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ABSTRACT 
 

Correct chromosome segregation during meiosis requires that the paternal and 

maternal copies of each chromosome, known as homologues, recognise and pair with 

one another before they can undergo meiotic recombination. Defects in this process 

lead to sterility and the formation of aneuploid gametes, which is the leading cause of 

birth defects in humans. In this study the process of homologue pairing during meiosis 

has been investigated in C. elegans, an organism especially well suited for meiotic 

studies. During a genetic screen for meiotic mutants, several mutants with defects in 

meiotic chromosome segregation were isolated. One of these mutants, me85, was 

identified as a new allele of the spd-3 gene, which had previously been shown to be 

required for mitotic divisions in the early embryo. spd-3(me85) mutants display 

defects in homologue pairing similar to those observed in mutants lacking SUN-1 or 

ZYG-12, two proteins that form a bridge across the nuclear envelope (NE). This 

bridge transmits cytoskeletal forces generated outside the nucleus to meiotic 

chromosomes inside the nucleus, thereby facilitating chromosome clustering, a 

process that is though to facilitate homology search. The localisation of SUN-1 and 

ZYG-12 to the NE is not affected in spd-3(me85) mutants and chromosomes remain 

tethered to the NE. However, live imaging experiments in spd-3(me85) mutants 

demonstrate that the movement of chromosomes through the NE is severely impaired, 

which results in lack of chromosome clustering. Knocking down the activity of the 

dynein-dynactin complex by RNAi resulted in a phenocopy of the chromosome 

clustering defects observed in spd-3(me85) mutants, although dynein localisation is 

not affected in spd-3(me85) mutants. Interestingly, the SPD-3 protein localizes 

outside the nucleus in the germline. These observations suggest that SPD-3 affects the 

earliest steps of homologue pairing by regulating the cytoskeletal forces outside the 

nucleus. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

 The genetic information of every living cell is stored in highly organised 

structures made of DNA and protein, known as chromosomes. Every cell carries a full 

complement of chromosomes that needs to be accurately maintained and passed onto 

the next generation. Sexually reproducing organisms carry two copies of each 

chromosome, one received from the mother and one received from the father. These 

two copies of each chromosome, which are known as homologous chromosomes or 

homologues, need to be separated during the formation of gametes, so that 

fertilisation does not duplicate the number of chromosomes in every generation. The 

formation of haploid gametes is achieved by a specialised cell division programme 

known as meiosis, whereby two successive rounds of chromosome segregation follow 

a single round of DNA replication. Therefore, the meiotic division is an essential 

requirement for sexual reproduction and defects in this process lead to sterility and the 

formation of aneuploid embryos.   

 Correct chromosome segregation during meiosis requires the completion of a 

series of events that involve both changes in the structure of chromosomes and 

changes in the organisation of chromosomes inside the nucleus. A landmark of 

meiosis is the pairing of homologous chromosomes, which leads to the alignment of 

the homologues along their entire lengths. This pairing process is stabilised by the 

formation of a meiosis-specific structure, the synaptonemal complex (SC), a 

proteinaceous structure that is loaded in the interface between the paired homologues. 

Crucially, both pairing and SC formation are necessary to promote homologous 

recombination (HR), the process during which homologous chromosomes interchange 

DNA strands leading to the formation of inter-homologue crossover (CO) events. 

These CO events constitute the basis of a temporary physical attachment between the 

homologues that promote their correct segregation on the first meiotic spindle.  

Therefore, meiotic chromosome segregation depends on the ability of homologous 

chromosomes to recognise and pair with one another. Despite the importance of 

homologue pairing, the molecular mechanisms that promote this process remain 

largely unknown.  

19



 Three basic steps need to be successfully completed to ensure homologue 

pairing during meiosis: First, chromosomes have to come together. Second, 

chromosomes need to be able to assess homology to identify their correct pairing 

partner among all the chromosomes present in the nucleus. Third, when the 

homologues find one another, this early recognition needs to be stabilised, leading to 

full pairing. Although the pairing process remains one of the most enigmatic aspects 

of meiosis, studies from different organisms have shown that this process requires 

chromosome motion.  

 Almost a century ago, cytological studies described chromatin arrangements in 

meiotic nuclei of different organisms that were proposed to be related with the 

process of pairing. The best example of this type of nuclear organisation is the 

telomere bouquet, in which all telomeres are clustered in a small region on the nuclear 

envelope (NE). However, chromosomal movement associated with the pairing 

process was not directly described until 1994 by Hiraoka’s group in the fission yeast 

Schizosacharomyces pombe (S. pombe) (Chikashige et al., 1994).  Recent molecular 

analyses reveal that movement of meiotic chromosomes during early meiosis require 

cytoskeletal forces to be transmitted through the NE to the chromosomes. These 

studies point to the proteinaceous bridge that connects both sides of the NE as the 

common feature conserved among species, but the underlying mechanisms of the 

movement per se seem to be a question of different strategies. The exact role of these 

chromosome movements in the general meiotic process is open to debate and their 

mechanisms and regulation are under current investigation.  

1.2 Meiosis 

 Meiosis is the specialised cell division programme by which diploid germ cells 

produce haploid gametes. In contrast to the mitotic cycle, in meiosis, a single round of 

DNA replication is followed by two rounds of chromosome separation. During the 

first meiotic division, which is known as the reductional division, homologous 

chromosomes segregate away from each other. In the second meiotic division, the 

sister chromatids separate in a mitosis-like manner in an equational division. This 

specialised pattern of segregation requires an exceptionally long prophase before the 

first division. It is during this phase when most of the events that differ from mitosis 

occur, including homologue pairing, SC assembly and CO formation. In fact, meiotic 
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prophase is divided into five sub-stages that refer to the level of completion of events 

such as pairing and recombination: Leptotene is the first of this stages and is when 

homologue pairing starts. During Zygotene pairing progresses and the SC starts to be 

formed. Once the SC is fully formed meiotic cells are in the Pachytene stage, at this 

time CO events are completed. Diplotene is marked by the start of SC disassembly 

and this is quickly followed by the diakinesis stage. In this stage the SC is fully 

disassembled and the homologues are connected by the linkages provided by COs and 

sister chromatid cohesion, which are known as chiasmata (see section 1.2.6 and 

Figure 1), structures. The following sections outline the general processes taking 

place throughout the meiotic cycle, and a more concise description of the pairing 

process is presented later in section 1.5. 

1.2.1 Meiosis initiation  
 The activation of the meiotic cell programme in germline cells of higher 

eukaryotes is necessarily different from the initiation of meiosis in unicellular 

eukaryotes. Sporulation in both fission and budding yeast diploids requires 

heteroallelic mating loci and nutrient depletion (Mochizuki and Yamamoto, 1992; 

Sagee et al., 1998). Multicellular organisms have acquired more complex and 

divergent meiotic initiation methods. C. elegans germline proliferate from the distal 

tip cells (DTC) during larval development. These DTC forms a mitotic niche in the 

distal tip of the adult germline, which is controlled by Notch signalling. As the cells in 

this region proliferate, nuclei are mechanically forced away from the mitotic niche. 

This leads to the nuclei being exposed to a decreasing gradient of Notch signal and an 

increasing gradient of RNA regulatory proteins, which govern in part the 

mitotic/meiotic decision (Kimble and Crittenden, 2005). The female germline in 

mammals is formed during embryogenesis. The oogonia enter meiosis during foetal 

development and complete the meiotic programme up to the diakinesis stage, where 

they are arrested for many years until the first meiotic division is cyclically stimulated 

after puberty with hormones (Hunt and Hassold, 2008).  

1.2.2 Meiotic S phase 
 Meiotic S-phase precedes entrance into meiotic prophase I and traditionally this 

round of DNA synthesis was called pre-meiotic S-phase, since it was not seen as an 

intrinsic part of the meiotic programme. However, although mitotic and meiotic S 
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phases seem to share the machinery necessary for DNA replication (Murakami and 

Nurse, 2001), there are some important differences between them that have led to 

consider meiotic S-phase as part of the meiotic cycle. It is a common feature among 

different model organisms such as S. cerevisiae, C. elegans or mice, that meiotic S-

phase is longer than mitotic S-phase (Cha et al., 2000; Jaramillo-Lambert et al., 2007; 

Sung et al., 1986). Studies in yeast suggest that the extra time required for completion 

of meiotic S-phase does not involve a slower replication per se (Collins and Newlon, 

1994). Instead, meiotic S-phase and prophase I are tightly regulated and the extra time 

appears to be necessary to prepare the chromosomes for the characteristic prophase I 

events that follows DNA replication such as meiotic recombination (Borde et al., 

2000; Cha et al., 2000; Doll et al., 2008; Ohta et al., 1994).   

Similar to mitotic S-phase, the newly synthesized chromatids remain physically 

connected until their separation, and this connection is mediated by cohesin, the 

protein complex that provides sister chromatid cohesion (Uhlmann and Nasmyth, 

1998; Watanabe et al., 2001). Sister chromatid cohesion is essential for the orientation 

of chromosomes on the spindle (Oliveira and Nasmyth; Wood et al., 2010).  Cohesin 

is a four-member protein complex that forms a ring structure, which holds the 

chromatids together until anaphase. The dissociation of cohesin from chromosomes is 

required for chromosome segregation and this cohesin release is triggered by a 

proteolytic cleavage of the kleisin subunit of cohesin, which in mitosis is the SCC1 

subunit. Most organisms contain a meiosis-specific variant of the cohesin ring, in 

which SCC1 is substituted by REC8 (Watanabe and Nurse, 1999). An important 

difference between the mitotic and meiotic programmes is that during meiosis cohesin 

dissociation from chromosomes happens selectively in two steps, a subset of cohesin 

is released during the first meiotic division to allow homologue segregation, while the 

remaining cohesin is released in the second meiotic division leading to the segregation 

of sister chromatids (see section 1.2.7.2). 

1.2.3 Homologue Pairing 
 Homologue pairing occurs during the leptotene-zygotene transition of meiosis, 

at the beginning of meiotic prophase I (Figure 1). This is the period in which 

homologous chromosomes get closer and establish homologuejuxtaposition. This 

period is also concomitant with the initiation of the loading of the SC and the 

initiation of meiotic recombination, which starts with the formation of DNA double 

22



strand breaks (DSBs). In most organisms the end of Zygotene is defined by the 

completion of SC assembly (Zickler and Kleckner, 1998). 

 Work in diverse species has revealed two general classes of pairing mechanisms 

that contribute to homologue pairing: those that are DSB dependent and those that are 

DSB independent (Gerton and Hawley, 2005) (see section 1.5). In general, the 

chromosomes progress from initial weak interactions to culminate in synapsis and/or 

recombination by passing through different steps (Figure 1) (Bhalla and Dernburg, 

2008). The first of these steps is broad chromosome alignment, which occurs when 

the chromatin is polarized in the nucleus and the chromosome arms are organized in 

parallel. This is followed by encounters between chromosomes, both homologous and  

non-homologous, which are reversible, weak and transient interactions. Finally, the 

pairing, or close and stable juxtaposition of the homologues is established (Peoples et 

al., 2002). This type of association is stable enough to be observed and measured 

cytologically, even in the absence of synapsis (MacQueen et al., 2002; Rockmill et al., 

1995). A more detailed description of the pairing process is offered in section 1.5. 

1.2.4 Synapsis 
 The synaptonemal complex (SC) is loaded between paired homologous 

chromosomes to stabilize their interactions and provide an appropriate environment 

for recombination to take place (Page and Hawley, 2004). The SC is a tripartite 

structure that has been observed in almost all studied organisms and that is formed by 

two lateral elements and a central region (Zickler and Kleckner, 1999). During 

Leptotene, proteins associate along the chromosome axes to form the axial elements 

(AE), which are then known as lateral elements once they are observed in the context 

of a mature SC. Once the AE are formed, the proteins of the central region are loaded, 

bridging the gap between the lateral elements in a “zipper-like” structure that can be 

visualized by electron microscopy (Dobson et al., 1994; Moses et al., 1975). 

 Axial element formation requires the presence of chromosomal cohesin, as 

demonstrated by studies in S. cerevisiae and cohesin is mayor component of AE 

(Klein et al., 1999). Other proteins known to associate with axial elements include 

SCP2 and SCP3, which were first described in rats (reviewed in (Page and Hawley, 

2004)) and then identified as AE proteins (Lammers et al., 1994; Offenberg et al., 

1998; Schalk et al., 1998) and Red1, which was identified in yeast (Smith and Roeder, 

1997). Apart from cohesin, another conserved group of proteins that are components 

23



of the AE of meiotic chromosomes are a family of HORMA-domain proteins such as 

Hop1 in yeast (Hollingsworth et al., 1990), HIM-3 in C. elegans (Zetka et al., 1999), 

HORMAD 1 and 2 in mammals (Wojtasz et al., 2009)(Shin et al., 2010) and Asy1 in 

Arabidopsis (Armstrong et al., 2002). These proteins have been shown to play crucial 

roles in many different aspects of the meiosis programme, including the DNA damage 

checkpoint, as was expected by the presence of the HORMA domain in their structure 

that is predicted to sense specialized chromatin states, such as DSB or other kind of 

DNA damage (Aravind and Koonin, 1998). The family of HORMA domain proteins 

has undergone duplication in C. elegans, where apart from HIM-3, another three  

HIM-3 paralogs are present: HTP-1, HTP-2 (Couteau and Zetka, 2005; Martinez-

Perez and Villeneuve, 2005) and HTP-3. Only the latter seems to be required for 

loading of the SC central region and the reason for this is that HTP-3 is 

interdependent on cohesin for loading on the chromosomes (Goodyer et al., 2008; 

Severson et al., 2009). 

 In contrast to what happens with the AEs, the proteins that form the central 

region of the SC do not share any detectable homology at the amino acid sequence 

level. Instead, some of them have a conserved secondary structure, consisting of a 

central coiled-coil domain flanked by globular N- and C-terminal domains (Hunter, 

2003). This structure has been described specifically in Zip1 in S. cerevisiae (Sym et 

al., 1993), C(3)G in D. melanogaster (Page and Hawley, 2001), ZYP1 in A. thaliana 

(Higgins et al., 2005) (Osman et al., 2006), SYP-1, SYP-2, SYP-3 and SYP- 4 in C. 

elegans (Colaiacovo et al., 2003; MacQueen et al., 2002; Smolikov et al., 2007a; 

Smolikov et al., 2009) and SCP1 in mammals (Meuwissen et al., 1992). Other 

proteins have been proposed to bind directly or indirectly to the axial elements or 

stabilize other SC central elements in Drosophila (Page et al., 2008) and mammals 

(Bolcun-Filas et al., 2007; Costa et al., 2005; Hamer et al., 2006; Schramm et al., 

2011). Interestingly, despite the lack of homology of the proteins involved, the 

proposed interaction model of SC central elements in both C. elegans (Schild-Prufert 

et al., 2011) and mammals is very similar (Bolcun-Filas et al., 2007).  

 In most organisms, the polymerization of the SC central region between the AEs 

requires the formation of the DSBs that initiate meiotic recombination (reviewed in 

(Gerton and Hawley, 2005; Page and Hawley, 2003). In S. cerevisiae, mice, or A. 

thaliana, SC assembly is much reduced or absent when meiotic recombination is not 

initiated (Celerin et al., 2000; Giroux et al., 1989; Grelon et al., 2001; Romanienko 
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and Camerini-Otero, 2000). However, synapsis occurs normally even in the absence 

of DSBs in C. elegans and Drosophila females (Dernburg et al., 1998; McKim et al., 

1998). Synapsis is absent in other organisms that perform meiotic recombination and 

homologues segregation, such as S. pombe or Aspergillus (Davis and Smith, 2001; 

Yamamoto and Hiraoka, 2001). In S. pombe, discontinuous structures known as linear 

elements are loaded along paired chromosomes and may play an analogous role to the 

canonical SC. 

1.2.5 Recombination 
 Meiotic recombination is initiated by the deliberate formation of DSBs during 

the early stages of meiotic prophase. These DSBs are repaired by homologous 

recombination, which leads to the formation of inter-homologue CO events or to the 

formation of non-crossover events (NCO) (Figure 2). However, only interhomologue-

COs promote chromosome segregation since COs, together with sister chromatid 

cohesin, provide the basis of chiasmata, the cytological manifestation of CO events. 

Most of the current knowledge about the mechanisms of meiotic recombination 

comes from studies in yeast and most of these mechanisms are well conserved among 

higher eukaryotes. 

1.2.5.1. DSB formation 

 Meiotic recombination starts with DSB formation, which is catalyzed by the 

specialized topoisomerase Spo11 (Cao et al., 1990; Keeney et al., 1997; Sun et al., 

1989). Spo11 was first described in budding yeast, but is clearly conserved through 

evolution since orthologs of this protein have been found in all eukaryotes, such S. 

pombe (Lin and Smith, 1994), C. elegans (Dernburg et al., 1998), Drosophila 

(McKim et al., 1998) and mammals (Romanienko and Camerini-Otero, 2000). Nine 

other genes are known to be required for DSB formation in yeast by regulating and 

helping Spo11 activity and subsequent steps of recombination. In contrast with Spo11 

itself, the Spo11 cohort is not conserved in all organisms and some of them are not 

found for example in C. elegans or mammals (Garcia-Muse and Boulton, 2007; 

Gerton and Hawley, 2005). 

 Crossovers are not uniformly distributed across the genome and  one of the 

levels at which CO distribution is regulated is by controlling the distribution of DSBs. 

There are regions in the genome, known as hotspots, in which the concentration of 
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DSBs is much higher than one would expect if their distribution were random. The 

precise mechanism that controls the distribution of Spo11 DSBs is unknown, but in 

mammals it has been found that a degenerated sequence appears to be critical for 41% 

of hotspots by recruiting a zinc-finger protein (Myers et al., 2005; Myers et al., 2010; 

Myers et al., 2008). Evidence in other organisms supports a model in which higher-

order chromatin status affects DSB distribution. Thereby, a more open or accessible 

chromatin structure, potentially through epigenetic modifications, would be more 

susceptible to be a substrate for Spo11 activity (Reddy and Villeneuve, 2004; Tsai et 

al., 2008).   

 1.2.5.2. DSB resection 

 Spo11 binds covalently to DNA to catalyze DSB formation. This chromatin-

bound Spo11 needs to be removed from the break site before the DSB can be further 

processed to start DSB repair (Keeney et al., 1997). Removal of Spo11 requires the 

complex formed by Mre11-Rad50-Xrs2, known as the MRX complex (Keeney et al., 

1997; Tsubouchi and Ogawa, 1998), and the Sae2 protein. These proteins mediate an 

endonucleolytic cleavage of the DNA behind the binding site of Spo11, which 

induces the release of Spo11 bound to a short oligonucleotide (Neale et al., 2005). 

Following Spo11 removal, the dsDNA at the break can be resected in a 5’ – 3’ 

direction (Figure 2). It is though that Exo1 carries out this resection (Tishkoff et al., 

1997), which leads to the production of 3’ overhangs of single stranded DNA 

(ssDNA), which once bound by recombinases will start the search for a homologous 

repair template. 

 1.2.5.3 Strand invasion 

 Stable strand invasion in yeast occurs concomitant with the beginning of 

synapsis (Hunter and Kleckner, 2001) and depends on the E. coli RecA homologue 

Dmc1 and its paralog Rad51 (Bishop et al., 1992; Hunter and Kleckner, 2001). It is 

thought that the exposed 3’ tails are the substrate on which RecA-like monomers 

polymerize so that they can search for a homologous repair template and then form a 

heteroduplex DNA with an intact homologous sequence (West, 2003) (Figure 2). In 

most organisms two RecA-like proteins function at this step, with Rad51 working in 

both mitosis and meiosis, while Dmc1 is meiosis-specific recombinase. In other 

organisms, including Drosophila (McKee et al., 1996) and C. elegans (Alpi et al., 

2003; Rinaldo et al., 1998), Rad51 appears to be capable of carrying out all the roles 

26



of Dmc1, which is not present.  

 There are clear parallels between the search for homology that occurs during 

strand invasion at the level of repairing a single DSB, and the broader process of 

homologue pairing.  Interestingly, the organisms lacking Dmc1 are those in which SC 

assembly is independent of DSB formation, demonstrating that Dmc1-dependent 

homology search is not a conserved mechanism of homologue pairing. However, in 

the organisms in which SC loading is dependent on the initiation of recombination the 

homology search performed by the Dmc1 and Rad51 loaded ssDNA tails might be an 

important contributor to homologue pairing. As DSB-dependent interactions occur at 

several locations along the length of the chromosomes, the chromosome axes might 

become stably aligned by this homology search. Nevertheless, one could think that 

homologuerecognition makes more sense in a local, already aligned, environment 

(Barzel and Kupiec, 2008; Tesse et al., 2003; Zickler, 2006).  

 1.2.5.4. Strand partner choice  

 Once an Spo11 DSB is formed, it could be potentially repaired by three main 

mechanisms: the DSB could be resealed, it could undergo homologous recombination 

with the sister chromatid, or it could initiate homologous recombination with the 

homologue, which leads to the formation of CO or NCO events. Although all these 

options are theoretically possible, most meiotic DSBs are preferentially repaired using 

the homologue as a repair template. In S. cerevisiae the axial element proteins Red1 

and Hop1, together with Mek1 (a meiosis-specific serine-threonine kinase), are 

thought to be part of a pathway that direct repair towards the inter-homologue-repair 

pathway (Carballo et al., 2008; Hollingsworth and Johnson, 1993; Hollingsworth and 

Ponte, 1997; Wan et al., 2004). 

1.2.5.5. ZMM crossover pathway 

 In all studied organisms, the number of DSBs greatly exceeds the number of 

COs, demonstrating that many DSBs must be repaired without yielding COs. 

Molecular analysis of hotspots in budding yeast, mice and humans shows that CO and 

NCO events arise from the same location (Allers and Lichten, 2001) (Jeffreys and 

May, 2004)(Hunter and Kleckner, 2001)(Guillon and de Massy, 2002) and data from 

studies in yeast point to an early decision between the CO or NCO outcome of DSB 

repair. In fact, most models of meiotic DSB repair suggest that this decision occurs at 

time of strand invasion, a step known as single end invasion (SEI) (Allers and 
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Lichten, 2001; Bishop and Zickler, 2004; Hunter and Kleckner, 2001). In order to 

yield COs, early SEI events need to be stabilized leading to DNA synthesis and the 

capture of the second end of the DSB by the displaced DNA strand of the invaded 

dsDNA (Figure 2). The subsequent re-ligation of the DSB ends leads to the creation 

of a double Holliday junction (Schwacha and Kleckner, 1995). The final step in the 

formation of the CO is thought to be mediated by an unknown resolvase that would 

cleave the DNA in an asymmetric manner. If early SEI events are not stabilized, they 

are dismantled and repair occurs by a mechanism called synthesis dependent strand 

annealing (SDSA), which requires a short stretch of DNA synthesis followed by re-

annealing with the second end of the DSB (Allers and Lichten, 2001). Although the 

exact mechanism by which a specific DSB is repaired as a CO or a NCO event is not 

known, a group of proteins known as ZMM are specifically required for the formation 

of COs, but not NCOs (Bishop and Zickler, 2004; Borner et al., 2004; Lynn et al., 

2007; Shinohara et al., 2008). It is though that ZMM proteins act by protecting SEI 

events from destabilizing factors.  

 The analysis of mutants lacking specific ZMM proteins in S. cerevisiae, 

Arabidopsis and mice led to the description of a minority of COs which formation is 

independent of the ZMM pathway. These CO events require the activity of the Mus81 

endonuclease (de los Santos et al., 2003)(Holloway et al., 2008)(Berchowitz et al., 

2007). While at least two CO pathways seem to be present in yeast, mammals and 

Arabidopsis, a single CO pathway has been described for C. elegans and S. pombe, 

and surprisingly while C. elegans COs are formed using the ZMM pathway, S. pombe 

uses the Mus81 pathway (Zalevsky et al., 1999)(Boddy et al., 2001).  

1.2.5.6. Crossover interference 

 As mentioned above, the distribution of CO events across the genome is not 

random and this may be partly explained by the fact DSBs tend to occur at specific 

hotspots in the genome. However, it is clear that another level of CO regulation must 

exist and that this regulation is exerted  on early recombination events. This is 

evidenced by the phenomenon of CO interference, by which the presence of a CO at a 

particular location inhibits the formation of another CO nearby. This phenomenon 

varies in strength among organisms and C. elegans might be the most extreme 

example of CO interference since this nematode forms strictly one CO per pair of 

homologues per meiosis (Meneely et al., 2002). Studies with chromosome fusions 
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showed that CO interference could expand over distances larger than a chromosome, 

since two-chromosome fusions were still forming a single CO (Hillers and 

Villeneuve, 2003). Several models have been proposed to explain how a CO could 

produce an inhibitory signal that can be transmitted along a chromosome to prevent 

the formation of further COs, but the nature of such signal remains to be elucidated 

(Jones and Franklin, 2006; Martinez-Perez and Colaiacovo, 2009). 

 

1.2.6 SC disassembly and chromosome condensation 
 The Diplotene stage of meiosis starts following the end of pachytene and this 

stage is marked by the completion of CO events and by the disassembly of the SC. 

These two events appear to be mechanistically linked since in yeast Cdc5 (a polo-like 

kinase) activity is required for both CO completion and SC breakdown (Sourirajan 

and Lichten, 2008) and in C. elegans SC disassembly requires the presence of CO 

events (Nabeshima et al., 2005)(Martinez-Perez et al., 2008). SC disassembly also 

coincides with an increase in chromosome condensation and by the end of  pairs of 

homologous chromosomes can be seen attached by chiasmata, and forming a structure 

that is known as a bivalent (Figure 1). During diakinesis, chromosome condensation is 

increased to levels similar to those observed at the subsequent metaphase plate of the 

first meiotic division.	  

1.2.7 Meiotic divisions 
 At the end of meiotic prophase I, the chromosomes align on the metaphase plate 

before they are separated at the onset meiotic anaphase I.  In contrast to mitosis, 

during meiosis I the homologues are segregated which means that two sister 

chromatids behave as a single unit. This is possible because of the correct orientation 

of the chromosomes on the metaphase plate, in which centromeres from sister 

chromatids are oriented towards the same pole of the spindle and the selective release 

of cohesion. 

1.2.7.1. Kinetochore co-orientation 

 Following SC disassembly and chromosome condensation, the bivalents display 

two sets of kinetochores, each containing two sister kinetochores, that need to be 

correctly aligned on the plate of the first meiotic metaphase. The attachment of the 

two sets of kinetochores to opposite poles of the spindle by the microtubules 
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establishes the necessary bipolar orientation (reviewed in (Bardhan, 2010). Each pair 

of sister kinetochores needs to behave as a single unit and be orientated towards the 

same pole of the spindle in order to segregate the homologues at anaphase I. In 

budding yeast, Aurora kinase promotes biorientation of homologous kinetochores in 

the bivalents (Monje-Casas et al., 2007) and the monopolins are required for 

monopolar spindle attachment of each pair of sister kinetochores (Rabitsch et al., 

2003; Toth et al., 2000). 

 C. elegans has holocentric chromosomes with non-localized centromeres and, as 

a consequence, the whole strategy for homologue segregation is different from 

budding yeast. The meiotic kinetochore in C. elegans is more diffuse than the 

localized kinetochore of other organisms and its components accumulate on the 

surface of the bivalent in two opposing cup-like structures that are separated by a gap 

in the mid-bivalent region(Monen et al., 2005). Interestingly, the kinetochore is 

necessary for the correct orientation of the bivalent, but not for the segregation of the 

homologues (Dumont et al., 2010). The gap that separates the kinetochores is marked 

by the site of CO formation during meiotic prophase, which also restricts cohesion 

loss to the short axis of the bivalent in the first meiotic division (de Carvalho et al., 

2008; Kaitna et al., 2002; Martinez-Perez et al., 2008; Rogers et al., 2002). The 

recombination site might as well direct the assembly of a ring protein network that 

together with microtubules would contribute to the physical separation of the 

homologues (Desai et al., 2003; Dumont et al., 2010; Wignall and Villeneuve, 2009).  

1.2.7.2. Two-step cohesion release 

During mitotic anaphase there is a complete dissolution of cohesion in order to 

allow the full separation of the sister chromatids. Instead, during the first meiotic 

division, the release of cohesion occurs only along the arms of the sister chromatids 

but is kept intact between the sister centromeres. The centromeric pool of cohesin 

allows the correct migration of the  homologues during anaphase I and its dissolution 

at the onset of anaphase II allows segregation of sister chromatids (Watanabe and 

Nurse, 1999)(Klein et al., 1999). 

Studies in yeast indicate that the meiotic cohesin Rec8 is targeted by 

phosphorylation to be cleavage by separase, the enzyme that cleaves the kleisin 

subunit of cohesin (Brar et al., 2006). The mechanism that prevents the premature 

dissolution of centromeric cohesion cohesin before the anaphase II, consists in the 
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active protection of centromeric cohesion until anaphase II. The protein shugoshin, 

guardian in japanese, plays a central role in the protection of centromeric Rec8 and 

has been described not only in yeast (Katis et al., 2004; Kitajima et al., 2004; Marston 

et al., 2004) but also in D. melanogaster (Kerrebrock et al., 1992; Kerrebrock et al., 

1995). 

The holocentric chromosomes of C. elegans, appear to use a similar 

mechanism of cohesion protection, although this mechanism is not dependent on 

shugoshin. At late pachytene COs trigger a dramatic reorganization of meiotic 

chromosomes by which the SC central element proteins SYP-1 and SYP-2 localize to 

a small region that will become the short arms of the bivalent (Nabeshima et al., 

2005) in which cohesion will be dissolved during anaphase I. On the other hand, the 

AE components HTP-1 and HTP-2 have been described to move to the long arm of 

the bivalent, in which cohesion will be retained (Martinez-Perez et al., 2008). The 

protein LAB-1 (for Long Arm of the Bivalent) shares the localisation pattern with 

HTP-1 and HTP-2 and is thought to restrict the localisation of C. elegans Aurora B 

kinase, AIR-2, which targets REC-8 for cleavage by separase (Rogers et al., 

2002)(Kaitna et al., 2002), to the short arm of the bivalent (de Carvalho et al., 2008). 

These studies propose an elegant solution for the two-step cohesin release in C. 

elegans, in which due to the lack of localized centromeres, the bivalents become 

biochemically asymmetric using the single CO event as a symmetry-breaking 

boundary.  

1.3 Clinical Relevance of Meiosis 

Meiotic errors in humans lead to sterility and to the formation of aneuploid 

gametes, which is thought to be the leading cause of birth defects and spontaneous 

abortions. In fact, human oocytes display a very high frequency of aneuploidy, and 

many studies have revealed a high flexibility in the timing and accuracy of several 

meiotic events in human oocytes (Tease et al., 2002; Tease and Hulten, 2004), 

strongly suggesting that most cases of aneuploidy are originated by meiotic defects. 

Analysis of human karyotypes have detected aneuploidy during the early foetal 

development in ~35% of clinically recognised spontaneous abortions. The level of 

aneuploidy later in pregnancy decreased, with ~4% of stillbirths and ~0.3% of life 

births carrying aneuploid karyotypes (Hassold and Hunt, 2001). This is due to the fact 
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that few aneuploid configurations are compatible with the viability of the embryo. 

There are five possible aneuploid configurations in humans that involve the sexual 

chromosomes. While the trisomies XXX and XYY do not produce any phenotypic 

defect, the trisomy XXY, known as Klinefelter syndrome, and the monosomy X0 or 

Turner syndrome, show great survivability but cause disorders of variable severity. 

Interestingly, just three aneuploid configurations involving autosomes are viable and, 

all of them, are caused by trisomy of an individual chromosomes and all are 

associated with severe syndromes. Prognosis is extremely poor for trisomies of 

chromosome 13 (Patau syndrome) and chromosome 18 (Edwards syndrome). The 

most common case of autosomal aneuploidy is trisomy of chromosome 21, which 

causes Down syndrome and affects 1 in 700 newborns. Data from large-scale family 

linkage studies show that the extra chromosome comes from the mother in 90% of the 

cases, suggesting that defects in oocyte meiosis are at the origin of the aneuploidy  

(Allen et al., 2009; Freeman et al., 2007). Importantly, studies over the last 20 years 

have shown that both reductions in crossing over and alterations in the distribution of 

COs are associated with meiotic non-disjunction of several chromosomes (Hassold et 

al., 2007). Thus, understanding the mechanisms that control CO formation is directly 

relevant for human fertility.   

1.4 C. elegans as a Model organism for the study of meiosis 

Researching the mechanisms that ensure CO formation during meiosis in humans 

has obvious associated ethical issues, as well technical difficulties, especially since 

meiosis happens in the gonad and, in the case of the females, meiotic prophase occurs 

during foetal development. By contrast, the free living nematode C. elegans is an 

abundant and easily accessible source of meiotic cells, since more than half of the 

cells in an adult hermaphrodite are engaged in meiosis. C. elegans has two 

compartmentalised syncytial germlines and each one of them contains a whole time 

course of meiosis in which nuclei at different meiotic stages can be easily identified 

based on chromatin morphology and the position of the nucleus within the germline 

(Figure 3). The distal tip of the germline contains nuclei that have not yet 

differentiated into meiocytes and that proliferate mitotically. Following meiotic S-

phase, nuclei enter the transition zone, corresponding to the stages of leptotene-

zygotene, in which homologue pairing occurs and SC is started. Nuclei in this region 
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display a characteristic morphology in which chromosomes are clustered on one side 

of the nucleus, giving nuclei a half-moon shape appearance. The pachytene region, in 

which CO formation is completed, is characterized by a more even distribution of the 

chromosomes inside the nucleus and by a fully assembled SC. Pachytene is followed 

by  diplotene and diakinesis during which individual bivalents become visible as 

chromosome condensation increases prior to the first meiotic division. Fertilisation 

takes place when an oocyte reaches the spermatheca and the meiotic divisions happen. 

The fact that each germline contains a complete time course of meiotic prophase I and 

that nuclei at specific stages can be easily identified is a key advantage of this model 

organism. Furthermore, since worms are transparent, the creation of transgenic strains 

(see below) carrying GFP tagged version of meiotic proteins allows in vivo imaging 

of meiotic events. 

Most C. elegans individuals carry two X chromosomes and are hermaphrodites. 

Their germlines first produce sperm, which is stored in the spermatheca during larval 

development and, later in the life cycle, the germlines switch into oocyte production. 

C. elegans males, which carry a single X chromosome, appear naturally at low 

frequency due to nondisjunction of the X chromosomes during meiosis. Therefore, a 

high incidence of males (him phenotype) among the progeny can be used as an 

indicator of defects in meiotic chromosome segregation. Using this simple diagnostic 

many meiotic mutants have been isolated. C. elegans offer a very powerful genetic 

tool, in which both forward and reverse genetic approaches can be used. The system is 

also amenable to cytological approaches, which are also important to study the 

organization of chromosomes during meiosis. Biochemical tools have been 

successfully developed in the last few years and the production of transgenic lines has 

been greatly improved by the Jorgensen lab, who have developed a transposon-based 

method that allows the creation of line carrying a single insertions of a desired 

transgene or targeted deletions (Frokjaer-Jensen et al., 2008)(Frokjaer-Jensen et al., 

2010). Finally, it is worth mentioning that since homologue pairing and SC formation 

occur independently of recombination in C. elegans, this allows an easier dissection 

of the mechanisms that affect the pairing processes per se without the extra 

complications observed in other systems. 
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1.5. Homologue Pairing 

During the early stages of meiotic prophase homologous chromosomes come 

closer and recognise one another in a way that is not completely understood. The 

process of homology matching requires physical interactions that become more stable 

and that  culminate in full pairing and, in most cases, synapsis. In general, these 

processes can be classified based on their dependency on DSB formation. 

1.5.1 Recombination-independent mechanisms 
This type of mechanisms have been found in all the organisms studied and, 

most species, do not rely just on a single mechanism for pairing. The best well-known 

example of these mechanisms is the telomere bouquet, which involves an interaction 

between the chromosomes and the NE. Precisely, attending to this feature, the 

recombination independent mechanisms can be sub-divided into two groups: a) 

mechanisms that involve chromosome-NE interaction and b) mechanisms that involve 

inter-chromosomal interactions. 

1.5.1.1. Mechanisms that require chromosome-NE interactions 

1.5.1.1.1.	  The	  meiotic	  bouquet	  

During the early stages of meiosis, the telomeres gather at the NE. This 

telomere clustering is a visible reorganization of the chromosomes that has been 

proposed to facilitate homologue alignment and recombination. Bouquet formation 

requires first the attachment of telomeres to the NE and then the clustering of the 

telomeres on a small region of the NE. One intriguing characteristic is that this 

attachment mediates between the cytoskeletal forces and the chromosomes to produce 

chromosomal movements (see below).  

Most of the data available about this structure comes from studies in the 

fission yeast S. pombe (Figure 4). Molecular evidences for telomere involvement in 

the pairing process in this organism come from mutations in the genes encoding 

constitutive telomere-associated proteins, including Taz1 and Rap1. Deletion of these 

genes disrupts bouquet formation and Taz1 lacking cells show reduced homologue 

pairing in chromosome arms (Cooper et al., 1998)(Chikashige and Hiraoka, 2001; 

Kanoh and Ishikawa, 2001; Nimmo et al., 1998)(Ding et al., 2004). Bqt3 and Bqt4 

proteins anchor constitutively the telomeres to the inner side of the NE interacting 
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with Rap1. Cells lacking Bqt3 or Bqt4 show a partial loss of telomere clustering 

(Chikashige et al., 2010; Chikashige et al., 2009). Systematic microarray-based 

screens identified the meiosis-specific proteins Bqt1 and Bqt2 (Martin-Castellanos et 

al., 2005), which under the control of a mating pheromone signal form a complex that 

binds to Rap1. Loss of Bqt1 or Bqt2 totally disrupts the telomere bouquet and 

produces low levels of meiotic recombination (Chikashige et al., 2006; Tang et al., 

2006). Sad1, a SUN-domain protein that localizes in the SPB, was shown to interact 

with Bqt1 (Chikashige et al., 2006; Hagan and Yanagida, 1995).  An experiment in 

which Bqt1 and Bqt2 were expressed during the mitotic cell cycle suggests that part 

of Sad1 relocates from the SPB to the NE, associating with Bqts-bound telomeres 

(Chikashige et al., 2006). It has been proposed that Kms1, a KASH-domain protein in 

the outer membrane of the NE, interacts with Sad1 and this interaction moves the 

telomeres to the SPB promoting the clustering (Reviewed in (Chikashige et al., 

2007)). Nevertheless, the forces that direct the telomeres to form the bouquet are still 

unknown.  

While S. pombe telomere clustering persists until the end of prophase I, the 

bouquet in S. cerevisiae is more transient and its formation starts concomitantly with 

SC assembly (Dresser and Giroux, 1988; Trelles-Sticken et al., 1999). The deletion of 

genes involved in telomere clustering in S. cerevisiae has more subtle consequences 

for the cell than in S. pombe. In budding yeast, Mps3, Ndj1 and Csm4 are required for 

bouquet formation and telomere-led movements (Conrad et al., 2008; Conrad et al., 

2007; Rabitsch et al., 2001; Trelles-Sticken et al., 2000) (Figure 4). Mps3, a SUN-

domain NE protein, interacts with Ndj1, which is a meiosis-specific protein that 

localizes to telomeres (Conrad et al., 1997; Conrad et al., 2007). In an ndj1 mutant, 

meiotic prophase is delayed and an increase in ectopic recombination is detected, 

suggesting that homologuediscrimination might be perturbed (Trelles-Sticken et al., 

2000)(Goldman and Lichten, 2000). Both Mps3 and Ndj1 are required for telomere 

attachment to the NE (Conrad et al., 2007). Csm4, a cytoplasmic tail-anchored protein 

(Beilharz et al., 2003), interacts with Mps3 and Ndj1, but is not required for telomere 

attachment (Kosaka et al., 2008)(Conrad et al., 2008)(Koszul et al., 2008). Cells 

lacking Cms4 show a delay in recombination (Kosaka et al., 2008; Wanat et al., 

2008), CO misplacement (Wanat et al., 2008) and a defect in homologue pairing 

(Brown et al., 2011).  

35



The mammalian orthologs of the S. pombe Taz1, TRF1 and TRF2, form the 

shelterin complex together with the TRF2 binding factor Rap1, which is distantly 

related to the Rap1 protein in fission yeast. The sheltering complex protects and 

maintains the telomeres in somatic cells (reviewed in (Palm and de Lange, 2008). In 

meiosis this complex is found as well in the telomeres and in the NE (Scherthan et al., 

2000)(Liebe et al., 2004), but cells lacking Rap1 achieve NE attachment normally and 

undergo bouquet formation (Scherthan et al., 2011). Disruption of the telomere-NE 

attachment has been only described in cells that lack the SUN-domain nuclear protein 

SUN1 (Ding et al., 2007). 

1.5.1.1.2.	  The	  pairing	  centres	  in	  C.	  elegans	  	  

 During the leptotene and zygotene stages in C. elegans there is a marked 

reorganization of chromosomes inside the nucleus that leads to the acquisition of a 

highly polarized organization, giving nuclei a half-moon shape appearance. The 

region of the germline containing these nuclei is known as transition zone. Studies 

performed in the past few years have shown that this chromosome polarization 

corresponds to a bouquet-like structure, in which the chromosomes interact with the 

NE through their pairing centres (PC) (Figure 4).  

The PCs are specialized regions localised near a single end of each 

chromosome and that are required to promote pairing and synapsis. Studies in strains 

carrying chromosome rearrangements described a different behaviour of one end of 

each chromosome. For example, in individuals heterozygous for a reciprocal 

translocation, which resulted from the exchange of chromosome segments between 

non-homologous chromosomes, the frequency of recombination is suppressed on one 

side of the translocation breakpoint and is elevated on the other side (Rosenbluth and 

Baillie, 1981)(McKim et al., 1993)(McKim et al., 1988). These individuals achieve 

full levels of synapsis, indicating that even those two chromosome pairs that are 

homologous just for a region of the chromosome are synapsed (MacQueen et al., 

2005). The ability of PC regions to promote pairing (Villeneuve, 1994) is independent 

of synapsis initiation, since PCs are able to stabilize chromosome interactions through 

prophase I even in the absence of SC (MacQueen et al., 2002)(MacQueen et al., 

2005).  

 Each PC is enriched in specific target sequences that recruit PC-binding 

proteins (Phillips et al., 2009). These proteins are encoded in a single gene cluster and 
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form a four-member family of zinc-finger proteins, HIM-8, ZIM-1, ZIM-2 and ZIM-3 

(Phillips and Dernburg, 2006). HIM-8 binds to the PC of the X chromosome (Phillips 

et al., 2005) and ZIM-2 binds to the PC of the chromosome V, in a chromosome-

specific manner. But the identity of the PC-binding protein cannot specify the pairing 

partner choice because the other two PC-binding proteins bind to PC in two different 

chromosomes: ZIM-1 binds to the PC on chromosomes II and III and ZIM-3 binds to 

both PC on chromosomes I and IV. Mutations in the genes that encode the PC-

binding proteins result in the expected chromosome-specific asynapsis and defective 

homologue pairing (Phillips and Dernburg, 2006). 

 In transition zone nuclei, the PC-binding proteins localize to the NE, with 

HIM-8 persisting until late pachytene and the ZIM proteins localizing to the NE more 

transiently until early pachytene. This localisation pattern of the ZIM proteins is 

dependent on CHK-2, an ortholog of the human CHK2 kinase, since in chk-2 mutants 

these proteins still localize on the PC region of the chromosomes but not to the NE. 

Interestingly, chk-2 mutants retain HIM-8 at the NE (Phillips and Dernburg, 2006). 

The same phenotype can be observed in a null allele of him-3, a mayor constituent of 

the AE (Baudrimont et al., 2010). The lack of autosome attachment to the NE in the 

him-3 mutant probably reflects an structural defect more than a regulatory signal.  

SUN-1, a SUN-domain protein that localizes in the inner membrane of the NE 

in the germline (Fridkin et al., 2004) forms aggregates in transition nuclei that 

colocalise with the HIM-8/ZIM proteins (Penkner et al., 2009)(Sato et al., 2009). 

Other proteins follow this pattern in which an even distribution on the NE switches to 

the formation aggregates when nuclei enter the transition zone. This group of proteins 

includes ZYG-12 (Penkner et al., 2007), a KASH-domain protein that localizes in the 

outer membrane of the NE and interacts with SUN-1 (Malone et al., 2003)(Minn et 

al., 2009)(Penkner et al., 2009) (Figure 4). In vivo imaging has revealed that these 

SUN-1/ZYG-12 aggregates are highly dynamic, and several lines of evidence indicate 

that the formation of these aggregates facilitates homologue pairing (Penkner et al., 

2009). For example, worms carrying mutations in sun-1 or zyg-12 that induce pairing 

defects still show localisation of PC-binding proteins to the NE that form smaller and 

more scattered aggregates (Penkner et al., 2007)(Penkner et al., 2009)(Sato et al., 

2009).  

The analysis of mutants that alter the extent of nuclei displaying the 

chromosome clustering characteristic of transition zone shows that SUN-1/ZYG-12 
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aggregates are an intrinsic feature of this meiotic stage. For example, chk-2 mutants, 

which lack chromosome clustering in transition zone, are deficient in 

homologuepairing and in this mutant unpaired HIM-8 signals localizes to the NE and 

just small SUN-1 foci colocalise with HIM-8 at the NE (Penkner et al., 2009). In 

mutants homozygous for the him-8(me4) mutation, which results in a S58F 

substitution, HIM-8 localizes to the NE but this version of HIM-8 does not localize 

with SUN-1 aggregates and is not able to promote pairing of the X chromosomes 

(Sato et al., 2009). On the other hand, mutations that result in an extended transition 

zone, such as in syp-2 mutants, which lack a component of the central region of the 

SC, show almost wild-type levels of pairing and have almost wild-type levels of 

SUN-1 aggregate formation that persist longer (Penkner et al., 2009). The strong 

correlation between the SUN-1 aggregates and chromosome attachment to the NE 

(Penkner et al., 2009) was used by Baudrimont et al, (2010) to observe the SUN-1 

dynamics in several meiotic mutant backgrounds inferring PC dynamics. This study 

confirmed that aggregate formation is necessary for homologue pairing and that the 

formation of the aggregates requires movement.  

1.5.1.2. Mechanisms that involve inter-chromosomal interactions 

1.5.1.2.1.	  Interactions	  between	  centromeric	  regions	  

 In Drosophila oocytes, centromeres pair to allow segregation of homologue 

pairs that do not undergo CO formation (Dernburg et al., 1996). This pairing ability 

extends to the heterochromatic regions nearby the centromeres (Karpen et al., 1996). 

However, the role of the centromeres themselves in the process remains unclear 

(Review in (McKee, 2004)). In Drosophila males the centromeres cluster in a non-

homologous way and then they switch to homologous pairing in a transient way 

(Vazquez et al., 2002)(Yan et al., 2010)(Tsai et al., 2011), but the bases for the 

specificity or the functional significance of these interactions remain unclear 

(Reviewed in (Tsai and McKee, 2011).  

 Centromeres have been described to pair as well in other species such as 

wheat and budding yeast (Martinez-Perez et al., 1999)(Tsubouchi and Roeder, 2005). 

In both cases non-homologous associations evolve into homologous associations, 

although this transition seems to be controlled by homologous associations that may 

be initiated somewhere else along the chromosomes. While subtelomeric regions have 

been proposed to control the switch to homologous centromere associations  in wheat 
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(Corredor et al., 2007), the switch in centromere pairing in yeast is an open debate. 

Stable pairing in budding yeast is traditionally considered to be mainly DSB-

dependent and started at sites of CO-fated recombination events, which also act as 

sites of SC assembly (Reviewed in (Gerton and Hawley, 2005)(Page and Hawley, 

2003)). However, although centromeres are CO-poor regions in S. cerevisiae, it has 

been described that they are sites for initiation of SC loading (Tsubouchi and Roeder, 

2005)(Tsubouchi et al., 2008). Furthermore, the centromeric localisation of the central 

element of the SC central element ZIP1 is not dependent on DSB formation 

(Tsubouchi and Roeder, 2005), but on cohesin (Bardhan et al., 2010). Strictly 

speaking, the switch between non-homologous centromere coupling to homologous 

pairing of the centromeres is still DSB-dependent, since this requires Spo11 

(Tsubouchi and Roeder, 2005). In any event, these studies from different organisms 

demonstrate the broad presence of pairing mechanisms that are based on specific 

chromosomal regions, pairing centres in C. elegans and centromeres in other species.   

1.5.1.2.2.	  Chromosome	  interactions	  involving	  heterochromatin	  

 The best well-known heterochromatic site that promotes pairing is the rRNA 

genes present in tandem arrays in the X chromosome in Drosophila. This is the only 

homologous region that is shared between the X and the Y chromosomes, which is 

located in the base of the short arm of the Y chromosome. This region functions 

directly as a pairing site, similar to the PC in C. elegans, in Drosophila males (McKee 

and Karpen, 1990)(McKee et al., 1992)(McKee, 1996). It also recruits proteins, 

Stromalin in Meiosis (SNM) and Modifier in Meiosis (MNM), which in this case 

seem to substitute for chiasmata in locking the association between chromosomes, 

thereby allowing correct homologue segregation on the first meiotic spindle (Thomas 

et al., 2005)(Thomas and McKee, 2007) (Reviewed in (Tsai and McKee, 2011)).  

1.5.2 Recombination-dependent pairing mechanisms 
 S. cerevisiae, Arabidopsis and mammals, in which SC assembly requires the 

formation of DSBs, appear to largely rely on recombination to achieve full levels of 

homologue pairing. Homologous chromosomes establish axial associations that 

depend on DSB formation and happen when the recombination machinery promotes 

strand invasion (Rockmill et al., 1995). Cytological and site-specific recombination 

assays (Lui et al., 2006)(Peoples et al., 2002) indicate that the stable pairing is 
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dependent on AE proteins and DSB formation but not in the completion of COs. 

Disruption of telomere clustering by the deletion of Ndj1 results in a slight decrease 

of axial pairing but also shows a strong delay in the formation of the interactions. 

Proteins involved in SC loading localize at the axial association sites, suggesting that 

this sites also are synapsis initiation sites (Chua and Roeder, 1998)(Tsubouchi et al., 

2006).  

1.6 SUN-KASH Domain Proteins 

 The nuclear envelope (NE) compartmentalizes the genome in all eukaryotic 

cells. It consists of two parallel membranes, the inner nuclear membrane (INM) and 

the outer nuclear membrane (ONM), that fuse at the nuclear pore. Immediately under 

the INM lies the lamina (reviewed in (Gruenbaum et al., 2005)(Fridkin et al., 2009)) 

and contiguous to the ONM is the endoplasmic reticulum (ER). The current model 

that explains the connection that allows interactions between the cytoplasm and 

nucleoplasm involves a bridge formed by SUN-domain (Sad1 and UNC-84) proteins 

and KASH-domain (Klarsicht, ANC-1 and Syne/Nespring Homology) proteins 

(reviewed in (Fridkin et al., 2009)(Starr and Fridolfsson, 2010)). 

1.6.1 A nuclear envelope bridge 
 The SUN-KASH domain proteins were first identified by characterizing 

mutants in C. elegans and Drosophila with defects in organelle and nuclei positioning 

(Sulston and Horvitz, 1981)(Hedgecock and Thomson, 1982). Their molecular 

identification allowed the characterization of their main domains (Malone et al., 

1999)(Starr and Han, 2002), SUN and KASH, which were found to be widely 

conserved. 

 More exhaustive molecular analysis of the SUN-domain proteins showed that 

these proteins are components of the INM (Reviewed in (Starr and Fridolfsson, 

2010)). They have at least one transmembrane domain for their localisation in the 

INM, with the SUN domain in the perinuclear space, where they interact and anchor 

the KASH-domain proteins. Their nucleoplasm domains are not conserved, but many 

of them interact with lamins (Reviewed in (Gruenbaum et al., 2005)). On the other 

hand, all the known proteins that localize to the ONM are KASH proteins. They are 

characterized for the presence of the KASH domain, which targets them to the ONM. 

Although the region of these proteins that localizes to the cytoplasm region is quite 
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divergent, the KASH domain is well conserved and is localized in the perinuclear 

space (Starr and Fridolfsson, 2010). 

 KASH proteins require SUN proteins for their localisation to the NE, and both 

proteins interact in the perinuclear space to form a bridge that connects the cytoplasm 

and the nucleoplasm (Crisp et al., 2006)(Minn et al., 2009)(McGee et al., 

2006)(Padmakumar et al., 2005). The functions of these bridges are diverse as diverse 

are the domains of both SUN and KASH proteins that interact in the nucleoplasm and 

in the cytoplasm.  

1.6.2 SUN-KASH domain proteins in meiosis  

1.6.2.1. SUN-KASH bridge and chromosome-NE attachment 

 The meiotic bouquet and bouquet-like structures, such as the chromosome 

polarization observed in transition zone nuclei in the C. elegans germline, require 

chromosome clustering for their formation. SUN-KASH bridges mediate this 

chromosome reorganization (Figure 4) (Chikashige et al., 2006)(Penkner et al., 

2009)(Sato et al., 2009)(Wanat et al., 2008)(Koszul et al., 2008) (Reviewed in 

(Fridkin et al., 2009)).  

In the nucleoplasm side, the SUN-domain proteins mediate chromosome 

attachments to the NE. Telomere-binding proteins, Ndj1 in S. cerevisiae or Taz1 in S. 

pombe, or PC-binding proteins in the C. elegans case, interact more or less directly 

with the SUN-domain proteins. The meiosis-specific Bqt proteins mediate this 

interaction in S. pombe (Chikashige et al., 2006), while in S. cerevisiae Ndj1, which is 

expressed specifically during meiosis, seems to interact directly with Mps3, the SUN-

domain protein (Conrad et al., 2007)(Conrad et al., 2008). It is likely that the 

chromosome-NE attachment in C. elegans is not a direct interaction between the PC-

binding proteins, HIM-8/ZIM, and SUN-1. Although there is a strong correlation 

between SUN-1 aggregate formation and PC-binding proteins bound to chromosomes 

(Penkner et al., 2009)(Baudrimont et al., 2010), some evidences suggest that SUN-1 is 

not the primary anchor of the chromosome ends bound to PC-binding proteins. For 

example, the me4 allele of him-8, in which HIM-8 is able to bind to the nuclear 

envelope without SUN-1 aggregate formation (Sato et al., 2009) or the fact that no 

interaction was detected between the N-terminus of SUN-1 with HIM-8 and ZIM-3 in 

a yeast two-hybrid assay (Sato et al., 2009). Therefore, it seems likely that an 
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unknown factor mediates the interaction between the PC-binding proteins and SUN-1. 

Alternatively, posttranslational modifications of SUN-1 could drive this interaction, 

which would not be detected in a yeast two-hybrid assay. Additionally, the 

recruitment of the PC-regions of the autosomes to the NE requires proper AE 

assembly, since him-3 null mutants have their autosomes loaded with the ZIM 

proteins but they are not attached to the NE (Baudrimont et al., 2010).  

Chromosome tethering to the NE is not enough to induce chromosome 

clustering, as is evident in mutants that lack the KASH-domain protein or disrupt the 

SUN-KASH bridge. Csm4 is the putative KASH-domain protein in S. cerevisiae and 

its deletion results telomeres attached to the NE that do not cluster (Kosaka et al., 

2008)(Wanat et al., 2008). Ksm1 lacking cells in S. pombe disrupt the bouquet and the 

SPB while leaving the telomeres attached to the SPB fragments (Shimanuki et al., 

1997). ZYG-12 mutants in C. elegans or SUN-1 mutations that disrupt the bridge 

SUN-KASH show unpaired PC-binding proteins attached to the NE and smaller and 

more scattered SUN-1 aggregates (Penkner et al., 2009)(Sato et al., 2009).  

1.6.2.2. SUN-KASH bridge and chromosome clustering 

 Chromosome clustering requires NE attachment of chromosomal ends, a 

functional SUN-KASH bridge and the interaction of the KASH-domain protein with 

the cytoskeleton, which is the source of chromosome movement. Nevertheless, 

chromosome clustering is just the beginning of the chromosome movements during 

meiosis, since for all studied species concomitant with this clustering, other 

chromosomal and nucleus movements start. 

 In S. cerevisiae chromosome movements have been observed from leptotene 

to pachytene. Several studies have reported telomere-led movements by live-imaging 

of the telomeres (GFP-tagged versions of the telomere-binding proteins or lacO/lacI-

GFP system) or time-lapse analysis of the axis or SC central element (Koszul et al., 

2008)(Wanat et al., 2008)(Conrad et al., 2008). Despite the transient nature of the 

bouquet, its components, Ndj1, Mps3 and Csm4, are required for bouquet formation 

as well as for telomere-led movements that expand from leptotene to pachytene. 

Abrogation of these movements occurs by addition of latrunculin, an actin antagonist, 

but not by addition of microtubule drugs (Trelles-Sticken et al., 2005)(Scherthan et 

al., 2007)(Koszul et al., 2008). Changes in the shape of the NE can be observed 

concomitant with chromosome movements and these deformations persist when 
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chromosomes are no longer attached to the NE, but they disappear in cells lacking 

Csm4 or after latrunculin treatment (Koszul et al., 2008). Although there are no data 

available to prove a direct interaction with the actin cytoskeleton, it has been 

suggested that telomeres would be passively attached to the actin cables that hug the 

nucleus and that chromosome movement would be a result of the movement of the 

cables (Koszul et al., 2008). This mechanism has been described before for retrograde 

mitochondrial movement in budding yeast (Reviewed in (Boldogh and Pon, 2007). 

 Telomere clustering to the SPB in S. pombe has been proposed to be mediated 

through Sad1-Kms1, the SUN-KASH bridge, with forces exerted by the microtubule 

cytoskeleton (Chikashige et al., 2007). Nevertheless the deletion of Dhc1, a 

microtubule motor, does no affect telomere clustering while it affects the 

characteristic horsetail movement of the nuclei (Yamamoto et al., 1999)(Tomita and 

Cooper, 2007), an oscillatory back and forth movement of the nucleus through the 

cytoplasm that creates an elongated nuclear shape (Chikashige et al., 1994). The astral 

microtubules and the dynein motors, Dhc1 and Dlc1, pull the SPB that leads the 

nucleus across the cytoplasm while recombination takes place (Ding et al., 

1998)(Yamamoto et al., 1999)(Miki et al., 2002).  

 In C. elegans, leptotene-zygotene movement has been analyzed by live 

imaging of the SUN-domain protein SUN-1 (Baudrimont et al., 2010). These 

experiments demonstrated that small SUN-1 aggregates move through the surface of 

the nucleus fusing to form bigger aggregates, and then splitting. Similar to 

observations in yeast, changes in the shape of the nucleus accompanied by chromatin 

protrusions were also detected in this study. The formation of large SUN-1 aggregates 

requires binding of the chromosomes to the INM and the interaction of SUN-1 with 

ZYG-12, the KASH- domain protein (Minn et al., 2009)(Penkner et al., 2009). In fact 

both SUN-1 and ZYG-12 colocalise in the aggregates observed in transition zone 

nuclei (Penkner et al., 2007)(Sato et al., 2009).  

 Several lines of evidence suggest the involvement of the microtubule 

cytoskeleton in the movement of SUN-1 aggregates during C. elegans meiosis. First, 

ZYG-12 has been suggested to mediate the centrosome attachment to the nucleus in 

the C. elegans embryo, in a process that is thought to be driven by microtubules and 

the cytoskeletal motor dynein (Malone et al., 2003). Second, ZYG-12 and DLI-1, the 

dynein light intermediate chain, interact in a yeast two-hybrid analysis and they both 

colocalise in the NE both in the embryo and the C. elegans germline (Malone et al., 
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2003)(Minn et al., 2009)(Sato et al., 2009). Finally, Other cytoskeletal motors localize 

to the NE in the germline such as DHC-1 (the dynein heavy chain), DNC-1 (dynactin) 

and LIS-1 (human lissencephaly gene), and these proteins colocalise to SUN-1/ZYG-

12 aggregates in transition zone nuclei, suggesting that these motors are involved in 

the movement of the aggregates. In fact, knocking down of the cytoskeletal motors 

DHC-1 and DNC-1 leads to pairing defects (Sato et al., 2009) and defects in 

homologue pairing can be observed as well after colchicine treatment, which disrupts 

microtubule polymerization, but not after treatment with the actin-depolymerising 

agent, latrunculin (Sato et al., 2009). These observations demonstrate that the 

formation of dynamic SUN-1/ZYG-12 aggregates is important for the pairing process 

and that cytoskeletal motors may play a role in mediating the movement. 

 

1.6.3. Other functions of SUN-KASH domain proteins in C. elegans 
 C. elegans has two SUN-domain proteins, SUN-1 (also called matefin) and 

UNC-84. Four KASH-domain proteins have been identified in this system so far, 

ANC-1, UNC-83, ZYG-12 and KDP-1 (Figure 5). ANC-1 is a large filament protein 

that requires UNC-84 for its localisation to the NE. It anchors the nuclei to the actin 

filaments and organizes mitochondria distribution (Starr and Han, 2002). Mutations in 

the anc-1 gene cause nuclear anchorage defects in which nuclei float freely in the 

cytoplasm (Hedgecock and Thomson, 1982). KDP-1 interacts with SUN-1 in the 

germline nuclei and the early embryo and it can be detected in a SUN-1 independent 

manner in the late embryo and in other adult tissues (McGee et al., 2009). KDP-1 is 

thought to ensure the progression of the cell cycle between the end of S-phase and 

entry into mitosis (McGee et al., 2009). UNC-83 directly interacts with UNC-84 to 

promote nuclear migration in a variety of tissues (Malone et al., 1999)(Starr et al., 

2001)(McGee et al., 2006), and it is though to act as a cargo adaptor at the NE for the 

cytoskeletal motors kinesin and dynein (Meyerzon et al., 2009)(Fridolfsson et al., 

2010).  

 Besides its role in homologue pairing (Penkner et al., 2007), the pair SUN-

1/ZYG-12 also plays a role in controlling nuclear positioning in the germline. It is 

thought that anchoring of nuclei in the germline is dependent on microtubules and is 

mediated through dynein, which is not recruited to the NE in a zyg-12 mutant, a defect 

that leads to nuclei misspositioning (Zhou et al., 2009). Centrosome attachment to the 
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NE is independent of SUN-1/ZYG-12 in the germline (Penkner et al., 2007)(Zhou et 

al., 2009), but in the early embryo, down regulation of SUN-1 or ZYG-12 results in 

centrosome detachment from the nucleus (Malone et al., 2003)(Penkner et al., 

2007)(Minn et al., 2009). The model proposed to explain centrosome-nuclear 

attachment in the early embryo, involves the recruitment of dynein to the NE, which 

is mediated by ZYG-12. The nucleus and the centrosome would come closer together 

via translocation of the microtubules emanating from the centrosome by the NE-

anchored dynein. Once the nucleus and the centrosome are close enough, the different 

isoforms of ZYG-12 would mediate the attachment in a dynein-independent manner 

(Malone et al., 2003). 

1.7 Chromosome Movements During Meiotic Prophase 

 Direct observation of chromosome movements, rather than movement of the 

structures to which chromosomes attach on the NE, has been very limited. However, 

chromosome movements appear to be implicit from the changes in chromosome 

organization along meiotic prophase that can be observed in fixed samples from 

different species.  

1.7.1 Pre-leptotene movements 
 Entering into meiosis correlates, in all studied species, with changes in 

chromosome structure as well as dramatic changes in the organization of 

chromosomes inside the nucleus. For example, yeast cells exit the preceding mitosis 

with centromeres clustered, at the SPB in fission yeast or near the SPB in budding 

yeast, but in response to pheromones the telomeres attach to the NE and the 

centromeres detach from the SPB and the bouquet can be formed (Zickler and 

Kleckner, 1998)(Bass, 2003)(Chikashige et al., 2006). Similarly, the use of 

chromosome painting in C. elegans germlines has revealed that striking changes in 

nuclear organization occur upon meiotic entrance, which may involve chromosome 

movements (Nabeshima et al., 2011) (Figure 6). 

1.7.2 Leptotene-zygotene movements 
 Two main types of chromosome movement seem to be present during meiotic 

prophase: movement produced by the clustering of  telomeres or chromosome ends at 

the bouquet stage and global chromosome motions that seem to persist into 
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pachytene. The system in which this differentiation is more evident is S. pombe. 

Telomere clustering in fission yeast occurs upon sexual differentiation and persists 

until the end of prophase. The horsetail movement needs the telomere bouquet 

formation and consists in the movement of the bouquet led by the SPB (Yamamoto et 

al., 1999)(Miki et al., 2002)(Ding et al., 1998). Traditionally, the idea that clustering 

and horsetail movement promote homologue pairing and recombination was 

supported by the fact that mutants defective for bouquet formation also showed 

reduced homologue paring and recombination defects (Nimmo et al., 1998)(Martin-

Castellanos et al., 2005)(Cooper et al., 1998)(Chikashige et al., 2006)(Ding et al., 

2004). However, these mutants show a low spore viability that strict horsetail-

deficient mutants do not have (Yamashita and Yamamoto, 2006)(Saito et al., 

2006)(Saito et al., 2005)(Tanaka et al., 2005)(Niccoli et al., 2004)(Yamamoto et al., 

1999)(Tomita and Cooper, 2007). In bouquet mutants, the horsetail movement of the 

nucleus is disrupted but, surprisingly, the SPB persists normally in this movement. 

The SPB in these mutants shows maturation defects, which nature remain unclear, but 

could be the reason that explains the difference in spore viability between bouquet 

and horsetail mutants (Tomita and Cooper, 2007).  

 In S. cerevisiae, telomere-led movements are thought to start at zygotene 

(Koszul et al., 2008), although other authors have also observed movements in 

leptotene (Trelles-Sticken et al., 2005). These apparently contradictory observations 

can be explained if the telomere clustering observed by Trelles-Sticken et al, (2005) is 

the product of the biased movement towards the SPB of the telomeres attached to the 

actin cables described in Koszul et al, (2008). Nevertheless, active movements have 

been described to start in zygotene and persist through pachytene (Conrad et al., 

2008).  

 To date, direct chromosome movement has not been described in C. elegans. 

However, in vivo imaging of the SUN-1 aggregates, to which chromosomes are 

known to attach via PC-binding proteins, strongly suggests that PC-led chromosome 

movement must occur at least during leptotene-zygotene (Baudrimont et al., 

2010)(Penkner et al., 2009). These studies also showed that intact axial elements are 

required for the normal mobility of the SUN-1 aggregates, demonstrating that 

chromosome structure may influence the movement. On the other hand, disruption of 

the SUN-KASH bridge impairs movement of the aggregates without affecting the NE 

attachment of the chromosomes and this lack of motion leads to nonhomologous 
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synapsis. This suggests that in addition to bringing chromosomes together and 

promoting pairing and homologous synapsis, the movement of SUN-1 aggregates 

exerts an inhibitory action on synapsis, avoiding synapsis between non-homologous 

chromosomes (Penkner et al., 2009)(Baudrimont et al., 2010). Conversely, SC loading 

was also shown to restrict the movement of SUN-1 aggregates, reinforcing the idea 

that chromosome structure affects chromosome dynamics. Interestingly, although 

pairing and synapsis are independent of DSB formation in C. elegans, DSB absence 

significantly reduces the higher-speed movements of SUN-1 aggregates, 

demonstrating that a complex interaction between recombination and chromosome 

movement may be present in C. elegans (Baudrimont et al., 2010). In vivo imaging of 

specific chromosomal regions will be necessary to formally demonstrate that 

chromosome movement takes place during leptotene-zygotene in C. elegans, and also 

to address the question of how different factors such as recombination progression or 

SC assembly may affect chromosome movement  

At the end of zygotene, SUN-1 aggregates dissolve and chromosomes 

redistribute evenly inside the nucleus, and this event coincides with changes in the 

pattern of CHK-2-dependent phosphorylation events in the N-terminus of SUN-1 

(Penkner et al., 2009). These phosphorylation events seem to be related with the 

timing of SUN-1 aggregate formation and dissolution, since an extended transition 

zone can be observed in worms homozygous for phosphomimic sun-1 mutation 

(Penkner et al., 2009). These observations suggest that chromosome movement during 

leptotene zygotene may be under the control of a signalling mechanism involving the 

CHK-2 kinase.  

1.7.3 Pachytene movements 
 Chromosome movements in pachytene have not been described in C. elegans, 

and will require a direct observation of chromosomes, rather than the analysis of 

SUN-1 aggregates. In S. pombe the end of chromosome clustering, a stage known as 

telomere fireworks, coincides with the end of the horsetail movement. The clustering 

and declustering of telomeres seems to have wider implications for the cell than just 

pairing and recombination in fission yeast (Tomita and Cooper, 2007).  

In S. cerevisiae, the telomere-led movements initiated during early prophase, 

persist and become even more vigorous, during pachytene (Conrad et al., 

2008)(Koszul et al., 2008). Analysis of csm4 mutants showed that cells lacking Csm4 
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can anchor the telomeres to the NE but the telomeres lack their characteristic mobility 

(Koszul et al., 2008)(Conrad et al., 2008). csm4 mutants show a defect in homologue 

pairing but not a delay in non-homologous “unpairings” (Brown et al., 2011). These 

observations suggest that chromosome motion is important for homologue pairing and 

the authors favour the idea that his happens by freeing the chromosomes from 

interlocks that would normally occur during the pairing process. However, this 

possibility remains to be confirmed since there is not a suitable assay available to 

measure interlocks. Furthermore, the analysis of csm4 mutants also suggested a 

mechanistic link between chromosome movement and the regulation of 

recombination. All steps of recombination following DSB formation are delayed in 

csm4 mutants (Kosaka et al., 2008)(Wanat et al., 2008) but, Surprisingly, CO events 

are not decreased in csm4 mutants, and in fact  they occur at higher levels than in the 

wild type. This suggests that chromosome movement may be an important player in 

the regulation of CO interference (Wanat et al., 2008). The effect of telomere-led 

chromosome movement on CO control could be trough a direct role for chromosome 

motion in the recombination process, or more indirectly by removing non-specific 

chromosomal interactions like entanglements (Kosaka et al., 2008)(Wanat et al., 

2008).  

1.8 Overview of the Eukaryotic Cytoskeleton  

 Far from being just a scaffold that provides the shape and the mechanical 

strength to a cell, the cytoskeleton is a highly dynamic proteinaceous matrix that 

provides cell motility and directs the traffic of the organelles inside the cell. This 

control of organelle position and movement means that the cytoskeleton is involved in 

numerous processes in the cell. Eukaryotic cells have three main types of filaments: 

microtubules, microfilaments and intermediate filaments (reviewed in (Boldogh and 

Pon, 2007) (Alberts, 2008). 

 The intermediate filaments are the less dynamic filaments in the cytoskeleton 

and they act to provide strength to the cell. Most intermediate filaments are 

cytoplasmic, apart from the lamins that are nuclear. Monomers of intermediate 

filaments are expressed in a tissue-specific manner and then polymerise themselves in 

order to produce longer filaments. The three mayor types of these filaments are: 

keratins in epithelial cells, neurofilaments in neurons, and vimentins in fibroblasts.  
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 The microfilaments, or actin filaments, are polymers of globular actin 

monomers (G actin) arranged into two helical filaments (F-actin). These monomers 

assemble in a head-to-tail manner, creating polar filaments with a plus and a minus 

end. Microfilaments share this feature with microtubules. The cell regulates the length 

and stability of the filaments, mainly, via accessory protein, and these actin-binding 

proteins can stabilize and promote different filament assemblies, such as parallel, 

polarized bundles, or meshwork.  

 Microtubules are made of tubulin monomers and tubulin itself is a heterodimer 

formed from α-tubulin and β-tubulin. Tubulin heterodimers polymerize in 

protofilaments. The microtubule is a hollow cylindrical structure built from thirteen 

protofilaments, whose regular orientation gives the microtubule a polarized structure. 

Inside the cell, microtubules nucleate radially from the microtubule-organising centre 

(MTOC) at their minus end. The MTOC is usually localized in the periphery of the 

nucleus, so the plus ends of the microtubules are positioned toward the cell periphery. 

Similar to actin filaments, accessory proteins regulate the stability and packing of 

microtubules.  

 The accessory proteins, either in the case of actin-binding proteins or 

microtubule-associated proteins, regulate the availability of the monomers, stabilize 

the filaments or direct the formation of higher structures. Another class of proteins, 

the motor proteins (also known as molecular motors), provide the force for organelle 

trafficking.  

1.8.1 Intracellular movement 
 There are two known mechanisms that promote the force necessary for vesicle 

and organelle movements in the cell: motor proteins and actin polymerisation.  

Accessory proteins of the actin cytoskeleton regulate actin polymerization, 

which promotes cargo movement in two ways: First, by nucleation and assembly at 

the nuclear envelope, which pushes the actin cable to the cell interior and with it the 

bound-cargoes. Second, by stimulating the formation of an actin network at the 

surface of the cargo, which induces movement of the cargo (Kovar, 2006)(Gouin et 

al., 2005)(Taunton et al., 2000).  

Motor proteins bind to filaments and, using energy from ATP molecules, 

move along them. Depending on the type of filament that they bind to, there are actin-

based motor proteins or microtubule-motor proteins. The actin-based motor proteins 
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are members of the myosin superfamily, while there are two families of microtubule 

motor proteins, kinesins and dyneins. The motor proteins can directly associate to 

cargo and, in this way, move cargo along the filament. Other phenomena such as 

muscle contraction, ciliary beating or chromosome segregation, require the motor 

proteins to create tension in the filaments or slide against each other. All molecular 

motors act within the context of multimeric complexes, which makes them quite 

heterogeneous. A common feature among motor proteins is that they have a heavy 

chain, which is the actual motor and the binder to the filament. The rest of the 

subunits are light or intermediate chains that determine the cargo or regulate the 

processivity of the heavy chain.  

Despite not having a similar amino acid sequence and binding to different kind 

of filaments, myosins and kinesins heavy chains share a common core that is almost 

identical structurally. All the members of both families are plus-end-directed motors, 

with a couple of exceptions (Reviewed in (Vale, 2003)(Alberts, 2008). Dyneins are a 

superfamily of minus-end-directed microtubule motors, and they are also more 

complex in structure than the myosins and kinesins and are among the fastest motors 

(Reviewed in (Alberts, 2008)(Kardon and Vale, 2009)).  

1.8.2 The dynein motor 
 The dynein family is divided in two mayor branches: axonemal and 

cytoplasmic dyneins. The axonemal dyneins are specialized in coordinating the 

beating of cilia and flagella. All minus-end-directed transport within the cytoplasm is 

carried out by cytoplasmic dyneins. There is only one cytoplasmic dynein heavy chain 

in each organism, so the huge variety of cytoplasmic functions associated with dynein 

are, in fact, carried out by a single cytoplasmic dynein (Reviewed in(Kardon and 

Vale, 2009)(Gil-Krzewska et al., 2010)).  

1.8.2.1. Cytoplasmic dynein 

 Cytoplasmic dynein is a multi-complex composed of two heavy chains, two 

intermediate chains, two light intermediate chains and several light chains. The 

dynein heavy chain (DHC) is a member of the ATPase associated with various 

cellular activities (AAA + ATPase) superfamily (Neuwald et al., 1999). Other 

members of this family are mainly chaperones or unfoldases. The DHC has six AAA 

domains, which form the motor domain, a microtubule-binding domain and a tail 
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domain, which allows homodimerisation and acts as a scaffold for the other subunits 

(Figure 7). The non-catalytic subunits are not required for dynein motility in vitro, but 

they are required for linking dynein to cargos and adaptors in vivo (Farkasovsky and 

Kuntzel, 2001)(Purohit et al., 1999)(Karki and Holzbaur, 1995)(Vaughan and Vallee, 

1995). Dynein interacts with other factors that do not form part of the complex but are 

crucial for its function. The best characterized are dynactin, the complex form by 

LIS1 (lissencefaly 1) and NUDE (nuclear distribution protein E), Bicaudal D, RZZ 

(ROD-ZW10-Zwilch) and Spindly (reviewed in (Kardon and Vale, 2009). 

 Cytoplasmic dynein function in C. elegans has been studied mainly in the 

embryos. The best characterization corresponds to the DHC subunit, which function 

has been analyzed by RNAi and conditional mutant alleles. At non-permissive 

temperature, dhc-1(or195ts) phenotype is indistinguishable from that of knocking 

down by RNAi. Either way, embryos show pronuclear migration defects, detachment 

of the centrosome from the nucleus, spindle defects such as misspositioning and 

missorientation, chromosome segregation defects and defective cytokinesis (Gonczy 

et al., 1999)(Sonnichsen et al., 2005)(Gil-Krzewska et al., 2010)(Yoder and Han, 

2001). Localisation of DHC-1 in the embryos is mainly cytoplasmatic, but specific 

enrichments in localisation are cell-cycle dependent. During prometaphase DHC-1 is 

localized in the NE, while during metaphase DHC-1 localizes at the spindle midzone 

and, in the two-cell stage embryo, DHC-1 localizes to the cell cortex (Gonczy et al., 

1999)(Schmidt et al., 2005). In the germline, DHC-1 localizes at the NE with a 

characteristic patchy enrichment in transition zone nuclei (Sato et al., 2009). 

Knocking down of DHC-1 severely affects germline structure by affecting 

microtubule organization (Zhou et al., 2009). Meiotic defects such as defective 

homologue pairing or absence of synapsis have been described, as well as mitotic 

defects in the distal tip of the germline, which leads to aberrant macro and micro 

nuclei (Sato et al., 2009). Similar effects are described for RNAi suppression of the 

dynein light intermediate chain (DLI-1) and the dynein light chain (DLC-1) (Gonczy 

et al., 1999)(Sonnichsen et al., 2005)(Yoder and Han, 2001)(O'Rourke et al., 

2007)(Sato et al., 2009). Effects on the germline architecture have been reported just 

for DLI-1, which seems to be necessary for normal actin organization of the gonad 

(Gil-Krzewska et al., 2010). Interestingly, knocking down of either DLI-1 or DLC-1 

suppresses the lethality of the conditional mutant of DHC-1 dhc-1(or195ts), by 
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modifying the localisation of DHC-1 in the thermosensitive mutant (O'Rourke et al., 

2007)(Gil-Krzewska et al., 2010). 

1.8.2.2. Cytoplasmic dynein adaptors 

1.8.2.2.1.	  Dynactin	  

Dynactin is a multi-protein complex formed by 11 subunits that are arranged 

in two structural domains: the projection arm, which binds microtubules and motor 

proteins, and the actin-related protein 1 (Arp1) filament, which forms the primary 

scaffold of the complex and is thought to bind dynactin to cargo through its 

interaction with spectrin (Figure 7). The projection or side arm is formed by a p150 

(or p150Glued) dimer that provides the interaction with the dynein complex through the 

dynein intermediate chain. In its junction with the Arp1 filament, p150 forms a barbed 

end subcomplex together with a tetramer of p50 (dynamitin/DCTN2), p24/22 

(DCTN3) and the actin-capping protein heterodimer (CapZ α/β). The Arp1 filament 

is an octamer of Arp1 with the actin-capping proteins defining the barbed end and a 

pointed end containing another actin-related protein, Arp11, p62 (DCTN4), which 

might mediate the interaction of dynactin with cortical actin, p25 (DCTN5) and p27 

(DCTN6) (reviewed in (Kardon and Vale, 2009)(Terasawa et al., 2010)).  

The subunits of this complex in C. elegans were identified based on sequence 

similarities except for one, which was identified in large-scale protein-protein 

interaction analysis (Eckley et al., 1999)(Eckley and Schroer, 2003)(Waddle et al., 

1993)(Gonczy et al., 1999)(Le Bot et al., 2003)(Terasawa et al., 2010). The functions 

of some of them have been genetically analyzed. Loss of function phenotypes of 

DNC-1 (p150Glued), DNC-2 (Dynamitin), DNC-3 (p24/22), CAP-2 (CapZ 

β) demonstrate that these proteins are required for microtubule-dependent events in 

early embryos (Skop and White, 1998)(Gonczy et al., 1999)(Le Bot et al., 

2003)(Terasawa et al., 2010), similar to the phenotypes observed in dynein 

knockdown (Gonczy et al., 1999). DNC-1, DNC-2, DNC-3 and ARP-1 localize to 

centrosomes during prometaphase, the NE, the mitotic spindle and cell borders 

(Malone et al., 2003)(Skop and White, 1998)(Ai et al., 2009)(Zhang et al., 2008). 

DNC-1, DNC-2 and DNC-3 follow the same localisation pattern in the germline that 

was  observed for DHC-1, including localisation in aggregates in the NE of transition 

zone nuclei (Zhou et al., 2009)(Malone et al., 2003)(Sato et al., 2009)(Terasawa et al., 
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2010). Also similar to dhc-1 knockdowns, lack of DNC-1 leads to meiotic defects 

such as low levels of pairing and SC missloading (Sato et al., 2009). Knock down of 

DNC-1, DNC-2 or DNC-3 genes caused nuclei to loose their localisation in the 

periphery of the germline and fall into the rachis (Sato et al., 2009)(Terasawa et al., 

2010). The nature of these defects has not been reported, but knocking down of the 

dynein complex somehow affects microtubule and actin architecture (Zhou et al., 

2009)(Gil-Krzewska et al., 2010). Germlines that lack the dynactin components cap-1 

or cap-2, the actin-capping proteins, show the same strong F-actin deposition, which 

affects the germline architecture (Gil-Krzewska et al., 2010).  

1.8.2.2.1.	  LIS1	  

 LIS1 was identified as the main cause of the human disease lissencephaly, 

which causes developmental delay, mental retardation and epilepsy. Loss of LIS1 

function disrupts neural mitosis and migration causing severe malformation of the 

brain cortex. Studies in S. cerevisiae and Aspergillus suggested a role for LIS1 as 

dynein cofactor, despite the direct interaction with the dynein complex. These studies 

revealed as well a binding partner for LIS1, NUDE (Reviewed in (Kardon and Vale, 

2009)).  

In C. elegans, LIS-1 and NUD-2 are involved in regulation of nuclear 

migration through dynein (Fridolfsson et al., 2010). Localisation of LIS-1 and dynein 

are interdependent (Cockell et al., 2004) and LIS-1 localisation in the germline is 

cytoplasmic and enriched in the NE (Buttner et al., 2007)(Sato et al., 2009). In the 

two-cell stage embryo, LIS-1 localizes at the NE and to the spindle in metaphase and 

anaphase. In late anaphase and telophase LIS-1 localizes to the microtubule asters 

(Cockell et al., 2004). Loss of function mutants of LIS-1 phenocopy the lack of DCH-

1 by RNAi in the embryo, causing pronuclei migration defects, centrosome separation 

and spindle assembly (Cockell et al., 2004). In the germline it causes severe defects in 

the actin architecture, which resemble those observed in the dhc-1(or195) conditional 

mutant (Gil-Krzewska et al., 2010). Interestingly, knocking down of lis-1 expression 

in the mutant rescues the lethality of the mutant and restores the normal actin 

architecture of the germline (Gil-Krzewska et al., 2010).  The exact mechanism for 

this rescue remains unknown, but this observation provides a clue for a likely indirect 

interaction between the microtubule and actin cytoskeletons through LIS-1 in C. 
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elegans as previously shown in Dictyostelium and mammals (Kholmanskikh et al., 

2003)(Rehberg et al., 2005). 
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Figure 1: Segregation of a pair of homologous chromosomes during meiosis. 
Following DNA replication, during the leptotene-zygotene stages, homologous chromosomes 
are engaged in the pairing process, which culminates with the formation of the synaptonemal 
complex along the whole length of the paired homologues during the pachytene stage. During 
pachytene, meiotic recombination intermediates are processed leading to the formation of 
inter-homologue crossover events. At the end of pachytene the synaptonemal complex starts 
to be disassembled, a process that is completed by the diplotene stage when the two 
homologous chromosomes can be seen linked together by crossover events and sister 
chromatid cohesion. These linkages are known as chiasmata, and they play a crucial role 
since they allow the proper bi-orientation of the homologues on the metaphase I spindle. The 
selective release of the sister chromatid cohesion at the onset of the first meiotic anaphase 
allows the segregation of the homologues during the first meiotic division. During the second 
meiotic division the sister chromatids are fully separated leading to formation of haploid 
gametes. 

56



57



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Molecular mechanisms of homologous recombination.  
For simplification, the diagram shows a single sister chromatid (as a double stranded DNA 
molecule) for each homologue (red and blue). Meiotic recombination starts with the 
formation of double-strand breaks (DSBs) catalyzed by the enzyme SPO11. The removal of 
SPO11 and the resection of the 5’ ends leads to the formation of the 3’ single-stranded DNA 
(ssDNA) tails. Recombinases such as RAD51 and/or DMC1 associate with the ssDNA tail 
and invade the intact homologous DNA strand for repair. This invasion leads to the formation 
of a D-loop in the invaded chromatid and also to DNA synthesis using the invaded chromatid 
as a template. The destabilization of these early strand invasion intermediates leads to the 
repair of the DSB by a process called synthesis dependent strand annealing (SDSA), a process 
that leads to the formation of non-crossover events.  In the crossover pathway, early strand 
invasion events are protected from destabilization by the ZMM proteins, which lead to the 
capture of the second end of the DSB. After DNA synthesis and ligation, a double Holliday 
junction (dHJ) is formed. At this stage most dHJ are though to be resolved yielding 
crossovers. Most of the ZMM-independent crossovers appear to be formed by a pathway 
requiring the endonuclease Mus81. Modified from (Martinez-Perez and Colaiacovo, 2009). 
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Figure 3: Organization of the C. elegans germline.  
A) Germline diagram indicating the region in which specific meiotic stages take place. C. 
elegans germlines display a complete time-course of prophase I, and specific meiotic stages 
can be identified not only by their position in the germline, but also by the specific nuclear 
organization of each stage. Homologue pairing occurs in the region of the germline known as 
transition zone. Nuclei in this region are characterized for a strong polarization of the 
chromatin to one side of the nucleus, given nuclei a half-moon shape. This is followed by a 
dispersion of chromosomes inside the nucleus during the pachytene stage, when the 
synaptonemal complex is fully formed and crossover events are completed. SC disassembly 
starts in late pachytene and is completed during diplotene. Chromosome condensation during 
diplotene and diakinesis allows the visualization of six individual bivalents. B) Dissected 
germline stained with DAPI, note how all the different meiotic stages depicted in the diagram 
shown in (A) can be easily identified. 
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Figure 4: The SUN/KASH nuclear envelope (NE) bridge during meiosis.  
Schematic depiction (not to scale) of the known components that mediate the connection of 
chromosomes with the cytoskeleton in three organisms: S. pombe, S. cerevisiae and C. 
elegans. The telomeres or the pairing centre regions are tethered to the NE through an indirect 
interaction with the SUN domain proteins (Sad1 in S. pombe, Mps3 in S. cerevisiae and SUN-
1 in C. elegans), which localize to the inner nuclear membrane (INM). The SUN-domain 
proteins interact in the perinuclear space with the KASH-domain proteins (Kms1 in S. pombe 
and ZYG-12 in C. elegans, the KASH partner of Mps3 in S. cerevisiae remains unknown), 
which localize in the outer nuclear membrane (ONM). The KASH domain proteins interact in 
the cytoplasm with the cytoskeleton. The cytoskeletal forces are transmitted through the 
SUN/KASH bridge to the chromosomes, which results in chromosome movement. 
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Figure 5: Other functions of the SUN/KASH bridge in C. elegans.  
The SUN/KASH bridge can be formed with different subunits, and these different 
combinations are used to connect the nucleus to a variety of molecular motors and 
cytoskeletal elements to move or anchor the nucleus. The KASH-domain protein ANC-1 
connects the ONM to actin filaments to anchor nuclei. The ZYG-12/SUN-1 pair shown in the 
diagram corresponds to the centrosome attachment function in the early embryo, and this 
form of the SUN/KASH bridge involves dimerization of ZYG-12 with a KASH-less ZYG-12 
isoform. The same pair is required in the germline for chromosome movement during 
homologue pairing process and nuclear attachment to the gonad cytoskeletal architecture. 
While these processes do not require the centrosome, is less clear if they require ZYG-12 
dimerization. UNC-83 and UNC-84 mediate nuclear migration in a centrosome-independent 
mechanism by recruiting cytoskeletal motors to the ONM. KPD-1 regulates cell cycle 
progression by a mechanism that remains unknown.  
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Figure 6: Chromosome dynamics during meiosis.  
Chromosomes pass through different organizational stages as they progress to meiotic 
prophase. The diagram depicts these events in S. cerevisiae (A), and C. elegans (B). A) In S. 
cerevisiae the Rab1 configuration, by which centromeres and telomeres occupy opposite 
poles of the nucleus, is established in the prior division. The centromeres are clustered 
together close to the spindle pole body (SPB), while the telomeres are free in the 
nucleoplasm. Upon entry into meiosis the centromeres move away from the SPB and the 
telomeres attach to the NE. This attachment requires the meiosis-specific protein Ndj1 
(yellow circles), which interacts with the SUN-domain protein Mps3 (orange ellipse). Csm4 
has been shown to be required for the telomere-led movement of the chromosomes, but the 
interactions with the actin cytoskeleton remain unknown. The movement or growing of the 
actin cables towards the SPB seem to be the driving force of the chromosome movement that 
probably requires passive attachment of the chromosomes to the actin cables. The bouquet 
configuration is characterized by the concentration of all telomeres near the SPB, and  this 
configuration is thought to facilitate the pairing process. B) In C. elegans compact 
chromosome territories have been observed before the entry into meiosis. The chromosomes 
become elongated before they attach to the NE upon meiotic entry, when the pairing centre 
(PC) of each chromosome recruits the correspondent PC-binding protein (HIM-8 for the X 
chromosome and three different ZIM proteins for the autosomes, yellow or purple circles) and 
attach to the NE. The attachment is thought to occur via an unknown adaptor that links the 
PC-binding proteins to SUN-1 domain located inside the nucleus. Polo-like kinases are 
recruited to chromosome ends by the PC-binding proteins and this kinase activity is required 
for SUN-1 phosphorylation events that lead to the formation of SUN-1 aggregates that are 
movement competent. SUN-1 interacts with ZYG-12 (purple ellipse), which recruits the 
dynein complex to the outside of the NE. This interaction is required for the attachment of 
nuclei to the microtubule cytoskeleton, and it has been proposed to be required for the 
chromosomal movement. Other potential mediators or cytoskeletal adaptors required for this 
interaction are not known. The movement of the SUN-1 aggregates leads to chromosome 
encounters where they can assess for homology. Nuclei in transition zone are characterized 
for the presence of SUN-1 aggregates and a polarization of chromatin towards one side of the 
nucleus.  
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Figure 7:  Domain structure of cytoplasmic dynein and the dynactin complex.  
A) Organization of the dynein complex showing (for simplicity) only two molecules of 
dynein intermediate chain (DIC), dynein light chain (DLC), DHC (dynein heavy chain), and 
dynein light intermediate chain (DLI). B) Organization of the dynactin complex, indicating 
the different subunits. C) Model for the interaction of the dynein/dynactin complex with a 
microtubule and a cargo. For simplicity, only DHC, DIC, p150Glued, p50 and Arp1 are 
shown. Dynactin interacts with dynein via association of a middle portion of p150Glued with 
DIC. Dynein interacts with a microtubule at a small globular domain of DHC, whereas 
dynactin interacts with the microtubule at an N-terminal globular domain of p150Glued. 
Dynein/dynactin interacts with a cellular structure via an Arp1 filament. Arrow indicates the 
direction of dynein/dynactin movement. The minus (–) and plus (+) ends of the microtubule 
are indicated. Model adapted from (Yamamoto and Hiraoka, 2003).  
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CHAPTER 2: MATERIALS AND METHODS 

2.1 C. elegans General Methods 

2.1.1 General growth conditions 
C. elegans strains were maintained on Nematode Growth Media (NGM) plates 

seeded with OP50 E. coli (Brenner, 1974). Solutions and media are described in Table 

1 and a list of bacterial strains is provided in Table 2. All C. elegans strains were 

maintained at 20°C, unless otherwise stated. A list of all the strains used in this study 

is provided at the end of this chapter in Tables 11 and 12. 

To prevent the population from starving, worms were transferred to fresh 

plates every 1 to 3 generations. Wrapping a strip of parafilm around the plates 

prevented desiccation of the animals and starved strains were viable for several 

months. When needed, the worms were washed out of the plates with M9 (Table 1) by 

letting them swim into the solution and then transferring them into a Falcon tube. 

For immunostaining experiments, worms were synchronized by selecting 

hermaphrodites as larval stage 4 (L4) and experiments performed 16±2 h later, unless 

otherwise stated. 

2.1.2 Handling and observation of C. elegans 
Animals were manipulated using a fine-crafted pick made from Platinum wire 

(Sigma-Aldrich Platinum wire; diameter 0.25 mm; Product number: 349402-250MG) 

welded onto the end of a glass Pasteur pipette. Animals were observed using a Leica 

MZ75 bench stereoscope or with a Leica MZ16F fluorescence stereoscope for 

transgenic worms with visible fluorescent markers. 

2.1.3 Maintaining male stocks 
Male stocks were maintained by picking 3 to 6 male worms with 1 to 3 L4 

stage hermaphrodites to a single NGM plate. This ratio of males to hermaphrodites 

ensured that the hermaphrodites were mated while they were still young adults, which 

resulted in the production of up to 50% of males in the F1 progeny. 

2.1.4 Maintaining meiotic mutants  
C. elegans meiotic mutants are difficult to maintain, as homozygous strains 

are often aneuploid and display very high levels of embryonic lethality. Therefore, 
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meiotic mutations were maintained by creating heterozygous strains, from which 

homozygous animals could be obtained. This was achieved using reciprocal 

translocations that carried visible markers to balance meiotic mutations. Heterozygous 

and homozygous animals could be easily identified on the plates using the visible 

translocation markers.  
Table 1 Media and solutions for general growth conditions. 
 

Name Composition Use 

NGM 

3 g NaCl 
2.5 g Bactopeptone  
20 g Agar 
H20 up to 1 l 
1 ml 1M MgS04 
1 ml 1M CaCl2 
1 ml 1M Cholesterol (5 mg/ml in EtOH) 
Autoclave and add 
25 ml Potassium Phosphate (1 M, pH 6.0) 
Dispense into 60 mm petri dishes 

Growth media for 
C. elegans strains 

B-Broth 
10 g Bactotryptone 
5g NaCl 
dH2O up to 1 l 

Growth media for 
OP50 bacteria 

primary inocule 

M9 

5.8 g Na2HPO4   
3.0 g KH2PO4   
0.5 g NaCl    
1.0 g NH4Cl    
dH2O up to 1liter 

Short-term 
preservation of C. 
elegans in liquid. 

Freezing 
Solution 

5.85 g NaCl   
6.8 g KH2PO4   
300 g Glycerol  
5.6 ml 1M NaOH  
dH2O up to 1 l 
Autoclave and add 300 µl of 1 M MgSO4  

Cryopreservation 
of C. elegans 

strains 

Bleaching 
Solution 

5.5 ml H20 
2.5 ml 2M NaOH  
2 ml of bleach 

Cleaning of the 
strains of C. 

elegans 

LB 

1.0% Tryptone 
0.5% Yeast Extract 
1.0% NaCl 
pH 7.0 
 

Growth media for 
E. coli 

S.O.C. 

2% Tryptone 
0.5% Yeast Extract 
10mM NaCl 
2.5 mM KCl 
10mM MgCl2 
10mM MgSO4 
20mM glucose 

Growth media for 
E. coli. Specially 

indicated for 
transformation. 
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2.1.6 Cleaning of C. elegans strains 
Contaminated C. elegans strains were restored by washing affected plates with 

Bleaching Solution (Table 1). Animals and eggs were washed into Falcon tubes and 

left on a nutator for 10 min or until the adult animals had dissolved, leaving no 

carcasses visible. The worm eggs were washed three times with 10 ml of H2O and 

pelleted by centrifuging for 1 min at 900 x g in a bench top centrifuge. The egg pellet 

was re-suspended in 500 µl of M9 and the eggs were transferred onto fresh OP50 

seeded NGM plates. After 12-18 h, the larvae hatched and produced a clean culture. 

 
Table 2: E. coli strains used in this study. 
 

Strain Use Protocol 

OP50	   Feeding of C. elegans 

Dispense a drop of 
growing OP50 on 
NGM plates. Let grow 
ON at 20°C. 

HT115(DE3)	  
Expression of dsRNA 

for RNAi feeding 

Seed NGM-RNAi 
plates and induce at 
37°C ON 

One	  Shot	  OmniMAX	  
2T1	  Phage-
Resistant	  

Competent cells for 
transformation 

BP reaction 
transformation, 
Invitrogen protocol 

One	  Shot	  Mach1	  T1	  
Competent cells for 

transformation 

LR reaction 
transformation, 
Invitrogen protocol 

 

2.1.7 Freezing of C. elegans strains 
Worms undergoing the early developmental stages survived the freezing 

process the best, so plates containing large amounts of L1 and L2 were used for 

freezing strains. Worms from freshly starved plates were washed off using M9, which 

was then mixed with Freezing Solution (Table 1) in a 1:1 ratio and 1 ml of this 

mixture was transferred into a 3 ml cryotube (Fisher).  

Six vials of frozen worms were generated per strain for the stock collection. 

Five vials were used to maintain a stock at -80°C, while 1 test vial was frozen and 

thawed the following day to ensure the strain survived the freezing process.  
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2.1.8 Ethylmethane sulphonate (EMS) mutagenesis 
Wild-type worms were washed off a plate containing many L4s with M9 and 

collected into a 15 ml Falcon tube. Following centrifugation at 900 x g, the animals 

were washed two more times with M9. After the final wash, the worms were re-

suspended in 3 ml of M9. In a separate Falcon tube, 20 µl of EMS (Acros Organics, 

product number: 205260100) was dissolved in 1 ml of M9. The cleaned worms and 

EMS solution were mixed together and sealed carefully with parafilm before being 

incubated at 20°C on a nutator for 4 h. After incubation, the worms were washed and 

centrifuged three times with 7 ml of M9 before being re-suspended in 1 ml of M9. 

The EMS solution, as well as all plastic that had been in contact with EMS, was left 

overnight (ON) in 1 M KOH in order to neutralise the mutagenic effects. 

2.2 DNA Methods 

2.2.1 DNA extractions 

2.2.1.1 For single-worm PCR 

To obtain C. elegans genomic DNA from a single worm, an individual animal 

was picked into a 0.2 ml tube containing 10 µl of 1x PCR Lysis Buffer with 1 µg/µl 

of Proteinase K. A list of buffers and solutions is provided at the end of this chapter in 

the Table 10. The tube was frozen in liquid N2. Frozen tubes were directly transferred 

to a Polymerase Chain Reaction (PCR) thermocycler and the following lysis program 

was ran:  

70 min at 60oC  

15 min at 95oC  

 

DNA could then be used or stored at -20oC until needed. The same protocol 

could be used to extract DNA from several worms in a population by simply lysing 

animals together in the same tube. 

This crude DNA extract can be used as template in a PCR. An ordinary 25 µl 

PCR reaction usually requires: 

1 to 5 µl of crude extract 

2x Taq PCR Master mix (QIAGEN)  

2.5 µM of the required primers (final concentration)  
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The annealing temperature was chosen depending on the melting temperature 

(Tm) of each primer pair. The extension of the elongation step was chosen depending 

on the amplicon size, assuming an extension rate of approximately 1 kbp per minute.  

The reaction product was either ran on an agarose gel by standard procedures, 

cleaned for sequencing using a PCR purification kit (QIAGEN) or digested for 

mapping. 

2.2.1.2 For comparative genomic hybridization array and whole genome 

sequencing 

This method allows a gentle DNA extraction from a population. For viable 

strains, the plates were let to starvation. For non-viable strains, the worms were 

picked onto a clean NGM plate. 

To collect the worms, the plates were washed with a solution of M9 and 0.1% 

Triton X-100 (v/v), then washed three times with water. After the last wash, the 

animals were centrifuged at 400 x g and the water removed, without disturbing the 

pellet. For the lysis of the animals and the DNA extraction, a modified protocol from 

the Gentra Puregene Tissue Kit (QIAGEN) was used. The description below 

corresponds to an extraction of a 75 µl worm pellet and all the solutions mentioned 

belong to the kit. 

The worm pellet was transferred to a 1.5 ml tube and 600 µl of Cell Lysis 

Solution were added. Then, 5 µl of Proteinase K were added and the pellet mixed by 

inverting 25 times. The samples were incubated at 55 oC for 3 or 4 h, with mixing by 

inversion every hour.  

Once the solution was clear, 3 µl of RNase A were added and the sample 

mixed by inverting 25 times. The tubes were incubated at 37 oC for 1 h, with mixing 

by inversion every 15 min, then incubated on ice for 1 min. 200 µl of Protein 

Precipitation Solution were added and the samples were vortexed vigorously for 20 s 

and then incubated on ice for 5 min. The tubes were centrifuged at 16,200 x g for 3 

min at 4oC.  

600 µl of isopropanol were pipetted into a clean 1.5 ml tube and then the 

supernatant from the previous step was added. The samples were mixed by inverting 

the tubes 50 times and pelleted by centrifuging at 16,200 x g for 15 min at 4oC. The 
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supernatant was discarded by pouring carefully and the pellet was dried on a clean 

piece of absorbent paper. 

The pellet was washed three times with 70% ethanol and centrifuging at 

16,200 x g for 15 min at 4oC. To remove as much ethanol as possible, the supernatant 

was poured after the last wash. The DNA was left to dry and then re-suspended in 100 

µl of DNA Hydration Solution by incubation at room temperature (RT) ON. 

The DNA concentration was measured with the Qubit 2.0 fluorometer 

(Invitrogen by Life Technologies). The quality of the genomic DNA was checked by 

running an aliquot on a gel of 0.7% agarose in TAE buffer (w/v). 

2.2.2 Single nucleotide polymorphism (SNP) mapping 
SNP mapping was used to determine the chromosomal location of mutations 

generated by EMS mutagenesis (Section 2.1.8). Wild-type animals carrying newly 

induced mutations were crossed with CB4856 (Hawaiian strain) males, carrier of 

SNPs along the genome. The method described by Davis et al, (2005) was followed, 

which is based on creating F1 animals heterozygous for the mutation to be mapped 

and Hawaiian DNA. From these animals, F2 worms were picked onto individual 

plates and the worms that were homozygous for meiotic mutations were identified by 

either the absence of any progeny, or by the extensive presence of dead embryos.  

These animals were then selected and subjected to single worm lysis (Section 

2.2.1.1) and PCR. A total of 48 SNPs evenly distributed across the genome were used 

for mapping; all primer pairs and a full list of SNPs were previously described (Davis 

et al., 2005). The identity of each individual SNP marker was determined by digesting 

the PCR product with the DraI restriction enzyme (Fermentas, standard conditions 

described from the manufacturer) and running the digestion product on an agarose 

gel. For each SNP that was genotyped, three controls were ran in parallel 

corresponding to wild-type DNA, Hawaiian DNA and heterozygous DNA. 

For the identification of the me85 meiotic mutant, a finer SNP mapping was 

carried out. Different SNPs to those previously published (Davis et al., 2005) were 

identified, selected and verified in the me85 region (Table 3). In this case, the identity 

of the SNP markers was determined by sequencing the resulting PCR product (see 

section below) since their presence did not disrupt or create a restriction enzyme site. 

76



2.2.3 Sequencing of C. elegans genomic DNA 
Candidate genes and/or SNPs were sequenced using external primers to 

generate amplicons between 2 kbp to 3 kbp in length. For larger ORFs, numerous 

amplicons were generated. These were amplified further using shorter internal 

primers and the amplicons were sequenced by the on-site sequence facility using a 

Sanger sequencing method. A list of the genes sequenced in this study is provided in 

Table 4 and the list of sequencing primers is provided in Table 19. 

 

Table 3: List of SNPs used for the fine mapping of the me85 mutation.  
Due to the lack of distinctive restriction enzyme sites between the N2 and the Hawaiian 
strains in these SNPs, the amplicons defined by each pair primers shown were sequenced in 
the recombinants to identify the genotype in each position. 
 

SNP Name Physical Position Sequencing Primers (5’-3’) 

uCE4-961 6.64 GAATTGCGTAAGTTCCTGCAC 
CAAGTGGGAAGCGATTTTGT 

hw57457 6.647 GCGCATTTTTGTGGATTTCT 
TTCTCGATTGGACCCCATAC 

hw57469 6.7 CTCTCAACGGCAACTCATCA 
GTTGGTGACGCATCCTTTTT 

hw57473 6.73 CCTCGTTCTGGTTGAATCGT 
AGGATGTTCCGAGAGCTGAA 

hw57512 6.76 AATCGAGGTCTGGCTGAAAC 
TGTTGCTTACCGCAAAAGC 

uCE4-972 6.793 ATCTCGCTAGCACGCTTTTT 
ACCCCCGAATTAACGAGTTT 

hw57544 6.83 GTCTGGGTGTTTCGTGGTTT 
GGGTTGGGTCGAACAATAAA 

hw57574 6.86 AGTGCTACTGTGGGGGAAAA 
CAGGTGCAACTCAAAATCCA 

uCE4-973 6.9 CCACATGGAAGCCCTACACT 
CTATTTGAAATCGCCGTGGA 

CE-140 6.93 ACAAATGCGAGGAGAACGAT 
GACCCCCTTTGGCAGTTTAT 

 

2.3 RNA Methods 

2.3.1 RNAi by injection 
 RNA-mediated interference (RNAi) was first described in the nematode C. 

elegans (Fire et al., 1998). The introduction of double-stranded RNA (dsRNA) results 

in potent and specific inactivation of the corresponding gene. In this case, the 

injection delivers the dsRNA directly into the worm cavity. 
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Table 4: Sequenced candidate genes for fq6 and me85 mutants. 
Genes marked with (*) were partially sequenced in N2 and fq6 backgrounds around the 
predicted position for mutations found by PET sequencing. The last ORF of the me85 list 
corresponds to the spd-3 gene. 
 

Mutant Sequenced Candidate Genes (Genetic Position) 
syp-2 (V: -1.67) 
F25G6.9 (V: 1.47) 
ZK742.2 (V: 0.92) 
F21C10.7 (V:1.94) * 
C35A5.8 (V:2.57) * 
Y32F6A.5 (V2.56) *  
F25D1.2 (V:2.57) * 
vars-1 (V:1.00) * 
ztf-12 (V:1.59) * 

fq6 

ugt-2 (V: 2.54) * 
C17H12.2 (IV: 3.24) 
C01G5.6 (IV: 3.20) 
Ruvb-2 (IV: 3.25) 
C01G5.8 (IV: 3.20)  
C01B10.9 (IV: 3.22) 
T05A12 .1 (IV: 3.25) 
C17H12.1 (IV: 3.23) 
T22D1.5 (IV: 3.25) 
rpn-1 (T22D1.9) (IV: 3.25) 
Y73B6A.1  (IV: 3.22) 
Y73B6A.2 (VI: 3.22) 
miRNA1834 

me85 

H34C03.1 (IV: 3.23) 

 

2.3.1.1 RNA in vitro transcription  

A protocol previously tested (Colaiacovo et al., 2002) was carried out to 

design and synthesize the RNA of the desired genes (a list of the genes, silenced by 

injection, is shown in Table 17, Chapter 4). From each gene to be silenced, a 500 bp-

long region was chosen for amplification. Each primer was designed by adding the T7 

sequence in 5’ position (Table 5 shows the list of primers). Wild-type genomic DNA 

from single worm lysis was used as a template for an ordinary PCR reaction. The 

product of this PCR was used as a template in a secondary PCR reaction, in which the 

sequence of the pair of primers is the T7 sequence (available in Table 5).  
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Table 5: List of primers used in the process of dsRNA synthesis for RNA interference by 
injection. 
All the genes in the list are the me85candidate genes. The underlined region of the primers 
corresponds to the T7 promoter sequence, required for the transcription step by the T7 RNA 
polymerase. 
 

Gene Primers (5’-3’) 

C01B10.11 

sjj_Y73B6A.g_f  
TAATACGACTCACTATAGGTTCATTTTTCAAACCATCAAACC 

sjj_Y73B6A.g_b  
TAATACGACTCACTATAGGTTTTCAAACCAAAAGTTTCAGGA 

Y73B6A.1 

sjj_Y73B6A.f_f:  
TAATACGACTCACTATAGGAAATTGAAGTGGAGTGGGAAAAT 

sjj_Y73B6A.f_b:  
TAATACGACTCACTATAGGGTTTCTCAAATGATGACTCGGAC 

Y73B6A.6 
 

sjj_Y73B6A.h_f:  
TAATACGACTCACTATAGGATGTACTTCGCTGTGTTCTCCAT 

sjj_Y73B6A.h_b:  
TAATACGACTCACTATAGGGGTACCCCTAACGTTTCCATAAG 

Y73B6A.2 

sjj_Y73B6A.d_f:  
TAATACGACTCACTATAGGTGTGCGAACTCATATTTTAAGCA 

sjj_Y73B6A.d_b:  
TAATACGACTCACTATAGGCCGAGTGGATGATTTGTACTCTC 

Y73B6A.3 

mv_Y73B6A.3_f:  
TAATACGACTCACTATAGGTGGTTCGAGTTTTACTTGTAGCCAT 

mv_Y73B6A.3_b:  
TAATACGACTCACTATAGGAATCAGTTTGAATATAAAGATCAACTGTAT 

H34C03.2 
 

sjj_H34C03.2_f:  
TAATACGACTCACTATAGGCTTTGCATGGACAGCTCAAA 

sjj_H34C03.2_r:  
TAATACGACTCACTATAGGGTGATTCGGATTGGCAACTT 

H34C03.1 
(spd-3) 

sjj_H34C03.1_f: 
TAATACGACTCACTATAGGTCAATTTTCTGAATTCGCCC 

sjj_H34C03.1_r: 
 TAATACGACTCACTATAGGTTCAGTGTCTGCCAAAATGC 

lin-45 
lin-45_F       
TAATACGACTCACTATAGGTTGATGCATTGGAAGCTCAG 
lin-45_R       TAATACGACTCACTATAGGTCGATCCTTCACACCATTGA 

Y73B6A.4 
(smg-7) 

smg-7_F       
                 TAATACGACTCACTATAGGTGTCGCTGACTTCGAAACTG 
smg-7_R               

         TAATACGACTCACTATAGGAGGTTCCGAATCCTCGTTTT 

ZK177.2 

mv_ZK177.2_f:  
TAATACGACTCACTATAGGTGATTTTTGCTGTGGTGGATATTCT 

mv_ZK177.2_b:  
TAATACGACTCACTATAGGAATGATCGTGTACAATGACTTGCT 

 

The secondary PCR product was purified and concentrated with a QIAGEN 

kit following the manufactures’ protocol. The DNA concentration was measured 

using the NanoDrop ND-1000 UV-Vis spectrophotometer. The transcription reaction 

was carried out with 1 µg of DNA template using the RNAMaxx High Yield 

Transcription Kit (Stratagene), following the manufactures’ protocol. Each reaction 

was completed with DEPC-treated water (Sigma) and incubated at 37°C for 90 min.  
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To digest the DNA template, 5 µl of DNaseI (1 U/µl, Fermentas) were added 

and the samples were incubated again at 37°C for 15 min. The ssRNA was purified 

and concentrated with the RNeasy kit (QIAGEN), following the manufacturers’ 

protocol. 

2.3.1.2 Preparing dsRNA 

To obtain dsRNA, the samples were incubated at 68°C for 10 min and then at 

37°C for 20 min. The concentration of dsRNA was measured using the NanoDrop 

ND-1000 UV-Vis spectrophotometer and the ratio ssRNA-dsRNA checked on an 

agarose gel. Whenever the dsRNA concentration was not as desired, more dsRNA 

was synthesised, precipitated with ethanol and re-suspended in the appropriate 

volume. The final concentration of the samples, measured with the NanoDrop ND-

1000 UV-Vis spectrophotometer, was 1 - 3 µg/µl. 

2.3.1.3 Worm handling 

To immobilize the worms for injection, the animals were placed into 2% 

agarose pads. Dehydration of the worms was avoided by immersing them into a drop 

of Halocarbon oil 700 (Sigma-Aldrich). Animals were injected into the gonad with 

needles made from borosilicate glass (OD 1.0 mm, ID 0.78 mm, from Sutter 

Instrument) by pooling them with the Flaming/Brown Micropipette Puller (model P-

97, Sutter Instrument). 

Injected animals were recovered from the pads by gentle washing with water. 

They were individually placed on NGM plates for 12 h and then transferred onto 

clean plates every 20 h. The injected worms and the progeny were subjected to 

phenotypic screening. 

2.3.2 RNAi by feeding 
Timmons and Fire first described a method for RNAi, in which bacteria 

expressing dsRNA were fed to C. elegans (Timmons and Fire, 1998). This protocol 

was used with slight modifications. 

2.3.2.1 dsRNA in vivo expression  

For the dsRNA in vivo expression, a fragment of the gene of interest had to be 

cloned into a feeding vector (L4440, Table 6) between two T7 promoters in inverted 

orientation. The construction had to be transformed into an E. coli strain HT115(DE3) 
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(Table 2), which carries an Isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible  

T7 polymerase and lacks double-strand specific RNaseIII. The clones already 

available in the RNAi library (Source Bioscience, geneservice) were grown to express 

the dsRNA (section 2.3.2.1.1). The genes with non-available constructs in the RNAi 

library were cloned from genomic DNA using the Gateway Technology from 

Invitrogen (Section 2.3.2.2). A list of the genes silenced by RNAi feeding is shown in 

Table 6. 

 

Table 6: List of genes silenced by RNAi feeding in this study. 
Those clones not found in the RNAi library were built by Gateway cloning and the primers 
used are indicated in the table.  

RNAi 
feeding 
Genes 

Clone Source 

F21C10.7 RNAi 
library Clone: V-6O02 

F25D1.2 RNAi 
library Clone: V-7E04 

ZC513.4 
(vars-1) 

RNAi 
library Clone: V-5E08 

C01B7.1 
(ztf-12) 

RNAi 
library Clone: V-6C04 

T21E12.4 
(dhc-1) 

RNAi 
library Clone: I-1P04 

T26A5.9 
(dlc-1) 

RNAi 
library Clone: III-3O12 

ZK593.5 
(dnc-1) 

RNAi 
library Clone: IV-5D24 

C28H8.12 
(dnc-2) 

Gateway 
Cloning 

dnc-2_attb1F  
GGGGACAAGTTTGTACAAAAAAGCAGGCTACGGAGCTGCAAGTCAAGTT 

dnc-2_attb1R 
 GGGGACAAGTTTGTACAAAAAAGCAGGCTATATCATTGTTGGCGCGTGT 

W10G11.20 
(dnc-3) 

Gateway 
Cloning 

dnc-3_attb1F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGATGATCTCACCACGGTA 

dnc-3_attb1R 
GGGGACCACTTTGTACAAGAAAGCTGGGTCCAGCACTTTTTCGGTGATT 

 

2.3.2.1.1	  RNAi	  plates	  

For RNAi feeding plates, standard NGM plates plus the following ingredients 

were used: 

IPTG 1 mM final concentration 

Ampicillin (Sigma) 25 µg/ml final concentration 

Just before the seeding, the plates were supplemented with: 

50 µl of 1M IPTG 
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50 µl of 100mg/ml ampicillin 

Individual colonies of the desired clones were picked and grown in 20 ml of 

LB with ampicillin (100 µg/ml). The next day, the bacteria was pelleted and re-

suspended in 1 ml of LB. From this culture, 100 µl per plate were used to seed the 

supplemented RNAi plates. The bacteria were induced ON by incubating the plates at 

37°C. 

2.3.2.1.2	  Worm	  handling	  

In this study, the worms were synchronised by picking L4. 16 h post L4, the 

worms, a maximum of 10 per plate, were transferred to RNAi-seeded plates. The 

animals were transferred to fresh RNAi-seeded plates every 20 h. 

2.3.2.2 Gateway cloning for dsRNA expression 

2.3.2.2.1	  Insert	  production	  	  

Using genomic DNA from a single-worm lysis (section 2.2.1.1) as template, a 

fragment (500 bp to 1 kbp) of the gene of interest was amplified. Because the 

Gateway Technology (Invitrogen) was used, the primers were designed by adding the 

attB sequence to the 5’ position of normal primers (Table 6). The fragment was 

amplified using the Expand Long Template PCR System (Roche) with the following 

conditions: 

10X Expand Long Template Buffer 1: 5 µl 

Expand Long Template Enzyme Mix: 0.75 µl 

Primers (each):     300 nM (final concentration) 

dNTP (each):     350 µM (final concentration) 

Template:     2 µl 

 

The PCR program used was a combination of 10 cycles with low annealing 

temperature (52°C), followed by 30 cycles with higher annealing temperature (60°C), 

both with 1 min-long extension steps at 68°C. The PCR product was purified directly 

from the solution or extracted from an agarose gel using QIAGEN kits, following the 

manufacturers’ protocol. 
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2.3.2.2.2	  BP	  reaction	  	  

The purified PCR-attB product was cloned into the p221 vector (with attP 

sites, see Table 7) using the Gateway BP Clonase II Enzyme Mix (Invitrogen). The 

manufacturers’ standard protocol was followed, with slight modifications: 

250 ng of insert 

150 ng of p221 vector 

The recombination between the attB sites of the insert and the attP sites of the 

vector produces attL sites (Table 7). The reaction was incubated at 25°C ON and 

terminated by adding 1 µl of Proteinase K solution (provided) and incubating the 

samples at 37°C for 10 min. 

The reaction product was used to transform the chemically competent One 

Shot OmniMAX 2-T1 Phage-Resistant E. coli cells, following the manufacturer’s 

specifications. The cells were spread on LB plates with 50 µg/ml kanamycin. 

At least 10 colonies per clone were checked in order to find a plasmid with no 

mistakes in the insert’s sequence.  The plasmids were harvested with QIAprep Spin 

Miniprep Kit (QIAGEN) and the inserts were sequenced. 

 

Table 7: Plasmids used in the Gateway cloning process used for production of dsRNA 
expression vectors. 
The final vectors were used for RNAi feeding. 
 

Vector Resistance Gene Specifications and Use 

p221 Kanamycin attP sites: acceptor of attB sites of the insert  
Creates attL sites. 

L4440 Ampicillin attR sites: acceptor of attL sites  
T7 promoters: T7 polymerase initiation sites 

 

2.3.2.2.3	  LR	  reaction	  	  

Using the Gateway LR Clonase II Plus Enzyme Mix (Invitrogen), the 

fragment cloned into the p221 vector (now with attL sites) was cloned by 

recombination in the pL4440 gateway vector (with attR sites, see Table 7).  

 

 

The manufacturers’ standard protocol was followed with slight modifications: 

p221-insert  150 ng 

pL4440 vector  250 ng 
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The reaction was incubated at 25°C ON and terminated by adding 1 µl of 

Proteinase K solution (provided) and incubating the samples at 37°C for 10 min. 

The reaction product was used to transform the chemically competent One 

Shot Mach1 T1, following the manufacturer’s specifications. The cells were plated on 

LB plates with 50 µg/ml ampicillin. 

At least 10 colonies per clone were checked for a plasmid with no mistakes in 

the insert sequence.  The plasmids were harvested with the QIAprep Spin Miniprep 

Kit (QIAGEN) and the inserts were sequenced. Those clones in which the insert had 

no mistakes were re-transformed into the final E. coli competent strain (see next 

section).  

2.3.2.2.4	  E.	  coli	  transformation	  

Plasmid DNA (pL444-insert, section below) was added to aliquots of 

chemically-competent E. coli cells, HT115(DE3) (see Section 2.3.2.1), thawed on ice. 

The cells were then incubated on ice for 30 min, heat-shocked for 90 s at 42°C, 

followed by 1 min of cooling on ice. A 6x-volume of S.O.C. medium (Invitrogen) was 

added and the cells were incubated with shaking at 37°C for 1 h before plating on LB 

with 100 µg/ml ampicillin and 12.5 µg/ml tetracycline for ON incubation at 37°C 

2.4 Cytological Methods 

2.4.1 Whole-worm DAPI staining 
Approximately 20 worms of the required genotype were picked to 8 µl M9 

buffer on a superfrost charged slide (VWR). As much liquid as possible was removed 

using filter paper until the worms were left in only a small volume of M9. 10 µl 95% 

ethanol was added to the slide and air-dried twice to fully dehydrate the worms. Solid 

powdered DAPI was solubilised in water to a final concentration of 2 mg/ml and then 

diluted to 2 µg/ml. 10 µl of the diluted DAPI solution were added and a 22 x 22 glass 

cover slip was placed on the top of the worms. Slides were then stained for 2 min in 

the dark. Animals were viewed on a Leica DMRB microscope using 20x and 40x 

lenses and images were taken with a Leica DFC300 FX camera. 
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2.4.2 Immunostaining of C. elegans germlines 
Immunostaining was carried out, using a slightly modified version of a 

protocol previously described (Howe et al., 2001). The following protocol was used 

for all immunostainings, unless otherwise stated.  
15 to 20 age-matched adult worms were picked into 15 µl solution of 1x Egg 

Buffer (Table 10) with 0.1% TWEEN 20 (v/v) on a 22 x 22 glass cover slip. With the 

help of a bench stereoscope the animals were carefully dissected using a fine needle. 

Popped-out germlines were fixed by the addition of 15 µl solution of 1x Egg 

Buffer, 2% paraformaldehyde (PFA) (v/v) and 0.1% TWEEN 20 (v/v). A gentle 

pipetting of the mix was carried out before 15 µl of the solution were removed. The 

remaining solution with the gonads was covered with a superfrost charged slide 

(VWR). The dissections were fixed for a total of 5 min from the addition of the PFA 

and then immediately immersed in liquid N2. The cover slip was removed using a 

razor blade and the slide placed in -20°C methanol for at least 2 min. 

The slides were washed 3 x 5 min in a solution of 0.1 % TWEEN 20 in 1x 

PBS (v/v) (Table 10) (PBST) in coupling jars before being blocked for 1 h in a 

solution of 0.7% - 2% bovine serum albumin (BSA, from Sigma) in PBST (w/v).  

The primary antibodies were diluted in PBST (see the corresponding dilutions 

for each antibody in Table 8) and added to each slide. The slides were covered with a 

parafilm cover slip and incubated in a humid chamber at RT ON. 

After ON incubation, the primary antibody was washed off by 3 x 10 min 

washes in PBST in coupling jars. 50 µl of the appropriate Alexa secondary antibody 

(Invitrogen) in PBST was then added at a dilution of 1:300. The slides were covered 

with a parafilm cover slip and incubated in a humid chamber in the dark at room 

temperature for 2h. 

The secondary antibodies were washed off by 3 x 10 min washes in PBST. 

Slides were then washed in 75 µl of 2 µg/ml DAPI in water and left in the dark for 5 

min. This was removed by a 5 min wash in PBST and the slides mounted by the 

addition of 15 µl of Vectashield (Vector labs). A 22 x 40 glass cover slip was used to 

cover the immunostaining and was then sealed with nail polish. 
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2.4.2.1 Tubulin staining in C. elegans germlines 

To visualise microtubule structure with high resolution, immunostaining of 

tubulin was carried out, as previously described in Zhou et al, (2009). The worms 

were dissected in 15 µl of 1x PBS directly on the slide. 

 

Table 8: List of antibodies used for cytology in this study. 
 

Antibody	   Main	  Staining	   Source	  
Dilutio
n	  

REC-8	   Chromosomes axes Abcam, Mouse polyclonal (ab38372) 1:50 

HTP-1	   Chromosomes axes SDIX 1:200 

HIM-3	   Chromosomes axes Dr Monique Zetka (McGill University) 1:200 

SYP-1	   Chromosomes axes Dr Anne Villeneuve (Stanford University) 1:200 

HIM-8	   Pairing Centre SDIX 1:500 

RAD-51	   Chromatin Dr Adriana La Volpe (Naples University) 1:200 

ZIM-3	   Pairing Centre Dr. Verena Jantsch (University of Vienna) 1:300 

SUN-1	  S8-Pi	   Nuclear Envelope Dr. Verena Jantsch (University of Vienna) 1:600 

α-tubulin	   Cytoplasm SIGMA (T6199) 1:1000 

LMN-1	   Nuclear Envelope Professor Yosef Gruenbaum (The Hebrew 
University of Jerusalem) 1:500 

SPD-5	   Centrosome Professor Bruce Bowerman (University of 
Oregon) 1:2000 

SPD-3	  
Perinuclear - 
Cytoplasm SDIX 1:100 

GFP	  
Transgenic GFP 

proteins InvitroGen 1:300 

GFP-488	  
Transgenic GFP 

proteins InvitroGen 1:300 

 

After the dissection, 15 µl of a solution of 0.2% TWEEN 20 (v/v), 8% PFA 

(v/v), 0.2% glutaraldehyde (v/v) and 4% Triton X-100 (v/v) in 1x PBS were added. 

The germlines were fixed at RT for 15 min and then washed three times with PBST. 

After the last wash, the slides were quenched in a solution of 150 mM Glycine in 
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PBST for 10 min. The blocking with BSA and hybridisation with the antibodies was 

carried out as described in the section above. 

2.4.2.2 Actin staining in C. elegans germlines 

For the visualization of the actin cables in C. elegans germlines, a staining 

with rhodamin-conjugated phalloidin (Molecular Probes, Invitrogen, R415) was 

carried out as previously described in Gil-Krzewska et al, (2010), with slight 

modifications. 

The animals were dissected directly on the slides in 15 µl of PBS. 15 µl of a 

solution of 8% PFA (v/v) and 2% Triton-X 100 (v/v) in PBST were added. After 

pipetting out 15 ml of the mix, the germlines were fixed on the slide at RT for 50 min.  

The slides were washed three times in a 1x PBS solution with 1% Triton-X 

100. Then they were blocked in a 1% BSA solution in 1x PBS and 1% Triton-X 100. 

For the incubation with phalloidin, 200 µl of phalloidin at 0.164 µM in the 1% Triton-

X 100 solution of PBS were added per slide and kept in the dark for 2 h at RT. 

After three washes in the Triton-X 100 solution, the slides were stained with 

DAPI and mounted with vectashield, as described in Section 2.4.2. 

2.4.3 SPD-3 antibody generation 
An antibody raised against the C. elegans protein SPD-3 was generated by 

SDIX (Strategic Diagnostics Inc) using genomic antibody technology. A large 100 

amino acid-long region from position 373-472 of the protein was selected, following 

advice from SDIX, and the DNA encoding this region expressed in rabbits by directly 

introducing the cDNA into the host animals. In this way, the antigen was made in 

vivo, which theoretically maximized the likelihood of producing and maintaining the 

native protein structure. Two rabbits designated 4618 and 4621 were inoculated with 

the C. elegans SPD-3 and used to generate rabbit anti SPD-3 antibodies.  

2.4.4 Microscopy 
Immunostained germlines were imaged using a Delta Vision Deconvolution 

Microscope developed by Applied Precision (Deltavision system core, Olympus 1X70 

microscope, CoolSNAPHQ
2 Monochrome camera). Germlines were imaged in a series 

of Z-stacks that required deconvolution to reverse the optical distortion. Images in 

different z-axis planes were analysed and processed with Softworx (version 3.7.1) and 

were subsequently flattened into a two-dimensional projection. The relatively large 
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size of a C. elegans germline prohibited imaging of the whole structure in a single 

field and, therefore, several fields were required. Reconstruction of the entire 

germline was achieved using Photoshop (Adobe). 

2.4.5 Quantification of RAD-51 foci 
Quantification of the recombination intermediate RAD-51 was carried out on 

RAD-51 immunostained germlines of different genotypes. Images were acquired as 

described in the previous section and the reconstituted germlines partitioned into 

sections. Softworx (version 3.7.1) was used to scan through the Z-stacks and count the 

foci.  

2.4.6 Quantification of SUN-1 foci-patches 
Hermaphrodite gonads carrying the transgenic SUN-1::GFP were dissected in 

the wild-type and mutant backgrounds. The germlines were fixed and stained 

according to the protocol described Section 2.4.2. The primary antibody used was 

non-conjugated anti-GFP (Table 8). Images were acquired as previously described in 

Section 2.4.4 and the reconstituted germlines partitioned into 6 evenly-spaced 

sections. The number and size of aggregates was counted in each zone using 

Softworks to scan through the Z-stacks. The aggregates were analyzed, as previously 

described in Penkner et al, (2009). Aggregates with a diameter <1.1 µm were 

classified as foci, while aggregates elongated in one dimension (≥1.1 µm) were 

classified as patches. 

2.5 Fluorescence in situ Hybridisation (FISH) Methods 

FISH methods were carried out, as in Howe et al, (2001), with the addition of 

a few modifications. 

2.5.1 5S rDNA FISH probe preparation 
The probe to the 5S rDNA region of chromosome V was made by amplifying 

this genomic region using the following PCR reaction and primers in a 30 cycle-

program with 56 oC for the annealing step. 

primer 5S A (1µg/µl)                                     0.5 µl 

primer 5S B (1µg/µl)                                     0.5 µl 

dNTPs   2 mM                                              2 µl 
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MgCl2  50 µM                                                4 µl   

10 x PCR buffer (Invitrogen)                        5 µl 

Taq (Invitrogen)                   0.5 µl 

Water                                                            36.5 µl 

Template (N2 DNA)                                      1 µl 

 

Primer 5S A: TAC TTG GAT CGG AGA CGG CC 

Primer 5S B: CTA ACT GGA CTC AAC GTT GC 

 

Reaction success was determined for the presence on an agarose gel of a 

single band of appropriate size. The DNA was purified using a kit (QIAGEN) 

according to the manufacturers’ protocol. The concentration was measured by 

spectrophotometry using the NanoDrop ND-1000 UV-Vis spectrophotometer. DNA 

was then labelled by nick translation (Section 2.5.3). 

2.5.2 Cosmid FISH probe preparations 
The chromosome III cosmid T17A3, previously tested in the lab, was selected 

from the library, streaked onto a suitable selective LB plate containing kanamycin (50 

µg/µl) and grown ON at 37oC. Individual colonies were picked and starter cultures 

were grown and pooled to purify the DNA with a mini-prep kit (QIAGEN). The 

protocol used was slightly modified from the manufacturers’. 

The modifications were: the use of 400 µl of P1 and P2 buffer and 520 µl of 

N3 buffer. After the addition of the buffers, the solution was centrifuged at 16,200 x g 

as recommended. However the supernatant was removed to a new tube post-lysis and 

centrifuged a second time at 16,200 x g to remove as much bacterial debris as 

possible. The supernatant was then applied to the spin column and the washes 

followed, as designated by the kit manual. Finally, the DNA was eluted by the 

addition of 40 µl EB buffer heated to 70oC. 

To check the integrity of the DNA, a gel of 1% agarose in TAE buffer (w/v) 

was ran. Cosmids with lost inserts were much smaller and, therefore, easily identified 

on a gel. The concentration was measured using the NanoDrop ND-1000 UV-Vis 

spectrophotometer. The DNA was then be labelled by nick translation, as explained in 

the section below. 
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2.5.3 Probe labelling by nick translation  
Digoxigenin (DIG) and Biotin-Nick Translation Kits (Roche) were used to 

make the FISH-labelled probes. To this end, ddH2O was added to 1 µg of purified 

cosmid DNA (section above) or 5S amplicon (Section 2.5.2) to a final volume of 16 

µl.  4 µl of DIG or Biotin-nick translation mix were added to the DNA. Cosmid DNA 

was always labelled with DIG, as for an unknown reason cosmid DNA labels poorly 

with biotin. 

The reaction mix was incubated for 90 min at 15oC. Then, the fragment length 

of the probes was determined on a 1% agarose gel in TAE buffer (w/v), after placing 

the reaction on ice, removing 3 µl of sample and adding 5x loading dye. This was 

heated to 95oC for 3 min and then ran. Ideal probe size was 200-500 nucleotides. If 

necessary, the probes were re-incubated at 15oC and the fragment size checked again. 

Once the correct probe length was achieved the reaction was stopped by the addition 

of 1 µl EDTA (pH 8.0) and heating to 65oC for 10 min. 

2.5.4 FISH staining protocol 
Adult worms were picked into 15 µl of a solution of 0.1% TWEEN 20 in egg 

buffer (v/v) on a 22 x 22 glass cover slip. Once all the germlines were extruded, 15 µl 

of 7.4 % PFA in 1x egg buffer (v/v) was added. 15 µl of the solution was then 

removed and the remaining solution covered with a superfrost charged slide (VWR). 

The total fixation time from the addition of the PFA was 2 min. The slide was frozen 

in liquid N2 before the cover slip was removed with a razor blade and the slide placed 

in methanol at -20oC, for at least 3 min. The jar was removed from -20oC and allowed 

to warm up at RT for 15 min.  

Slides were then subjected to a series of washes. First, the slides were placed 

in a 50% solution of methanol in 1x SSCT (v/v) (1x SSC, in Table 10, with 0.1% 

TWEEN 20) for 1 min. Slides were then placed in 2 x SSCT for 5 min, which was 

repeated 3 times. In order to dehydrate the germlines, the slides were placed in 70%, 

90% and 100% ethanol for 3 min each, after which they were left to air dry. The 

slides were then ready for the addition of the FISH probes. 

 

The final volume of Hybridisation Mix (Table 10) and probes used per slide 

was 17.5 µl with the volume used comprised of 

Hybridisation Mix  10.5 µl 
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DIG-probe   3.5 µl 

Biotin-Probe   3.5 µl 

 

15 µl of the hybridisation mix and probes was added to each of the slides on a 

22 x 22 glass cover slip and the slides immediately placed into a humidity chamber 

(HYBAID Omnislide, ThermoHybaid)  using the following program:  

93oC for 2 min 30 s 

37oC ON 

Post hybridisation washes were carried sequentially; First, 2 washes of 20 min 

each at 37 oC with a solution of 50 % formamide and 2x SSCT (v/v). The cover slips 

were gently removed between these washes. Second, 3 wash of 5 min each in 2x 

SCCT at RT. 

Slides were then blocked in a solution of 1% BSA in 2 x SCCT (w/v) at RT 

for 1 h. The anti-biotin conjugated to FITC (Invitrogen) and anti-DIG conjugated to 

Rhodamine (Invitrogen) were diluted 1:100 in 2x SCCT. 50 µl of the antibody 

solution was added to each slide and a parafilm cover slip applied. Slides were 

incubated for 2 h at RT in the dark in a humid chamber. 

Incubated slides were washed for further 3 x 10 min in 2 x SCCT, in the dark, 

to remove unbound antibodies. 75 µl 2 µg/ml DAPI in water was added to each slide 

and incubated in the dark for 5 min before the slides were mounted by the addition of 

15 µl Vectashield. Finally, slides were covered with a 22 x 40 glass cover slip and 

sealed with nail polish.  

2.5.5. FISH quantification 
FISH stained images of the germlines were acquired using a Delta Vision 

Deconvolution System from Applied Precision (Deltavision system core, Olympus 

1X70 microscope, CoolSNAPHQ
2 Monochrome camera). Mounted germlines were 

divided into 6 sections and the amount of FISH foci per nucleus quantified in each of 

the divisions using Softworx (version 3.7.1). Foci were quantified as unpaired if they 

were greater than 0.7 µm apart. 
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2.6 Live Imaging Methods 

This method was used to analyse the dynamics of the GFP tagged version of 

the SUN-1 protein in different backgrounds and was carried out as in Baudrimont et 

al (2010).  

2.6.1. Slide preparation 
Agarose pads were prepared fresh for every new acquisition. To make the 

pads, a solution of 2% agarose (w/v), 4% sucrose (w/v) and 0.1M NaCl in water was 

prepared and melted. A 100 µl drop of the solution was added onto a superfrost 

charged slide (VWR) and pressed with an extra slide in order to form a circular pad. 

After a few seconds the extra slide was removed. 10 µl of as solution 10 mM 

Levamisol solution were added to the pad and 7-8 worms were picked into the drop. 

A 18 x 18 mm glass cover slip was used to protect the sample and was sealed with 

melted Vaseline (Sigma).  

2.6.2. Data acquisition 
Images of the transgenic worms were acquired using a Delta Vision 

Deconvolution Microscope developed by Applied Precision (Deltavision system core, 

Olympus 1X70 microscope, CoolSNAPHQ
2 Monochrome camera). Images of the 

germlines, in the region of the transition zone, were acquire in a series of 1µm-spaced 

Z-stacks, with a time lapse of 5 s over 15 min (181 frames). The following parameters 

were used: 

Light intensity: 30% 

Exposure time: 200 ms 

Objective: 60X 

Image size: 512x512 

2.6.3. Data plotting 
The projection of the Z-stacks per frame could be visualized as a movie with 

Softworks (Section 2.4.5). The projections were used for the plotting, first reducing 

the background of the images with Autoquant X2. The software Metamorph Offline 

was used to align the projections and track the GFP aggregates. Excel was used to 

analyse the data. 
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2.7 Biochemical Methods 

2.7.1. Sample preparation for SDS-PAGE and Western blot 
Fifty worms of the desired background were used per line ran in the SDS-

PAGE gel. The animals were picked to a non-seeded NGM plate and then washed 

with M9 to a 1.5 ml tube. Then the worms were washed 3x with 1x TE (Table 10) and 

re-suspended in 30 µl of 1x TE complemented with a protease inhibitor cocktail 

(Complete, Roche). Immediately, the worm suspension was frozen in liquid N2 and 

then thawed at RT. 5 µl of 6x Laemmli Sample Buffer (Table 10) were added to each 

tube and the samples were boiled for 10 min. The samples were either loaded into the 

gel for western detection or stored at –20 °C. 

2.7.2. SDS-PAGE and Western blot 
The Bio-Rad Mini-PROTEAN 3 system was used with, usually, 6% 

acrylamide gels:  

Stacking gel:  4% acrylamide (30% acrylamide solution, Bio-Rad) 

0.1% sodium dodecyl sulphate (SDS) (v/v) 

0.1% ammonium persulphate (APS, Sigma) (v/v) 

0.1% N,N,N1,N1-tetramethylethylenediamine (TEMED; National 

Diagnostics) (v/v) 

125 mM Tris pH 6.8. 

Resolving gel: 6% acrylamide (v/v) 

 0.1% SDS (v/v) 

 0.1% APS (v/v) 

 0.1% TEMED (v/v) 

 380 mM Tris pH 8.8 

 

  Gels were ran at 50 mA in 1x Tris-glycine buffer (Bio-Rad) with 10% 

SDS (v/v) and then transferred to a nitrocellulose transfer membrane (Amersham 

Hybond ECL, GE Healthcare) in the Mini Trans-Blot blotting system (Bio-Rad) in 1x 

Tris-glycine buffer (Bio-Rad) containing 10% methanol. The proteins were 

transferred at 350 mA during 105 min at 4°C. 

 Membranes were dried at RT and then blocked with 6% skimmed milk powder 

in 1x TBS (w/v) (Table 10) for at least 60 min. The primary antibody was incubated 
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in a solution of 2% BSA in 1x TBS (w/v) with 0.1% TWEEN 20 (v/v) (TTBS) for at 

least 1 h at RT to ON at 4°C (see Table 9 for dilution). 

 Following several washes in TTBS, membranes were incubated with the 

corresponding horseradish-peroxidase (HRP) conjugated secondary antibody (see 

Table 9 for dilution), in 1% skimmed powdered milk in TTBS (w/v).  

 After several further washes in TTBS, the ECL Plus Western Blotting Detection 

System (GE Healthcare) was used to detect the secondary antibody (films from 

Kodak, Hypercassette from Amersham Biosciences). 

 
 
Table 9: List of antibodies used for western detection in this study. 
 

Primary Antibodies Source Dilution 

SPD-3 SDIX 1:2000 

tubulin SIGMA (T6199) 1:10000 

Secondary Antibodies Source Dilution 

Goat anti Rabbit (HRP-
Conjugated) Upstate 1:5000 

Goat anti Mouse (HRP-
Conjugated) Jackson Inmunoresearch 1:3500 
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Table 10: List of buffers and solutions used in the study. 
 

Name Composition Use 

10 X PCR Lysis 
Buffer 

100 mM Tris 
500 mM KCl 
15mM MgCl2  
pH 8.3 
Add Proteinase K to 1XPCR Lysis 
Buffer before use to a final 
concentration of 1mg/ml 

DNA extraction 

10 X EGG Buffer 

118 mM NaCl 
48 mM KCl2 
2 mM CaCl2 
2 mM MgCl2 
5 mM HEPES 
pH 7.4 

Immunostaining 

10 X PBS 
0.2 M Sodium phosphate 
1.5 M NaCl             
pH 7.4   

Immunostaining 

20 X SSC 
3 M NaCl 
0.3M Na32H2O 
pH 7.0 

FISH staining 

Hybridization Mix 
2 x SSCT 
50 % formamide 
10 % w/v dextran sulphate 

Probe 
hybridisation in 
FISH staining 

10XTBS 
500 mM Tris.HCl 
1500 mM NaCl. 
pH 7.4  

Western Blot 

10XTE 
100 mM Tris.HCl 
10mM EDTA 
pH 7.4 

Western Blot 
sample 

preparation 

6XLaemly 
Sample 
Buffer 

375 mM Tris HCL. pH 6.8 
SDS 9% 
Glycerol 50% 
β-mercaptoethanol 9%,  
Bromophenol blue 0.03%  

Western Blot 
sample 

preparation 

 

95



Table 11: List of strains used in this study. 
 

Wild types Genotype 
N2 Wild type (Bristol) 
CB4856 Wild type (Hawaiian) 

NBRP Genotype 
tm2969 spd-3(tm2969) 
tm356 ztf-2(tm356) 
tm1763 C35A5.8(tm1763) 
tm4010 H12I13.1(tm4010) 
tm4099 Y73B6A.1(tm4099) 
tm3858 C01H6.9(tm3858) 

CGC Genotype 

JK2663 
dpy-11(e224) mes-4(bn67)V /nT1 unc-?(n754) let-? [qls50] 
(IV;V). 

EH135 unc-44(e362) bli-6(sc16)IV 
SP14 unc-3(e151)unc-7(139)X 
CB3234 him-13(e1742)I 
CB1065 him-2(e1065)I 
MT5242 unc-5(e53) bli-6(sc16) IV 
DA740 unc-24(e138) bli-6(sc16) IV 
AV157 spo-11(me44)/nT1[unc-?(n754) let-? qIs50](IV;V). 
UV24 [prmtf-1::gmtf-1::eGFP]II; sun-1(ok1282)V 
UV29 JfSi1[Psun-1::GFP, cb unc-119(+)]II; sun-1(ok1282)V 
AV307 syp-1(me17) V/nT1[unc-?(n754) let-? qIs50] (IV;V). 
AV146 chk-2(me64) rol-9(sc148)/unc-51(e369) rol-9(sc148) V. 
WH258 unc-119(ed3)III; ojls57[pie-1::GFP::dnc-2 unc-119(+)] 
WH257 unc-119(ed3)III; ojls5[pie-1::GFP::dnc-1 unc-119(+)] 
OD203 unc-119(ed3)III; orIs17 [Pdhc-1::GFP::dhc-1 unc-119(+)] 
OCF5 unc-119(ed3)III; [pie-1::GFP::SP-12 unc-119(+)] 

FT204 unc-119(ed3) III; xnIs87 [Psyn-4::GFP:::syn-4::syn-4 3'UTR 
+ unc-119(+)]. 

WH342 unc-119(ed3) III; ojls31[pie-1::spd-3::GFP, unc-119(+)] 
WH113 spd-3(oj35) IV. 
MT2583 dpy-11(e224) nDf32 V/eT1(III;V) 
BC1230 dpy-18(e364)/eT1 III; sDf27 unc-46(e177)/eT1 V 
AV276 syp-2(ok307) V/nT1[unc-?(n754) let-?(m435)] (IV;V) 

BC2511 dpy-18(e364)/eT1 III; unc-60(e677) dpy-11(e224) sDf35/eT1 
V 
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Table 12: List of strains built in this study. 
 

Strain Genotype 
ATG19 fq6 V/nT1[unc-?(n754) let-? qIs50](IV;V). 
ATG21 unc-44(e362), spd-3(me85) IV /nT1[unc-?(n754) let-?](IV;V). 
ATG24 unc-3(e151)X; him13(e1742)I 
ATG25 him-2(e1065) Hawaiian background 
ATG26 him-13(e1742)I, Hawaiian background III 
ATG27 unc-3(e151)X, him-2(e1065) 
ATG30 bli6(sc16) unc-24(e138)/bli-6(sc16) spd-3(me85)IV 
ATG31 bli6(sc16) spd-3(me85)IV/ nT1[unc-?(n754) let-? qIs50](IV;V). 
 ATG54 spo-11(me44) spd-3(me85) IV/ nT1[unc-?(n754) let-? qIs50](IV;V). 

ATG73 spd-3(me85) IV/ nT1[unc-?(n754) let-? qIs50](IV;V), [prmtf-
1::gmtf-1::eGFP]II 

ATG78 spd-3(me85) IV/ nT1[unc-?(n754) let-? qIs50](IV;V), JfSi1 (sun-
1::GFP)II 

ATG86 sun-1/sun-1 IV, JfSi1 (sun-1::GFP)II 
ATG88 spd-3(me85) ojIs31 (spd-3::GFP)V 

ATG90 syp-1(me17) V; spd-3(me85)IV/nT1[unc-?(n754) let-? 
qIs50](IV;V). 

ATG94 syp-1(me17) V/nT1[unc-?(n754) let-? qIs50](IV;V); JfSi1 (sun-
1::GFP)II 

ATG97 spd-3(me85) V/nT1[unc-?(n754) let-? qIs50](IV;V); xnIs87(syn-
4:GFP) 

ATG110 spd-3(me85) V/nT1[unc-?(n754) let-? qIs50](IV;V); ojls57(dcn-
2::GFP) 

ATG111 spd-3(me85) V/nT1[unc-?(n754) let-? qIs50](IV;V); ojls5(dcn-
1::GFP) 

ATG112 spd-3(me85) V/nT1[unc-?(n754) let-? qIs50](IV;V); sp-12::GFP 

ATG113 spd-3(me85) V/nT1[unc-?(n754) let-? qIs50](IV;V); orIs17(dhc-
1::GFP) 
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CHAPTER 3: RESULTS, MEIOTIC SCREEN 
 

3.1 Objectives and Background 

 The initial goal of the current study was to isolate and characterize mutants 

showing defects in crossover formation. To this end, a forward genetic screen 

designed to identify mutants with cytological defects in their germlines was carried 

out. Of special interest were those mutants with the presence of excessive chromatin 

bodies in diakinesis oocytes. This defect can potentially be due to recombination 

repair or cohesion defects but, more importantly, it could be an indicative of a failure 

in crossover formation. 

3.2 Screen for Meiotic Mutants Defective in Crossover 

Formation 

 As described in the introduction, nuclei within the C. elegans germline are 

organized in a clear temporal/spatial gradient that correlates with the sequential stages 

of meiosis (section 1.4, Figure 3). A simple ethanol fixation followed by DAPI 

staining (Material and Methods) allows the visualization of germline nuclei. For 

example, oocytes in the diakinesis stage (just prior to the first meiotic metaphase) can 

be easily identified, which allows the observation of chromosomes at this stage 

(Figure 8).  Since C. elegans carries six pairs of chromosomes, which undergo inter-

homologue crossover formation during meiotic prophase, six DAPI-stained bodies are 

visible in diakinesis oocytes of wild-type worms. However, if crossover formation is 

compromised, then the homologues will not be attached by chiasmata (the physical 

manifestation of crossing over) and diakinesis oocytes will display up to twelve 

DAPI-stained bodies (Figure 8). A pair of homologous chromosomes attached by 

chiasmata is known as a bivalent, while chromosomes that are not attached by 

chiasmata are known as univalents. In mutants in which crossover numbers are 

partially reduced, diakinesis oocytes display a mixture of bivalents and univalents. 

Thus, the presence of greater than six DAPI-stained bodies in diakinesis oocytes can 

be used as readout of crossover failure. This method was used to identify meiotic 

mutants following ethylmethane sulphonate (EMS) mutagenesis (Materials and 

Methods). This DNA-alkylating agent was chosen due to its ability to induce single 
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point mutations and not mayor genome rearrangements (Meuth and Arrand, 1982). 

Single point mutations have the potential to produce partial loss-of-function alleles, 

which allows the detection of otherwise lethal genes, as well as the isolation of 

separation-of-function alleles.  

 The screen was performed as described in material and methods and in Figure 8. 

Briefly, 200 adult worms (P0) were mutagenised with EMS for four hours and, then, 

allowed to recover and produce progeny in EMG plates. Those mutations induced in 

the germline and the sperm of the P0 worms would be present in heterozygosis in the 

next generation (F1). F1 worms were picked onto individual plates and allowed to 

produce F2 progeny. Among the F2 progeny, 25% of the worms are expected to be 

homozygous for the EMS-induced mutations. Since most known mutations that 

produce a meiotic phenotype are recessive, it was expected that, in most cases, only 

worms homozygous for a given mutation would display a phenotype. Therefore, from 

each F1 plate, 20 F2 worms were picked and stained with DAPI to visualize the 

number of chromosomes in diakinesis oocytes. Germlines were also scored for 

cytological defects other than the presence of univalents at diakinesis, since the DAPI 

staining method used allows the visualization of all nuclei in each worm. For 

example, transition zone nuclei are characterized by the clustering of chromosomes to 

one side of the nucleus (see Introduction, Figure 3) and accumulation of these nuclei 

throughout the germline may indicate pairing or synapsis defects (MacQueen et al., 

2002)(Carlton et al., 2006). 

 In total, F2 worms from 80 F1 plates were screened, which equals to 160 haploid 

genomes, from which 10 potential meiotic mutants were isolated. Due to the random 

nature of the EMS mutagenesis and to the high number of mutations present in each 

mutagenised worm, it is necessary to ensure that a mutant phenotype is not caused by 

synergistic mutations. In order to determine if a single mutation is responsible for 

each one of the observed phenotypes, the mutant strains were outcrossed at least 3 

times each. Following each outcross with wild-type males, the strains were screened 

for the presence of the initial phenotype. Out of the 10 mutants originally isolated, 8 

failed to be re-isolated after the first outcross, 1 mutant was lost after the second 

outcross (mutant 113) and 2 mutants were isolated and segregated successfully from 

the remaining plate (fq6 and fq7) (Figure 9). Therefore, efforts were focused on the 

two strains in which the phenotype remained constant following the outcrossing 

process.  
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3.3 Mapping and Characterization of the Isolated Mutants  

 While an initial cytological characterization of the mutants allows an early 

understanding of the meiotic defects present in each mutant, the identification of the 

mutated gene is required to fully understand how a given mutation impacts on the 

meiotic program. Single nucleotide polymorphism (SNP) mapping in C. elegans 

allows a relatively straight identification of the chromosome in which a mutation has 

been generated. The method takes advantage of the thousands of SNPs present 

between a C. elegans wild-type strain of Hawaiian origin and the broadly used wild-

type strain (N2), which originated from Bristol. Since the mutagenesis was performed 

in the N2 background, an outcross with Hawaiian males allows the production of 

heterozygous hermaphrodites that carry a copy of each chromosome from the 

Hawaiian and the N2 origin. Self-fertilisation of these worms results in F1 progeny 

among which, a quarter of the worms will be homozygous for the mutation of interest. 

Since the EMS mutagenesis was performed in the N2 strain, the genomic region 

around the mutation in these mutants will be consistently homozygous for the N2 

version of the SNPs, while other genomic regions will be either homozygous or 

heterozygous for the Hawaiian genome. The detection of the different SNPs is based 

on restriction enzymes and is described in Materials and Methods and in Davis et al. 

(2005).  

3.3.1 fq7 mutant 
 This mutant was initially isolated based on a striking embryonic phenotype: the 

presence of abnormally large nuclei in which big masses of decondensed chromatin 

were evident. However, this embryonic phenotype appears to be a consequence of a 

defect in chromosome condensation in the last diakinesis nucleus (Figure 9). 

Although chromosomes apparently progress normally through the germline, they 

suddenly start forming shapeless DAPI-stained masses in the last diakinesis oocytes. 

Furthermore, the strain cannot be maintained in homozygosity because of its 

incompetence to lay eggs, so it was kept in heterozygosity. SNP mapping of this 

mutation was carried out, allowing the localisation of the fq7 mutation to the right arm 

of the chromosome II. A literature search revealed that the fq7 phenotype resembles 

the defects seen in emo (EndoMitotic Oocytes) mutants, in which oocytes become 

polyploid (Iwasaki et al., 1996). Six emo mutants have been identified so far and, 
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interestingly, emo-5 localizes to chromosome II, although the precise molecular 

identity of the gene remains unknown. Both the mapping and the characterization of 

this mutant were stopped at this point because of the possibility that the fq7 mutation 

may, in fact, be an emo-5 allele and because fq7, despite having an interesting 

phenotype, does not show a crossover defect. 

3.3.2 fq6 mutant  
 The original plate from which the fq7 mutant was isolated also had worms 

with increased numbers of DAPI-stained bodies in diakinesis (fq6 phenotype). Worms 

displaying both fq6 and fq7 phenotypes were also observed, which suggested that two 

independent mutations were segregating in the same strain. The fq6 mutation was 

separated from fq7 during the outcrossing process. After this separation, fq6 mutants 

consistently displayed more that six DAPI-stained bodies in diakinesis oocytes 

(Figure 9), which suggest that fq6 mutants may be deficient in crossover formation. 

Although fq6 homozygous mutant hermaphrodites descending from a heterozygous 

mother can grow to adulthood, they only produce 5% of viable progeny (6 

hermaphrodites evaluated), among which 50% are males (compared to the 0.02% 

observed naturally in the wild type). This high incidence of males, known as him 

phenotype, reflects a higher incidence of the X chromosome non-disjunction. This 

observation, together with the high embryonic lethality, which can be explained by 

missegregation of the autosomes during meiosis, and the increased number of DAPI-

stained bodies at diakinesis, are characteristic features of crossover-deficient mutants.  

3.3.2.1 Mapping of fq6 

 The SNP mapping approach localized the fq6 mutation to chromosome V, in 

an 8 cM region in the middle of the chromosome, between the genetic boundaries -5 

cM and 3.4 cM. In this region, the only known meiotic gene is syp-2, one of the 

components of the synaptonemal complex central region (Iwasaki et al., 

1996)(Colaiacovo et al., 2003). Sequencing of the syp-2 gene in the fq6 background 

revealed the absence of mutations and, therefore, that fq6 is not a new allele of syp-2. 

A complementation test between fq6 and a syp-2 was carried out to verify this result, 

by crossing heterozygous worms for each mutation. A hundred percent of the cross-

progeny from this cross was wild type, thus confirming that fq6 is not an allele of syp-

2.  Other putative candidate genes from the fq6 genomic region were also sequenced 
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but no mutations were identified, ruling out the possibility that fq6 is an allele of any 

of these genes (a list of the genes sequenced in the fq6 mutant is provided in Table 4, 

and the list of primers in Table 19).  

In order to reduce the genomic region containing fq6 (Figure 10), 

complementation tests were carried out with strains carrying different deletions (a list 

of the strains used in these complementation test and their results is shown in Table 

13). The deletions used were: nDf32, whose genetic boundaries are mapped from -

6.2cM to 0.5cM, nDf27, which has been mapped from -14.2cM to -3.8cM and finally 

sDf35, which boundaries are mapped from 0.9cM to 2.7cM. Each deletion was put in 

heterozygosity by crossing the deletion strains with wild-type males. These 

heterozygous worms were then crossed with worms heterozygous for the fq6 mutation 

and the resulting hermaphrodites were scored for the fq6 phenotype. One hundred 

percent of the cross-progeny coming from the cross with either the nDf32 or the 

nDf27 deletion was wild type, indicating that the fq6 mutation is outside the 

boundaries of these deletions. The cross-progeny scored from the third cross, with the 

sDf35 deletion, was a mixed population of which 75% had a wild-type phenotype and 

25% had an fq6 phenotype, demonstrating that the fq6 mutation is between the 

boundaries of this deletion (0.9 cM to 2.7 cM on chromosome V). 

 
Table 13: Deletion strains used during the mapping process of fq6. 
The first column indicates the strain and name of the deletion used in each complementation 
test with fq6. The column in the middle indicates the number of cross-progeny worms from 
each complementation test that were DAPI-stained. From these worms, the column in the 
right indicates how many displayed the fq6 phenotype. 
 

Strain (Deletion) Worms Scored fq6 phenotype 

MT2583 (nDf32) 55 0 

BC1230 (nDf27) 85 0 

BC2511 (sDf35) 47 12 

 

Since the region containing the fq6 mutation lacks obvious candidates for a 

meiotic gene, it was decided to identify mutations in this region using whole-genome-

sequencing. This technique has been successfully used to identify single point 

mutations in C. elegans (Sarin et al., 2008). The Genome Sciences Centre (GSC) at 

the British Columbia Cancer Agency, provides both sequencing work and software 
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support, so a genomic sample of the fq6 mutant was sent to them for deep sequencing. 

High quality genomic DNA from the fq6 mutant strain was extracted (see Materials 

and Methods) and a library was constructed for Illumina sequencing. Instead of the 

traditional single-end sequencing, pair-end (PET) sequencing was used, because it 

allows two sequencing reads per template preparation rather than single reads 

(Fullwood et al., 2009). The analysis of the data was focused in the open reading 

frames (ORFs) present in the genomic region to which the fq6 mutation was 

previously mapped. Out of this, a list of 8 genes carrying single point mutations was 

obtained (Table 14). 

 

Table 14: List of fq6 candidate genes that have a mutation after PET sequencing. 
Results from PET sequencing by comparison with the worm database. The gene col-10 was 
not sequenced in this study due to its expression pattern, limited to hypodermic cells. 
 

Gene (position) Predicted 
Function Predicted Change Available Tools 

F21C10.7 
(V:1.94) 

Ig Domain 
Glu to Lys RNAi library 

clone 

C35A5.8 (V:2.57) Homology with 
exportin-like proteins Val to Ile tm1763 

F25D1.2 (V:2.57) 
No prediction available 

Val to Ile RNAi library 
clone 

vars-1 (V:1.00) 
Valyl tRNA synthetase 

Met to Ile RNAi library 
clone 

ztf-12 (V:1.59) 
Zc Finger Transcription 
Factor Pro to Ile 

RNAi library 
clone 
tm356 

ugt-2 (V: 2.54) 
UDP-Glucoronosyl 
transferase Thr to Ile  

col-10 (V: 1.95) 
Collagen protein 

Pro to Ile  

Y32F6A.5 
(V:2.56) 

Ser-Carbopeptidase 
Asp to Asn  

 

Since the list of mutations was obtained by alignment with the wild-type (N2) 

sequence available from wormbase, amplicons containing the identified mutations 

were amplified by PCR and sequenced from both fq6 and wild-type worms (see 

Materials and Methods and a list of sequenced genes in Table 4). This approach 

allows the confirmation of the results obtained from the deep sequencing data and, 

more importantly, allows to discern between mutations that are only present in the fq6 

background and mutations that may have accumulated in the wild-type strain before 
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the EMS mutagenesis. At this point, the list of candidate genes for the fq6 mutation 

was reduced to six genes: vars-1, C35A5.8, F25D1.2, ztf-12, ugt-2 and Y32F6A.5.  

In order to test if knocking down of any of the candidate genes reproduced the 

fq6 phenotype, an RNAi feeding method was used (see materials and methods). The 

genes for which an RNAi clone was available in the Ahringer library (Kamath et al., 

2003) were silenced.  A list of the genes tested is given in Table 6. However, none of 

these candidates tested by RNAi reproduced the phenotypes observed in fq6 mutants. 

This could indicate that the feeding RNAi is not working well to knock down the 

candidate genes (some meiotic genes are known to be difficult to knock down by this 

method), or that the gene mutated in the fq6 strain is not one of the genes tested by 

RNAi. Further experiments are currently undergoing to determine the molecular 

identity of the fq6 mutation.  

 

3.3.2.2 Cytological characterization of fq6 

As mentioned above, the fq6 mutant was originally isolated because of the 

presence of more than six DAPI-stained bodies in diakinesis oocytes, which is 

strongly suggestive of a crossover defect. A more detailed analysis of the number of 

chromosomes present in diakinesis oocytes revealed that the number of bivalents is 

variable in this mutant (Figure 11A). The lowest number of DAPI-stained bodies 

detected in the fq6 oocytes was 8 (9.6% of the diakinesis, 52 oocytes scored), 

demonstrating that at least two pairs of homologues were not attached by chiasmata. 

However, most oocytes contained 10 DAPI-stained bodies (48% of the diakinesis) 

and oocytes with more than 12 DAPI-stained bodies were never observed, which 

demonstrates that sister chromatids remain attached together in fq6 mutant oocytes. 

This analysis demonstrate that chiasmata formation is severely impaired in fq6 

mutants and, since sister chromatid cohesion (which is required for chiasmata 

maintenance) is probably intact, the most plausible interpretation of these results is 

that fq6 mutants are defective in crossover formation.  

A crossover failure could be caused by defects in homologue pairing, 

synaptonemal complex assembly or in the meiotic recombination machinery. 

Therefore, these events were investigated in fq6 mutants. fq6 hermaphrodites develop 

gonads of normal size and organization, but a closer look revealed several 

abnormalities in chromosome organization in meiotic nuclei preceding diakinesis. 
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Meiotic entrance is characterized by nuclei in which chromosomes cluster on one side 

of the nucleus, displaying a half-moon shape appearance (Introduction, Figure 3).  

This stage of meiosis is relatively short lived in wild-type germlines, where 

chromosomes rapidly redisperse around the nucleus coinciding with synaptonemal 

complex assembly. In contrast, nuclei with clustered chromosomes were distributed 

over a prolonged area in fq6 germlines (Figure11). This phenotype is highly 

reminiscent of mutants defective in the components of the central region of the 

synaptonemal complex, which also show a defect in crossover formation (MacQueen 

et al., 2002)(Colaiacovo et al., 2003). Therefore, in order to investigate whether the 

extended transition zone observed in fq6 mutants was due to a defect in synaptonemal 

complex loading, the synaptonemal complex central element SYP-1 (MacQueen et 

al., 2002) was detected by immunostaining. In the mid-pachytene region of wild-type 

germlines, chromatin is evenly distributed inside the nucleus and parallel tracks of 

DNA, corresponding to homologous chromosomes, can be observed aligned in pairs 

(Figure 11B). In these nuclei the SYP-1 protein is loaded in the interface between the 

two paired homologues, demonstrating full loading of the synaptonemal complex. In 

contrast, fq6 nuclei in this region do not show extensive presence SYP-1 tracks and 

only a few stretches of synaptonemal complex per nuclei are detected. Instead, several 

SYP-1 foci can be observed on the chromatin without loading in to most of the 

chromosomes. By the end of pachytene, almost full synapsis levels can be observed in 

fq6 germlines (Data not shown). These results clearly demonstrate that synaptonemal 

complex assembly is severely delayed in fq6 mutants. 

Mutants that are defective in synaptonemal complex assembly also show 

severe defects in meiotic recombination, probably due to the fact that homologous 

chromosomes are not kept in close proximity  (Colaiacovo et al., 2003)(Smolikov et 

al., 2007a). Progression of the recombination process can be monitored in C. elegans 

by following the dynamics of RAD-51, a recombinase that binds to single-stranded 

DNA following DSB formation (Alpi et al., 2003). In wild-type germlines, RAD-51 

starts to localize as foci onto the chromatin during transition zone. The number of foci 

per nucleus peaks at early pachytene and disappears gradually until late pachytene, 

where no foci can be observed (Alpi et al., 2003). In mutants lacking synaptonemal 

complex components, RAD-51 foci start to localize onto the chromatin with wild-type 

dynamics. Then the foci start accumulating in early pachytene nuclei and they persist, 

in elevated numbers, until the end of pachytene, when they disappear (Colaiacovo et 
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al., 2003). This altered pattern of RAD-51 dynamics probably reflects the impairing 

of interhomologue recombination and the activation of other repairing pathways 

during late pachytene (Colaiacovo et al., 2003)(Smolikov et al., 2007a). Similar to 

this, RAD-51 immunostaining in fq6 mutant gonads revealed a strong accumulation of 

RAD-51 foci during pachytene and their disappearance at late pachytene (Figure 11). 

These results suggest that meiotic recombination is normally started in fq6 mutants, 

but that the repair of DSB is impaired, most likely due to defects in the timely 

assembly of the synaptonemal complex.  

3.4 Summary  

 The genetic screen allowed the successful isolation of two mutants with 

different meiotic defects. Work on the fq7 mutant was discontinued, since a crossover 

defect was not apparent.  On the other hand, the analysis of diakinesis oocytes in fq6 

mutants strongly suggests the presence of a crossover failure in this mutant. 

Furthermore, the preliminary cytological characterization of the mutant has identified 

a severe delay in synaptonemal complex assembly and an extensive accumulation of 

recombination intermediates marked by RAD-51. Both of these defects are expected 

to impact negatively on crossover formation and, therefore, can explain the reduced 

numbers of chiasmata observed in fq6 mutant oocytes. The fq6 mutation was mapped 

to a small genomic region and whole genome sequencing has allowed the 

identification of six genes carrying mutations in this interval. Current work in the 

laboratory is directed at identifying the gene carrying the fq6 mutation and to further 

investigate the origin of the observed defects.  
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Figure 8: Visualization of the germline in C. elegans.  
A) Schematic representation of a C. elegans hermaphrodite. The structure of the two 
germlines is highlighted in colours. For each germline:  premeiotic region in red and meiotic 
region in yellow. The sperm is highlighted in purple, after the last diakinesis oocyte. The 
panel below shows a DAPI-stained wild-type whole-worm. The coloured arrows indicate the 
different zones in the visible germline. Red arrow: premeiotic region. Green arrow: transition 
zone. Yellow arrows: pachytene to diakinesis. The pink arrowhead points to the last 
diakinesis oocyte. The blue arrowhead points to the sperm, located after the last diakinesis 
oocyte. The panel bellow shows a magnification of diakinesis oocytes in wild-type conditions 
(6 bivalents are visible) and in a crossover deficient mutant (12 univalents are evident). B) 
Diagram depicting the strategy of the forward genetic screen for crossover deficient mutants. 
The EMS mutagenesis of the P0 generation induces mutations in sperm and germline nuclei 
that are transmitted in heterozygosis to the F1 generation. Self-fertilisation of the F1 results in 
F2 progeny, among which 25% of the worms are homozygous for the mutation, which allows 
the scanning for mutants deficient in crossovers through the appearance of univalents in 
diakinesis oocytes. 
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Figure 9: General characterization of the mutants isolated during the screening process.  
A) Diakinesis of the mutant 113. This mutant was isolated for the presence of seven DAPI-
stained bodies in diakinesis oocytes and a high incidence of males (him) phenotype. The 
mutant was lost during the outcrossing process. B) Whole-hermaphrodites stained with DAPI 
from a wild-type background and the fq6 and fq7 mutants. The pictures show the detail of the 
diakinesis oocytes in the different backgrounds highlighted with dashed circles. The arrows 
indicate the progression of the oocytes towards the sperm, highlighted with a blue arrowhead. 
The last wild-type diakinesis oocyte shows five bivalents in the picture, due to overlap in the 
projection, but six bivalents were observed during the acquisition process. The fq6 last 
diakinesis oocyte displays eleven DAPI-stained bodies. The last diakinesis in the fq7 
background displays decondensation of the chromatin, which makes it difficult determining 
the number of DAPI-stained bodies. The previous diakinesis, in which the chromosomes are 
properly condensed, displays six bivalents. There is no sperm detectable in this mutant 
background. After the last diakinesis, a big mass of decondensed chromatin can be observed 
(red arrowhead). 
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Figure 10: Schematic representation of the fq6 mutant mapping process.  
The fq6 boundaries were first reduced by SNP mapping, which located the mutation in the 
middle of the chromosome V between -0.5cM and 3.4cM (blue boundaries). Strains carrying 
deletions were used to perform complementation tests with the fq6 strain. The region covered 
by each deletion is shown in the diagram (red arrows). The deletion that failed to complement 
the fq6 mutation (sDf35) defined the new boundaries: 0.9cM to 2.7cM. Deep sequencing 
analysis revealed that in this region, eight ORFs contained a point mutation (genes indicated 
in the physical map of the fq6 region). Two genes have been rule out as fq6 candidates (in 
red): col-10, due to its specific expression in the hypodermal cells and F21C10.7, since the 
same mutation was found both in the wild type and fq6 backgrounds. The current fq6 
candidate genes are highlighted in green.  
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Figure 11: fq6 mutant has defects in meiotic prophase.  
A) Histogram showing the number of DAPI-stained bodies per diakinesis for the indicated 
genotypes. (n=51 oocytes were counted for the wild-type background; n=52 oocytes were 
counted for the fq6 mutant background). B) Synaptonemal complex (SC) loading was 
assessed by staining of the SC central element SYP-1 (red) and DAPI (blue). The nuclei 
shown for each background correspond to the mid-pachytene region of the germline. In 
contrast to the wild-type nuclei, fq6 nuclei display much reduced SC loading in this region of 
the germline. The DAPI staining reveals that fq6 nuclei show a polarized configuration of the 
chromatin in mid-pachytene, instead of the characteristic even distribution of the 
chromosomes in the nuclei observed in the wild type. C) Recombination intermediates 
accumulate extensively in the fq6 mutant background. Formation and repair of the double 
strand breaks (DSB) were monitored by RAD-51 (green) and DAPI staining (blue). The wild-
type panel shows nuclei, from early pachytene, when the number of  RAD-51 peak in the 
germline. Nuclei from early pachytene in fq6 mutants display much higher numbers of RAD-
51 foci.   
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CHAPTER 4: RESULTS, MAPPING OF THE ME85 MUTATION 

4.1 Objectives and Background 

 A putative crossover-deficient mutant, me85, was isolated during a previous 

forward genetic screen, whose design was similar to the one described in the previous 

chapter. The me85 mutant was originally isolated because of the presence of more 

than six-DAPI stained bodies in diakinesis oocytes, which suggests a failure in 

chiasma formation (Figure 12). me85 mutants also displayed an unusual phenotype: 

the presence of enlarged nuclei along the gonad, which suggested the presence of a 

defect in the mitotic divisions that precede meiosis (Figure 12). Furthermore, although 

me85 homozygous mutants coming from heterozygous mothers were viable, embryos 

laid by these worms were 100% non-viable and displayed variable sized nuclei, 

demonstrating that the me85 mutation completely impairs embryonic development. 

Interestingly, the observation of young hermaphrodites’ germlines demonstrated that 

before large nuclei started accumulating, homologous chromosomes were often 

unpaired (Figure 12). This observation suggested that me85 mutants were defective in 

the process of homologue pairing during early meiosis and, therefore, this mutant was 

selected for further mapping and characterization.  Previous SNP mapping determined 

that the me85 mutation was located on chromosome IV. The first goal of this project 

was to determine the molecular identity of the me85 mutation and, to this end, several 

strategies were followed.  

4.2 Parallel Strategies Followed to Identify me85 

Previous work in the lab took advantage of visible markers (mutations of 

known location that affect the body shape and/or movement of the worms) to localize 

the me85 mutation to the middle of chromosome IV, between dpy-13 (IV: 0.0 cM) 

(physical map 4.2 Mbp) and unc-24 (IV: 3.5 cM) (physical map 7.9 Mbp). Once the 

me85 mutation was linked downstream to dpy-13 and upstream to unc-24, it was 

possible to use these strains for SNP mapping with the Hawaiian strains, as described 

in the previous chapter. Briefly, using Hawaiian males, worms that carried one copy 

of the dpy-13 me85 chromosome IV and another copy of chromosome IV with the 

Hawaiian SNPs were created. These worms were allowed to produce self-progeny 

and, amongst these, dpy-13 worms were picked to individual plates. Most of these 

worms were also homozygous for the me85 mutation and, therefore, produced no 
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viable progeny. However, some worms will have undergone recombination between 

dpy-13 and me85 and, therefore, this will result in worms homozygous for the dpy-13 

mutation but heterozygous for the me85 mutation, which will produce viable progeny. 

Once these worms were isolated, SNPs were genotyped. Using this approach, the 

region containing the me85 mutation was defined by these new boundaries:  from 

snp_Y73B6BL[2] (IV: 3.17cM) (physical map 6.3Mbp) to uCE4-974 (IV:3.26cM) 

(physical map 6.9Mbp) (Figure 13). This region was then, a 660 kbp fragment located 

in the middle region of the chromosome IV, which contained 164 predicted genes. 

The strategies used to identify the gene carrying the me85 mutation are described 

bellow.  

4.2.1 Sequencing of the candidate genes 
 Among the 164 genes contained in the me85 region, several genes were 

selected for sequencing either because their expression was enriched in the germline 

(Kim et al., 2001) or because they carried some homology to genes known to be 

involved in chromosome metabolism. The sequenced genes are described in Table 15. 

However, no mutations were found in any of the sequenced candidate genes in the 

me85 background, demonstrating that these genes did not carry the me85 mutation. 

Thus, in order to reduce the genomic region containing me85, further SNP mapping 

was performed. 

 

Table 15: List of sequenced me85 candidate genes.  
 

Sequenced Candidate Genes 
(Genetic Position) Predicted Function 

C17H12.2 (IV: 3.24) Uncharacterized (germline enriched) 
C01G5.6 (IV: 3.20) DNA damage inducible protein 
Ruvb-2 (IV: 3.25) DNA helicase 
C01G5.8 (IV: 3.20)  Fanconi Anemia-associated Nuclease  
C01B10.9 (IV: 3.22) Nucleotide pyrophosphatase 
T05A12 .1 (IV: 3.25) Helicase-like transcription factor 
C17H12.1 (IV: 3.23) Dynein Chain Light Intermediated 
T22D1.5 (IV: 3.25) Uncharacterized (germline enriched) 
rpn-1 (T22D1.9) (IV: 3.25) Proteasome regulatory particle 
Y73B6A.1  (IV: 3.22) Isoform 1 of Ser/Thr-protein kinase 

haspin 
Y73B6A.2 (VI: 3.22) Casein Kinase 
miRNA1834  
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4.2.2 Fine SNP mapping of me85 
 The difficulty of mapping mutations by genetic crosses in C. elegans largely 

depends on the position of the mutation in the chromosome. C. elegans autosomes are 

characterized for having a higher density of ORFs in the middle of the chromosomes, 

and this is accompanied by a low frequency of crossovers in this region (Barnes et al., 

1995). Thus, finding a mutation in the middle of a chromosome is more complicated 

than if the mutation is located in a more distal position, where a lower concentration 

of genes and a higher crossover frequency facilitate the mapping process. Since me85 

was mapped to an interval in the centre of chromosome IV, it was decided to keep 

using visible markers combined with SNP mapping in order to reduce the genetic 

region containing me85.  As described above, this process requires linking the 

mutation to the visible marker. Once the new chromosome with the marker and the 

mutation has been built, it can be crossed with the Hawaiian strain, which will help in 

the process by introducing the SNPs. The recombinant worms, in which the visible 

marker has been unlinked from the mutation of interest, are selected. These worms are 

the informative ones, since they carry a crossover between the visible marker and 

me85, and SNP mapping of their chromosomes will narrow down the region 

containing the mutation. A marker located far away from the mutation makes linking 

them easier and, therefore, allows the recovery of a higher number of recombinants 

because the region in which the crossover can happen is bigger. For the same reason, 

the crossover can happen far away from the mutation in these worms so, they are less 

informative. The closer the marker is to the mutation, the more difficult it is to built 

the strain and the lower the number of informative recombinants that are recovered 

will be. However, these recombinants are very informative and usually narrow down 

the region more effectively. Table 16 shows the visible markers used and how many 

recombinants were obtained for each one of them. The SNPs used for the SNP 

mapping process in the region around me85 could not be detected by digestion with 

restriction enzymes and, therefore, sequencing of DNA was required (Table 3). At the 

end of this mapping process, the region carrying the me85 mutation was contained 

between SNP CE4-964 (IV:3.22 cM) (physical position 6.6 Mbp) and SNP uCE4-974 

(IV:3.24 cM) (physical position 6.7 Mbp). Figure 13A shows a diagram of the SNP 

mapping process with the visible markers. This genomic regions is 121 Kbp long  and 

contained 9 predicted ORFs. 
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Table 16: List of visible markers used during the mapping process of me85.  
The column in the middle shows how many worms per marker were scored during the search 
for recombinants. The column in the right shows how many recombinants were recovered per 
marker. The recombinants are homozygous worms for the visible marker that lose the 
mutation in one of the chromosomes. These recombinants are genotyped by SNP mapping to 
define the region of the mutation. 

MARKER	  

(Position,	  cM)	  
Worms	  Scored	   Recombinants	  

unc-44	  (2.85)	   4424 39 

bli-6	  (3.19)	   2167 6 

unc-24	  (3.51)	   3200 21 

 

4.2.3 RNAi microinjection of the candidate genes 
 The fine SNP mapping process of me85 narrowed the candidate gene list to 9 

predicted ORFs. This low number of candidate genes allowed the use of strategies to 

knock down individual genes. The introduction of double-stranded RNA (dsRNA) in 

C. elegans results in potent and specific knock down of the corresponding gene (Fire 

et al., 1998)(Wang and Barr, 2005). In order to match the me85 phenotype with the 

phenotype resulting from the inactivation of any of the candidate genes, dsRNA 

specific for each gene was designed, synthesized and injected (Materials and 

Methods). Table 17 shows the list of genes for which dsRNA was injected, the 

phenotypes that were observed and the generation in which the phenotype was 

observed. Although the sequencing data revealed no mutations in the coding sequence 

of Y73B6A.1, dsRNA injection of this gene gave phenotypes with some similarities 

with the me85 phenotype, although at very low frequencies. These phenotypes 

included some misshapen embryos and enlarged nuclei in the gonad. Due to this 

resemblance with the me85 phenotype, the closest paralog of Y73B6A.1, ZK177.2, 

was knocked down by RNAi in order to test whether it would result in similar 

phenotypes. Similar results were obtained, albeit at very low frequency (Data not 

shown). Y73B6A.1 and ZK177.2, belong to an enlarged family of not well-known 

kinases, the haspins, which have been suggested to be involved in cell cycle 

regulation (Reviewed in (Higgins, 2003)(Higgins, 2010)). The available deletion 

alleles of Y73B6A.1 and its paralogs were outcrossed and analyzed (Data not shown), 
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to determine if they displayed defects similar to those seen in me85 worms. Worms 

homozygous for tm4099, a deletion allele of Y73B6A.1, was 100% viable and 

displayed no obvious phenotypes. Worms homozygous for tm3858, a deletion allele 

of one of the paralogs of Y73B6A.1, C01H6.9, had a non-developed germline in L4 

stage. Their germline was absent in adult hermaphrodites, which resulted in inability 

to lay any eggs. Worms homozygous for the tm4010 deletion allele of the Y73B6A.1 

paralog H12I13.1, showed no phenotype after the outcross process. These results were 

inconclusive and, therefore, the RNAi experiments did not clarify which one of the 9 

genes is affected by the me85 mutations. Therefore, further mapping experiments 

were required. 

 
Table 17: List of genes silenced by RNAi injection during the process of me85 
identification.  
The column of the right indicates the phenotype observed, if observed, indicating in which 
generation it was observed. P0 = Parental generation, which are the injected wild type 
hermaphrodites. F1 = First filial generation. F2 = Second filial generation. 
 

Gene Injected Predicted Function Phenotype Observed 

C01B10.11 
Required for coordinated 
locomotion and normal body 
morphology 

F1: Dpy 

Y73B6A.1 Serine/Threonine kinase (haspin 
family) 

F1: Him, Univalents, dead 
eggs 
F2: Him, Univalents, dead 
eggs 

Y73B6A.6 Unknown None 

Y73B6A.2 ATP binding protein, 
Serine/Threonine kinase 

F1: sick worms, him, 
univalents 

Y73B6A.3 Transferase activity Premature death of P0 

Y73B6A.4 (smg-7) Suppressor with morphological 
defect on genitalia F1: Pvul 

Y73B6A.5 (lin-45) 
Ortholog of the vertebrate 
protein RAF which is required 
for larval viability, fertility and 
induction of vulval cell fates 

P0: Abnormal gonad 
probably due to injection 
F1: Normal 

H34C03.1 (spd-3) Spindle Defective None 

H34C03.2 Ubiquitin C-terminal hydrolase P0: Less self progeny 
F1: Normal 
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4.2.4 Array comparative genome hybridization  
 The incompatible results obtained from sequencing and RNAi experiments 

suggested that either the mutation is in a regulatory element of the Y73B6A.1 gene or 

that the gene responsible for the me85 phenotype was not Y73B6A.1. In order to 

clarify which of these possibilities was right, a comparative genome hybridization 

(CGH) array was performed in collaboration with the laboratory of Donald Moerman 

at the University of British Columbia (Canada). The Moerman lab successfully 

developed and tested the technique of CGH for SNP detection in C. elegans (Maydan 

et al., 2009)(Flibotte et al., 2009). An array with 385,000 50-mer probes, with a probe 

spacing of 2 bp and covering both strands of the wild-type genome sequence 

contained in the me85 region, was designed. The small size of the me85 region 

allowed a dense coverage of the genomic region, which should increase the quality of 

the array data (Maydan et al., 2009). The application for the design of the 

oligonucleotide array is available online at http://hokkaido.bcgsc.ca/SNPdetection/. 

Roche NimbleGen manufactured the microarray and high quality genomic DNA was 

extracted (see Materials and Methods) from the wild-type and me85 backgrounds. 

DNA labelling and hybridization were carried out by the Moerman lab, who also 

performed the data analysis. The CGH allows the identification of the position of the 

mutation since the wild-type genomic DNA would uniformly hybridize on the array, 

while the mutant genomic DNA would have difficulties to hybridize on the probes 

that contain the mutation site. This technique usually predicts the location of the 

mutations within <10bp of their true positions (Maydan et al., 2009). 

The me85 region was narrowed down to a 300 bp fragment contained in the 

H34C03.1 (spd-3) gene. Therefore, this data strongly suggested that the spd-3 gene 

was the mutated gene in the me85 mutant strain. 

4.2.5 me85 mutants carry a nonsense mutation in the ORF of spd-3 
 In order to verify the results obtained from the CGH array, the spd-3 gene was 

sequenced in the me85 background (see Table 19 for the list of primers).  Indeed, 

sequencing results revealed that the me85 strain carries an A to T transversion, which 

results in a synonymous base-pair substitution at the third position of a codon for 

arginine [R(403) CGA to CGT]. More importantly, they also revealed a C to T 

transition at the first position of a codon for glutamine, CAA to TAA, which results in 

creation of a STOP codon [Q(418) to STOP]. In the wild-type background, spd-3 
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encodes for a 478 amino acid protein, which is predicted to be truncated in the me85 

background due to the presence of a premature STOP codon in the coding region 

(Figure 13B). The predicted SPD-3 protein does not contain any recognizable 

functional domains, although there are two putative transmembrane domains in the N-

terminus and several weak predictions for coiled-coil domains (Dinkelmann et al., 

2007). A previous report suggested that SPD-3 localizes to the mitochondria in the 

early embryo and the analysis of a thermo-sensitive allele indicate that SPD-3 is 

required for pronuclear migration and mitotic spindle alignment in the embryo of C. 

elegans (Dinkelmann et al., 2007). 

The CGH array data followed by sequencing of spd-3 in me85 mutants clearly 

shows the presence of mutation in this gene, which could explain the phenotypes 

observed in me85 mutants. Further genetic and biochemical experiments were 

performed to ensure that the early STOP codon identified in spd-3 is responsible for 

the phenotypes observed in me85 mutants.  

4.3 Verifying the Identity of spd-3(me85) 

 In order to test if the me85 phenotype was caused by a premature STOP codon 

in the ORF of spd-3, complementation tests were carried out with the two available 

deletion alleles of spd-3  (spd-3(tm2969), available from the National BioResource 

Project C. elegans and the N-terminal deletion allele spd-3(ok1817)). Figure 13B 

offers a diagram of how each allele affects the structure of the spd-3 gene.  

4.3.1 Complementation tests with the deletion alleles of spd-3. 
 Similar to me85, both deletion alleles are 100% lethal and therefore these 

alleles were kept in heterozygosity with the help of the genetic balancer nT1, which 

carries a GFP marker that allows the easy identification of heterozygous worms. The 

complementation tests were carried out with heterozygous worms for the spd-3 

deletions over nT1 and heterozygous males for me85. From the cross-progeny of each 

cross, non-GFP hermaphrodites were either picked individually on plates or DAPI-

stained, for observation under the microscope. Since only the non-GFP progeny was 

selected, the possible genotypes after the cross were either the deletion allele over a 

wild-type copy of spd-3 or me85 over the deletion allele. Since both spd-3 deletion 

alleles are recessive, worms carrying a deletion allele plus a wild-type spd-3 are 

expected to be wild type. In contrast, if the me85 mutation is indeed present in the 
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spd-3 gene, worms heterozygous for me85 and any of the spd-3 deletion alleles are 

expected to display a mutant phenotype. For both spd-3 deletion alleles, the me85 

phenotype was observed on the plates (100% lethality and varied-size embryos) as 

well as in whole worms fixed and stained with DAPI (univalents in diakinesis, big 

nuclei along the gonad and dispersed polarized nuclei throughout the pachytene 

region). Table 18 shows the results from these complementation tests. These results 

clearly show that the me85 mutation fails to complement any of the spd-3 deletion 

alleles, therefore confirming that me85 is a new allele of spd-3.   

 
Table 18: Results from the complementation tests performed with me85 and the SPD-3 
deletion alleles. 
The first column specifies how the phenotype was observed: on slide by DAPI staining of the 
worms (number of stained worms indicated), or on the plates, scoring for lethality/viability of 
embryos per plate (number of plates indicated). The columns at the middle and at the right 
show the genotype and the correspondent phenotype in brackets of the worms observed. On 
the slides, the wild type phenotype observed is normal size nuclei along the germline and the 
me85 phenotype observed is characterized by big nuclei throughout the gonad. On the plates, 
the wild type phenotype shows 100% viability of the embryos while the me85 phenotype 
displays 100% lethality of the embryos. The crosses to perform the complementation tests are 
explained in the text.  
 

Phenotype observed 
on: 

ok1817/+ 

(wt) 
ok1817/me85 

(me85) 

slides 71 49 

plates 35 28 

Total (%) 57.9% 42.8% 

Phenotype observed 
on: 

tm2969/+ 

(wt) 

tm2969/me85 

(me85) 

plates 24 19 

Total (%) 55.8% 44.2% 

 

 

4.3.2 Complementation test with the spd-3::GFP transgene 
 A transgene encoding for an SPD-3::GFP fusion protein under the control of 

the pie-1 promoter, which allows expression in the C. elegans germline, was 
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previously shown to rescue the defects of the thermo-sensitive mutant spd-3(oj35) 

(Dinkelmann et al., 2007). These results indicated that the SDP-3::GFP construct is 

fully functional and can complement mutations in spd-3. In order to confirm that 

me85 is a new allele of spd-3, a complementation test between the transgene spd-

3::GFP and the me85 mutation was performed. The strain that carries this transgene 

(Table 11) was built by micro-particle bombardment, which means that there is not 

control over the number of copies integrated or the location of the construct in the 

genome. The me85 mutation creates a restriction enzyme site for AseI, not present in 

spd-3, which helped with the identification of the allele during the process of building 

the strain. The amplicon containing this SNP was designed so that the PCR reaction 

will only amplify the spd-3(me85) and/or the spd-3 wild-type, but not the spd-3 

tagged with the GFP. The transgene was followed by PCR by detecting the sequence 

of the GFP. Heterozygous males for me85 were crossed with the homozygous strain 

for the transgene. From the cross-progeny, hermaphrodite worms were picked and 

those that were heterozygous for me85 were selected. The strategy consisted of 

selection, among the self-progeny, of the worms homozygous for me85 and then 

looking for those that were homozygous or heterozygous for the transgene as well. If, 

as expected, the transgene was located in a different chromosome than spd-3(me85), a 

quarter of the progeny would be homozygous for spd-3(me85) and, among them, a 

quarter would be homozygous for the transgene. This strategy was adopted assuming 

that the transgene would complement the me85 mutation. Sixty-four hermaphrodites 

were selected among the self-progeny of individuals heterozygous from both the 

mutation and the transgene. Out of them, 16 worms were homozygous for spd-

3(me85), with no transgene and showing the me85 phenotype. Just one worm was 

identified as homozygous for spd-3(me85) and heterozygous for the transgene. The 

elevated number of scored worms needed to find this animal suggested that both spd-

3(me85) and the transgene were in the same chromosome. From this worm, viable an 

wild-type looking hermaphrodites, homozygous for both spd-3(me85) and the 

transgene, were selected. These results confirmed that me85 is a new allele of spd-3 

and that the transgene completely complements the me85 phenotype. 
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4.4 SPD-3 Protein Is Not Detectable in Worms Homozygous 

for spd-3 Deletions 

 In order to detect SPD-3 both cytologically and biochemically, several 

antibodies were raised. Two antibodies were raised against two short peptides: one 

against the first 23 amino acids of SPD-3 (N-terminal, 

MDQMTVEEKILEHQELEDGSSSF), the other against the last 25 amino acids of 

SPD-3 (C-terminal, IHHDANNDDFLKSLKLRRVDDIIE) (see Figure 14A). Both 

the peptide production and antibody generation were ordered to GenScript who 

provided, for each peptide, non-affinity purified raw serum from two different rabbits. 

The different serums were tested by Western (Materials and Methods). Since the 

me85 mutation results in a STOP codon that would result in a shorter version of SPD-

3, the expected results were to detect a lower band with the N-terminal antibody and 

no band with the C-terminal antibody. spd-3(me85) was chosen as negative control 

for the C-terminal antibody. The options for the deletion alleles were wider since spd-

3(ok1817) deletes the three first exons, but the rest of the gene is in frame, which 

could potentially result in the detection of a lower band for the C-terminal part of the 

protein. None of the two antibodies gave the expected pattern of bands in Western 

blots containing protein extracts from the different spd-3 alleles. Instead, all the 

alleles shared the same band pattern for each antibody (Data not shown). Therefore, it 

was decided that these antibodies failed to recognise SPD-3 by Western blot and a 

different strategy was chosen. Another antibody was raised against a 100 amino acid 

region of the protein, from amino acid 373 to amino acid 472 (see Materials and 

Methods). This fragment was selected following the advise of SDIX, the company 

that produced the antibodies. Importantly, the me85 mutation [Q(418) to STOP], is 

located in the middle of this region and, therefore, this antibody could potentially 

recognise all the alleles available for spd-3, giving a different banding pattern for all 

of them. As expected, protein extracts from wild-type worms show a band of the 

predicted size for the SPD-3 protein, which disappears in all the mutant backgrounds 

(Figure 14B). The GFP-tagged version of the protein can be detected as a higher band 

in both the wild type and the spd-3(me85) backgrounds. The putative shorter version 

of SPD-3 that was expected from the early STOP codon present in spd-3(me85) 

mutants, was inconsistently detected as a lower band shown in Figure 14C. This 

inconsistency could be due to the fact that the region of the protein present in spd-

126



3(me85) mutants recognised by the antibody is smaller than in the wild-type 

background. 

 Together, these results confirm biochemically that the wild-type version of 

SPD-3 is not present in any of the deletion alleles, nor in spd-3(me85), thus 

confirming that the me85 mutation impacts on the SDP-3 protein. Furthermore, these 

results also verify that the strain homozygous for spd-3(me85) and the sdp-3::GFP 

transgene lacks the endogenous SPD-3 but expresses the SPD-3-tagged version.  

4.5 Summary 

 At the beginning of the project the region containing the me85 mutation 

expanded for 660 Kbp in the middle of chromosome IV and contained 164 genes. 

Following the use of visible markers and fine SNP mapping, this region was reduced 

to a 121 Kbp region that only contained 9 genes. Attempts to identify the mutated 

gene by RNAi failed to produce clear results and, therefore, further mapping 

experiments were performed. Using a custom made CGH array, an early STOP codon 

was identified in the spd-3 ORF, one of the nine candidate genes.  Using available 

deletion alleles of spd-3, as well as transgene expressing an SDP-3::GFP fusion 

protein, it was genetically demonstrated that me85 is a new allele of spd-3. Finally, 

Western blot analysis confirmed that the band corresponding to the wild-type SPD-3 

protein is lacking in spd-3(me85) mutants, therefore confirming that the me85 

mutation impairs the SPD-3 protein. These results identified spd-3 as novel gene 

required for chiasma formation and the rest of the studies were performed to 

determine how the me85 mutation impairs the meiotic program. 
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Figure 12: me85 mutants display meiotic defects.  
A) me85 was isolated in a forward genetic forward designed to detect the appearance of 
univalents and other cytological defects. The mutagenesis was performed in a strain carrying 
a transgene that expresses a histone H2B::GFP fusion protein in the germline, which allows 
the easy observation of all germline nuclei. As in the screen method previously described, the 
F2 generation was scanned for meiotic defects, taking advantage of the GFP-labelled 
chromatin. Enlarged nuclei (white arrows) were observed through the germline of the me85 
mutant. The diakinesis of the mutant (white squared, amplified) displayed a mixture of 
bivalents and univalents. B) me85 displays pairing defects. Meiotic nuclei stained with DAPI 
(blue) and anti-HIM-8 antibodies (red). Wild-type nuclei show a single focus of HIM-8 per 
nuclei, which indicates pairing of the X chromosomes, while some nuclei in me85 mutants 
display two HIM-8 foci per nucleus, which indicates non-pairing of the X chromosomes. 
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Figure 13: Diagram of the fine mapping process of me85 mutant.  
A) Previous SNP mapping reduced the me85 region (light blue fragment of the IV 
chromosome, shown as a black bar) to a 660 kbp fragment in the middle of the chromosome 
IV. The diagram shows the genetic position of the visible markers used during the mapping 
process. The second bar, in light blue, represents an amplified version of the me85 region. In 
black is shown the position of some of the SNPs that were sequenced to determine the 
boundaries of the me85 region. The physical position of SNPs displaying the same genetic 
position is indicated in white (inside the bar). The boxes in blue show the number of 
recombinants for the unc-44 marker; red boxes show the results for the bli-6 marker and the 
green boxes display the information about the unc-24 marker. The boxes indicate the number 
of recombinants that were homozygous for the wild-type version of the SNP after genotyping, 
since this is what reduces the region containing the mutation. After this process, the me85 
region was reduced to a 121kbp region containing nine predicted ORFs. B) spd-3 open 
reading frame diagram. The diagram shows how the different alleles of spd-3 affect the 
structure of the gene. 
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Figure 14: SPD-3 detection in the different backgrounds.  
A) Schematic representation of the SPD-3 protein, including the GFP-tagged version and the 
expected truncated version produced in the spd-3(me85) mutants. The yellow boxes indicate 
the position in the protein of the fragments used to raise the different antibodies. The red 
boxes indicate the missing parts of the protein in the deletion strains inferred from the 
genomic DNA data but do not provide information of the resultant protein. B) Western blot 
detection of SPD-3 in the different backgrounds. Detection with anti-SPD-3 antibodies that 
were raised against a 100 amino acid region of the protein spanning from amino acid 373 to 
amino acid 472. The genotype of each line is indicated at the bottom. A clear SPD-3 band 
(54kDa) is visible in lines 1 and 3. An SPD-3::GFP band (90kDa) is visible in the lines 3 and 
4. These bands are highlighted by the black arrowheads. The bottom panel shows the loading 
control performed by tubulin detection (50kDa) with anti-tubulin antibodies. C) SPD-3 
detection, as explained in the section above. The specific bands for SPD-3 and SPD-3::GFP 
are highlighted by the black arrowheads. A band smaller than 50kbp (blue arrowhead) is 
visible in the line 3 (spd-3(me85) genotype), which coincides with the prediction of the 
truncated me85 version of the protein (47kbp). 
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CHAPTER 5: RESULTS,  
THE SPD-3(me85) ALLELE ALLOWS THE STUDY OF THE 

MEIOTIC ROLES OF SPD-3  

5.1 Objectives and Background 

Upon identification of me85 as a new allele of spd-3, the next aim was to 

determine the role of SPD-3 during the meiotic program and, in particular, to 

investigate how the me85 mutation may result in the homologue pairing problems 

observed in the preliminary characterization of the me85 mutants. Importantly, 

previous publications about spd-3 did not describe any defects in the germline and, 

instead, focused their analyses in the early embryos of spd-3(oj35), demonstrating that 

SPD-3 is required for spindle alignment in the early embryo (O'Connell et al., 

1998)(Dinkelmann et al., 2007). Given this and the fact that large nuclei were 

observed in spd-3(me85) germlines, which suggested abnormalities in the mitotic 

divisions that precede meiotic entrance, it was investigated how the different spd-3 

alleles affected mitosis both in the embryo and the germline. This is important, since 

in order to determine the meiotic role of SPD-3 it is necessary to be able to 

discriminate mitotic defects that are carried over into meiosis, from purely meiotic 

defects.   

5.2 Lethality of the Different spd-3 Alleles 

 The thermo-sensitive allele of spd-3, spd-3(oj35), was isolated in a genetic 

screen designed to identify cell division mutants (O'Connell et al., 1998). 

Homozygous hermaphrodites shifted to the restrictive temperature at the L4 stage are 

viable but produce embryos that are 100% non-viable. Therefore the oj35 mutation is 

a temperature-sensitive, maternal-effect mutant (O'Connell et al., 1998). Similar to 

this, both me85 and the two deletion alleles for spd-3 display maternal rescue.  

Hermaphrodite worms homozygous for any of the deletions alleles, spd-3(tm2969) 

and spd-3(ok1817), that come from heterozygous hermaphrodites are viable, but 

sterile, since they fail to lay any embryos. Animals homozygous for spd-3(me85) that 

come from heterozygous hermaphrodites are viable, however, they are able to lay 

eggs, although these are 100% not viable. The phenomenon of maternal rescue is 

known in many mutants of C. elegans, whereby heterozygous hermaphrodites provide 

their progeny with enough mRNA and/or protein through the oocyte to successfully 
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complete embryonic development. Since the only proliferative tissue in adult worms 

is the germline, once the maternal contribution of protein and/or mRNA runs out, the 

mutant phenotype becomes evident in germline cells. This is likely the scenario with 

the deletion alleles, since homozygosis in these animals result in sterile adults. 

However, in the case of me85 homozygous mutants, where embryos are produced, the 

truncated version of the SPD-3 protein somehow allows the completion of meiosis 

and the formation of embryos. In order to further explore these differences between 

the deletion alleles and the me85 mutation, a direct comparison of germline structure 

was performed between the different mutants. 

5.3 SPD-3 Is Required for Germline Organization 

 The sterility phenotype observed in the homozygous worms for the deletion 

alleles of spd-3 can be due to defects in germline development, somatic gonad 

development, oogenesis, spermatogenesis, ovulation or fertilisation. To determine 

which of these scenarios was taking place, the morphology of the germline was 

monitored at different developmental stages. DAPI staining of whole mounted wild-

type hermaphrodites allows the easy observation of the highly organized disposition 

of nuclei within the germline  (Figure 15). From the distal tip of the germline (end 

away from the oocytes) to the end of pachytene, nuclei are arranged in clear rows. 

The diplotene transition leads to the region containing diakinesis oocytes, in which 

nuclei are arranged in an organized queue towards the spermatheca. This organization 

is already evident in L4 stage hermaphrodites (Figure 15). These younger animals 

have smaller germlines with less obvious stages of meiotic prophase I. The main 

difference with the adult germlines is that the L4 animals are still producing sperm, 

which at the end of pachytene can be observed as brighter DAPI-stained bodies. In 

contrast to this, adult hermaphrodites homozygous for any of the deletion alleles of 

spd-3 do not show an organized germline structure. Instead, large and irregularly 

shaped DAPI-stained masses of chromatin substitute the organized and smaller nuclei 

seen in wild-type germlines (Figure 15). Although the cylindrical structure of the 

gonad was somehow maintained, the overall number of nuclei was severely reduced 

compared to wild-type controls (Figure 15). In order to determine whether this defect 

was already present in younger animals, L4 hermaphrodites homozygous for the spd-3 

deletions alleles were observed by DAPI staining. The germline organization is more 
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obvious in the younger animals compared in the adults, however, some big nuclei 

start to accumulate and the disposition of the nuclei is not as organized as in wild-type 

L4 hermaphrodites. Figure 15 shows images for spd-3(ok1817) homozygous L4 

hermaphrodites, although similar results were obtained for spd-3(tm2969) (Data not 

shown). These results demonstrate germline development does occur in spd-3 deletion 

mutants, but severe defects in cell division and/or DNA replication impair normal 

germline development in adult hermaphrodites.   

 Hermaphrodites homozygous for spd-3(me85) are able to lay fertilized eggs 

that die at some point during embryonic development, implying that me85 oocytes 

undergo meiosis and fertilisation. In contrast to the deletion alleles, DAPI staining of 

L4 larvae and young adults homozygous for spd-3(me85) revealed a much more 

organized germline structure, which resembles the structure seen in wild-type worms 

(Figure 16A and B). However older adults, 48 hours post L4, did display germlines 

with many enlarged nuclei and with a less organized structure (Figure 16B). In fact, a 

more detailed analysis of the mitotic region of the germline in spd-3(me85) young 

adults, shows an incipient accumulation of big nuclei that becomes more obvious in 

the mitotic tip of older worms (Figure 17A). Crucially, this large nuclei are absent 

from the meiotic region of the germline in young adult worms (16 hours post L4), in 

which diakinesis nuclei already show the presence of univalents. Therefore, SPD-3 

must play a role in promoting chiasma formation during meiosis that must be different 

from the role of SPD-3 in promoting correct cell division in the mitotic compartment 

of the germline.  By studying meiosis in young adults it should be possible to 

understand the meiotic roles of SPD-3, something that could not be achieved in the 

deletion alleles, in which the early onset of mitotic defects prevents the formation of 

an organized germline.   

spd-3(me85) mutants also displayed other germline defects. Diakinesis 

oocytes in wild-type hermaphrodites are evenly spaced, reaching one after the other 

the spermatheca for fertilisation (Figure 17B). In contrast, spd-3(me85) diakinesis 

nuclei accumulate and appear more disorganized within the germline, although nuclei 

are still individualized, which was evident by LMN-1 staining, which localizes to the 

nuclear envelope (Liu et al., 2000). The structure of the germline in the diakinesis 

region is enlarged compared to wild type (Figure 17B). Similar diakinesis defects 

were observed after switching L4 hermaphrodites of spd-3(oj35) to the restrictive 

temperature for 24 hours or longer periods, although no evident defects were found in 
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the rest of the germline (data not shown). These results confirmed that germline 

defects observed in spd-3(me85) mutants worsen with increasing age and, that by 

studying young adults, it should be possible to isolate the meiosis-specific roles of 

SPD-3. 

5.4 SPD-3 Is Required in Mitosis 

5.4.1 SPD-3 during germline mitosis 
 The accumulation of big nuclei in the mitotic tip of the germline in older spd-

3(me85) mutants could be due to either extra rounds of DNA replication or defects in 

mitosis that could affect either chromosome segregation or anaphase-telophase 

defects. The thermo-sensitive allele spd-3(oj35) was previously described to be 

defective in the rotation of the complex centrosome/pronuclei causing spindle 

misalignment in the early C. elegans embryo. In order to investigate whether the 

origin of the enlarged germline nuclei was related to spindle defects, the centrosome 

architecture was observed by immunostaining against centrosome component SPD-5  

(Hamill et al., 2002) in the mitotic region of the germline of spd-3(me85) mutants. 

Figure 17C shows a wild type mitotic nucleus in metaphase, with the chromatin 

condensed and both centrosomes aligned at each side. In spd-3(me85) mutants, nuclei 

in mitotic metaphase are apparent, suggesting  that chromosome condensation is not 

defective, but many nuclei display more than two centrosomes (Figure 17C). These 

data suggest the presence of multipolar spindles in the mitotic region of spd-3(me85) 

germline. Similar spindle disruption defects in the germline have been previously 

described in lis-1 mutants, which also display enlarged nuclei (Buttner et al., 2007). 

Therefore, the presence of multipolar spindles could be the basis of the mitotic defects 

observed in the germline of the spd-3 mutants. Alternatively, the mitotic defects could 

result in the formation of cells with multipolar spindles, which, in any case, would 

have a negative impact on the chromosome segregation.  

5.4.2 SPD-3 in the embryo 
 The presence of multipolar spindles, which was detected in the mitotic region 

of spd-3(me85) germlines, was not among the defects described in the first mitotic 

division of spd-3(oj35) embryos. In order to investigate if this defect was present in 

spd-3(me85) embryos, anti-SPD-5 and anti-tubulin antibodies were used to 
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simultaneously visualize centrosomes and microtubules in one-cell stage embryos in 

both wild type and spd-3(me85) mutants. The astral microtubules in wild-type 

embryos grow radially from the centrosomes until they reach the cortex, where they 

stop growing (Figure 18). Instead, in spd-3(me85) one-cell embryos, astral 

microtubules emanate from the centrosomes reaching the cortex and continue growing 

along it. Furthermore, although the centrosomes are separated, they remain in the 

cellular periphery instead of moving with the nucleus, demonstrating a clear defect in 

centrosome attachment. Apart from centrosome positioning, there are no other apparent 

defects in spd-3(me85) centrosomes, such as obvious defects in their structure. These 

experiments demonstrate that the centrosome-nucleus attachment defect observed in 

spd-3(me85) one-cell stage embryos phenocopies the defects observed in spd-3(oj35) 

embryos. However, more severe centrosome defects were observed in older spd-

3(me85) mutant embryos, which also displayed substantial defects in nuclear 

divisions as evidenced by the presence of large and abnormally shaped nuclei (Figure 

18). While in the wild-type embryo each pair of centrosomes is associated with a 

nucleus undergoing a mitotic division, in spd-3(me85) mutant embryos a large 

number of smaller centrosomes are associated with big chromatin masses, and 

numerous centrosomes are present without a clear association with any nuclei (Figure 

18). The centrosome detachment and the presence of multiple centrosomes around big 

masses of chromatin could be the result of the defect in centrosome movement 

observed in both spd-3(me85) and spd-3(oj35) one-cell embryos. Interestingly, these 

processes require intact microtubule structure and the dynein motor (Hyman and 

White, 1987)(Gonczy et al., 1999)(Yoder and Han, 2001)(Schmidt et al., 2005) and 

similar phenotypes have also been described in mutants of dynein activators such as 

LIS-1 and the dynactin complex (Gonczy et al., 1999)(Cockell et al., 2004). These 

observations suggest that defects in the cytoskeleton or in molecular motors may 

underlie the centrosomal defects observed in spd-3 mutant embryos.   

5.5 SPD-3 Localisation 

 An earlier report suggested that the SPD-3 protein localizes to mitochondria in 

the early embryo (Dinkelmann et al., 2007). This conclusion was reached following 

the apparent co-localisation in the early embryo of the vital dye Mito Tracker, which 

stains mitochondria, with the SPD-3::GFP signal (Dinkelmann et al., 2007). Both 
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SPD-3::GFP and the Mito Tracker signal displayed a dispersed signal that seemed 

broadly distributed through the cytoplasm. However, the exact extent to which both 

signals co-localize is difficult to estimate from the images of Dinkelmann et al, (2007) 

study. In order to confirm the localisation of SPD-3 in the embryo and to determine 

the localisation pattern of SDP-3 in the germline, hermaphrodites carrying the spd-

3::GFP transgene were fixed and stained with anti-GFP antibodies. Figure 19 shows 

the anti-GFP staining in a gonad and an embryo, which is in agreement with a 

cytoplasmic localisation of SPD-3::GFP. In the germline SDP-3::GFP is clearly 

observed around pachytene nuclei and also in diakinesis oocytes, which cytoplasm 

displays a strong accumulation of SPD-3. Co-staining with Mito Tracker was 

attempted, but the low penetrance of the dye in the gonad prevented the proper 

labelling of mitochondria in the germline. To confirm that the SPD-3::GFP signal was 

indeed localizing outside germline nuclei, hermaphrodite gonads of the strain carrying 

the spd-3::GFP transgene were dissected, fixed and stained with anti-GFP and anti-

LMN-1 (lamin) antibodies, which allow the clear visualization of the nuclear 

boundaries  (Liu et al., 2000). The SPD-3::GFP signal localizes consistently outside 

of the nuclei, thereby confirming the cytoplasmic localisation of SPD-3 in the 

germline (Figure 19B). 

 The antibodies raised against different regions of the SPD-3 protein (see 

chapter 4) were tested in order to determine if they could be used in immunostaining 

experiments to detect the SPD-3 protein in whole mounted germlines. Initially all 

three antibodies were tested and, surprisingly, a similar staining pattern was observed 

in both wild-type and the spd-3(me85) backgrounds. However, since only the 

antibody raised against the 100-amino acid peptide towards the C-terminus of the 

protein gave reliable and consistent results by Western blot (Figure 14), this antibody 

was chosen for further cytological characterization. Figure 19C shows an example of 

the staining observed with this antibody, which, in agreement with the SPD-3::GFP 

experiments, showed an accumulation of the signal around germline nuclei. Although 

the overall pattern was very similar to that observed for the SPD-3::GFP signal, the 

signal appeared somehow  more continuous with anti-SPD-3 antibodies. The 

perinuclear region appeared less enriched in comparison with the rest of the 

cytoplasm, which displays more SPD-3 signal and fewer gaps between nuclei. 

Interestingly, cytoplasmic regions with apparent aggregates of anti-SDP-3 signal were 

observed around nuclei in the transition between the mitotic region and the start of 
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meiosis.  In summary, both methods of visualizing SPD-3 in the germline, detecting 

the SPD-3::GFP fusion protein and detecting the endogenous SPD-3 protein, 

demonstrated that SPD-3 localizes outside the nucleus in the germline, in agreement 

with the observed embryo localisation. However, the two staining methods also 

showed some slight differences in the SPD-3 localisation pattern, which could be due 

to different reasons. First, the fixation of the germlines in both cases are different, 

since the staining with the anti-SPD-3 antibody improved when a fixation to preserve 

the microtubules was used (see Materials and Methods). Second, the amount of SPD-

3 protein in the strain with the SPD-3::GFP transgene is much greater than the amount 

of endogenous protein in a wild-type background (see Figure 14). Third, it is difficult 

to completely verify the specificity of the anti-SPD-3 antibodies in immunostaining 

experiments since a proper negative control is not available: germlines from spd-

3(me85) mutants probably still contain a mutated form of the protein that can be 

recognised by the antibodies and, although germlines from the deletion alleles of spd-

3 are potentially a negative control, the rudimentary germlines observed in these 

worms prevents their use in immunostaining experiments. Furthermore, there is more 

than one band present when using this antibody for Western blot, indicating that it 

might cytologically recognise other proteins in addition to SPD-3.  Overall, the main 

conclusion from these experiments is that the SPD-3 protein localizes outside the 

nucleus in the C. elegans germline. 

5.6 Summary 

 The analysis of the germline structure in the strains carrying deletion alleles of 

spd-3 has demonstrated that SPD-3 is required for the mitotic divisions in the 

germline, as it does in the early embryo. This analysis also showed that the extensive 

mitotic defects present in these mutants lacking SPD-3 prevents the development of a 

normal germline in adult worms. Therefore, spd-3 deletion alleles cannot be used to 

elucidate the meiosis-specific roles of SPD-3. In contrast, young adults homozygous 

for the new allele of spd-3, spd-3(me85), in which mitotic defects have not 

accumulated, provide an excellent opportunity to study the role of SPD-3 in the 

meiotic programme. Immunostaining experiments demonstrated that SPD-3 localizes 

outside meiotic nuclei in the adult germline, as it does in the embryo. The analysis of 

the mitotic defects observed in both the embryo and the mitotic region of the germline 
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in spd-3(me85) mutants demonstrate a clear defect in centrosome-nucleus attachment, 

which could be originated by defects in microtubule structure or in microtubule 

motors. These experiments have provided important insights for the investigation of 

the role of SPD-3 during meiosis: the timing at which spd-3(me85) mutants need to be 

analyzed, the cytoplasmic localisation of the protein and a basic understanding of the 

processes affected by SPD-3. The next chapters will explore how the spd-3(me85) 

mutation affects the different aspects of the meiotic programme that are required to 

ensure crossover formation between homologous chromosomes. 
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Figure 15: Germline structure observed by whole-worm DAPI staining.  
The top panels show wild-type hermaphrodites at the L4 and young adult stages.  The yellow 
arrowheads indicate the distal tip position. The white arrows indicate the direction of the 
progression of the germline. The red arrowhead in the L4 stage indicates the last visible 
nuclei in prophase stage before sperm formation. The read arrowhead in the adult 
hermaphrodite points to the last diakinesis before the spermatheca. The highly organized 
disposition of nuclei in the germline is evident in both L4 and adult stages. The bottom panels 
show spd-3(ok1817) hermaphrodites in L4 and adult stages, for comparison. The yellow 
arrowheads point to the distal tip of the germlines in both stages and the red arrowheads the 
end of prophase I. Notice that the organization of the nuclei is lost in the adult germline but 
the L4 stage still resembles some wild-type organization. The accumulation of enlarged 
nuclei, which substitute the wild-type-sized nuclei, is more evident in the adult worms. The 
yellow arrowhead in the adult mutant is precisely pointing to one of this nucleus. Similar 
results were obtained for worms of the deletion background spd-3(tm2929). 
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Figure 16: Germline structure of spd-3(me85) mutants.  
A) The DAPI staining of a whole L4 hermaphrodite shows a well-conserved germline 
structure. The yellow arrowhead points to the distal tip and the red arrowhead points the last 
prophase nuclei. Compare with wild-type L4 stage from the previous figure. B) DAPI staining 
of wild-type and spd-3(me85) germlines after dissection and fixation. Germlines from young 
and old adults hermaphrodites are shown for comparison. The germline structure and the size 
of the nuclei of the young spd-3(me85) mutant adults are comparable to that observed in wild-
type germlines. In contrast, enlarged nuclei are distributed through the germline in the older 
spd-3(me85) mutant adults, and the germline appear more disorganized. The scale bars 
represent 50µµ 
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Figure 17: spd-3(me85) phenotype.  
A) Detail of the mitotic region of the germline. The top panel shows a wild-type germline tip 
from a young adult. The arrows indicate the beginning of the transition zone. The middle 
panel shows an spd-3(me85) mutant germline tip from a young adult. The arrows indicate the 
beginning of the transition zone. The arrowhead points to a slightly enlarged nucleus of the 
mitotic region. The bottom panel shows a spd-3(me85) mutant germline tip from a slightly 
older adult. The arrows indicate the beginning of the transition zone. The arrowheads point to 
enlarged nuclei of the mitotic region, which start to accumulate. The scale bars represent 
50µm B) spd-3(me85) diakinesis oocytes. In the wild-type germline the diakinesis oocytes are 
arranged in a queue towards the spermatheca, left panel. The right panel shows that this 
organization is lost in the young adult germlines of spd-3(me85) mutants. The staining with 
anti-LMN-1 (green) and DAPI (blue) allows to observe that oocytes nuclei are independent of 
one another. Instead of six bivalents, as seen in the wild-type oocytes, spd-3(me85) mutants 
display an elevated number of DAPI-stained bodies in diakinesis oocytes. The scale bars 
represent 5µm. C) Mitotic nuclei in the germline distal tip. Staining with anti-SPD-5 
antibodies (green) and DAPI (blue) allows the visualization of the centrosomes of cells 
undergoing mitotic division in wild-type germlines (left panel) and spd-3(me85) mutant 
germlines (right panel). Two centrosomes can be observed aligned at each side of the 
condensed chromatin plate in the wild type. Three centrosomes can be observed around the 
condensed chromatin, probably in division, in the spd-3(me85) mutant. 

148



149



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Embryonic defects of spd-3(me85) mutants.  
The top panel shows one-cell stage embryos. Tubulin is visualized with anti-tubulin 
antibodies (red) and the centrosomes with anti-SPD-5-antibodies (green). In wild-type 
embryos, the microtubules emanate from the centrosomes and reach the cortex. In spd-
3(me85) mutant embryos the microtubules emanate from the centrosomes reaching the cortex 
and growing along it. The centrosomes detach from the nuclei, which moves to the centre of 
the embryo. The bottom panel shows multi-nucleated embryos from wild-type and spd-
3(me85) mutant backgrounds. In the wild type every pair of centrosomes is associated to a 
cell in division. In the spd-3(me85) mutant some centrosomes are not associated to chromatin 
and many centrosomes are associated with the same chromatin mass. The scale bars represent 
10µm.  
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Figure 19: SPD-3 localisation. 
A) Whole mounted germline dissected from an spd-3::GFP hermaphrodite, fixed and stained 
with anti-GFP antibodies. The accumulation of SPD-3 protein around the nuclei is more 
evident in the diakinesis oocytes. The magnification of the pachytene zone (top right) allows 
the observation of the perinuclear enrichment of SDP-3 in this region of the germline. The 
bottom right panel shows the cytoplasmic staining of SPD-3 in an embryo. B) An 
hermaphrodite expressing the transgene spd-3::GFP was dissected, fixated and stained with 
anti-GFP and anti-LMN-1 antibodies to confirm that the GFP signal is exterior to the nucleus. 
C) Wild-type transition zone (top panel) and pachytene (bottom panel) nuclei stained with 
anti-SPD-3 antibodies. Although the staining is slightly different that the one obtained with 
anti-GFP in the previous panels, the signal is consistently out of the nuclei. The scale bars 
represent 5µm. 
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CHAPTER 6: RESULTS,  
CHARACTERIZATION OF SPD-3(ME85) MEIOTIC DEFECTS 

6.1 Objectives and Background 

 The experiments described in the previous chapter showed that despite the 

presence of mitotic defects in the germlines of spd-3(me85) mutants, by analyzing 

meiosis in young hermaphrodites it is possible to investigate the meiotic role of SPD-

3.  spd-3(me85) mutants were initially isolated for displaying more than six DAPI-

stained bodies in diakinesis oocytes, which most likely indicates problems in 

crossover formation. Three key events take place during meiotic prophase to ensure 

crossover formation: the pairing of homologous chromosomes, the assembly of the 

synaptonemal complex between the paired homologues and the formation and repair 

of DSB during meiotic recombination. In order to determine if SPD-3 plays a role in 

these processes, a detailed cytological analysis of pairing, synaptonemal complex 

assembly and recombination progression was performed in spd-3(me85) mutant 

germlines.  

6.2 spd-3(me85) Mutants Display a Reduction in Chiasmata 

but Extensive Synaptonemal Complex Assembly  

 The presence of univalents in diakinesis oocytes is a clear readout out of 

crossover failure. Since C. elegans possesses six pairs of homologues, a complete 

failure to form crossovers results in the presence of twelve unattached chromosomes 

(univalents) in diakinesis oocytes. This phenotype is observed in crossover deficient 

mutants such as spo-11, in which the DSBs that initiate meiotic recombination are not 

formed and therefore crossing over is abolished (Dernburg et al., 1998). On the other 

hand, a partial crossover failure results in oocytes carrying a mixture of bivalents 

(homologous chromosomes attached by chiasmata) and univalents, which translates in 

the presence of between seven and eleven DAPI-stained bodies in diakinesis oocytes. 

A detailed analysis of diakinesis oocytes in 16 hours post L4 spd-3(me85) mutants 

revealed the presence of between six and ten DAPI-stained bodies, demonstrating that 

some chromosome pairs are not attached by chiasmata (Figure 20A, B). As expected, 

wild-type oocytes displayed six bivalents. Although oocytes with twelve univalents 

were not observed in spd-3(me85) young adults (Figure 20B), older worms did 
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display twelve univalents, suggesting that the meiotic defects that impair chiasma 

formation worsen with age. Oocytes with  more than twelve DAPI stained-bodies 

were not observed even in old  spd-3(me85) mutant oocytes, suggesting that sister 

chromatid cohesion remained intact in these oocytes. The presence of  both bivalents 

and univalents in spd-3(me85) diakinesis oocytes indicates that crossovers can be 

formed in these mutants. Furthermore, since chiasmata are maintained by a crossover 

and sister chromatid cohesion (see Introduction) and defects in sister chromatid 

cohesion where not observed, the chiasma deficit observed in spd-3(me85) oocytes is 

most likely a consequence of defective crossover formation. 

 The analysis of young spd-3(me85) mutant germlines stained with DAPI 

demonstrated the presence of meiotic irregularities other than those described above 

in the diakinesis oocytes. In wild-type worms entrance into meiosis occurs in the 

transition zone of the germline, in which nuclei display a characteristic half-moon 

shape appearance with the chromatin clustered in one side of the nucleus (see Figure 3 

in Introduction). However, upon synaptonemal complex assembly this configuration 

is lost and chromosomes become dispersed inside the nucleus. Although the precise 

signal that triggers exit from this clustered configuration remains unknown, mutants 

with defects in synaptonemal complex assembly display an accumulation of nuclei 

with clustered chromosomes (MacQueen et al., 2002)(Colaiacovo et al., 

2003)(Smolikov et al., 2007b). Intriguingly, spd-3(me85) mutant germlines displayed 

a nuclei with polarized chromatin in the pachytene region of the germline (Figure 

20C). This observation suggested that spd-3(me85) may show defects in 

synaptonemal complex assembly. 

In order to investigate if a defect in synaptonemal complex loading was 

present in spd-3(me85) mutants, young adult germlines were dissected and stained 

with anti-HIM-3 and anti-SYP-1 antibodies. HIM-3 is a major constituent of the AE , 

which is loaded onto chromosomes shortly after entering into meiosis (Zetka et al., 

1999). SYP-1 is a component of the central region of the synaptonemal complex, 

which connects paired homologues after AE are formed (MacQueen et al., 2002). The 

loading of HIM-3 and SYP-1 in spd-3(me85) mutant germlines revealed a staining 

pattern very similar to that observed in pachytene nuclei of wild-type controls, 

demonstrating that the synaptonemal complex is formed along most chromosomes 

(Figure 20D). However, some small chromosomal regions of mid-pachytene nuclei 

were stained by HIM-3 but not SYP-1, demonstrating that these regions remained 
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unsynapsed. The amount of unsynapsed regions in pachytene nuclei increased slightly 

with age, but most chromosomes were stained by both HIM-3 and SYP-1. These 

observations demonstrate that spd-3(me85) mutants are clearly competent in 

synaptonemal complex formation.  

6.3 spd-3(me85) Mutants Are Defective in Homologue 

Pairing 

 The preliminary characterization performed when the spd-3(me85) mutant was 

first isolated, suggested the presence of a homologue pairing defect in these mutants 

(see Figure 12, Chapter 4). In order to confirm this initial observation, homologue 

pairing was monitored in spd-3(me85) mutant germlines using fluorescence in situ 

hybridization (FISH, see Materials and Methods) against two different chromosomal 

regions: the 5S rDNA situated in an interstitial position in chromosome V and a probe 

against the pairing centre (PC) region of chromosome III (cosmid probe). Each C. 

elegans chromosome carries a PC region at one its ends and this region is known to 

facilitate pairing and synaptonemal complex assembly (MacQueen et al., 

2002)(MacQueen et al., 2005). The pairing levels of the X-chromosome PC region 

were also monitored, in this case using anti-HIM-8 antibodies. HIM-8 is a protein that 

specifically binds to the PC of the X chromosome and, therefore, by following HIM-8 

it is possible to visualize the pairing status of the X chromosome (Phillips et al., 

2005). Figure 21A shows meiotic nuclei from wild type and spd-3(me85) mutants 

stained with DAPI and HIM-8. While all wild-type nuclei showed either one focus, or 

two really close foci of HIM-8, indicating proper pairing of the X chromosome PCs, 

many spd-3(me85) mutant nuclei displayed two separated HIM-8 foci, indicating a 

pairing failure of the X chromosome. Similar results were obtained for both the probe 

against the PC of chromosome III and the 5S rDNA probe (Figure 21A). These data 

demonstrates the existence of a pairing defect in spd-3(me85), which is evident for the 

three locus that were investigated.  

In order to quantify this pairing defect, a time-course analysis of homologue 

pairing was performed for all three markers in both spd-3(me85) mutants and wild-

type controls. Following the staining with a given probe, each gonad was divided into 

6 even zones that covered from the distal tip to the end of pachytene. Then, using Z-

stack images, the pairing status of the FISH probe (or HIM-8) was monitored in each 
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nucleus of the germline. When two foci were at a distance lower than 0.7 µm, the 

probes were scored as paired (Figure 21B). Zone 1 covers almost entirely the mitotic 

region of the germline so, data from this region are not included in the graphs since 

some enlarged polyploid nuclei are present in this region of spd-3(me85) mutant 

germlines, which would complicate the analysis. Zone 2 and the early region of zone 

3 correspond to transition zone nuclei, where homologue pairing is established 

(MacQueen et al., 2002)(Pasierbek et al., 2001). The zones 4 to 6 include pachytene 

nuclei in which the synaptonemal complex is fully formed and, therefore, homologous 

chromosomes are expected to be fully paired. In agreement with these expectations all 

three probes demonstrated 100% of pairing in zones 4-6 of wild-type germlines. In 

contrast, a substantial pairing defect was evident for all three probes in spd-3(me85) 

mutant germlines. Among the chromosomal positions analyzed, the higher levels of 

pairing in spd-3(me85) mutants corresponded to the PC of the X chromosome, which 

reaches the maximum pairing levels in zone 5 (70% of nuclei with paired signals). 

The other PC region analyzed, from chromosome III, displayed slightly lower levels 

of pairing than the X chromosome. While the non-PC probe of the chromosome V 5S 

rDNA displayed substantially lower levels of pairing that never reached 40% of 

paired signals along the entire time-course.  

This data demonstrates a clear pairing defect in spd-3(me85) mutant 

germlines. Since the pairing defect was evident even in transition zone nuclei (zone 2) 

this suggests that SPD-3 may play a role in the early stages of homologue recognition.  

6.4 Non-homologous Synapsis Is Established in spd-3(me85)  

 The analysis presented in the previous sections shows that almost wild-type 

levels of synapsis are achieved in spd-3(me85) mutant pachytene nuclei (Figure 20D), 

but that in many nuclei the homologues are separated (Figure 21). This apparently 

contradictory findings can be reconciled if the synaptonemal complex was been 

incorrectly assembled between non-homologous chromosomes in spd-3(me85) mutant 

germlines, a phenomenon  known as non-homologous synapsis. To test if this non-

homologous synapsis occurs in spd-3(me85) mutants, HIM-8 and SYP-1 were 

simultaneously detected by immunofluorescence in both wild type and spd-3(me85) 

backgrounds (Figure 22). In the wild type, a single HIM-8 focus per nucleus can be 

detected and this signal is associated with a SYP-1 track. In contrast, many spd-
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3(me85) mutant nuclei exhibited two separated HIM-8 foci  and each of them 

appeared to be associated with a different SYP-1 track. These observations 

demonstrate that non-homologous synapsis does take place in pachytene nuclei of 

spd-3(me85) mutants. 

 The lower pairing levels detected in spd-3(me85) mutant transition zone nuclei 

suggest that homologous chromosomes cannot recognise each other and so, synapsis 

is established between non-homologous chromosomes due to the high promiscuity of 

the synaptonemal complex central elements (MacQueen et al., 2005). Alternatively, 

the precocious loading of the synaptonemal complex could be impairing the 

homology search in spd-3(me85) mutants. In order to determine whether premature 

synaptonemal complex loading was inhibiting the search of homology between 

chromosomes, levels of homologue pairing were quantified in a double mutant spd-

3(me85);syp-1. If homology search in spd-3(me85) mutants was prevented by 

inappropriate synaptonemal complex loading, a double mutant spd-3(me85);syp-

1(me17), in which the lack of SYP-1 prevents synapsis (MacQueen et al., 2002), 

should display improved pairing levels compared to the single mutant spd-3(me85). 

This expectation is due to the fact that syp-1 mutants are capable of establishing 

homologue pairing in zones 2 and 3 of the germline, but the lack of synapsis prevents 

the stabilization of these early interactions and as a result the homologues come apart 

during mid/late pachytene (MacQueen et al., 2002). As a control for this experiment 

the pairing levels of syp-1 mutants were also monitored (Figure 21B). As expected, 

almost wild-type pairing levels were reached for the PC regions in the single mutant 

syp-1, with an evident decrease of pairing by zone 6 in the chromosome X and in zone 

5 for the chromosome III PC. In the non-PC region of chromosome V, syp-1 mutants 

still achieve homologous pairing in more than 60% of the nuclei, but this level of 

pairing decreases faster than for the PC regions. The level of homologue pairing in the 

double mutant spd-3(me85); syp-1 is very similar to the pairing level observed in the 

single mutant spd-3(me85) (Figure 21B). Importantly, a comparison of the pairing 

levels observed in zone 3 of the syp-1 single mutant and the spd-3(me85); syp-1 

double mutant shows that the pairing levels of the single mutant syp-1 are never 

reached in the double mutant spd-3(me85); syp-1. Together, these data demonstrate 

that removing synapsis does not alleviate the pairing defect present in the spd-

3(me85) mutants, suggesting that SPD-3 may play a role in the early steps of 

homologue pairing, which precede synaptonemal complex assembly.  
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6.5 Recombination Intermediates Accumulate in spd-

3(me85) Mutants  

 The defects in homologue pairing described in the previous sections could 

account for the reduction in chiasma formation observed in spd-3(me85) mutant 

oocytes.  This is due to the fact that, the formation of inter-homologue crossovers 

requires previous pairing and synapsis of the homologues. In fact, when homologue 

pairing is impaired, the process of meiotic recombination is also altered, since the 

DSBs that initiate meiotic recombination (see Introduction) cannot be repaired using 

the homologous as a template (Colaiacovo et al., 2003). In C. elegans, the dynamics 

of the appearance and disappearance of recombination intermediates can be monitored 

by the detection of the RAD-51 recombinase, which binds to the ssDNA produced by 

processing DSBs (Alpi et al., 2003)(Colaiacovo et al., 2003). In wild-type germlines, 

RAD-51 appears as foci on the chromatin that start to accumulate in transition zone 

nuclei, it reaches its peak in early/mid pachytene and then RAD-51 foci gradually 

disappear during mid/late pachytene, coinciding with the repair of DSBs. In order to 

test if the pairing defects observed in spd-3(me85) mutants were accompanied by 

defects in meiotic recombination, the dynamics of RAD-51 was monitored in both 

wild-type and spd-3(me85) mutants (Figure 23). Immunostaining of spd-3(me85) 

mutant germlines with anti-RAD-51 antibodies and anti-REC-8 (a cohesin component 

that labels axial elements of meiotic chromosomes (Pasierbek et al., 2001)), revealed 

a strong accumulation of recombination intermediates (Figure 23A). Furthermore, 

while RAD-51 formed discrete foci in wild-type nuclei, spd-3(me85) nuclei showed 

short stretches of RAD-51. These initial observations demonstrate clear abnormalities 

in the progression of meiotic recombination in spd-3(me85) mutants. 

 The dynamics of RAD-51 foci along the germline can be monitored using 

time-course analysis similar to the one described to monitor homologue pairing. In 

this case germlines are divided into 7 equal-size zones that cover from the mitotic tip 

to the end of pachytene and RAD-51 foci are scored every nuclei of each zone. 

However, the enormous amount of RAD-51 foci observed in spd-3(me85) mid-

pachytene nuclei, impeded this approach. More importantly, RAD-51 foci seemed to 

start accumulating quickly in spd-3(me85) germlines, suggesting that recombination 

intermediates may be formed earlier than in the wild type. To test this possibility the 

method to monitor RAD-51 dynamics was slightly modified. First, REC-8 was used 
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as a marker for meiosis initiation. Before loading onto meiotic chromosomes, REC-8 

accumulates inside mitotic nuclei (Pasierbek et al., 2001) and this switch in 

localisation pattern was used to define the starting position of the time-course. 

Second, the regular peak in RAD-51 foci in a wild-type germline occurs in mid-

pachytene, which defined the ending position of the modified time-course. The region 

of the germline between REC-8 loading and mid-pachytene was divided into five 

even zones in which RAD-51 foci or stretches were scored (Figure 23B). It is worth 

noticing that the mitotic region is excluded from the time-course and the size of the 

zones is substantially smaller in comparison with the traditional method of RAD-51 

quantification. The graphs in the Figure 23B show the result of this analysis, which 

reveals an evident increase of RAD-51 in spd-3(me85) compared to the wild type.  

Statistical analysis was used to determine if the zone 3 of spd-3(me85), where RAD-

51 starts to accumulate, was different from the zone 3 of the wild type. An unpaired t-

test verified that zone 3 from both backgrounds are significantly different (p-value 

<0.0001), which means that RAD-51 accumulation starts earlier in spd-3(me85) 

mutant germlines than in the wild type. These data demonstrates gross defects in the 

progression of meiotic recombination in spd-3(me85) mutants and suggests that either 

more DSBs are being made in spd-3(me85) mutants and/or that DSBs are being 

formed earlier. 

6.5.1 Accumulation of recombination intermediates in spd-3(me85) is 

SPO-11-dependent  
 The striking accumulation of RAD-51 foci observed in spd-3(me85) mutants 

could be due just to defects in the meiotic programme, or it may also be enhanced by 

the mitotic defects that the mutant accumulates in the distal tip. To discern these two 

possibilities RAD-51 dynamics were observed in an spd-3(me85); spo-11 double 

mutant, in which the lack of SPO-11 prevents the initiation of meiotic recombination. 

As a negative control for this experiment, RAD-51 dynamic were also monitored in 

spo-11 single mutants. The 100% lethality observed among the progeny of the 

deletion allele of spo-11, spo-11(ok79) (Dernburg et al., 1998), makes extremely 

difficult to built a double strain of this allele with spd-3(me85) since the latter is as 

well 100% lethal. A putative null-allele of spo-11, spo-11(me44),  (Chan et al., 

2004)(Hayashi et al., 2007), which is slightly viable, facilitated the strain 

construction. Figure 23B shows the quantification of RAD-51 in the spo-11(me44) 
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background, which, as expected,  results in a dramatic decrease of RAD-51 foci per 

nucleus and in a reduced number of nuclei being RAD-51 positive. In the same figure, 

the quantification of RAD-51 in spd-3(me85);spo-11(me44) background shows a 

strong decrease of RAD-51 loading, which means that the vast majority of 

recombination intermediates detected in spd-3(me85) are spo-11-dependent. This 

demonstrates that the great accumulation of RAD-51 foci observed in spd-3(me85) 

mutants is due to defects in the processing of meiosis-specific DSBs and not from the 

accumulation of mitotic defects that are subsequently transferred into meiosis. In fact, 

RAD-51 starts accumulating earlier, raising the possibility that SDP-3 may affect 

meiotic recombination independently of its role in homologue pairing. 

6.6 Summary  

 The analysis of chromosomes in diakinesis oocytes clearly demonstrated a 

reduction of chiasmata in spd-3(me85) mutant oocytes and suggested that this defect 

is originated by deficient crossover formation. Since crossover formation requires 

correct pairing, synaptonemal complex assembly and the induction and repair of 

DSBs, these events were explored in spd-3(me85) mutants. While synaptonemal 

complex assembly was only mildly affected in spd-3(me85) mutants, both homologue 

pairing and meiotic recombination showed clear defects in the mutants. The 

simultaneous analysis of pairing and synaptonemal complex assembly has shown that 

the synaptonemal complex is loaded indiscriminately between homologous and non-

homologous chromosomes in spd-3(me85) mutants. However, this improper 

synaptonemal complex loading does not interfere in the pairing process, as revealed 

by the pairing levels of a double mutant spd-3(me85); syp-1, in which the 

synaptonemal complex can not be formed but pairing is not improved. These data 

suggests that SPD-3 may be required for the early events of homologue pairing, which 

remains one of the less well-known aspects of the meiotic programme.  
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Figure 20: spd-3(me85) mutation affects chiasmata formation and nuclear organization. 
A) Projections of diakinesis oocytes stained with DAPI of the wild type (left) and spd-
3(me85) mutant (right) backgrounds. Six bivalents can be observed in the wild-type diakinesis 
and a mixture of univalents and bivalents in the spd-3(me85) mutant. B) Histogram displaying 
the number of DAPI-stained bodies per diakinesis in the wild-type (blue) and spd-3(me85) 
mutant (red) backgrounds in 16 hours post L4 animals (n=51 oocytes were counted for the 
wild-type background; n=54 oocytes were counted for the spd-3(me85) mutant background). 
C) DAPI-stained nuclei of whole-mounted gonads from wild-type (top) and spd-3(me85) 
mutant (bottom) young adults. The mitotic nuclei in the spd-3(me85) mutant background do 
not show enlarged nuclei. The transition zone nuclei in the spd-3(me85) mutant are polarized 
but already less compact that in the wild type and this polarization of the chromatin persist 
until pachytene. D) Synaptonemal complex (SC) loading was monitored by staining with 
antibodies against the axial element HIM-3 (red) and the SC central element SYP-1 (green) in 
the wild type (top panel) and in the spd-3(me85) mutant (bottom panel) backgrounds. 
Synapsis levels in the spd-3(me85) mutant are comparable to those observed in the wild type, 
but there are some small chromosomal regions in which SYP-1 is not loaded (arrowheads). 
 

164



165



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: Homologue pairing is impaired in spd-3(me85) mutants.  
A) Pairing of the X chromosomes  (PC region) was assessed using anti-HIM-8 antibodies 
(red, top panels) and chromosome V (non-PC region) was assessed by FISH using a probe 
against the 5S rDNA (red, bottom panels) in wild-type and spd-3(me85) mutant backgrounds. 
B) Quantification of the percentage of nuclei with paired signals of the X chromosome PC 
(HIM-8 staining), chromosome III PC (FISH probe), and chromosome V non-PC (FISH) in 
wild type (blue), spd-3(me85) (red), syp-1(me17) (green) and spd-3(me85); syp-1(me17) 
(pink). Hermaphrodite gonads were divided into six zones of equal lengths as shown in he 
diagram and each nucleus was scored for paired or unpaired signals. The graphs show in the 
Y-axis the percentage of nuclei with paired signals. Positions along the x-axis correspond to 
the zones along the germline as indicated in the diagram. 
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Figure 22: Non-homologous synapsis is established in spd-3(me85) mutants. 
Wild-type (top panel) and spd-3(me85) mutant (bottom) nuclei stained with the PC-binding 
protein of the X chromosome HIM-8 (red) and antibodies against the SC central element 
SYP-1 (green). Note that in the spd-3(me85) mutant that displays two HIM-8 foci, both HIM-
8 signals are associated with different tracks of SYP-1, demonstrating that the X 
chromosomes must be involved in non-homologous synapsis. In the wild-type background, 
the HIM-8 signal is associated with SYP-1 signal in the 98.6% of the times (n=70). HIM-8 is 
associated with SYP-1 the 95.2% of the times in the spd-3(me85) mutant background (n=62). 
Scale bars represent 5µm. 
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Figure 23: Recombination intermediates accumulate in spd-3(me85) mutants. 
A) Wild-type (top panel) and spd-3(me85) mutant (bottom panel) nuclei stained with 
antibodies against the meiosis-specific cohesin REC-8 (red) and the recombinase RAD-51 
(green). Elevated levels of RAD-51 are apparent in spd-3(me85). B) RAD-51 foci 
quantification in wild-type, spd-3(me85), spo-11(me44) and spd-3(me85);spo-11(me44) 
backgrounds. Germlines were divided into five equal zones as shown in the diagram, from the 
beginning of meiosis (marked by the chromosomal loading of REC-8) to the RAD-51 peak in 
mid-pachytene observed in the wild-type background. The numbers of RAD-51 foci were 
scored in every single nucleus of each zone and are indicated with different colours in the 
legend. The histograms display the percentage of nuclei with a determined amount of RAD-
51 in germlines of the indicated background. The position along the X-axis corresponds to the 
zones along the germline as indicated in the diagram. 
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CHAPTER 7: RESULTS, 
NUCLEAR ENVELOPE DEFECTS IN SPD-3(me85) MUTANTS 

7.1 Objectives and Background 

The experiments described in the previous chapter show that the origin of the 

meiotic defects observed in spd-3(me85) mutants seems to be a defect in the early 

steps of homologue pairing. Although the ultimate mechanism of homologue 

recognition between chromosomes is still unknown, several steps in the process of 

homologue pairing have been recently described in C. elegans (Penkner et al., 

2009)(Penkner et al., 2007)(Sato et al., 2009)(Baudrimont et al., 2010). These studies 

demonstrate that homologue recognition requires tethering of the chromosomes to the 

NE and that a SUN/KASH protein pair that bridges the NE acts to connect the 

chromosomes to the cytoskeleton. In this way, forces originated by the cytoskeleton 

can be transmitted inside the nucleus to mediate chromosome movements, which are 

required for the establishment of homologue pairing. In order to elucidate the origin 

of the pairing defect in spd-3(me85) mutants, an exhaustive analysis of the interaction 

between meiotic chromosomes and the  NE was performed.  

7.2 Localisation of PC-binding Proteins in spd-3(me85) 

Mutants 

 An early pairing defect could be caused by defective loading of the PC-

binding proteins onto the chromosomes, lack of chromosome recruitment to the NE or 

impaired chromosome clustering. In transition zone nuclei, SUN-1 localisation at the 

NE changes and SUN-1 aggregates are formed, which correlate with the NE-

attachment of the chromosomes loaded with the PC-binding proteins (Penkner et al., 

2007; Penkner et al., 2009). In order to determine whether the PC-binding proteins 

(HIM-8 and the ZIM proteins) (Phillips et al., 2005)(Phillips and Dernburg, 2006) are 

loaded or not on the chromosomes and if they are able to attach to the NE, SUN-1 and 

the PC-binding proteins were monitored in the spd-3(me85) background. For this 

purpose, a sun-1:GFP transgene (Penkner et al., 2009) was introduced in 

homozygosis in the spd-3(me85) background (a list of strains built in this study is 

provided in Table 12). This new strain carries the spd-3(me85) allele, the sun-1::GFP 

transgene in chromosome II, and the endogenous copy of sun-1 in homozygosis in 
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chromosome V. As a control, the original strain with the sun-1:GFP transgene (Table 

11) was modified to carry the endogenous copy of sun-1 instead of the putative null 

allele sun-1(ok1282). This strategy was followed due to the difficulty of building a 

double mutant strain with spd-3(me85) and sun-1(ok1282) since homozygous worms 

for any of the mutations display almost 100% lethality among their progeny (Penkner 

et al., 2007) and both genes are located in close proximity on chromosome IV (spd-3: 

3.23 cM and sun-1: 4.98 cM). Germlines from hermaphrodites expressing the 

transgenic SUN-1::GFP and the endogenous SUN-1, referred to as wild type, were 

stained with antibodies against GFP and the PC-binding proteins HIM-8 or ZIM-3 

(Figure 24). This strain behaves as the original strain described in Penkner et al, 

(2009) and the PC-binding proteins signal colocalises consistently with SUN-1 signal. 

Figure 24A shows wild-type nuclei from the  transition zone, in which most of the 

nuclei have a single HIM-8 focus, which demonstrates the pairing of the X 

chromosomes. This signal always colocalises with a SUN-1 aggregate. Panel B of the 

same figure shows wild-type  transition zone nuclei in which the ZIM-3 signal (PC-

binding protein for chromosomes I and IV) (Phillips and Dernburg, 2006) overlaps 

with SUN-1. Unpaired HIM-8 foci can be detected in spd-3(me85) mutant nuclei but, 

importantly, all HIM-8 signals are consistently observed together with a SUN-1 

aggregate (Figure 24A). The ZIM-3 signal in spd-3(me85) is consistent with the 

previous observation of pairing defects. ZIM-3 binds to two pairs of chromosomes, 

which means that, potentially, 1 to 4 signals can be detected. While in the wild-type 

background one or two foci of ZIM-3 are observed per nucleus, 3 ZIM-3 foci per 

nucleus are more frequently observed in spd-3(me85). Nevertheless, the ZIM-3 signal 

overlaps with SUN-1 in spd-3(me85) (Figure 24B). These observations indicate that 

PC-binding proteins are loaded onto chromosomes in spd-3(me85) mutants and, also, 

that the tethering of the PC regions with SUN-1 aggregates at the NE is not defective 

in spd-3(me85). 

7.3 Formation of SUN-1 Aggregates in spd-3(me85) Mutants 

 As shown in the previous section, the early pairing defects observed in spd-

3(me85) mutants are not caused by a lack of recruitment of the PC-binding proteins to 

the NE, since a consistent overlap of the PC-binding proteins with SUN-1 can be 

observed in this background. Despite this, the SUN-1 aggregates look quite different 
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in spd-3(me85) mutants compared to the wild type (Figure 25A). While in the wild-

type a small number of large SUN-1 aggregates are visible in every nucleus, in the 

spd-3(me85) mutant background, the aggregates are both smaller in size and larger in 

number. These differences could be important in terms of understanding the pairing 

defect observed in spd-3(me85) mutants: large SUN-1 aggregates (patches) are 

thought to include several chromosomal ends undergoing homology search, while 

small SUN-1 aggregates (foci) could represent a single chromosomal end attached to 

the NE (Penkner et al., 2009)(Baudrimont et al., 2010). Thus, an increase in the 

number of SUN-1 foci could indicate that more chromosomes are individually 

attached to the NE and away from other chromosomes, which could have a negative 

impact on homologue pairing. 

In order to determine more precisely the defect observed in spd-3(me85) 

mutants, the establishment of SUN-1 aggregates was analyzed as described in 

Penkner et al, (2009). Wild type and mutant gonads were dissected and stained with 

anti-GFP antibodies to detect SUN-1::GFP. The gonads were divided into six even 

zones from the tip to the end of pachytene and the number and size of the aggregates 

were scored in every nucleus (see section 2.4.6. Materials and Methods). Aggregates 

with a diameter <1.1µm were classified as foci. Aggregates elongated in one 

dimension (≥1.1µm) were classified as patches. The dynamics of SUN-1 patches 

formation observed in the wild-type controls were very similar to those reported by 

Penkner et al, (2009) (Figure 25B). SUN-1 patch formation peaks in zone 3, decreases 

in zone 4 and no patches are detectable by zone 5. The dynamics of SUN-1 foci are 

slightly different, since Penkner et al. (2009) did not detect a peak of foci in zone 3, as 

it was observed for the wild-type background in this study (Figure 25B). The detected 

number of foci looks slightly higher in general than the detected in Penkner et al, 

(2009). These small differences could be due to many reasons, such as the strains used 

(the strain used in this study has endogenous and GFP-labelled SUN-1 protein) or 

slight changes in the staining or detection procedures. In any event, since the overall 

picture is entirely consistent with the previously reported data, the analysis was also 

carried out in spd-3(me85) mutants.  

Both the dynamics and the number of SUN-1 foci/patches are altered in spd-

3(me85) mutants, as is shown in  Figure 25B. In the transition zone region of the 

germline, zones 2 and 3 combined, the number of foci per nucleus in the wild-type 
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background is 0.98 (n=318 SD=1.23) while in spd-3(me85) mutants this number is 

3.66 (n=258 SD=3.56). Statistical analysis determined that the difference in the 

number of SUN-1 foci per nucleus between the wild-type and spd-3(me85) mutants is 

significant (unpaired t-test, p value < 0.0001). In contrast, the number of SUN-1 

patches decreases during the transition zone in spd-3(me85) mutants compared to wild 

type (Figure 25B).  The average number of SUN-1 patches in the wild-type 

background is 0.85 (n=318 SD=1.18), while in spd-3(me85) mutants the average is 

0.68 (n=258 SD=0.94). However, this difference is not considered to be quite 

statistically significant (unpaired t-test, p value 0.05). Interestingly, both forms of 

SUN-1 aggregates (foci and patches) persist longer in spd-3(me85) mutant germlines 

than in wild-type controls. The presence of foci in zone 5 in the wild type is quite 

limited, with an average of 0.16 foci per nucleus (n=108 SD=0.37), but in spd-

3(me85) mutants this average increases to 2.38 (n=114 SD=2.00). This increase is 

statistically different (unpaired t-test, p value <0.0001). Similarly, zone 6 of wild-type 

controls displays an average of 0.06 foci per nucleus (n=85 SD=0.24), while in spd-

3(me85) mutants this number increases to 0.5 (n=92 SD=1.36), which is statistically 

different (unpaired t-test, p value <0.0013). This quantification of SUN-1 aggregates 

confirms that there is a big increase in the number of SUN-1 foci in spd-3(me85) 

mutants compared to the wild type, demonstrating that one of the earliest events 

known to affect chromosome pairing is deficient in spd-3(me85) mutants. Since PC-

binding proteins are associated with these SUN-1 foci (see previous section), this 

suggests that although chromosomes are attached to the NE, most attachment sites in 

spd-3(me85) mutants may involve a single chromosome, while in the wild type 

several chromosomes are though to be associated with each large SUN-1 aggregate. 

7.4 Positioning SPD-3 in the Pairing Pathway 

 The results of the previous section suggest that clustering of SUN-1 

aggregates is deficient in spd-3(me85) mutants and that this could be the underlying 

defect that impairs homologue pairing in these mutants.  Recent studies have 

identified several factors that are required for the formation of functional SUN-1 

patches, which include: proper establishment of chromosome axes, CHK-2 kinase 

activity, Polo-like kinase (PLK) activity and chromosome movement mediated by the 

cytoskeleton (Penkner et al., 2009)(Sato et al., 2009)(Labella et al., 2011)(Harper et 
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al., 2011). Any of these events could potentially be affected by SPD-3, so they were 

investigated. The hypothesis of SPD-3 affecting the formation of meiotic 

chromosomes axes was ruled out, since the results presented in previous chapters 

demonstrate that axial element components REC-8, and HIM-3 are normally loaded 

onto spd-3(me85) mutant chromosomes (Figures 20 and 23). Therefore, efforts were 

focused on the remaining possibilities. SPD-3 could potentially be interfering with the 

serine/threonine kinase CHK-2 (MacQueen and Villeneuve, 2001), which is required 

for SUN-1 phosphorylation in transition zone nuclei (Penkner et al., 2009). Since the 

recruitment of Polo-like kinases to transition zone nuclei requires CHK-2 (Harper et 

al., 2011)(Labella et al., 2011), CHK-2 activity in spd-3(me85) mutants was 

investigated. Disruption of the SUN1/ZYG-12 bridge severely impairs SUN-1 

movement (Penkner et al., 2009)(Baudrimont et al., 2010) and disrupts homologue 

pairing, therefore both the integrity of the SUN/KASH bridge and the movement of 

SUN-1 aggregates were also investigated in spd-3(me85) mutants.  

7.4.1 CHK-2 is active in spd-3(me85) mutant germlines 
 Homologue pairing is completely impaired in mutants lacking the CHK-2 

serine/threonine kinase and several studies demonstrate that CHK-2 impacts on 

different aspects of the pairing process. First, chk-2 mutants lack nuclei displaying the 

chromosome clustering observed in wild-type transition zone nuclei (MacQueen and 

Villeneuve, 2001). Second, chk-2 mutants are also defective in the attachment to the 

NE of the ZIM proteins that bind to the PC-regions of the autosomes (Phillips and 

Dernburg, 2006). Third, CHK-2 is also required for the SUN-1 phosphorylation 

events that occur during early meiosis and that are required for proper homologue 

pairing (Penkner et al., 2009). SUN-1 phosphorylation has also been shown to require 

the Polo-like kinases PLK-1 and PLK-2, which have been proposed to act 

downstream CHK-2 (Labella et al., 2011)(Harper et al., 2011). A lack of the partially 

redundant PLK-1 and PLK-2, elicits phenotypes similar to those observed in chk-2 

mutants, which include a failure in the formation of SUN-1 aggregates and impaired 

phosphorylation of SUN-1 at serine 12. However, SUN-1 phosphorylation at serine 8 

appears to be exclusively dependent on CHK-2 activity (Penkner et al., 2009). Thus, 

in order to test if CHK-2 and was active in spd-3(me85) mutants, hermaphrodite 

gonads of the wild type and spd-3(me85) background were dissected, fixed and 

stained with phospho-specific antibodies that only recognise SUN-1 protein that is 
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phosphorylated at the serine 8 (S8-Pi) (Penkner et al., 2009). In wild-type germlines, 

SUN-1 S8-Pi highlights the SUN-1 foci and patches that are present in transition zone 

nuclei, then the signal dilutes in the NE and this weaker signal eventually disappears 

towards mid-pachytene (Figure 26) (Penkner et al., 2009). The S8-Pi staining in 

transition zone nuclei completely mimics the staining observed with SUN-1::GFP, 

demonstrating that SUN-1 aggregates are phosphorylated at serine 8 in spd-3(me85) 

mutants. Furthermore, the S8-Pi staining highlighting SUN-1 foci and patches 

persisted for an extended period, with the signals clearly visible until mid pachytene. 

This observation is complete agreement with the previous observation that SUN-

1::GFP aggregates persist into pachytene in spd-3(me85) mutants (Figure 25). Similar 

results were obtained using phospho-specific antibodies against phosphorylation of 

SUN-1 at serine 12 (Data not shown). Taken together, these data indicate that CHK-2 

and PLKs-dependent phosphorylation of SUN-1 occur in spd-3(me85), which suggest 

that SPD-3 does not affect the activity of these kinases. 

7.4.2 SUN-1 recruits ZYG-12 to the NE in spd-3(me85) mutants 
 A functional SUN-1 recruits ZYG-12, its KASH domain protein partner, to the 

NE (Malone et al., 2003)(Penkner et al., 2007)(Minn et al., 2009). Mutations in SUN-

1 that impair homologue pairing reduce dramatically the recruitment of ZYG-12 to 

the NE, causing the disruption of the SUN/KASH bridge and the scattering of SUN-1 

aggregates through the NE (Penkner et al., 2007)(Penkner et al., 2009). Although the 

experiments shown in previous sections show that SUN-1 seems to be functional in 

spd-3(me85) mutants, the integrity of the bridge formed with ZYG-12 could be 

disrupted, causing the clustering defect. In order to determine if the SUN-1/ZYG-12 

bridge is disrupted in spd-3(me85) mutants, anti-ZYG-12 antibodies were used to 

stain wild type and spd-3(me85) dissected germlines. An overview of these germlines 

showed that ZYG-12 localizes in the NE in both wild type and spd-3(me85) mutants 

through the pachytene region. However, the available anti-ZYG-12 antibodies 

produce a weak staining pattern in transition zone nuclei. Figure 27A shows transition 

zone nuclei for both wild type and spd-3(me85) backgrounds, in which SUN-1 is also 

visualized  to highlight SUN-1 aggregates. Due to the problems with the antibody 

recognition pattern in transition zone nuclei, the SUN-1 aggregates are not clearly 

visible on the ZYG-12 signal, although the staining is enough to show the presence of 

the protein at the NE. In order to amend this situation and show the pattern of ZYG-

178



12 during transition zone in spd-3(me85) mutants, a different approach was taken, 

which consisted in building  a strain carrying a zyg-12::GFP transgene (Malone et al., 

2003) in the spd-3(me85) background. The zyg-12 gene produces three isoforms (A, B 

and C) that are identical on their N-terminus, but differ at the C-terminus. A GFP 

fusion of the isoforms B and C can be detected at the NE and the centrosome, while 

isoform A localizes to the centrosome (Malone et al., 2003). The GFP fusion of the 

three isoforms (ZYG-12A, B, C::GFP) (Malone et al., 2003) is detected in  transition 

zone nuclei forming aggregates comparable to the SUN-1 ones (Penkner et al., 2007). 

Although building the zyg-12::GFP into spd-3(me85) background was surprisingly 

difficult, a strain was obtained in which the ZYG-12::GFP signal could be clearly 

detected. Staining of germlines from this strain with anti-GFP antibodies and anti-

SUN-1 S8-Pi, to highlight SUN-1 aggregates, clearly shows that ZYG-12 does indeed 

localize with the SUN-1 aggregates (Figure 27B). These results demonstrate that 

ZYG-12 is recruited by SUN-1 to the NE and both proteins form aggregates in 

transition zone nuclei of spd-3(me85) mutants, confirming that the SUN/KASH 

bridge is not disrupted in spd-3(me85) mutants. 

7.5 SUN-1 Dynamics in spd-3(me85) Mutants 

 The correct localisation of the PC-binding proteins to the NE, the ability of 

SUN-1 to recruit ZYG-12 and the presence of CHK-2-dependent phosphorylations of 

SUN-1 in spd-3(me85) mutants, suggest that the SUN/KASH bridge is fully 

functional in this mutant. However, the other requirement for the formation of 

functional SUN-1 patches in transition zone is movement of the aggregates (Penkner 

et al., 2009). In order to determine if the defect that results in no SUN-1 clustering in 

spd-3(me85) is  a lack of movement of the SUN-1 aggregates, live imaging of SUN-

1::GFP in the  transition zone of the mutant was performed as described in 

Baudrimont et al, (2010) (see Materials and Methods). 

This method does not discriminate between foci and patches and both are 

referred to as SUN-1 aggregates. These aggregates were followed during 15 minutes 

in every germline recorded. Two different controls that were described in the 

Baudrimont et al, (2010) study were included in the current analysis: a positive 

control, which consists on the sun-1::gfp transgene in the wild-type background 

(referred to as wild type) and a negative control, which consists on the engineered 
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SUN-1(G311V)::GFP in the sun-1(ok1282) deletion background, which disrupts the 

interaction of SUN-1 with ZYG-12 and impairs the movement of SUN-1 aggregates 

(Penkner et al., 2009)(Baudrimont et al., 2010). Before image acquisition, L4 

hermaphrodites of each background were preselected and recorded 16 hours later. 

Filming of the wild-type control reveals that, as previously described (Penkner et al., 

2009) (Baudrimont et al., 2010), SUN-1 aggregates are highly dynamic (Movie 1). 

Two different types of movements can be observed, the displacement of the 

aggregates on the NE surface and an occasional bulging of the NE. Interestingly, the 

aggregates do not usually move around the whole nuclei (360°), instead they usually 

describe an arc smaller than 180° (Baudrimont et al., 2010). The aggregates fuse and 

split with high frequency, which has been suggested to allow the chance for homology 

to be assessed since the chromosome ends can meet during these SUN-1 aggregates 

encounters. As expected, filming of the negative control displays a higher number of 

SUN-1 aggregates that are dispersed through the NE surface (Movie 2). These 

aggregates have a weak oscillatory movement around a fixed location that prevents 

the formation of larger SUN-1 aggregates. Similarly, the SUN-1 aggregates in the 

spd-3(me85) background are dispersed around the whole NE surface (Movie 3).  

More SUN-1 aggregates are visible in spd-3(me85) compared with the wild type, but 

they are smaller and weaker in general as previously observed. The movement of 

most of the aggregates in the mutant background resembles the movement observed in 

the negative control, with a weak oscillatory movement that does not induce 

encounters between different SUN-1 aggregates. Similarly, SUN-1 aggregates from 

slightly older spd-3(me85) mutants (26h post L4) display the same limited movement 

(Movie 4). A quantitative analysis of these data will confirm these observations and 

will allow a deep analysis of the SUN-1 dynamics in spd-3(me85). Although further 

analysis of the data is necessary, the results presented here are evident enough to 

accept that the movement of the SUN-1 aggregates is impaired in spd-3(me85). The 

original mutation of SUN-1 that disrupts the SUN/KASH bridge, sun-1(jf18), results 

in impaired movement of the aggregates, defective homologue pairing and non-

homologous synapsis (Penkner et al., 2007), which are the same defects observed in 

spd-3(me85) background. 

These observations strongly suggest that the origin of the pairing defect in 

spd-3(me85) mutants is the impaired movement of the SUN-1 aggregates.  
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7.6 Non-Homologous Synapsis and SPD-3 

Previous studies have shown the existence of barriers to the establishment of 

synaptonemal complex assembly in situations when homologue pairing fails. First, in 

the absence of CHK-2 activity, homologue pairing is abrogated and synaptonemal 

complex assembly is severely delayed until late pachytene, demonstrating that CHK-2 

is required to promote timely assembly of the synaptonemal complex (Martinez-Perez 

and Villeneuve, 2005). Second, the study by Sato et al. (2009) demonstrated that 

synaptonemal complex assembly in wild-type worms requires dynein, while this 

barrier is bypassed in mutants lacking SUN-1. Since the analysis presented in the 

previous chapter showed that non-homologous synapsis is established in spd-3(me85) 

mutants, the requirement of SPD-3 for these two barriers to synaptonemal complex 

assembly was investigated. 

In order to determine if CHK-2 activity is required to promote synaptonemal 

complex assembly in spd-3(me85) mutants, a double mutant chk-2;spd-3(me85) was 

built. In both wild type and the spd-3(me85) mutant backgrounds, the synaptonemal 

complex is fully loaded by mid-pachytene and HTP-1 and SYP-1 colocalise forming 

continuous stretches along the chromosomes (Figure 28). In contrast, SYP-1 is not 

loaded until mid-pachytene in chk-2 mutants and even at that stage SYP-1 is present 

as just a few stretches per nucleus, while the rest of the chromosomes remain unpaired 

and unsynapsed (Martinez-Perez and Villeneuve, 2005) (Figure 28). If CHK-2 was 

not functional in spd-3(me85) background, a double mutant spd-3(me85); chk-2 

would display the same phenotype as the spd-3(me85) single mutant. Instead, the 

double mutant shows a chk-2 phenotype, in which SYP-1 is not significantly loaded 

until the end of pachytene (Figure 28). Therefore SC assembly in spd-3(me85) 

mutants requires CHK-2 activity . These results are in agreement with the fact that 

SUN-1 phosphorylation events, which require CHK-2, were observed in spd-3(me85) 

mutants. 

In order to determine if dynein function is required for synaptonemal complex 

assembly in spd-3(me85) mutants, the dynein complex was depleted by feeding RNAi 

against the DHC-1 (dynein heavy chain) subunit of the dynein complex (see Materials 

and Methods). Figure 29 shows the results of the RNAi experiment at 20°C, in which 

L4 hermaphrodites from the wild type and spd-3(me85) backgrounds were picked into 

control plates (bacteria carrying an RNAi empty vector) or dhc-1(RNAi) plates 
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(bacteria carrying an expressing dsRNA vector, see Materials and Methods). After 48 

hours, the gonads were dissected and immunostained against HIM-3 (one of the main 

components of the axial elements (Zetka et al., 1999)) and SYP-1 (a synaptonemal 

complex central element (MacQueen et al., 2002)) to observe the synaptonemal 

complex status. Under these conditions a clear result was not evident in the dhc-1 

RNAi plates containing wild-type worms, in which very few germlines displayed 

impaired SC loading in some transition zone nuclei. The same result was obtained for 

the plates containing spd-3(me85) worms in the dhc-1 RNAi and control plates. Given 

that the defects were not obvious in the wild-type controls, the RNAi was performed 

at 25°C and with longer periods of exposure to RNAi (55 hours). More severe defects 

were observed when RNAi was performed under these conditions (Figure 30), 

although Sato et al, (2009) observed more obvious defects independently of the 

temperature. In plates containing wild-type worms, synaptonemal complex loading 

defects are observed in germlines that also contain nuclei with irregular sizes, which 

demonstrates the presence of mitotic defects in these germlines. The same results are 

evident in the spd-3(me85) background, both in the dhc-1 RNAi  plates and in the 

negative control (RNAi empty vector) plates. These results show that the spd-3(me85) 

phenotypes are exacerbated by growing the worms at 25°C, revealing that this spd-3 

allele is temperature sensitive. The fact that spd-3(me85) worms grown at 25°C had a 

similar defect in synaptonemal complex assembly to that observed in wild-type 

worms depleted of dynein by RNAi suggest that dynein function may be impaired in 

spd-3(me85) mutants at high temperature.   

7.7 Summary 

The findings of this chapter show that chromosomes do successfully attach to 

the NE via their PC region in spd-3(me85) mutants and that these attachments lead to 

the formation of SUN-1 aggregates in transition zone nuclei. However, the analysis of 

these aggregates revealed important differences between the wild type and spd-

3(me85) backgrounds. First, in spd-3(me85) mutant germlines SUN-1 forms few large 

aggregates, while small SUN-1 foci are very numerous. Second, SUN-1 aggregates 

persist well into pachytene in spd-3(me85) mutants, indicating a delay in the exit from 

the transition zone configuration in the mutant. This observation was confirmed by 

observing the pattern of transition-zone-specific SUN-1 phosphorylations in spd-
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3(me85) mutants. This result also indicates that both CHK-2 and PLK activity, which 

are required for SUN-1 phosphorylations, must be functional in spd-3(me85) mutants. 

Finally, the observation that ZYG-12 is efficiently recruited to SUN-1 aggregates in 

spd-3(me85) mutants shows that all the nuclear requirements for the formation of 

functional SUN-1 aggregates are fulfilled in this mutants. However, live image 

analysis of SUN-1 dynamics in spd-3(me85) mutants revealed that SUN-1 aggregates 

are not fully competent for movement. This impaired mobility of the SUN-1 

aggregates in spd-3(me85) leads to fewer encounters between the aggregates, which in 

turn can be the reason for the pairing defect observed in spd-3(me85) mutants. This 

possibility is in agreement with the observations of Baudrimont et al. (2010), who 

suggested that the encounters of chromosomes within the SUN-1 aggregates facilitate 

homology search.  
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Figure 24: spd-3(me85) mutant is competent in chromosome tethering to the NE. 
A) Wild-type (top panel) and spd-3(me85) (bottom panel) strains carrying the transgene sun-
1::GFP were stained with anti-GFP antibodies (green) to detect SUN-1 aggregate formation 
and with anti-HIM-8 antibodies (red), the X-chromosome pairing binding-binding protein. 
HIM-8 colocalises with SUN-1 in both wild-type nuclei and spd-3(me85) mutant. B) Wild-
type (top panel) and spd-3(me85) (bottom panel) strains carrying the transgene sun-1::GFP 
were stained with anti-GFP antibodies (green) and anti-ZIM-3 antibodies (red), the pairing 
centre binding protein that binds to the PC of chromosomes I and IV. The dashed circles 
highlight the boundaries of the nuclei, which are also shown stained with DAPI. 
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Figure 25: spd-3(me85) mutants display a scattered SUN-1 aggregate pattern.  
A) Magnification of transition zone nuclei from wild-type (top panels) and spd-3(me85) 
mutant (bottom panels) strains carrying the sun-1::GFP transgene. The SUN-1 aggregate 
pattern was analyzed by staining with anti-GFP antibodies (green) and DAPI (blue). The scale 
bars represent 5µm. B) Quantification of SUN-1 aggregates based on their shape, foci (< 1.1 
µm) and patches (> 1.1 µm), in wild type and spd-3(me85) mutant backgrounds. 
Hermaphrodite gonads of each background were divided into six even zones as indicated in 
the diagram. Every nucleus was scored for the presence of SUN-1 foci and patches. The 
number of foci and patches are indicated by colours in the two legends (right). The graphs 
display the percentage of nuclei with a given number of SUN-1 foci or patches. The X-axis 
corresponds to the zones along the gonad as indicated in the diagram. 
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Figure 26: spd-3(me85) mutants show a persistent SUN-1 phosphorylation.  
Composite projection of wild-type (top panel) and spd-3(me85) (bottom panel) gonads stained 
with DAPI and anti-SUN-1 phospho-specific (S8) antibodies (gray scale). Scale bars 
represent 50µm. The dashed red squares (labelled I to IV) correspond to the regions of the 
germlines amplified in the smaller panels. I to IV: Nuclei from different stages from wild-type 
and spd-3(me85) mutant backgrounds stained with DAPI (blue) and anti-SUN-1 S8Pi 
antibodies (red). The SUN-1 aggregates highlighted by the anti-SUN-1 S8Pi antibodies in 
spd-3(me85) mutant, persist for longer compared with the wild type. Scale bars 5µm. 
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Figure 27: The SUN-1/ZYG-12 bridge is present in spd-3(me85). 
A) Nuclei from wild-type (top panel) and spd-3(me85) mutant (bottom panel) strains carrying 
the sun-1::GFP transgene, stained with anti-GFP antibodies (green) and anti-ZYG-12 
antibodies (red). Both the SUN-1 and ZYG-12 signals localize to the NE in both 
backgrounds. B) Nuclei from wild-type (top panel) and spd-3(me85) mutant (bottom panel) 
strains carrying the zyg-12::GFP transgene, stained with anti-GFP (green) and anti-SUN-1 
phospho-specific antibodies (red). Both signals localize to the NE forming aggregates in 
transition zone nuclei in both backgrounds. 
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Figure 28: CHK-2 is active in spd-3(me85) mutants. 
SC loading was monitored in wild-type, spd-3(me85), chk-2(me64) and spd-3(me85); chk-
2(me64) hermaphrodites by staining with antibodies against the axial element HTP-1 (red) 
and the SC central element SYP-1 (green). Nuclei from the mid-pachytene region are shown 
for each background. Note that similar to chk-2 mutants, the staining of spd-3(me85); chk-2 
double mutants reveals limited loading of SYP-1.   
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Figure 29: Dynein depletion effects (20°C). 
Composite projections of wild-type (left column) and spd-3(me85) mutant (right) germline 
tips stained with anti-HIM-3 (green) and anti-SYP-1 antibodies (red), and DAPI. Empty 
RNAi vector (negative controls) are shown in the top panels and dhc-1 RNAi experiments are 
shown in the bottom panels. L4 hermaphrodite animals were placed in the RNAi plates at the 
L4 stage and kept in the plates for 48 hours at 20°C before the germlines were dissected. 
Scale bars represent 50µm. 
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Figure 30: Dynein depletion effects (25°C). 
Composite projections of wild-type and spd-3(me85) mutant germline tips stained with anti-
HIM-3 (green) and anti-SYP-1 antibodies (red) and DAPI. L4 hermaphrodite animals were 
placed in the RNAi plates at the L4 stage and kept in the plates for 55 hours at 25 °C before 
the germlines were dissected. The effects of incubating the spd-3(me85) mutant worms at 25 
°C  feeding on the empty RNAi vector (negative control) are shown in the top panels. Note 
that under these conditions nuclei in the transition zone nuclei of spd-3(me85) mutant show 
the presence of SYP-1 aggregates. The results of silencing dhc-1 by RNAi are shown in the 
bottom panels, which show composite projections of wild-type (left column) and spd-3(me85) 
mutant (right) germline tips. Scale bars represent 50µm. 
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CHAPTER 8: RESULTS, INVOLVEMENT OF THE 
CYTOSKELETON IN HOMOLOGUE PAIRING 

8.1 Objectives and Background 

Results presented in the previous chapter demonstrate that, although all  

requirements for the formation of SUN-1 aggregates in the nucleus are apparently 

fulfilled in spd-3(me85) mutants, the SUN-1 aggregates that are formed display 

impaired movement, which may be the origin of the pairing defects in spd-3(me85) 

mutants. Interestingly, disruption of the microtubule cytoskeleton causes reduced 

levels of homologue pairing and it has been postulated that the microtubule 

cytoskeleton is required to originate the forces that induce chromosome movement 

inside the nucleus via the SUN/KASH bridge (Sato et al., 2009). These observations 

and the studies presented so far in this thesis, suggest that SPD-3 and the cytoskeleton 

may promote the early events of homologue pairing. In order to test if a lack of 

cytoskeletal motors would reproduce the SUN-1 aggregate movement defects 

observed in spd-3(me85) mutants, the cytoskeletal motors were knock down by 

RNAi.  

8.2 The Knockdown of Cytoskeletal Motors Phenocopies the 

SUN-1 Clustering Defect of spd-3(me85) 

 The treatment of wild-type worms with microtubule-depolymerising drugs 

results in ZYG-12 signal dispersion in the NE, decreased levels of homologue pairing, 

and lack of synaptonemal complex assembly (Sato et al., 2009). These observations 

strongly suggest that the source of force to move the chromosomes during the search 

for homology is the microtubule cytoskeleton. Accordingly, several components of 

the dynein motor and some of its cofactors have been reported to localize to the NE of 

nuclei in transition zone, forming aggregates with a similar appearance to the SUN-

1/ZYG-12 clusters (Malone et al., 2003)(Zhou et al., 2009)(Sato et al., 

2009)(Terasawa et al., 2010). Knocking down some of these subunits, such as dynein 

heavy chain (DHC-1), dynein light chain (DLC-1) or dynactin 1 (DNC-1), results in 

low homologue pairing levels and lack of synaptonemal complex assembly (Sato et 

al., 2009). In order to corroborate that the dynein motor affects homologue pairing by 

promoting SUN-1 clustering, the dynamics of SUN-1::GFP aggregates were 
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monitored by live imaging under dynein-depleting conditions. However, before these 

experiments could be started, it was necessary to perform control experiments, using 

fixed germlines, to identify the best parameters for an efficient depletion of dynein by 

feeding RNAi. In order to do this, L4 hermaphrodites worms carrying a transgene 

with a GFP-tagged version of the dynein heavy chain (dhc-1::gfp) (Gassmann et al., 

2008) were transferred to control (RNAi empty vector) and dhc-1 RNAi plates. The 

effect of knocking down the dynactin, a dynein activator, was also tested by feeding 

worms with dnc-1 RNAi. After 55 hours at 20°C, all the worms were still able to load 

the synaptonemal complex and big nuclei were detected throughout the gonads (Data 

not shown). DHC-1:GFP was not detectable after dhc-1(RNAi), but DNC-1 depletion 

did not cause loose of DHC-1 signal (Data not shown). 

Less severe RNAi conditions were tested in order to avoid as much as possible 

the incidence of big aneuploid nuclei in the germlines. Therefore, L4 hermaphrodites 

carrying the dhc-1::GFP transgene were kept on control (empty vector), dhc-1 RNAi, 

dlc-1 (dynein light chain) RNAi and simultaneous dhc-1; dlc-1 RNAi plates for 48 

hours at 20 °C. Knocking down the dynein complex under these conditions, either by 

depletion of DHC-1 alone or by the simultaneous depletion of DHC-1 and DLC-1, 

was successful since germlines without DHC-1:GFP signal in transition zone nuclei 

were identified in both cases (Figure 31A). However, the penetrance of the phenotype 

observed after knocking down DLC-1 was much lower than that observed following 

dhc-1 RNAi. Worms subjected to simultaneous dhc-1 and dlc-1 RNAi displayed a 

less penetrant phenotype compared to those in which just DHC-1 was knocked down. 

Similarly, the incidence of large-aneuploid nuclei is lower following simultaneous 

dhc-1; dlc-1 RNAi, compared the RNAi of dhc-1 alone. Under these conditions a 

fully loaded synaptonemal complex can be observed (Figure 31A).  

In order to determine if the same RNAi conditions will induce defects in SUN-

1 clustering, worms carrying the transgene sun-1::gfp (Penkner et al., 2009) were 

incubated in feeding plates with the following RNAi clones: dhc-1, dlc-1, dnc-1 and 

dhc-1 plus dlc-1.  All the depletions caused dispersion of the SUN-1 signal in the 

transition zone nuclei (Figure 31B). The main difference observed between the 

knocking down of the different subunits was the penetrance of the phenotype. Wild-

type SUN-1 aggregates were detected in 61% (n=13) of the gonads depleted for DLC-

1, 80% (n=20) for DNC-1 and 44% f (n=11) for DHC-1. These observations show 
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that knocking down of the dynein motor or its adaptor, dynactin, phenocopies the 

SUN-1 clustering defect observed in spd-3(me85). 

8.3 SUN-1 Dynamics in Dynein-Depleting Conditions  

Although the clustering defect observed in the dynein-depleting conditions 

assayed strongly suggest that the SUN-1 aggregates would be movement defective, an 

alternative option is that the aggregates are movement competent but they are unable 

to cluster by keeping a non-polarized displacement. In order to test these hypotheses, 

SUN-1 dynamics were analyzed by live imaging under the milder dynein-depleting 

conditions described in the previous section. Live imaging of the SUN-1 aggregates in 

the transition zone nuclei was carried out in hermaphrodites carrying the transgene 

sun-1::gfp. The animals were transferred as L4 onto control plates (empty RNAi 

vector) or dlc-1, dhc-1 RNAi plates. Filming was performed after 45±3 hours at 20°C 

as described in Baudrimont et al, (2010) (see Materials and Methods and section 7.5). 

The recording of SUN-1::GFP in the control (empty vector) worms reveals that SUN-

1 dynamics are not obviously affected by the conditions of the experiments, since the 

SUN-1 aggregates are highly dynamic in these animals (Movie 5). The movement of 

the SUN-1 aggregates under dynein-depleting conditions (Movie 6) seems very 

similar to the impaired movement observed for spd-3(me85) mutants (Movies 3, 4). In 

the dynein knock downs, the movement of SUN-1 aggregates is largely limited to an 

oscillatory movement nearby a fixed position, which may greatly limit the frequency 

of SUN-1 aggregate encounters. These results add a mechanistic explanation to 

previous observations that reported defective homologue pairing by disruption of the 

dynein motor (Sato et al., 2009).   

8.4 SUN-1 Dynamics in Dynactin-Depleting Conditions  

The experiments performed in fixed samples showed that the dynactin-

depleting conditions tested also resulted in a phenocopy of the SUN-1 clustering 

defect observed in spd-3(me85) mutants (Figure 31B). Due to the low penetrance of 

dnc-1 RNAi, other subunits (DNC-1 and DNC-2) of the dynactin complex were tested 

for silencing by RNAi (see Table 6). Since similar results were observed following 

dnc-2 or dnc-3 RNAi, both in terms of the phenotype and the penetrance (Data not 

shown), the already-tested silencing conditions for DNC-1 were used to perform 
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SUN-1::GFP live imaging. However, these conditions, recording after 45±3 hours of 

RNAi at 20°C, were unsuitable for live imaging due to the low penetrance observed. 

Thus, more severe conditions were tried in order to increase the chance of recording 

an affected animal. Synchronized L1 larvae were picked onto control plates (RNAi 

empty vector) and dnc-1 RNAi plates, monitored until they reached the L4 stage and 

then selected for live imaging after 24 hours. Under these conditions, control worms 

(empty vector) displayed a wild-type pattern of SUN-1 aggregate dynamics (Movie 

7), but worms kept in dynactin-depleting conditions displayed a very similar 

phenotype to the one observed for the dynein depletion in the section above (Movie 

8). Interestingly, several of the imaged animals displayed a more striking phenotype, 

in which no movement of the SUN-1 aggregates was observed, whatsoever. These 

data were discarded due to the possibility that these animals might have died while 

filming. Determining if the animals lacking movement of SUN-1 aggregates were 

dead was difficult to assess since the animals are treated with levamisol in order to 

immobilize them. However, Movie 9 shows an animal kept in the same dynactin 

depleting conditions that was still alive after the procedure, in which the SUN-1 

aggregates do not display any oscillatory movement and they seem quite immobile in 

a fixed position. These results indicate that the dynein adaptor dynactin is involved in 

generating the force necessary to move the chromosomes inside the nucleus. Further 

analysis of the data will help to discern if there are any differences between the 

movements of the SUN-1 aggregates following depletion of the dynein motor or after 

dynactin depletion.  

8.5 The Cytoskeletal Motors Localize at the NE in spd-3(me85) 

Mutants 
 The consequences on SUN-1 dynamics of dynein and dynactin depletion 

indicate that the dynein motor mediates chromosome clustering. The same disruption 

of the SUN-1 aggregates is observed in spd-3(me85), which strongly suggests that 

SPD-3 could be somehow interacting either with the dynein motor or its adaptor, the 

dynactin complex. Some of the subunits of these complexes are known to localize at 

the NE of transition zone nuclei in the germline (Malone et al., 2003)(Zhou et al., 

2009)(Sato et al., 2009)(Terasawa et al., 2010). A misslocalisation of the dynein 

motor in the spd-3(me85) background would explain the lack of movement observed 

in the mutant. To test whether the localisation of the dynein complex was altered in 
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spd-3(me85), the transgene dhc-1::gfp (Gassmann et al., 2008) was introduced in the 

spd-3(me85) background and its expression was followed by anti-GFP detection. 

Hermaphrodite worms homozygous for both spd-3(me85) and the dhc-1::gfp 

transgene, were dissected and stained with anti-GFP and anti-SUN-1 S8-Pi antibodies 

(Figure 32A). The SUN-1 aggregates, highlighted by the SUN-1 S8-Pi antibodies, 

colocalise with the DHC-1::GFP signal in both spd-3(me85) mutants and wild-type 

controls. The only evident difference between the signals in the different backgrounds 

is the dispersion of the aggregates at the NE in spd-3(me85) in comparison with 

bigger patches observed in the wild type. This result indicates that ZYG-12 is able to 

recruit the dynein complex to the NE in the spd-3(me85) background.   

Interestingly, spd-3(oj35) embryos kept under restrictive conditions, 

misslocalise the dynactin complex (Dinkelmann et al., 2007). A misslocalisation of 

the dynactin complex in spd-3(me85) mutants could be the origin of a non-functional 

dynein complex, even if it correctly localizes to the NE. To test whether the 

localisation of the dynactin complex was altered in spd-3(me85), two of the dynactin 

subunits were monitored in the spd-3(me85) background. The transgenes dnc-1::gfp 

and dnc-2::gfp (Dinkelmann et al., 2007) were introduced, separately, in the spd-

3(me85) background. Hermaphrodite worms homozygous for spd-3(me85) and dnc-

1::GFP were stained with anti-GFP (Figure 32B) . DNC-1:GFP signal is detected at 

the NE of the wild type and the spd-3(me85) mutant background, which suggest that 

the dynactin complex localizes correctly in the NE of spd-3(me85). This result was 

corroborated by analysis of the localisation of DNC-2::GFP (Figure 32C). In both the 

wild type and spd-3(me85) backgrounds, DNC-2::GFP colocalises with SUN-1 S8-Pi 

signal at the NE in transition zone nuclei. As expected, a more scattered signal for 

DNC-2 and SUN-1 S8-Pi was evident in the mutant compared to the wild type. These 

results indicate that localisation of the dynactin complex is not altered in spd-3(me85) 

mutants. 

8.6 The Cytoskeletal Architecture in spd-3(me85) Mutant Germlines 
 A functional dynein-dynactin complex requires an intact microtubule 

cytoskeleton. Exposure to microtubule depolymerising drugs phenocopies the dynein-

dynactin depletion phenotypes in the embryo and in the germline (Hyman and White, 

1987)(Zhou et al., 2009)(Sato et al., 2009). On the other hand, treatment with the 

actin-depolymerising agent latrunculin does not result in any defect in homologue 
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pairing or synapsis (Sato et al., 2009). Therefore, it was decided to investigate if spd-

3(me85) mutants would display defects in cytoskeleton structure. 

8.6.1 Microtubule architecture 
A defective microtubule architecture of the germline could explain the 

clustering defect observed in spd-3(me85), despite the localisation of the dynein-

dynactin complex. In order to test this hypothesis, the microtubules were observed in 

young and old adults of spd-3(me85). Hermaphrodite worms homozygous for spd-

3(me85) were dissected 16 and 48 hours post L4 stage, fixed and stained with anti-α-

tubulin antibodies as described in Zhou et al, (2009) (see Materials and Methods). 

The wild-type controls were processed 48 hours post L4. Most of the microtubules in 

the germline nucleate from the plasma membrane and the tension of the microtubules, 

which requires the dynein-dynactin complex, positions the nuclei in the periphery of 

the gonad (Zhou et al., 2009)(Terasawa et al., 2010). Therefore, a defect in 

microtubule nucleation or polymerization would most likely result in a short-

microtubule structure surrounding the gonad and nuclei placed in the rachis instead of 

at the germline periphery. Neither of these defects are observed in the spd-3(me85) 

young gonads (Figure 33). An amplified section of both wild-type and spd-3(me85) 

backgrounds shows no obvious differences and reveals a meshwork of microtubule 

filaments criss-crossed throughout the cytoplasm. Staining of gonads coming from 

older spd-3(me85) mutants revealed no short-microtubule structures but quite long 

microtubule filaments (Figure 33), which coincides with the previous observation of 

long astral microtubules in the embryo (Figure 18). The positioning of germline 

nuclei in these older animals is affected but it is difficult to determine the origin of 

this defect since the size of the nuclei in the gonad is uneven. Further analysis beyond 

structural observations will be required to determine the primary origin of the 

abnormally elongated microtubules observed in spd-3(me85) mutants. The clustering 

defect investigated in this study is probably not due to this abnormal structure of the 

microtubules since these defects are only observed in old hermaphrodites and young 

animals already show a pairing defect. In agreement with this possibility, a previous 

report suggest that homologue pairing is not highly sensitive to microtubule dynamics 

(Sato et al., 2009) since treatment with the microtubule-stabilizing agent taxol (Xiao 

et al., 2006) does not result in homologue pairing defects (Sato et al., 2009). 
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8.6.2 F-actin organization 
 Disruption of the actin architecture in the gonad has been described to occur by 

depletion of the actin-capping proteins CAP-1 and CAP-2, by treatment with the F-

actin-stabilizing drug jasplakinolide and by depletion of the microtubule-associated 

proteins LIS-1, DHC-1 and DLI-1 (Gil-Krzewska et al., 2010). This suggests an 

additional role for dynein and the accessory proteins in modulating actin dynamics. 

Preliminary results obtained from the observation of the actin architecture in young 

spd-3(me85) gonads indicate that milder alterations than those observed by Gil-

Krzewska et al, (2010) might be present in spd-3(me85) mutants. In wild-type gonads, 

F-actin surrounds each cortically localized nucleus, forming a cage opened to the 

rachis through uniformly shaped “windows” and defining a tubular rachis with a 

smooth surface (Figure 34) (Gil-Krzewska et al., 2010). The diameter of the gonad, 

defined by the external limits of F-actin nuclei-cages, is similar in both wild-type and 

spd-3(me85) young hermaphrodites. Instead, the internal diameter, defined by the 

windowed rachis surface, seems wider in spd-3(me85) germlines than in the wild 

type, squeezing the nuclei in flatter cages  (Figure 34B). Analysis of the F-actin 

architecture in a larger population of both wild type and spd-3(me85) backgrounds 

would be necessary to confirm this data. The ruffled and deformed rachis lining that 

Gil-Krzewska et al, (2010) described, is not observed in the young spd-3(me85) 

hermaphrodite gonads, but bigger “windows” that connect the nuclei cages with the 

rachis are evident compare with the wild-type ones. Staining of older worms would be 

required to determine if this organization is a prelude to the more striking phenotypes 

observed by the depletion of the dynein and accessory genes.  

8.7 Summary 
 Live imaging following RNAi knock down of the cytoplasmic dynein or its 

adaptor, the dynactin complex, has revealed an impaired movement of the SUN-1 

aggregates in transition zone nuclei that appears very similar to the situation observed 

in spd-3(me85) mutants. These results directly involve the dynein-dynactin complex 

in the generation of the force that moves the chromosomes inside the nucleus during 

the search for homology. No defects have been found in the localisation of this motor 

complex in the spd-3(me85) background, suggesting that SPD-3 is not required for 

proper localisation of the dynein-dynactin complex to the NE of transition zone 

nuclei. However, direct interactions or indirect regulation of SPD-3 with the 
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cytoplasmic dynein or the dynactin have not been discarded. Preliminary data of the 

cytoskeletal architecture of the gonad in the mutant showed no obvious defects of the 

microtubule cytoskeleton in young worms, at a time when defects in homologue 

pairing are already evident. Further analysis will be required to determine if the 

abnormal length of the microtubules seen in older spd-3(me85) worms, which is also 

observed  in the embryos, is a defect that is already present in the young worms, 

which then becomes more evident with age. Alternatively, this defect may be a 

consequence of other defects derived from the mitotic requirement of SPD-3. The 

detection of F-actin in spd-3(me85) mutants points to a structural defect of the actin 

architecture of the germline, which if it was confirmed, would be similar to that 

observed for the depletion of other microtubule-associated proteins.  
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Figure 31: Effects of dynein depletion on SUN-1 aggregates.  
A) Nuclei from a wild-type strain carrying the dhc-1::GFP transgene (left column) stained 
with anti-GFP antibodies (green) and DAPI (blue). Nuclei from the same strain kept under 
silencing conditions for dhc-1 alone (middle column), and for simultaneous depletion of dhc-
1 and dlc-1 (left column). In these experiments L4 animals were placed on RNAi plates and 
incubated during 48 hours at 20°C before the germlines were dissected and fixed. The last 
panel shows the loading of SC components, following dynein depletion, by staining with 
antibodies against the axial element HTP-1 (red) and the SC central element SYP-1 (green). 
B) Nuclei from a wild-type strain carrying the sun-1::GFP transgene (left column) stained 
with anti-GFP antibodies (green) and DAPI (blue). Nuclei from the same strain kept under 
silencing conditions for dhc-1 (second column), or dlc-1 (third column) and dnc-1 (right 
column) during 48 hours at 20°C. Notice the dispersion of the SUN-1 signal in the NE under 
silencing conditions of the dynein-dynactin complex.  
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Figure 32: The dynein-dynactin complex localizes at the NE in spd-3(me85) mutants.  
A) Nuclei from wild-type (top panel) and spd-3(me85) mutant (bottom panel) strains carrying 
the dhc-1::GFP transgene stained with anti GFP antibodies (green) and anti-SUN-1 S8Pi 
antibodies (red). B) Nuclei from wild-type (top panel) and spd-3(me85) mutant (bottom 
panel) strains carrying the dnc-1::GFP transgene stained with anti GFP antibodies (green) 
and DAPI (blue). C) Nuclei from wild-type (top panel) and spd-3(me85) mutant (bottom 
panel) strains carrying the dnc-2::GFP transgene stained with anti-GFP antibodies (green) 
and anti-SUN-1 S8Pi antibodies (red). 
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Figure 33: Microtubule architecture of the germline in spd-3(me85) mutants. 
Projections of germlines from wild-type and spd-3(me85) mutant backgrounds stained with 
anti-tubulin antibodies and DAPI (gray scale, separated channels). Notice that the middle 
panel shows a spd-3(me85) germline from a young adult and the one in the bottom panel 
comes from an older adult. Scale bars 50µm. Higher-magnification views from each germline 
are shown in the right column.  
 

212



213



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34: Actin architecture of the germline in spd-3(me85) mutants.  
A) Diagram of the nuclear organization in the germline side (left) and cut-frontal (right) 
views. The frontal view shows the peripheral position of the nuclei in the germline, which 
define a nuclei-free rachis. The F-actin surrounds each nucleus in a cage-like manner, but this 
structure is open to the rachis through a window. The nuclei and the F-actin define as well 
two diameters: one external (x) and one internal (y). B) Germline sections from wild-type 
(left panels) and spd-3(me85) mutant (right panels) backgrounds stained with anti-actin and 
DAPI (separated channels shown). Compare the two diameters defined in the diagram above 
with the pachytene sections shown for the wild type and spd-3(me85) mutant (actin channel). 
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CHAPTER 9: DISCUSSION 
 

9.1 Summary of Findings 

The initial goal of this study was to identify mutants deficient in crossover 

formation and to investigate the origin of these crossover defects. This goal was 

achieved in two different ways: a genetic screen for crossover deficient mutants that 

resulted in the isolation of a new meiotic mutant, fq6, and the identification of the 

me85 mutation as a new allele of spd-3, a gene previously shown to be involved in the 

mitotic divisions in the embryo. 

Preliminary cytological characterization of the fq6 mutant has identified a 

severe delay in synaptonemal complex assembly and an extensive accumulation of 

recombination intermediates. Both of these defects can explain the reduced numbers 

of chiasmata observed in fq6 mutant oocytes. The mapping process, which included 

whole genome sequencing of the fq6 genome, has allowed the identification of six 

genes carrying mutations in the genetic region containing the fq6 mutation. 

Interestingly, none of these candidate genes are known to be involved in any meiotic 

process, which indicates that the fq6 mutation is disrupting the function of a novel 

meiotic gene. Despite the interesting phenotype displayed by the fq6 mutant and the 

possibility of describing a new meiotic gene, the work with this mutant was 

discontinued after the identification of me85 as a new allele of spd-3, since all the 

efforts were focused in its characterization.  

Initially isolated as a crossover defective mutant, this study shows that the 

spd-3(me85) mutation disrupts the earliest steps of homologue pairing, one of the 

least understood aspects of meiosis. Interestingly, further analysis indicates that spd-

3(me85) mutants lack the ability to cluster the chromosomes during the homology 

search, which results in pairing failure and non-homologous synapsis. However, all 

components of the pairing pathway inside the nucleus seem to localize correctly to 

meiotic chromosomes in this mutant. Despite this, live imaging experiments show that 

chromosome movement, which is driven by forces originated in the cytoplasm, is 

deficient in spd-3(me85) mutants, suggesting that defects in events outside the nucleus 

are the cause of the impaired pairing. In agreement with this possibility, the SPD-3 

protein localizes outside the nucleus in the germline, as it does in embryos.  The 

involvement of the cytoplasmic protein SPD-3 in meiosis has been possible due to the 
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isolation and identification of spd-3(me85) as a new non-null allele of spd-3, since  

the severe mitotic defects present in strains carrying spd-3 deletions prevent the study 

of meiosis in these mutants. 

Similar chromosome movement defects to those observed in spd-3(me85) 

mutants has been observed by the disruption of the dynein-dynactin complex, which 

suggest a potential role for SPD-3 in mediating or regulating the microtubule forces 

that are required for chromosome movement in the nucleus. In addition, the findings 

presented in the previous chapters have provided a mechanical explanation for the 

involvement of the dynein-dynactin complex in the chromosome clustering necessary 

during the search of homology. 

9.2 SPD-3 Is Required for the Earliest Events of Pairing 

spd-3(me85) was originally isolated as a crossover defective mutant. 

Nevertheless, the results obtained from FISH analysis for two chromosomal regions, 

in addition to the pairing analysis of the X chromosome PC by immunostaining of 

HIM-8 (the specific PC-binding protein of the X chromosome), indicate that the 

meiotic defects observed in spd-3(me85) mutants are the result of defective pairing. 

Even more, the pairing levels detected in the double mutant spd-3(me85); syp-1, in 

which the synaptonemal complex can not assembled, indicate that the pairing defect is 

already present in the early steps of homologue recognition and is independent of the 

synaptonemal complex loading (Figure 21). Proper  homologue pairing requires the 

correct assembly of the axial elements on to the chromosomes, attachment of the 

chromosomes to the NE and chromosome clustering. The following sections discuss 

why spd-3(me85) mutants show a chromosome clustering defect despite showing 

proper assembly of known chromosome-bound proteins and attachment of the 

chromosomes to the NE.   

9.2.1 There is not disruption in the loading of the pairing machinery 

in spd-3(me85) mutants 
The pairing machinery can be considered as all the elements inside the nucleus 

necessary for homologue pairing to succeed. This is, proper assembly of the axial 

elements on to the chromosomes and tethering of the chromosomes to the NE. 

A defective chromosome structure in spd-3(me85) mutants is very unlikely 

since the cohesin REC-8, the axial elements HIM-3 and HTP-1 and the central 
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element SYP-1 are detected normally in the mutant. Furthermore, spd-3(me85) 

mutants display normal attachment of the PC-binding proteins HIM-8 and ZIM-3 to 

the NE, and these proteins colocalise with aggregates of SUN-1 at the NE. Although 

the attachment of the autosomes bound by ZIM-1 and ZIM-2 was not directly 

assessed, the findings of this study suggest that all chromosomes are correctly 

attached to the NE. 

The characteristic formation of SUN-1 aggregates in transition zone nuclei is 

visible in spd-3(me85) mutants, but it differs from the wild type in three key 

parameters: first the SUN-1 aggregates are more scattered through the NE, second, the 

SUN-1 aggregates, quantified as foci/patches, are visible for longer in spd-3(me85) 

and third, these aggregates are not movement-competent (Movies 3, 4). These are all 

features of a chromosome-clustering defect.  

9.2.2 SUN/KASH bridge in spd-3(me85) mutants  
A scattered SUN-1 signal has been described in situations in which the SUN-

KASH bridge is disrupted, which also results in immobilized SUN-1 aggregates 

(Penkner et al., 2009; Sato et al., 2009). Although these observations initially suggest 

that spd-3(me85) mutants could have a disrupted or defective SUN/KASH bridge, the 

results indicate otherwise. The presence of the two components of the SUN-KASH 

bridge, SUN-1 and ZYG-12, at the NE in spd-3(me85) was verified by immuno-

staining. Both proteins can be detected, colocalising, in the germlines of spd-3(me85) 

mutant (Figure 27), which suggests that the bridge is not disrupted. This bridge is 

thought to connect the chromosomes inside the nucleus with the cytoskeletal forces in 

the cytoplasm to mediate chromosome movement. Consistently, the N-terminus of 

ZYG-12 interacts with DLI-1 (the dynein light intermediate chain) recruiting the 

dynein motor to the surface of the nucleus (Malone et al., 2003). Disruption of the 

SUN-KASH bridge by depletion of ZYG-12 using RNAi results in limited 

localisation to the NE of several cytoskeletal motors in the embryo (Malone et al., 

2003). The same misslocalisation of the dynein motor in the NE of germline nuclei 

can be observed in a thermosensitive allele of ZYG-12, zyg-12(ct350), which under 

repressive conditions is not able to bind to itself and cannot interact with DLI-1 

(Malone et al., 2003; Zhou et al., 2009). The lost of these interactions results in a 

clustering defect of the SUN-1 aggregates that is accompanied by a severe reduction 

in the levels of homologue pairing (Sato et al., 2009). In contrast, ZYG-12 is still able 
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to recruit the dynein-dynactin complex to the NE surface in germline nuclei of spd-

3(me85) mutants. The transgenic GFP versions of DHC-1, DNC-1 and DNC-2 

subunits colocalise with the scattered SUN-1 signal in the mutant background (Figure 

32). The competence of ZYG-12 to recruit the cytoskeletal motors to the NE confirms 

that spd-3(me85) does not interfere with ZYG-12 nor the dynein-dynactin complex by 

preventing their interaction.  

9.2.3 Is ZYG-12 fully functional in spd-3(me85) mutants? 
The descriptions available of the phenotype of an allele of ZYG-12 (zyg-

12(or577)) (Sato et al., 2009)(Zhou et al., 2009) strongly suggest that this allele might 

be affecting the SUN/KASH bridge function without disturbing the interaction with 

neither SUN-1 nor DLI-1. Interestingly, the loss of ZYG-12-dynein-dynactin 

interaction has several consequences in the germline apart from the chromosome 

clustering defects explained in the previous section. Accordingly, the allele zyg-

12(ct350) also shows a severe disruption of the microtubule architecture (Zhou et al., 

2009). Surprisingly, the thermosensitive allele zyg-12(or577), which cannot interact 

with itself but retains the ability to bind DLI-1, is able to recruit dynein to the NE in 

germline nuclei and does not display architectural defects (Zhou et al., 2009), 

although it shows meiotic defects (Sato et al., 2009).  

The current model proposed for ZYG-12 function involves the dimerization of 

a transmembrane isoform of ZYG-12 with a centrosomal isoform, which will mediate 

the centrosome-nuclei attachment in the early embryo (Malone et al., 2003) (Figure 

5). Accordingly, both alleles of ZYG-12, zyg-12(ct350) and zyg-12(or577), disrupt 

this attachment in the embryo. This model has not been validated for the cells in the 

mitotic tip and it is not valid for the rest of the nuclei of the germline, in which 

nucleus-centrosome attachment seems to be independent of the SUN-1/ZYG-12 pair 

(Penkner et al., 2007; Zhou et al., 2009). Although it has been shown that SUN-1 and 

ZYG-12 both interact with themselves and between them (Malone et al., 2003; Minn 

et al., 2009; Penkner et al., 2009), the stoichiometry of the bridge structure remains 

unknown. If the zyg-12(or577) allele disturbs SUN-1 clustering without affecting its 

interaction with SUN-1 or the dynein, it could mean that the dimerization between 

ZYG-12 transmembrane isoforms is important for the function of the SUN/KASH 

bridge in the germline. This possibility raises a doubt about the functionality of ZYG-

12 in spd-3(me85). If ZYG-12 dimerization was important for the chromosome 
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clustering, SPD-3 could be somehow regulating ZYG-12. Nevertheless, the pairing 

levels provided for zyg-12(or577) by Sato et al. (2009) are different to the ones 

observed for spd-3(me85) (Figure 21). Importantly, there are no defects in pairing of 

the X chromosome in zyg-12(or577), which indicates chromosome movement 

competence for, at least, some SUN-1 aggregates in zyg-12(or577) mutants. This 

difference suggests that spd-3(me85) mutants interfere with the pairing process in a 

different manner than zyg-12(or577) does. 

9.3 SPD-3 and Cytoskeletal Forces 

The SUN-1 clustering defect observed in spd-3(me85), which results in 

defective homologue pairing, has been shown to be due to a lack of movement of the 

SUN-1 aggregates through the NE. The same clustering defect and similar SUN-1 

aggregate impaired movement has been observed by depletion of the cytoplasmic 

dynein and the dynactin complex (Figure 31). These results provide mechanical 

evidence that strongly supports a role for the cytoplasmic dynein as the molecular 

motor that mediates the movement of the SUN/KASH bridge and the dynactin adaptor 

as a required activator of the dynein motor. More importantly, these findings, together 

with the cytoplasmic localisation of SPD-3, strongly suggest that SPD-3 somehow 

interferes with the dynein-dynactin complex. In support of this hypothesis, the pairing 

levels of spd-3(me85) mutants are higher compared to those of mutants that directly 

disrupt the pairing machinery such as sun-1(jf18) (Penkner et al., 2007) or plk-2(vv44) 

(Labella et al., 2011). The pairing levels and the SUN-1 dynamics observed in spd-

3(me85), in which the encounters between SUN-1 aggregates are severely reduced, 

suggests that pairing is not facilitated in spd-3(me85) due to impaired movement. 

These observations support the model previously suggested by Baudrimont et al. 

(2010) in which the encounters between SUN-1 aggregates would facilitate the 

process by which homologous chromosomes find each other.  

The defects in the movement of SUN-1 aggregates observed in spd-3(me85) 

mutants were not accompanied by detachment of the nuclei from the germline 

periphery or any obvious microtubule architectural defects in the gonad (Figure 33). 

Since the attachment of the nuclei to the microtubule structure seems to be mediated 

by the dynein-dynactin complex (Zhou et al., 2009)(Terasawa et al., 2010) and spd-

3(me85) retain these proteins in the NE in the germline of the young adults (16 hours 
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post L4), these results could indicate that SPD-3 is not required for the attachment of 

the nuclei to the microtubule architecture, but that  SPD-3 is specifically required for 

the movement of the SUN-1 aggregates. Similar results have been observed in 

animals 24 hours post L4 stage (data not shown), but in germlines coming from 

worms older than this stage it is difficult to discern between defects caused by the size 

of the aberrant nuclei or original defects of the mutant. Further analysis will be 

required to confirm and expand the current knowledge about the cytoskeletal structure 

of the germline in spd-3(me85) mutants. This mutant could be useful to clarify, for 

example, what is the difference between a SUN-1 plaque that promotes the 

chromosome movement and one that mediates the nuclear attachment. Available data 

suggests that the chromosome-NE attachment might be the only difference between 

these two situations, but preliminary results from spd-3(me85) mutants suggest that 

there might be some kind of specialization in the cytoskeletal side of the SUN-1 

plaques. On the other hand, the deletion alleles of spd-3 totally disrupt germline 

organization, which suggests that SPD-3 could be required for both nuclear 

attachment to the microtubule structure and movement of the chromosomes inside the 

nucleus. This will be more in agreement with previous observations and would fit in a 

model in which the meiotic programme is controlled exclusively from the nucleus, 

which dictates the NE-attachment and detachment of the chromosomes. 

9.4 Meiotic Defects in the Absence of Cytoskeletal Forces 

9.4.1 spd-3(me85) mutants display an extended transition zone 
In spd-3(me85) mutants, SUN-1 becomes normally phosphorylated as the 

nuclei enter the transition zone and this status persist until the SUN-1 aggregates 

disappear in pachytene (Figure 26). This persistent phosphorylated status of SUN-1 in 

spd-3(me85) mutants is accompanied by a slight polarization of the chromatin inside 

some nuclei but not by the tight conformation of the chromatin characteristic of the 

transition zone nuclei in the wild type. If the transition zone is then defined as the 

region in the germline in which the chromosomes are tethered to the NE and SUN-1 is 

phosphorylated, when the search for homology happens, then spd-3(me85) mutants 

display an extended transition zone.  

This extended transition zone phenotype could be due to a direct 

missregulation of SUN-1 by SPD-3, which will prevent timely separation of the 
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chromosomes from the NE. Several lines of evidence indicate that this is not the case. 

First, the SUN-1 defective movement observed in spd-3(me85) mutants and in 

dynein-dynactin depletion conditions suggests that SPD-3 somehow interacts with the 

molecular motors and not directly with the pairing machinery. In addition, the 

detachment of the chromosomes from the NE and the switching of the phosphorylated 

status of SUN-1 to non-phosphorylated, although later than in wild type, eventually 

happens in spd-3(me85) mutants, suggesting that SUN-1 is not directly affected. 

Instead, persistence of the phosphorylated status of SUN-1 is more likely a “wait” 

meiotic response due to the impaired DSB repair and consequent CO failure that was 

observed in spd-3(me85)  mutants. It has been long appreciated that the meiotic 

programme imposes series of constraints, such as inhibiting sister-directed repair of 

DSBs, which translate in a “wait” mode when the specialized meiotic programme is 

not accomplished. Meiotic cells might also possess an “exit strategy’’ involving a late 

prophase release from the constraints imposed by the meiotic mode (Colaiacovo et al., 

2003)(Martinez-Perez and Villeneuve, 2005)(Hayashi et al., 2007). Accordingly, in 

spd-3(me85) mutants, the exit of the transition zone and the repair of DSBs occur in 

late pachytene, when the meiotic “wait” mode changes to “exit” mode. 

Although it has been proposed that the acquisition of a phosphorylated state of 

SUN-1 makes the SUN-1 aggregates movement competent, and its dephosphorylation 

regulates the exit of the transition zone configuration (Harper et al., 2011; Labella et 

al., 2011; Penkner et al., 2009), little is known about the control of these signals. Due 

to the observation of a characteristic extended transition zone in the synaptonemal 

complex defective mutants (MacQueen et al., 2002)(Colaiacovo et al., 

2003)(Smolikov et al., 2007b), it has been proposed that exit of the transition zone is 

forced by the loading of the synaptonemal complex between homologues. This is not 

the case in spd-3(me85) mutants, which show an extended transition zone while 

displaying almost full levels of synapsis. Accordingly, mutants carrying a 

phosphomimetic mutation in the serine 12 of SUN-1, sun-1(S12E), whose intrinsic 

defect is to be permanently in a phosphorylated-like status, display an accumulation 

of nuclei with well polarized chromatin and are synapsis competent (Penkner et al., 

2009). The scenario in these two mutants, although slightly different, suggests the 

presence of an active signal that dephosphorylates SUN-1 designating the exit of the 

transition zone.  
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9.4.2 Non-Homologous Synapsis 
Another striking phenotype observed in spd-3(me85) mutants is the loading of 

synaptonemal complex between non-homologous chromosomes (Figure 22). The 

SUN-1 dynamics in this mutant revealed a severe decrease of competence for 

movement of the SUN-1 aggregates, suggesting that movement of SUN-1 aggregates 

is important to avoid the central element of the synaptonemal complex from loading 

between non-homologous chromosomes. These data strongly supports previous 

models that suggest that the cytoskeleton exerts pulling forces that separate 

chromosomes engaged in the pairing process that are not homologues (Sato et al., 

2009)(Baudrimont et al., 2010). This non-homologous synapsis phenotype has been 

observed in mutants that disrupt the pairing machinery but retain the ability to recruit 

the chromosomes to the NE such as in sun-1(jf18) (Penkner et al., 2007), zyg-

12(ct350) (Sato et al., 2009), plk-2(vv44) (Labella et al., 2011). Interestingly these 

mutants disrupt as well, in one way or another, the ability of the cytoskeleton to 

transmit the force necessary to avoid non-homologous synapsis.  

Extensive non-homologous synapsis has also been observed in htp-1 mutants. 

HTP-1 is believed to inhibit synaptonemal complex assembly until true homologous 

contacts have been established (Martinez-Perez and Villeneuve, 2005). This barrier 

was proposed to exist in the first place due to the bypass of the synaptonemal complex 

assembly defect seen in chk-2 mutants, in which pairing fails but synaptonemal 

complex is prevented in a HTP-1-dependent manner. Interestingly, chk-2 mutants are 

unable to start key meiotic events such as association of autosomal PC-binding 

proteins with PCs and SUN-1 phosphorylation required for SUN-1 aggregate 

formation (Sato et al., 2009)(Penkner et al., 2009). Since this barrier that avoids non-

homologous synapsis seems not to work once the ZIM/HIM-8 bounded PCs are 

attached to the NE, as seen in spd-3(me85) mutants, it could be that HTP-1 is 

inhibiting inappropriate synapsis loading prior to the NE-tethering of the PC-binding 

proteins and then the pairing machinery relies on the cytoskeletal forces to avoid 

synapsis between non-homologous chromosomes.  

Another, more direct, role for the microtubule cytoskeleton was proposed by 

Sato et al. (2009) regarding assembly of the synaptonemal complex. Their 

observation of lack of synapsis in the absence of the dynein/dynactin complex fitted 
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in a model in which the molecular motor is required for avoiding non-homologous 

synapsis, and also for licensing synapsis per se. The conditions used in the current 

study to deplete the dynein/dynactin complex, corroborated by the absence of dynein 

at the NE, are milder than the ones used by Sato et al. (2009), but these conditions 

allowed the observation of the SUN-1 lack-of-clustering and lack-of-movement 

phenotypes. A pairing defect associated with this phenotype has not been 

corroborated in this study, but is implicit by the impaired movement observed here 

and by the Sato et al. (2009) study, which reported a severe disruption of pairing 

following the depletion of dynein/dynactin. The main difference between both 

experiments is the loading of the synaptonemal complex, which is observed in the 

current study (Figure 31) but is not observed by Sato et al. (2009). During the current 

study, lack of synaptonemal complex loading have been just detected under severe 

dhc-1(RNAi) conditions, such as in older worms and longer exposure to RNAi, which 

also results in more severe mitotic defects (Figures 29, 30). The possibility of a direct 

requirement for dynein in the loading of the synaptonemal complex cannot be totally 

ruled out, but under so severe conditions it is difficult to determine if the lack of 

dynein itself is the origin of the synaptonemal complex defect. This study favours the 

hypothesis that the cytoskeletal forces are involved in avoiding undesirable synapsis 

between non-homologous chromosomes, but are not directly involved in licensing 

synapsis. 

The model proposed here involves cytoskeletal forces in bringing together the 

chromosomes to facilitate the homology search and also pulling them apart in order to 

avoid undesirable synapsis. The pairing between true homologues would be strong 

enough not to be disturbed by the cytoskeletal forces and it will result in synapsis. 

Lack of cytoskeletal forces would result in fewer encounters between chromosomes, 

reducing the chances of the homologues to find each other and no disruption of the 

unwanted connections, which would result in indiscriminate synapsis. 

9.5 SPD-3 in Mitosis 

The results obtained in this study suggest that SPD-3 is somehow involved in 

regulating the function of the dynein-dynactin complex. Consistent with this 

hypothesis, a previous study that used a thermosensitive allele of spd-3, spd-3(oj35), 

reported embryonic phenotypes that included slow or absent pronuclear migration, 
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defective spindle alignment and misslocalisation of the dynactin complex 

(Dinkelmann et al., 2007). Preliminary analysis of the centrosomes in spd-3(me85) 

mutants shows a migration defect in one cell-stage embryo and detachment from the 

nucleus in multi-cellular embryos (Figure 18). Although these embryonic defects can 

be observed as well under centrosome disruption conditions (Le Bot et al., 2003), it is 

unlikely that these defects are the result of a centrosome defect per se, since SPD-

3::GFP has not been localized in the centrosome, but in the cytoplasm. Additionally, 

centrosomes in spd-3(me85) and spd-3(oj35) mutants are able to replicate and 

maturate (reviewed in (Palazzo et al., 2000)), as evidenced by their retained ability to 

nucleate microtubules (Figure 18) (Dinkelmann et al., 2007). Abnormal centrosomal 

structures can be also observed in the mitotic region of spd-3(me85) mutant germlines 

(Figure 17) and this is likely to be the origin of the big aneuploid nuclei observed 

throughout the gonad in the mutant. The presence of big aneuploid nuclei in the 

germline has been also observed following depletion of the dynein-dynactin complex 

(this study) (Sato et al., 2009)(O'Rourke et al., 2007), by lacking LIS-1, a dynein 

adaptor (Buttner et al., 2007) and by disruption of the SUN-KASH bridge that 

connects the cytoplasm with the nucleoplasm (Penkner et al., 2007)(Sato et al., 

2009)(Zhou et al., 2009). The exact requirement of these factors during the mitotic 

divisions in the germline is not known, but the similarities of the phenotypes observed 

by their disruption suggest that they could be engaged in similar processes. 

The mitotic phenotypes observed, such as aneuploidy and abnormal centrosome 

behaviour, in both spd-3(me85) and spd-3(oj35), probably arise from a limited or 

defective dynein-dynactin complex function, which ultimately results in chromosome 

segregation defects in both alleles. These defects would enhance previous defects in 

every round of segregation producing damage that accumulates with the age or the 

development. 

9.6 SPD-3 Function 

 SPD-3 is a cytoplasmic protein whose function is required in the early steps of 

homologue recognition. Although the precise molecular role of SPD-3 has not been 

elucidated, the findings presented in the previous chapters suggest that SPD-3 

somehow interacts or regulates the dynein-dynactin complex. For example, the 

mitotic phenotypes observed in the mitotic tip of the germline and in the embryos are 
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similar to those observed for the lack of the cytoplasmic dynein or its adaptors. 

Similarly, in the meiotic germline, spd-3(me85) mutants phenocopy the defects 

observed by depletion of the dynein-dynactin complex. Furthermore, embryos of the 

thermosensitive allele spd-3(oj35) grown at the restrictive temperature show disrupted 

localisation of dynactin in the cytoplasm (Dinkelmann et al., 2007). Interestingly, 

while dynein and dynactin have subcellular enrichments in the NE, centrosomes or 

cellular cortex (Skop and White, 1998)(Gonczy et al., 1999), SPD-3 localisation is 

cytoplasmic. Even more, Dinkelmann et al. (2007) reported a mitochondrial 

localisation for SPD-3. How direct is the putative interaction between SPD-3 and the 

dynein-dynactin complex remains elusive, but several hypotheses seem plausible. It 

could be that, despite its mitochondrial localisation, SPD-3 acts as an adaptor or 

regulator of the dynein-dynactin complex. Alternatively, SPD-3 could have a 

mitochondrial function that if altered, disturbs the energetic levels in the cytoplasm. 

The dynein-dynactin complex in the latter case would be affected not directly because 

of a defective SPD-3 function, but due to the altered energetic levels in the cytoplasm, 

which could affect high ATP consumers such as the molecular motors.  

Several observations suggest that any of the possibilities are currently 

possible. For example, disruption of the mitochondrial function with drugs or RNAi 

does not appear to mimic the spd-3(oj35) embryonic phenotype (Dinkelmann et al., 

2007). More importantly, the ATP levels in spd-3(oj35) worms are increased 

compared to wild-type (Dinkelmann et al., 2007). The increased ATP levels observed 

by Dinkelmann et al. (2007) using whole-worm extracts could correspond to a general 

increase of the ATP levels in the cytoplasm or to high ATP levels inside the 

mitochondria, which could result from a disruption of ATP translocation from the 

mitochondria to the cytoplasm. A model in which low energy levels in the cytoplasm 

affect molecular motors, such as dynein, would fit most of the results presented here, 

but would not explain the elongated microtubules observed both in spd-3(oj35) and 

spd-3(me85) embryos. On the other hand, increased ATP levels could be disturbing 

dynein activity, which has been shown to be dependent on ATP and ADP 

concentration (Shiroguchi and Toyoshima, 2001). High cytoplasmic ATP levels could 

explain why the microtubules can keep polymerizing, although it does not explain 

why their growth is not regulated. Alternatively, a more specific interaction between 

the dynein complex and SPD-3, rather than ATP levels, would explain why other 

molecular motors such as the myosins (involved in muscle contraction) do not seem 
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to be affected by impaired SPD-3 activity. The muscle contraction has not been 

analyzed in this study, but spd-3(me85) worms do not display an unc (uncoordinated) 

phenotype, which could be expected if the myosins were somehow affected. In this 

case, the disturbed ATP levels could be a consequence of the main defect but not the 

origin of the phenotype observed. 

Further analysis will help to discern between these possibilities since any of 

the hypothesis seem plausible with the available data. 

9.7 Future Directions 

Immunostaining experiments demonstrated that SPD-3 localizes outside 

meiotic nuclei in the adult germline, as it does in the embryo. Surprisingly, 

Dinkelmann et al. (2007) found that SPD-3::GFP localized at mitochondria. Although 

there is no evidence against such observation, the attempts to localize SPD-3 at the 

mitochondria did not succeed. The colocalisation experiments of the mitochondrial 

dye mitotraker and SPD-3::GFP, by live imaging or fixed samples, were not possible 

since the staining of the gonad with the mitochondrial dye was never achieved. On the 

other hand, the fixation protocols used for SPD::GFP discontinued the signal, so no 

colocalisation was possible with antibodies against mitochondrial markers such as 

HSP-60. The antibodies raised against SPD-3 were not used to detect SPD-3 in fixed 

samples since the signal differs depending on the fixation protocol and is different 

from the signal obtained during SPD-3::GFP live imaging. Confirming or discarding 

the localisation of SPD-3 at mitochondria will help understanding the molecular 

mechanism by which the SPD-3 protein disturbs the dynein-dynactin complex, which 

is currently the main goal to complete this study.  

The cytological approaches undertaken in the current study were not accurate 

enough to determine the precise localisation of the SPD-3 protein, so Western blot 

detection after cellular fractionation should help to discern the subcellular localisation 

of the protein. However, this kind of analysis does not reveal the exact location of the 

protein within the organelle, which will have to be determined by electron 

microscopy. 

If a mitochondrial localisation of SPD-3 was confirmed, measuring ATP 

levels in spd-3(me85) mutants should help to determine if the increased ATP levels 

detected by Dinkelmann et al. (2007) is specific to the thermosensitive allele spd-
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3(oj35), or if this feature is also the underlying cause of the meiotic defects seen in 

spd-3(me85) mutants. The use of the fluorescent ATP biosensor ATeam (ATP 

indicator based on Epsilon subunit for Analytical Measurements), which has been 

reported to monitor ATP levels in cultured cells and nematodes on the basis of 

fluorescence resonance energy transfer (FRET) (Nakano et al., 2011)(Kishikawa et 

al., 2011), would also allow to determine ATP levels in a tissue-specific manner. 

Furthermore, by locating the ATeam reporter to the cytoplasm and then to the 

mitochondria, it will be possible to determine if ATP levels are increased inside or 

outside mitochondria. The structure, function, and continuous growth of the germline 

suggest that this tissue might be a great ATP consumer, which may have ATP 

requirements different than other tissues. If low ATP levels were detected in the 

cytoplasm of the germline in spd-3(me85) mutants, it would be interesting to observe 

the mitochondrial requirements of the germline. Baudrimont et al. (2010) already 

described the persistence of a background motion of the SUN-1 aggregates after 

killing the animals with sodium azide. Disruption of the electron transport chain 

specifically in the mitochondria of the germline by injecting drugs, such as cyanide, 

azide, or bongkrekic acid (which disrupts the ATP/ADP translocase), should 

reproduce the SUN-1 clustering defect observed in spd-3(me85) mutants and, 

similarly, the lack of SUN-1 movement described by Baudrimont et al. (2010), 

without killing the animal. Previous studies suggests that the early embryo does not 

require large amounts of ATP for early developmental processes and that the ATP 

produced by processes such as glycolysis would be sufficient for progression of 

development (Feng et al., 2001). This observation suggests that the embryo might not 

be the best model for testing mitochondrial function disruption and this could be the 

reason why Dinkelmann et al. (2007) did not observe any phenotype after disruption 

of the mitochondria. 

Regardless of the localisation of SPD-3, co-immunoprecipitation experiments 

followed by mass spectrometry should facilitate to uncover SPD-3 interactors. This 

approach could help to confirm or to rule out a direct interaction of SPD-3 with the 

cytoskeletal motors and/or mitochondrial proteins. In any case, analysis of the 

potential SPD-3 interactors, which will be performed by RNAi, will help to 

understand the molecular function of the protein.  

Finally, an immediate goal of future studies is to plot the data obtained from 

the in-vivo imaging of SUN-1::GFP aggregates in transition zone nuclei. Although 

229



visualizing the movies from the different genotypes shows that spd-3(me85) mutants  

display reduced movement of SUN-1 aggregates, and that this defect is very similar to 

that observed under dynein/dynactin depleting conditions, quantification of the data 

using the tools developed by Baudrimont et al. (2010) will allow a more detailed 

analysis of the chromosome clustering defect.   
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APPENDIX I: DESCRIPTION OF THE MOVIES 
 

 
Movie 1: Time lapse series of SUN-1::GFP in the wild-type background (positive 
control). 10 frames per second (FPS) are shown. Real time recorded: 15 min. 
 
Movie 2: Time lapse series of SUN-1(G311V)::GFP in the sun-1(ok1218) deletion 
background (negative control). 10 FPS are shown. Real time recorded: 15 min. 
 
Movie 3: Time lapse series of SUN-1::GFP in the spd-3(me85) background (L4+16h 
stage). 10 FPS are shown. Real time recorded: 10 min. 
 
Movie 4: Time lapse series of SUN-1::GFP in the spd-3(me85) background (L4+26h 
stage). 10 FPS are shown. Real time recorded: 15 min. 
 
Movie 5: Time lapse series of SUN-1::GFP in the wild-type background (L4+45h 
stage; worms kept in empty RNAi vector plates; negative control). 10 FPS are shown. 
Real time recorded: 15 min. 
 
Movie 6: Time lapse series of SUN-1::GFP in the wild-type background (L4+45h 
stage; worms kept in dhc-1,dlc-1 RNAi plates). 10 FPS are shown. Real time 
recorded: 15 min. 
 
Movie 7: Time lapse series of SUN-1::GFP in the wild-type background (worms kept 
in empty RNAi vector plates  from L1 – L4 + 24h stage; negative control). 10 FPS are 
shown. Real time recorded: 15 min. 
 
Movie 8: Time lapse series of SUN-1::GFP in the wild-type background (worms kept 
in dnc-1 RNAi plates  from L1 – L4 + 24h stage). 10 FPS are shown. Real time 
recorded: 10 min. 
 
Movie 9: Time lapse series of SUN-1::GFP in the wild-type background (worms kept 
in dnc-1 RNAi plates  from L1 – L4 + 20h stage). 10 FPS are shown. Real time 
recorded: 15 min. 
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APPENDIX II: SEQUENCING PRIMERS 
 
 
 
Table 19: List of sequencing primers used in this study. 
The name of the sequenced gene is indicated in the first column. In the second column are 
shown the primers in 5’-3’ direction. The names of primers that are underlined correspond to 
those used to amplify the amplicon to be sequenced. 
 

GENE PRIMERS 
C17H12.2 
 

C17H12_F         CGCTTTCATGTCCGTTTTCT 
C17H12_R         CAGTTGACTCCACTCCACCTT 
SEQF1               AAATTGACGGACAACAACCTG 

SEQF2               CTCGGGATGCTATCCGATT 
SEQF3               GAGTGGATATAAAATTGGATACG 
SEQR1               CATAAAATAAGGACGATTTTCCG 
SEQR2               AAATGCATCTTGCTCCATCC 
SEQR3               CCATTGAAAAACATCGCAGA 

C17H12.1 
 

1Ext F                ATTTGCTCGGGAACTCAAAA 
1Ext R                TGGTACCAACGACAGCAAGA 
1IntF1               TTCAAAATCTGCTCCGTTCC  
1IntF2               GAAGAATCTCCGGCACCAC  
1IntF3               TTCTGGGACAGACAAAGCAG  
1IntF4               AATTTCCTTTCTTTTTCAGCCA 
1IntF5               GCATGAAATATCGTCAAAATCG 
1IntR1               CCTCATTCGATGAAAGAGTCTG 
1IntR2               AGGAGATTTGAAATGCGTGG  
1IntR3               AAGTGGTGGAACAATCTGAACA  
1IntR4               GCAGTCATTCGCTTCGACTT 
1IntR5               TCAATTAAGTTTCGATTTTACTTGTTT 
 
2Ext F                 GCAGTAGAAAACGAGCGAAGA 
2Ext R                 GTGTGATCGGGGAGAGAAAA 
2IntF1                CAATCGGTGAAATGCAAACA  
2IntF2                TTGATGCTGATGGAAATGTGA  
2IntF3                TGTTGAAGAGCGAAGAATGG  
2IntR1                CAAACGTCAGTTTTAATGACAGC  
2IntR2                GTTATCCAATTCTGCTCGGC  
2IntR3                CAGATAAAACTCTGAAAATTGCAC 

C01G5.6 
 

ExtF1_F             TTGCTTCTGCTGAATTTGGA 
ExtF1_R             CTCGAATGGGCATGAAAAGT 
IntF1                   CCGAGAGAACGGTTTTGTGT 
IntF2                   TACCACGAGTTGTTCCCATG 
IntR1                  GCAAATGTTCCGTTCCTACG 
IntR2                  CAATCGTCTTCCTCAGCACA 

C01G5.8 
 

ExtF1_F             ATTGGTTCCATGTCCTCTCG 
ExtF1_R            CCTCGTAAAAACCCAAATCG 
ExtF2_F             TCCATCAACCACGAATGTTT 
ExtF2_R            GTAACCCATGCACCCAATCT 
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IntF1                  TTTTATAAATCAAGCTTTCAGGGAA  
IntF2                  AGAGCTACTTTCTGAAGGAGCCA  
IntF3                  GGGGGATTTGTAGATCTTTTCA 
IntF4                  CAAATGTCAGATGATGATAAGCG 
IntF5        TGACGTCATCTTCGCAACG 
IntF6        TGATAGTGGAATTCGAGCAGAA 
IntR1       AAAGTCTTGATGACCTCCTTCG 
IntR2       TTGGTTCCATCTAATTTGAATTTTT 
IntR3       TGAAATTAAAATAAGAAATTAGAGGCA 
IntR4       TCTTCTTTTCCGGATTTCCA 
IntR5       TTACTGAGATCAGACGGACAATC 

C01B10.9 
 

Ext_F                               ACACGCGCGCTTTTTCTT 
Ext_R                             CGGACATGGCCTGAAACTAT 
Seq_F1                 TATTCACAAATGGGCGTCAA  
Seq_F2                            
AAGGACGCTGACGACGTTAT  
Seq_F3                            
GTTCGCGAATTGGAAAAATC  
Seq_F4                            TTATTATGAGAGGCCCAGCG  
Seq_F5                            
GGATGAAGGAGATGGATTAAGG 
Seq_R1                            TGTGGCAATGCTCATATGGT
  
Seq_R2                            TGTGTGATCGGGTTCTGCTA
  
Seq_R3                            
GGTTGTAAACCACATACTTTTCCA 
Seq_R4                            TGAAGGAATATCGGCAATCTG
  
Seq_R5                            
ACTCACACTTCCAAGTGCACCA 

T05A12.4 
 

NT05A12.4F1_F            CCCGGTTCCCTTACGAAGTA 
NT05A12.4F1_R  ACTGCCTCTCCTCCACAGTC 
F2ExtFT05A12               CAATCTGCCACGTGTGTTTC 
F2ExtRT05A12                
TCGTTTCAAGACCGGATACC 
F3ExtFT05A12                GTCCAATTTCAGGCAAATCC 
F3ExtRT05A12                GGCTGGAGAGAGCGATTTAG 
T05A12.4.1IntF                 
GTTAGTTCGTGGCGTGCTTC 
T05A12.4.1IntF1    TCATTAAGGGTGACGAAAAGG 
T05A12.4.1IntF2    ACGGTCCTCATTTTCCTTGA  
T05A12.4.1IntF3    TGCTCCAATTGCTCACAAAT  
T05A12.4.1IntF4    TCCAAAATAGTCCCAAATTCAAA 
T05A12.4.1IntF5    CGAATCTCAAGTGTTGCCTC 
T05A12.4.1IntR    TTCCTTTCCACGGAGAATTG  
T05A12.4.1IntR1    
TCTGATATTGCATGAGATCACAGTT 
T05A12.4.1IntR2    
AATTTGTATATTCATTACCATTTCTGC 
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T05A12.4.1IntR3    TAGGCAAAATCCCCATTCAC 
T05A12.4.1IntR4     GCGTTCCAGTAACACACCAC 
T05A12.4.2IntF                  
CTGCATATTGCATCTGATTGG 
T05A12.4.2IntF1     
GTATTTGAGTTATAGCCTTGGTTGG 
T05A12.4.2IntF2     AACGAAGAAAAATCAAACACACC 
T05A12.4.2IntF3     GAAGCTTCAAATGCAACTTTTC 
T05A12.4.2IntF4     CGATGAGAAAAGAAAAGAACTCG
  
T05A12.4.2IntR     TTCTCCCATAAGACACCAAAAA 
T05A12.4.2IntR1     TGGTTTCTTCTTTTTCTCAGCA 
T05A12.4.2IntR2     
TTGAAAAGTTTCACTATGCTATTTGG T05A12.4.2IntR3
     TCGTGTCATACAGAGCGACA   
T05A12.4.2IntR4             GCGAATTAACTTTTTCCGTTTT 
T05A12.4.3IntF1              AAAAGGTTTGCGCCATTAAA
  
T05A12.4.3IntF1    
TGATATTAATGTATCTGATTTCTTTGA 
T05A12.4.3IntF2   
TTCGAAAAACAAACAAAAATATACTG 
T05A12.4.3IntF3    CATCCACACAAGTATGGGAA  
T05A12.4.3IntR    TTTGCTTTTATCGTTTTCCAA  
T05A12.4.3IntR1    TTTCAGCTTCGTAATGATTTTT 
T05A12.4.3IntR2    TCGAAAACTCGTGGTGAAAA 
T05A12.4.3IntR3    CAAAATCGAAGACTTTCTTTCCA
  
T05A12.4.3IntR4     AATGTCGGGGGAACAATAAA 

Ruvb-2 
 

Ruvb-2ExtF  TCCAACTCCAGATCACGTTG 
Ruvb-2ExtR  CCCCCGTTGTTTCATCAATA 
IntF1                           GTGTCTGGAGGAATGGTCG 
IntF2                           CGGAAAACTCACAATGCGTA  
IntF3                           
CAGGAGTATTGTTTATTGATGAAGC 
IntF4                           AGGCATTTTTCCGATGTTTT 
IntF5                           AAGCTGAAATTGTCACCACTGA 
IntR1                           TTTAGTTTTGAATTTTTGTGCAG 
IntR2                           CGGGCATCACTTTCTCTTTC 
IntR3                           AATCAAGGGACTGAGTTCGC 
IntR4                           TGCAGACTGATAAAATAAAATTCA 
IntR5                           AGCAGATTCCTCGGTCAAAA 
 

T22D1.5 Ext_F                             CAAAGACACATGTCGCCACT 
Ext_R                            AAACGAGATGAGCAGGAACAA 
Int1_F                            CGTCATCACCAAAACTCACG 
Int2_F                            CGATAACATTTCAGGTCACTGAG 
Int3_F                            TCAATCGATCGAGTATTGGTT 
Int1_R                           GAGACGTCAGATTTCCGCTG 
Int2_R                           
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CTTTAGTCTTAACTTGAATCGTTCCC 
Int3_R                           GTAGAACATCCGCAGGTCGT 

T22D1.9 
(rpn-1) 

Ext_f                              TTTTTCCAAACTCTGACTCTCAAA 
Ext_R                             CGAATACCGTCCCACTCAAA 
Int1_F                            TGGAGACTATGCGGACATTG 
Int2_F                            ATTCTTATTCGCACTGCTCTCC 
Int3_F                            GGAAGCCTCCAGATGGTTCTA 
Int4_F                            CCAAATATGCGTTTCCTTGC 
Int5_F                            CCGACGCTACTCCAGCAC 
Int6_F                            CTTCTCTTTCCTCGACGCC 
Int7_F                            
TGTATCAACTAAGAAGTAACCAACAAA 
Int1_R                            TCATTTTATTGTAATGCGGACG 
Int2_R                            TCGTTGACCATGATAGCACA 
Int3_R                            CCGGTATCGATATCCCATCT 
Int4_R                            AACGGAGACTTTCGACAAACA 
Int5_R                            GCAATCAGACCAATTCCGAG 
Int6_R                            TGCTGACGGTTGTTGAGAAT 
Int7_R                            TGCACAATAAAACGGGTCAA 

Y73B6A.1 F1 F                                ACTGACGCATGGCATTCATA 
F1 R                            GGCGTGTGCGATTGTTATTT 
F2 F                           GCCCACTATTCGCACTGACT 
F2 R                           CCTTTTTGCCAAACCTTGAG 
F2F1                           TCAAGGTCTCTTTTCAGCCG  
F2F2                           AGCAAACCTACGACGTGCTC  
F2F3                           CAGGCCGCCGACATATTAC  
F2F4                           
AAAATTATCGATTATGGCAAAAGTG 
F2R1                           GCGTCTTGCGTTATTTTTCA  
F2R2                           GTGAGTAGGGATTCCCACGA  

F2R3                           TATATTTTCCTTGCAGCGGG  

F2R4                          GTTCAGTTTTCTCTCCGTCTTTG 

Y73B6A.2 F1F                                TTTGCCCCATTTCTGAAGAG 
F1R                               CCCAACTCACTATCCCTCCA 
F2F                   GTCCGCAATACTCCAGGAAA 
F2R                   AGGTTGTTGGCAGGAAGTTG 
F2Seq1F GTCATGAATCTGCTTGGACG  
F2Seq2F CCTTGGACATATCTTGAAGGGA  
F2Seq1R GATTCTGCTCCACGTTCCAG 
F2Seq2R           TTGTAAATTATGAATACCACTGACCA 

miRNA1834 miR_F              GAACATGGGTGTCCACATTG 
miR_R              TGCAAAAGTGTCTGTGACTGG 

H43C03.1 F1ExtSpd3_F TCGTTTTACCCATCCTAGCC 
F1ExtSpd3_R  TTGGGTCTGAAACGATTGAA 
F2ExtSpd3_F  AATTGCGTTTTTGGGTCTTG 
F2ExtSpd3_R  TTTTTCCGGGTCTTACAACG 
F1Int_1F           CACATTTTATCTTAAAGTCATCG  
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F1Int_2F           TGGTTTAAGAAGAGAGTGAAAA  
F1Int_3F           CTACTAGATATTTTGCGCGTC  
F1Int_4F           AAGTTAAATTGCGTTTTTGG  
F1Int_1R          GCCATGACGAAAATGACATA  
F1Int_2R          TGTCTTCTTTTCCGTAGAGC  
F1Int_3R          ACTTTTACACTCTCATCCGAA 
F2Int_1F          TTCGCCCGTATTCGAGTC  
F2Int_2F          TTCCACAACCTGTGAAGAA  
F2Int_3F          TTCTATGGAGTTGATGAGCA  
F2Int_4F          TTTTTATTTGACTTTCCAGCTT  
F2Int_5F          CAAATGCAGAATGAAACAAA  
F2Int_1R          CAGATTCCAAATTGTACATCAA  
F2Int_2R          CCTTCTCGATAACGATCACT  
F2Int_3R          TGTCTGTAAAATCCATCATAACTT  
F2Int_4R          TATTCCACAAAACAGCAACA 

syp-2 syp-2F  CCAGACCAACACATGGAAAA 
syp-2R  GGCGTAATGCATTCTGTGAA 
Isyp2F              ACAATGGAGCTGGCAAATTC 
Isyp2R              AAACTACGCCATCGGACAAT 

ZK742.2 ZK742.2_F        CGCTGTTGTTTTCATCGTTC 
ZK742.2_R       CCAACAGGAAAATTGTTTCG 
SF1  AGGCTGCGAGAATGTGATAGA  
SF2  AAACTTTCCAGTCAGTCAACGTC  
SF3  TCGACGTGGATATTTCGAT  
SF4  ATTAACGAGGAGGATCGGCT  
SR1  CGGGACATCCTGATCTCTTA  
SR2  TGCATTGTAGTTGTGAGTTCCA  
SR3  CCGATTCATCTTTCGATTTGA 
SR4  ATCATCTGCCGGATCTTGTC  

F25G6.9 F1_ExtF            TTTCTCGTGCATGAATTGGA 
F1_ExtR            TCGTGTGAACTTGCTGGAAC 
F2_ExtF            TTCACCGTTGCTCACAAAAG 
F2_ExtR            TGCAATTGTAACCGAACAAAA 
F1_1_F              TACACTTCGTGCACCGAGAA 
F1_2_F              CGGCCGTTCTCGAAAGTA 
F1_3_F              TCTCGAAACTATCAAGGATCTATTTG 
F1_4_F              CGCAAGATCCATGCTTACAA 
F1_5_F              CTTCAGCTCACAGGCCCTAC 
F1_1_R              TGAACTCACGAAAATGACGG 
F1_2_R              TGACTTGTTTGTACTGACTGAGCA 
F1_3_R              GCAGAACTTATGACGAACTGAAAA  
F1_4_R              CTTCAGGGATAGTGGATGTTGA  
F1_5_R              TCGTGTGAACTTGCTGGAAC 
F2_1_F               GAATCCGTGGTTGTTATCCG 
F2_2_F               TGGAATAATGGAAACAATGAAGTG 
F2_3_F               TCGAAAAAGCTTTCAATGGC 
F2_4_F               ACAAATGGATTGTTGAAGCTC 
F2_1_R              ATTGGCTCATTTTTCGCAAC 
F2_2_R              CTGCGACCTGTTCCAGAGAT 
F2_3_R              TGTCAAACAGTTTCGGAAGACA 
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F2_4_R              TGAGTTTTGCGATACATTATAAAAA 
vars-1 fq6_vars_F         CGACGAGAACTTGGTGACAA 

fq6_vars_R         TCCATTTGGGAATCTTTTCG 
ztf-12 Ztf_F                  ATCTGTCGCTTTTTCGCTGT 

Ztf_R                  TCCGAAGATTCTGATAAAAATTGA 
C35A.8 C35_F                AAGCTCCAATAAGCGCATTC 

C35_R                GGCAATAGCATCAACAACGA 
F21C10.7 F21C10.7_F    GCAACAAATCAACGAGCAAA 

F21C10.7_R  TCCGCATAAGTTAGCCATTGT 
ugt-2 ugt-2_F   GATGCGGAATTTTCAAAAACA 

ugt-2_R   TGCTGTAAATTCTGCGTGCT 
F25D1.2 F25D1_F  CTGCAGGAGCACAAACAAAA 

F25D1_R  TGCGTCTTGCTCTTATTCTAGC 
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