
methods section on accompanying CD). It was found that all the genes examined in this study
except for Mei4 and Rec114 are expressed in platypus meiotic cells (Table 3) (It should be
noted that RT-PCR experiments used in this study used echidna genomic DNA in addition to
platypus genomic DNA; however, no echidna cDNA was used and the echidna genomic DNA
was not sequenced. In effort to make gel images as simple as possible, the echidna genomic
lanes have been included). Moreover, most of these genes are very well conserved across taxa
(Table 4). There were, however, notable exceptions. Mei4 and Rec114 both have a number of
protein motifs that, while conserved across most mammals, are not conserved in platypus.
Along with their apparent lack of expression in platypus testis, this data seems to conflict with
findings in mouse that implicate Mei4 and Rec114 as essential for DSB formation (Kumar,
Bourbon, & de Massy, 2010). Likewise, BIm, Msh4, Prdm9, and Rad51 all appear to be
missing one or more domains that are predicted to be critical to protein function. Prdm9, in
particular, yielded interesting results; and evidence presented here indicates the existence of a
Prdm9 paralogue in platypus. Identification of a domain shared with other mammalian
lineages which is absent in non-mammals suggests that this domain and significant changes to
Prdm9 function occurred early in mammalian evolution. In addition, this analysis has
identified and corrected assembly artefacts for a number of genes, in particular a key gene in
meiotic recombination and DSB repair, Rad51.

Last, phylogenetic analyses were performed on each of the fifteen genes studied using a
Bayesian analysis. This study first looked at Ensembl gene trees for phylogenetic assessment.
This database-focused analysis usually resulted in the expected phylogenetic tree topology for
each gene; however, trees for Rec114 and Rad51 showed some aberrations from the expected
model. In the case of Rad51 sequencing of PCR products corrected the database sequence
which was then used for further analysis (Section S1.2 of Supplemental Data (pg. 16) on
accompanying CD). It is suggested that the unexpected topology of the Rec114 tree is due in
large part to a lack of sequence conservation across species (chicken, platypus, opossum,

mouse, and human).

Eight of the genes examined in this study (Spol1, Rad50, Hormadl, Rpal, Msh5, MiIh1,
MIh3, and Rnf212) are highly conserved in platypus, and detailed data can be found in the
supplemental data section S1 on the accompanying CD (pg. 9). The following discusses a set

of genes that showed unexpected divergences in platypus.
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Table 4: Conservation of protein sequence of genes investigated Detailed here are calculations of
percent identical amino acid sites across taxa (column 2) and pairwise percent identity between mouse
and chicken (column 3) and mouse and platypus (column 4). Also provided is a summary of predicted
protein domain (column 5). “+” symbols indicate all domains are predicted to be present while a “-*
indicates one or more domains are predicted to be absent.

Pairwise identity Pairwise identity Functional protein
Pairwise identity between chickenand  between platypus and domains predicted to be
Protein across taxa* mouse mouse conserved**:
Spoll 57.1% 65.6% 71.9% +
Mei4 17.3% 45.2% 36.0% -
Recl14 32.2% 51.6% 56.7% -
Rad50 63.7% 74.5% 83.2% +
Rad51 64.6% 96.2% 96.5% -
Dmcl 90.0% 95.3% 95.6% +
Hormadl 34.7% 58.4% 59.5% +
Rpal 65.9% 71.6% 82.5% +
BIm 76.1% 57.4% 91.6% -
Msh4 62.4% 76.4% 80.7% -
Msh5 49.8% 66.2% 71.6% +
Mihl 54.5% 77.7% 65.1% +
MIh3 48.9% 46.0% 42.8% +
Rnf212 40.2% 52.0% 53.8% +
Prdm9 51.9% 77.9%*** 31.7% -

* taxa include chicken, platypus, opossum, mouse, and human

**A summary of InterPro domain scans is outlined in column 3 with a (+) indicating all functional domains are
present in platypus while a (-) represents one or more domains are missing in platypus.

***comparison is between opossum and mouse, as there is no chicken Prdm9

Mei4 and Rec114

Recently it has been suggested that Mei4 and Rec114 are necessary for the formation of DSBs
and may mediate Spol1 activity (Maleki et al., 2007; Prieler et al., 2005). Because of the
limited information regarding the conservation or functional domains of Mei4 and Rec114,
analysis of these proteins in platypus proved challenging. To investigate the expression in
meiotic cells, RT-PCR experiments were conducted. Confirming initial expression results
(Table 3), repeated RT-PCR experiments performed at varying annealing temperatures (53°C,
55°C, and 57°C) yielded no amplified product using platypus testis cDNA and primers
specific for Mei4 and Rec114 (Fig. 6 and 7 respectively). RT-PCR did not, however, yield any
amplification in the platypus controls for either Rec114 (Fig. 6) or Mei4 (not shown). It is
unlikely that the lack of expression data in these experiments is due to corrupted or denatured
cDNA, as these RT-PCRs were run with positive controls (i.e. other RT-PCR experiments for
genes examined in this study) that confirmed the good quality of the template cDNA and
reagents. It is possible that the genomic control products (estimated at over 1.7 kb) were too

large to be amplified given the extension times used in these experiments; however, extension
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time was predicted to be adequate enough to amplify the expected product sizes in the cDNA
samples. It is not likely that the primers were an issue, as each primer was designed
specifically for each gene and have optimal features (no hairpins, dimers, palindromes—each

primer scored a 100 on Netprimer). These results indicate that Mei4 and Rec114 may not be

expressed in platypus adult testis.

Figure 6: RT-PCR gel for Mei4 The results of a Mei4 RT-PCR experiment using a 57°C annealing
temperature. In this gel, lane 1 corresponds to a standard 100bp ladder; platypus testis cDNA samples
were run in lanes 2 and 3 while platypus genomic and echidna genomic DNA was run in lanes 4 and 5
respectively. No Meidamplification could be obtained for any of the platypus samples; however, some
amplification was obtained using the echidna genomic DNA (not sequenced). A negative control
(blank) was also run, but is not shown in this image (the two RT-PCR experiments were run on the
same gel, and the blank was run at the far end of the gel).

Unexpectedly, protein sequence alignments revealed that (relative to mouse) the platypus
Mei4 protein sequence is less conserved than the chicken orthologues (Table 4). Between
chicken and mouse Mei4 there is a 45.2% pairwise identity while between platypus and
mouse this number is only 36.0% (Table 4). As expected, the platypus Rec114 protein
sequence shows a higher degree of conservation (56.7% pairwise identity with mouse) than
the chicken (51.6%) (Table 4). Neither protein sequence is well conserved across taxa, and no
InterPro domains were identified in the mouse or platypus protein sequence; however, in 2010
Kumar, Bourbon, and de Massy identified a series of conserved regions in mouse Rec114 and
Mei4 that, they proposed, were essential to the proteins’ function in DSB initiation. These
domains, called short signature sequence motifs (SSMs), are concentrated predominantly in
the N- and C-termini of the proteins and comprise approximately 20% of each protein (Kumar

etal., 2010). In mouse Mei4, all six SSMs adopt a primarily a-helical secondary structure.
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Alignment of the Mei4 SSMs of S. cerevisiae, chicken, platypus, opossum, and mouse (Fig.
7) showed that these a-helical motifs are largely conserved across taxa; however, SSM4-6 are
missing in platypus and chicken, and platypu