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Abstract 

Characterization of Spermatogenesis in the Planarian S. mediterranea

by 

Jacqueline Hendries Chretien

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor Abby F. Dernburg, Chair

Meiosis is a specialized reductional cell division by which sexual organisms produce gametes 
that can join to give rise to a euploid offspring. The mechanisms that enable the accurate 
segregation of homologous chromosomes in the first meiotic division have been studied in many 
organisms. Yet, a detailed molecular characterization of meiosis has not been carried out in any 
member of the lophotrochozoa, a large and diverse animal clade that includes molluscs, rotifers, 
annelid worms, and flatworms. 

I have conducted an initial characterization of homolog pairing and recombination initiation in a 
novel model lophotrochozan, the freshwater planarian Schmidtea mediterranea. Like many 
species, these organisms form a telomere bouquet in early meiotic prophase. This bouquet 
normally persists throughout pachytene, and disruption of the telomere bouquet via depletion of 
the nuclear envelope protein Smed-SUN1 both disrupts homolog pairing and results in non-
homologous synapsis. 

This work has also revealed a telomere-proximal enrichment of double strand DNA breaks 
(DSBs), represented by Smed-RAD51 foci, and shown that DSB formation is dependent on the 
axial element protein Smed-HOP1. Depletion of HOP1 also disrupts progression through 
meiosis, and nuclei arrest in the bouquet stage without obvious homolog pairing or synaptonemal 
complex polymerization. Preliminary characterization of Smed-SMC3 suggests that partial loss 
of sister chromatid cohesion also disrupts homolog pairing, synapsis, and progression through 
meiosis.

This work introduces a number of novel tools and protocols for use in S. mediterranea, 
demonstrates that planarian spermatogenesis is a tractable model for the study of meiosis, and 
also suggests the existence of intriguing mechanisms that control homolog pairing, 
recombination and synapsis in this animal.
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Dedication

To Eleanor Ruth — by far my favorite experiment in meiosis. (No offense to the planaria.)
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Progression through meiosis (leptotene, zygotene, and pachytene) in Dendrocoelum lacteum. 
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Chapter I. Introduction

Meiosis is the specialized reductional cell division process by which sexually 
reproducing organisms generate gametes such as sperm, eggs, and pollen. This process is 
essential, as gametes with too many or too few chromosomes cannot create a zygote with the 
proper genetic complement at fertilization, leading to embryonic death or developmental 
anomalies. 

In diploid organisms, the accurate halving of genetic material to yield haploid gametes is 
accomplished in two steps, with the segregation of homologous chromosomes in the first meiotic 
division followed by the segregation of sister chromatids in the second meiotic division. The 
segregation of homologous chromosomes in meiosis I presents a unique challenge for the cell, as 
it requires these chromosomes to recognize one another and maintain a physical association until 
they can be appropriately separated at anaphase I. While the specific mechanisms underlying 
homolog recognition and association remain somewhat mysterious, several key processes are 
known to enable accurate homolog segregation: (1) a reorganization of chromosomes within the 
nucleus, which enables pairing and alignment between homologous chromosomes; (2) the 
polymerization of the synaptonemal complex (SC), which stabilizes pairing between homologs; 
and (3) crossover recombination between homologs, which creates chiasmata that hold homologs 
together until anaphase I (Fig. 1). Recombination also generates genetic diversity through the 
exchange of genetic material. Although these processes and much of the associated molecular 
machinery is conserved across phyla, there is significant diversity in the meiotic program 
between species.

A brief review of meiotic prophase, with a focus on inter-species diversity in the meiotic program

In the first stage of meiotic prophase, leptonema (from the Greek for “thin threads”), 
chromosomes begin to condense. At the same time, a number of proteins are recruited to the 
chromosomes to form the chromosome axes, which later become the lateral elements of the 
synaptonemal complex. The axial element proteins that load during this stage are critical for all 
of the later events of meiosis. For example, subsets of these proteins help to establish and 
maintain chromosome condensation and sister chromatid cohesion, both of which are essential 
for accurate chromosome segregation in both mitosis and meiosis. Proper chromatin 
condensation and cohesion are also important for the normal assembly of other axial element and 
SC components, as well as the control of double strand DNA break (DSB) formation and 
subsequent crossover placement. Meiosis-specific cohesin subunits, such as Rec8 in S. 
cerevisiae, REC-8, COH-3 and COH-4 in C. elegans, and REC8 and SMC1! in mammals, also 
appear to have independent roles in promoting homolog pairing and SC assembly (recently 
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reviewed in Wood et al., 2010). Other axis components enable DSB formation and resolution 
(including the appropriate interhomolog vs. intersister repair bias), participate in checkpoint 
signaling, or form a physical scaffold for the assembly of the SC. Many axis proteins engage in 
more than one of these activities, either directly or indirectly. Additional roles for chromosome 
axis components may be appreciated as more of these proteins are identified; for example, the 
recently discovered cohesin subunit Rad21L has been suggested to help establish a “cohesin 
code” for homolog pairing and alignment in mice (Lee and Hirano, 2011; Ishiguro et al., 2011).

As meiosis progresses from leptonema to zygonema (“paired threads”), homologous 
chromosomes begin to pair and align with one another. This is frequently accompanied by a 
large-scale, cytoskeleton-driven rearrangement of the nucleus such that the chromosome ends are 
gathered in a “bouquet” at the nuclear envelope. However, many aspects of the bouquet, 
including its duration/persistence, degree of clustering, and even actin vs. microtubule 
dependence, vary across species. Mutant analyses also suggest potential differences in the 
function of the bouquet in different organisms. The classic view has been that this configuration 
provides a rough alignment of chromosomes that aids in homolog recognition and supports later 
events. Consistent with this, mutant strains of S. pombe that are defective in bouquet formation 
are delayed in homolog pairing and recombination, and bouquet mutants in S. cerevisiae exhibit 
defects in pairing, recombination, and SC formation (reviewed in Ding et al., 2010). Similarly, 
the pam1 mutant in maize does not form a typical bouquet and exhibits incomplete and 
nonhomologous synapsis and unresolved chromosome interlocks (Golubovskaya et al., 2002). In 
mice and Sordaria, the bouquet stage is prolonged when recombination is perturbed, suggesting 
a link between these processes (Liebe et al., 2006; Storlazzi et al., 2010). In contrast, C. elegans 
does not form a classic telomere-mediated bouquet. Instead, connections between the 
microtubule cytoskeleton and regions at one end of each chromosome, called Pairing Centers, 
promote chromosome motion and are critical for timely pairing and appropriate SC assembly 
between homologs (Sato et al., 2009; Penkner et al., 2009). Thus, an emerging view is that 
chromosome movement is important for testing homology and licensing later steps of meiotic 
prophase, and that the clustering of chromosome ends may simply be a byproduct of cytoskeletal 
organization (Koszul and Kleckner, 2009; Sato et al., 2009; Wynne et al. submitted). Because the 
same factors likely mediate both cytoskeleton-based chromosome movement and telomere 
clustering, it has been challenging to separate these functions clearly. Meanwhile, the diversity of 
the phenotypes associated with loss of the bouquet suggests that this configuration may have a 
lesser or greater degree of importance in individual species. Interestingly, one aspect of the 
meiotic chromosome-cytoskeleton connection has been observed in all organisms investigated 
thus far: the involvement of SUN domain (Sad1/UNC-84 homology) proteins. These proteins 
reside in the inner nuclear envelope and, together with KASH domain partners in the outer 
nuclear envelope, act as a bridge between the chromosomes within the nucleus and the 
cytoskeleton outside it. However, the meiotic effects of disrupting SUN protein function vary 
across species (see Chapter IV).

Chapter I. Introduction
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Also during zygonema, programmed double strand DNA breaks (DSBs) are generated by 
the conserved endonuclease Spo11 (Cao et al., 1990; Keeney et al., 1997) and begin to recruit a 
number of components of the DNA repair machinery. A subset of these breaks go on to form 
crossovers, which is achieved when a break is repaired from the homologous chromosome with a 
particular topology (reviewed in Neale and Keeney, 2006; Yanowitz, 2010). The number of 
breaks that are generated is highly species and sex dependent and usually in several-fold excess 
of the number of crossovers formed, indicating that the formation of chiasmata is not the only 
function of the DNA repair machinery or specific repair intermediates in meiosis. The formation 
of recombination intermediates and/or presence of specific repair proteins is required for 
homologous pairing in many organisms, including yeast, plants, and mammals. Based on this 
data, it has been hypothesized that the homology search involved in the DSB repair process is 
important to maintain interhomolog associations at multiple loci (e.g., Cole et al., 2010). 
However, some organisms, including C. elegans and Drosophila, are able to achieve stable 
homolog pairing in the absence of DSB formation and repair, indicating that this is not always 
the case (Dernburg et al., 1998; McKim et al., 1998). Furthermore, while it is known that certain 
areas of the genome are more prone to break formation than others, the factors that control the 
extent and placement of DSB formation are only beginning to be characterized. Recent studies 
have suggested that DNA sequence, chromatin context and meiotic axis structure may all 
influence DSB placement (e.g., Kumar and de Massy, 2010; Kong et al., 2010; Mets and Meyer, 
2009; Edlinger and Schlögelhofer, 2011; Grey et al., 2009).

Through zygonema and into pachynema (“thick threads”), homolog pairing is stabilized 
by the assembly of transverse filaments along these axes to form the proteinaceous synaptonemal 
complex (SC). The involvement of the SC in other meiotic processes varies considerably across 
species. As an extreme case, some fungi do not undergo synapsis (e.g., S. pombe and A. nidulans, 
shown by Bähler et al., 1993 and Egel-Mitani et al., 1982, respectively). In other organisms, SC 
polymerization is critical for the formation of late crossover intermediates (e.g., de Vries et al. 
2005). In many cases, SC formation and DSB repair are interdependent; not only does 
recombination not occur normally in the absence of SC, but the SC does not form normally when 
DSB repair is disrupted (Roeder, 1997; Chua and Roeder 1998, Romanienko and Camerini-
Otero, 2000; Baudat et al., 2000). The polymerization of the SC may also be important for 
stabilizing pairing independent of recombination. In C. elegans, for example, mutants that lack 
transverse filaments (e.g., syp-1) achieve initial homolog pairing in their pairing center regions 
but do not establish robust pairing at distal loci (MacQueen et al., 2002).

During pachynema, a subset of the DSBs that were made in earlier stages are processed 
as crossovers, leading to the exchange of genetic material, or recombination. In most organisms, 
the resulting chiasmata are required to maintain association between homologous chromosomes 
until anaphase I, although several organisms have evolved mechanisms that allow achiasmate 
segregation in one or both sexes (Dernburg et al., 1996; La Fuente et al., 2007; McKim et al., 
1998, and reviewed in Bhalla and Dernburg, 2008). The number of crossovers per chromosome 
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is tightly controlled. In most species, each chromosome must receive at least one crossover (CO), 
but the formation of too many COs, or COs that are too close to one another or to centromeres or 
telomeres, can lead to non-disjunction. While CO site selection may be partially controlled by 
DSB placement, evidence of both CO homeostasis (the maintenance of normal levels of COs in 
the face of significantly reduced DSB formation) and CO interference (the suppression of COs in 
the vicinity of one another) has been found in S. cerevisiae, C. elegans and mammals (recently 
reviewed in Youds and Boulton, 2011), and evidence in several organisms suggests that DSBs 
are converted to COs at different rates in different regions of the genome. In particular, COs are 
often suppressed near centromeres, and may be enriched or suppressed near telomeres, 
depending on the species. The mechanisms that determine whether a particular break will be 
repaired as a crossover (CO) or non-crossover (NCO) are still not well understood, though the 
determination seems to be made relatively early in meiotic prophase. The CO vs. NCO decision 
is affected by chromatin structure, SC structure, and other factors, the relative influence of which 
also vary considerably across species (reviewed in Martinez-Perez and Colaiacovo, 2009). The 
dependence of CO formation on specific proteins also varies across species. For example, the 
Msh4, Msh5 and Mlh1 proteins have been found to be required for CO but not NCO formation in 
S. cerevisiae, while Msh4 and Msh5 seem to be involved in creating both COs and NCOs in 
mammalian systems (Lynn et al., 2007). Both of these proteins are entirely absent in S. pombe 
and D. melanogaster, although analagous complexes may eventually be found. 

Once chiasmata have been established, the synaptonemal complex begins to disassemble 
at diplonema (“two threads”), allowing homologous chromosomes to separate except where 
crossovers have occurred. Chromosomes then condense dramatically at diakinesis, which is 
followed by metaphase and the first meiotic division. These processes are also regulated 
differently in different organisms, but will not be addressed in detail here. 

Understandably, a major goal in the field of meiosis has been to determine how the 
regulation and interplay among meiotic processes have evolved differently along distinct 
lineages. Meiosis has been investigated in molecular detail in most of the common model 
organisms, including mice, insects, nematodes, fungi, Arabidobsis, maize, and several other crop 
plants. Although studies in “non-model” organisms are becoming less rare (e.g., Viera et al., 
2009), the molecular basis of meiosis has still not been investigated in any of the 
lophotrochozoans, a large and diverse class of bilaterian animals that includes molluscs, rotifers, 
annelid worms, and flatworms.

Chapter I. Introduction
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The planarian as a model organism

The freshwater planarian has a long history as a laboratory organism. In the late 19th and 
early 20th centuries, biologists (including Ludwig von Graff, Libbie Henrietta Hyman, T.H. 
Morgan, C.M. Child, and many others; reviewed in Rieger, 1998) were drawn to planarian 
species due to their intriguing capacities for regeneration. A body of literature on planarian 
anatomy, identification, taxonomy, and ecology was published around the turn of the 20th 
century. Notably for the study of meiosis, the chromosomal bouquet was described in the 
planarian Dendrocoelum lacteum in 1921, the result of painstaking 3-D reconstructions of 
meiotic nuclei made by Josef Gelei. Amazingly, Gelei even pioneered micromanipulation 
experiments with meiotic chromosomes to demonstrate their strong connection to the nuclear 
envelope (Gelei, 1921a; 1921b, reviewed in Scherthan, 2001).

Although planarians fell out of favor as an experimental system in the later 20th century, 
as the genetic model presented by Drosophila drew many biologists in a different direction (for a 
compelling history of these parallel model organisms, see Mitman and Fausto-Sterling, 2006), 
several labs continued pioneering work in regenerative and developmental biology in planarian 
species. From the late 1930s to the mid-1980s, Mario Benazzi and Giuseppina Benazzi-Lentati 
and their colleagues conducted a number of cytogenetic studies to characterize the incredible 
diversity of planarian reproductive biology. This group’s careful surveys of the karyotypes and 
“meiotic biotypes” of Europe’s freshwater planarians demonstrated that these species employ 
one or more of several reproductive modes (asexual/fissiparous, parthenogenic, 
pseudoparthenogenic, or sexual), and revealed unique and variable achiasmate or semi-chiasmate 
meioses in a number of polyploid species (reviewed in Benazzi Lentati, 1976). In the 1980s, 
detailed ultrastructural and cytogenetic studies from Gareth Jones and colleagues described a 
correlation between SC length and chiasmata formation in D. lacteum (Jones and Croft, 1989), 
and unusual partially synaptic and achiasmate spermatogenesis and oogenesis in a rhabdocoel 
flatworm, Mesostoma ehrenbergii ehrenbergii1 (Oakley, 1982; Oakley and Jones, 1982; Oakley, 
1985; Croft and Jones, 1989). A number of ultrastructural studies of Polycelis tenuis from 
Theodore Lender’s laboratory also contributed to a detailed picture of planarian spermatogenesis 
and other anatomy at the nanometer scale (Franquinet and Lender, 1972; 1973). 

Beginning in the 1990s, increased interest in stem cell biology brought planarians back 
into the spotlight as model organisms (Newmark and Sánchez Alvarado, 2002). Today, molecular 
studies have been conducted in several species, notably Dugesia japonica, Dugesia ryukuensis, 
Schmidtea mediterranea, and Schmidtea polychroa, and the genome of S. mediterranea has been 
sequenced (Robb et al., 2007). The phylogenetic position of planarians within the animal 
kingdom has also been clarified relatively recently. For many years, it had been assumed that the 
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1 The remarkable M. e. ehrenbergii segregates four of its seven chromosomes via unknown achiasmate mechanisms, 
while the other three chromosomes are undergo more traditional synapsis and recombination, carried out in special 
extensions of the nuclear envelope that form during meiotic prophase (Croft and Jones, 1989).
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‘simple’ body plan of the flatworm indicated a basal position within the bilateria. More recently, 
molecular phylogenetic studies based on rDNA sequences have shown that this is not the case; 
rather, the platyhelminthes fall within the lophotrochozoa, a sister group of the ecdysozoa within 
the protostomes (Carranza et al., 1998; Adoutte et al., 2000). This reclassification has also been 
supported by detailed comparative anatomy studies (Carranza et al., 1997). The most recent 
analyses have placed the platyhelminthes as an early branching group within the lophotrochozoa 
(Philippe et al., 2005; Lartillot and Philippe, 2008; Nesnidal et al., 2010), although the animal 
phylogeny remains somewhat controversial (see Fig. 2). 

Despite the intriguing studies conducted by Gelei, Benazzi, and Croft, and the increasing 
availability of modern molecular and cell biological tools, the molecular basis of meiosis has not 
yet been investigated in planarians, and it has been unclear to what extent homologs of meiotic 
proteins identified in other organisms have conserved functions in these organisms. Meanwhile, 
its phylogenetic position and the idiosyncratic reproductive biology observed across species 
make planaria an exciting system in which to investigate the roles of meiotic proteins, and the 
functional relationships among them, over evolutionary time. 

Among the planarian species, S. mediterranea is particularly attractive for the study of 
meiosis. These animals are diploid and hermaphroditic, and both sexually-reproducing and 
asexual strains have been established in the laboratory. The small number of chromosomes (2n = 
8), combined with abundant testes, facilitate cytological analyses. RNAi effectively disrupts 
protein expression and is relatively simple to perform (Sánchez Alvarado and Newmark, 1999; 
Newmark et al., 2003; Gurley et al., 2007). Comparative gene expression studies have identified 
a number of genes that are expressed in adult sexual S. mediterranea but not in juveniles or an 
asexual, germline-less strain (Zayas et al., 2005, Wang et al. 2010), providing candidate genes 
that are likely to be involved in reproduction. Similarly, the availability of a sequenced genome 
has allowed the identification of homologs of genes that are known to be involved in meiosis in 
other organisms (Robb et al., 2007). With respect to the reproductive diversity among planarians, 
the closely related species S. polychroa can live and reproduce as a diploid, a 
pseudoparthenogenic triploid, or a tetraploid (D’Souza et al., 2005; personal observations), and is 
beginning to be appreciated as a good model for the study of parthenogenesis (D’Souza and 
Michiels, 2009). Comparative studies of meiosis vs. pseudoparthenogenesis in these two species 
may help to illuminate how major changes in the regulation of meiosis can occur over a 
relatively short evolutionary period.

In this work, I have investigated meiosis in S. mediterranea spermatocytes for the first 
time at the molecular level (Chapter II). Based on the molecular information available at the 
outset of these studies, I chose to use a targeted screen approach, identifying a number of 
candidate meiotic genes through BLAST search and additional resources (as described above) 
and using RNAi to examine knockdown phenotypes. The resulting studies have touched on many 
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aspects of the meiotic program, providing a solid foundation for the further study of 
spermatogenesis in S. mediterranea. In particular, I identified and characterized two separate 
genes that encode proteins with key roles in meiotic prophase: the axial element protein Smed-
HOP1, which is critical for recombination, homolog pairing, and synapsis (Chapter III), and the 
nuclear envelope protein Smed-SUN1, which is essential for bouquet formation and homolog 
pairing (Chapter IV). I will also describe the preliminary characterization of several other 
proteins with roles in meiosis (Chapter V) and provide a detailed discussion of the new 
cytological tools and strategies developed in this work (Chapter VI).

Chapter I. Introduction
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Chapter II. Characterization of spermatogenesis in wild-type S. mediterranea

Introduction

As discussed at length in Chapter I, there is significant diversity in the meiotic program 
across species. Although cytogenetic studies have been conducted in several flatworm species 
over the past century, meiosis has not been described in molecular detail in any planarians. Thus, 
a major goal of my studies was to characterize wild-type meiosis in S. mediterranea. Below, I 
will describe the basic reproductive biology of these animals, as well as some key events of 
meiotic prophase that I have examined using modern cytological tools: changes in chromosome 
morphology throughout prophase (assayed by DAPI staining), bouquet formation (assayed by 
telomere FISH and immunofluorescence to Smed-SUN1), homolog pairing (assayed by 
chromosome-specific FISH), axial element dynamics (assayed by immunofluorescence to Smed-
HOP1), and double strand DNA break dynamics (assayed by immunofluorescence to Smed-
RAD51). The results of these studies reveal a number of intriguing phenomena in S. 
mediterranea spermatogenesis, including a persistent telomere bouquet and concomitant changes 
in nuclear envelope organization, a striking clustering of DSBs in telomere-proximal regions, 
and interesting axial element dynamics throughout meiotic prophase. 

Results

The reproductive biology of Schmidtea mediterranea

Adult, sexual S. mediterranea (depicted in cartoon form in Figure 1A) range from 
approximately 1-2 cm in length and are obligate hermaphrodites. Mature sexual animals can be 
distinguished from juveniles by the presence of a gonopore on the ventral surface, approximately 
2-4 mm from the tail tip, as well as by their size. In general, animals reach sexual maturity 
between two and three months after hatching or lateral amputation (to 2-3 mm pieces) and will 
continue to grow in size, albeit more slowly, for another several months. Animals begin mating 
when they reach sexual maturity but usually do not lay egg cases until they are 1.5 cm in length 
or larger, and the hatching rates of these cases is quite low. The basis of this poor fertility is not 
known, but may be related to the extensive inbreeding of the initial clonal line. 

Mature sexual animals contain abundant testes lobes in the posterior 1/2 to 2/3 of the 
body, and ovaries can be found just behind the basal ganglia in the head region of the animal. 
Both testes and ovaries develop from pluripotent neoblasts as the animals grow in size upon 
development from hatchlings or regeneration from cut fragments and are resorbed when the 
animal degrows in response to starvation. Work in Dugesia ryukyuensis has described five stages 
of both planarian testis and ovarian development upon sexualization, which appear to be 
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paralleled in maturing S. mediterranea (Kobayashi and Hoshi, 2002; Wang et al., 2007). Of 
interest, several protein and hormone determinants of germ cell fate have been identified in S. 
mediterranea (Zayas et al., 2005; Wang et al., 2007; Handberg-Thorsager and Saló, 2007; Wang 
et al., 2010; Collins et al., 2010). 

Planarian testis organization and nuclear morphology of spermatocytes

Mature testis lobes resemble mammalian seminiferous tubules, with mitotically dividing 
spermatogonia forming the outer layer of the lobe, meiotic spermatocytes organized in a loosely 
temporal progression from the outer layer in, and spermatids at various stages of maturity are 
found in the lumen of the testis lobe (Fig. 1B,C). Spermatocytes progress through meiosis in 
groups of eight nuclei that are derived from the same spermatogonial cell and produce 32 
spermatids (as described in Polycelis tenuis; Franquinet and Lender, 1972; 1973). Due to the 
highly flexible nature of the planarians — both developmentally and mechanically — the exact 
dimensions of the testes are difficult to determine, but in general mature testes contain several 
hundred spermatocytes and occupy a volume of roughly 100 !m x 100 !m. The testes may 
continue to grow in volume and nucleus number as the individual planarian becomes larger, but 
fully mature spermatids are observed in the smaller testes of animals that have just reached 
sexual maturity. Throughout this work, I have mainly studied small mature animals, both to save 
time in culture and because smaller animals are more amenable to preparation for cytology. 

A number of distinct stages of meiotic prophase can be identified based on the 
morphology of DAPI-stained chromosomes in well-fixed tissue cryosections (Fig. 1D-L). It is 
generally possible to distinguish leptotene/zygotene nuclei (Fig. 1E, F), which contain partially 
condensed chromosomes, from pachytene-like nuclei (Fig. 1G), which appear to have a fully 
polymerized synaptonemal complex (SC) between homologs, as reflected by clearly parallel 
DAPI-staining tracks. As shown in Figure 1L, quantification of these stages showed that 
approximately 40% of all non-spermatid testis nuclei can be classified as leptotene/zygotene, and 
about 22% of all nuclei exhibit pachytene (synapsed) morphology, with some variation between 
testis lobes (n=767 nuclei; two independent testes sections in each of four animals). 
Transmission electron microscopy of thin sections (Fig. 1N; Fig. 6) revealed a similar proportion 
of non-spermatid nuclei with visible synaptonemal complex structures (9/51; 18%), indicating 
that pachytene chromosome morphology as assessed by DAPI staining can be considered a 
reliable proxy for SC formation. Occasionally, groups of enlarged diplotene-like nuclei or 
compact, diakinesis-like nuclei can be observed in some testes (Fig. 1H, I); their low abundance 
suggests that these stages may be quite transient. The fact that certain stages of spermatogenesis 
are not found in all testes also suggests that, like mammalian seminiferous tubules, planarian 
testes may each contain distinct groupings of germ cells at particular stages of development (for 
a review of mammalian spermatogenesis, see Hermo et al., 2010).
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Formation of the telomere bouquet and concomitant redistribution of Smed-SUN1

One key event described in the meiotic prophase of nearly all organisms is the de novo 
attachment of chromosome ends to the nuclear envelope and their clustering within a limited 
region of the nucleus (bouquet formation). As described in Chapter I, a classical bouquet has 
been previously characterized in cytogenetic and mechanical detail in the planarian 
Dendrocoelum lacteum, but bouquet formation has not been investigated specifically in S. 
mediterranea. In order to observe bouquet formation, I developed DNA FISH techniques 
(described in more detail in Chapter VI) and synthesized a probe that hybridizes to the planarian 
telomere sequence (TTAGGG; identified in Polycelis tenuis, Joffe et al., 1998) in order to 
examine telomere localization in spermatocytes. Telomere FISH to tissue cryosections showed 
that the majority of prophase nuclei (80.9%) are organized in an obvious bouquet, with telomeres 
clustering together at the nuclear envelope (Fig. 2A,F). Interestingly, the bouquet conformation 
persists in nearly all pachytene nuclei. This is in striking contrast to other organisms, in which 
the bouquet is relatively transient (e.g., only 0.3-0.6% of spermatocytes in mouse; (Liebe et al., 
2006) and 5-10% of meiocytes in Sordaria; Storlazzi et al., 2010) or at least dispersed upon 
entrance to pachytene (reviewed in Scherthan, 2007).

Although telomere FISH is a robust assay for bouquet formation, I was also interested in 
developing other markers for the bouquet. In many organisms, nuclear envelope proteins 
containing a SUN (Sad1/UNC-84 homology) domain associate intimately with chromosome 
ends (i.e., telomeres or Pairing Centers) during meiosis and are involved in meiotic chromosome 
reorganization (reviewed in Fridkin et al., 2008 and Hiraoka and Dernburg, 2009). I identified 
several candidate genes in S. mediterranea by searching the genome for regions with homology 
to a consensus SUN domain. Three genes were identified (mk4.001469.07.01, 
mk4.001275.01.01, and mk4.003039.01.01) and designated Smed-SUN1, SUN2, and SUN3, 
respectively. We generated an antibody specific to the protein with the greatest homology to C. 
elegans SUN1 (Smed-SUN1) and I investigated its localization by immunofluorescence in tissue 
cryosections. These experiments revealed that SUN1 is widely expressed and localizes 
throughout the nuclear envelope in many cell types (see Chapter IV, Figure 1). In spermatocytes, 
SUN1 concentrates dramatically at a limited region of the nuclear envelope. Immunostaining 
combined with FISH demonstrated that this region corresponds to the cluster of telomeres in the 
bouquet (Fig. 2B). This localized SUN1 staining persists throughout pachytene, similar to the 
bouquet, and SUN1 can therefore be used as a marker for the bouquet as an alternative to 
telomere FISH. Notably, the region of the nuclear envelope occupied by SUN1 in S. 
mediterranea spermatocytes is somewhat broader than has been observed in other organisms, 
where the SUN domain proteins that are involved in the movement of meiotic chromosomes 
often co-localize very tightly with chromosome ends. Strong SUN1 staining can also be observed 
throughout the nuclear envelope (i.e., not concentrated in one domain) in immature spermatids.

Chapter II. Spermatogenesis in wild-type S. mediterranea
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Stable pairing of homologous chromosomes occurs late in the meiotic program

The stable pairing and alignment of homologous chromosomes is perhaps the most 
critical event of meiotic prophase, but also one of the most challenging to investigate. I examined 
homolog pairing dynamics using chromosome-specific FISH in tissue cryosections. I synthesized 
two chromosome-specific probes, one that recognizes a centromeric region of Chromosome II 
(CEN-2; 5’-GCT ATC ATG TAG AGA ATC AAA-3’) and one that recognizes the rDNA locus at 
one end of Chr. II, and examined their localization in spermatocytes and also metaphase 
chromosome spreads (described in more detail in Chapter VI). I found that the rDNA probe is not 
ideal for assaying pairing, at least in the context of the telomere bouquet, as it is located in a 
subtelomeric region and its signal is sometimes quite diffuse in spermatocyte nuclei. The CEN-2 
probe, on the other hand, is distant from telomeres, and thus a more useful tool for assaying 
homolog pairing (Fig. 2C,D). Although the CEN-2 probe shows some hybridization to the 
centromeric region of Chr. III as well as to Chr. II in metaphase chromosome spreads, the weak 
signals from Chr. III that can be seen in some spermatocyte nuclei are easily distinguished from 
the brighter foci on Chr. II, and this does not usually present a significant hurdle to assaying 
homologous chromosome pairing with this probe.  

Hybridization with the CEN-2 probe indicated that, despite the early clustering of 
telomeres in a bouquet conformation, homolog pairing does not occur until relatively late in the 
meiotic program, at least at this locus. CEN-2 foci remain well separated in leptotene and 
zyogtene stage spermatocytes (Fig. 2C), even though most of these nuclei exhibit telomere 
clustering. When I measured the distance between FISH foci in three classes of nuclei (pre-
meiotic, leptotene/zygotene, pachytene), I observed a similar distribution of distances in pre-
meiotic nuclei and leptotene/zygotene spermatocytes (2.34 ± 1.07 !m vs. 2.09 ± 0.99 !m; 
p=0.462). There was no obvious class of zygotene nuclei with paired CEN-2 signals. Extensive 
pairing at this locus was achieved only in pachytene nuclei, which appear to have essentially 
complete SC formation (1.10 ± 0.77 !m; p<0.001 compared to earlier stages) (Fig. 2D,E). This 
observation may suggest that synapsis occurs relatively quickly after pairing is accomplished, or 
perhaps that SC polymerization is required to stabilize pairing, as in C. elegans (MacQueen et 
al., 2002). This observation would also be consistent with particularly late pairing of centromeres 
(i.e., relative to other loci), as has been observed in many organisms. Although I have not 
observed any indications of pre-meiotic association of centromeres or other special behavior for 
centromeric regions, it is certainly possible that centromeres exhibit their own unique pairing 
dynamics. Nevertheless, these data indicate that chromosomes are likely not fully paired for an 
extended amount of time prior to synapsis.
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The axial element component HOP1 loads early in prophase and persists through pachytene

Another marker of progression through meiosis is the formation of meiotic axes. We 
generated an antibody to the axial element protein Smed-HOP1 (mk4.001053.00.01), which was 
identified by a homology search of the S. mediterranea genome with the S. cerevisiae Hop1 
protein sequence, and examined its localization in cryosections. As shown in Figure 3B, foci of 
HOP1 appear on meiotic chromosomes very early in MI prophase (probably at leptotene). Nuclei 
with weak HOP1 staining and dispersed telomeres are observed occasionally, but are much less 
abundant than nuclei with both HOP1 staining and telomere clustering, showing that HOP1 
loading occurs approximately concomitant with or slightly before bouquet formation. This early 
loading also makes HOP1 a good marker for distinguishing between spermatocytes and pre-
meiotic spermatogonia. 

Several other aspects of HOP1 staining may be useful for identifying substages of 
meiotic prophase. In particular, HOP1 staining appears weaker near the bouquet in some 
zygotene nuclei (Fig. 3C), which may be indicative of a distinct event in or substage of zygotene. 
It is often possible to observe a cluster of nuclei that all exhibit this pattern (e.g., Fig. 3A, lower 
right), further indicating that this phenomenon has a biological basis and is not simply artifactual. 
It is not clear whether this weakened staining represents a temporary removal of the HOP1 
protein or perhaps a modification of the protein or its local environment that masks its antigen 
availability. Several recent studies of Hormad1 and Hormad2, the mouse homologs of HOP1, 
have shown that these proteins are depleted from chromosome axes after Sycp1 loading (Wojtasz 
et al., 2009; Fukuda et al., 2010). However, in S. mediterranea, HOP1 staining generally appears 
to be strong and essentially contiguous on all chromosomes in pachytene nuclei, indicating that it  
is not permanently removed from axes upon synapsis (Fig. 3D). An alternative possibility is that 
HOP1 is transiently masked upon SC loading; epitope masking upon synapsis has been observed 
for ASY1 in Z. mays (Golubovskaya et al., 2006). In well-stained sections, the stronger staining 
and increased spatial separation of distinct HOP1 stretches in pachytene can also be used to help 
distinguish pachytene nuclei from zygotene nuclei.

Double strand DNA breaks (DSBs) appear in zygotene, peak and resolve during pachytene, and 
are concentrated near the bouquet

The programmed formation of double strand DNA breaks (DSB) during meiosis is 
essential for crossover recombination. Because the number and timing of DSB formation varies 
widely between sexes and across organisms, we were especially interested in characterizing DSB 
dynamics in S. mediterranea. In collaboration with Youbin Xiang at the Hawley lab (manuscript 
in preparation), we investigated DSB formation using immunofluorescence to Smed-RAD51 in 
testis cryosections. This highly conserved protein localizes to resected DSBs, where it promotes 
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the formation of DNA strand invasion intermediates that are crucial for subsequent break repair. 
RAD51 foci are frequently used as a proxy for the presence of DSBs. 

Co-staining with RAD51 and SUN1 reveals clusters of RAD51 foci at/near the bouquet 
in leptotene/zygotene nuclei and some pachytene nuclei (Fig. 4A). The clustered nature of 
meiotic DSBs is also highly likely to be the product of a regulated biological process, as X-
irradiation (10 Gy, at 1.0 Gy/min) resulted in an increased number of RAD51 foci that were 
distributed more evenly throughout the nucleus, in spermatocytes at all stages of meiotic 
prophase (Fig. 4B). In non-irradiated animals, focus formation appears to begin in zygotene (Fig. 
4D) and peak around 20-30 clustered foci in pachytene (Fig. 4E), although some pachytene 
nuclei exhibit somewhat fewer and more dispersed (non-clustered) RAD51 foci (Fig. 4F). 
Quantification of RAD51 foci per nucleus in these different stages is shown in Figure 4G. 
Notably, RAD51 foci are generally observed at one end of a stretch of HOP1 and usually do not 
coincide with HOP1 staining.

  

TUNEL staining reveals low baseline levels of germline apoptosis and significant programmed 
DNA breaks in maturing spermatids

In many metazoans, DNA damage or the failure of synapsis during meiosis trigger 
distinct surveillance mechanisms that lead to the apoptosis of the affected cells (Bhalla and 
Dernburg, 2005). In order to examine the baseline level of germline apoptosis in S. 
mediterranea, I conducted TUNEL to cryosectioned animals. TUNEL enzymatically detects 
broken DNA and therefore strongly labels the nuclei of apoptotic cells that have initiated 
programmed DNA degradation (Gold et al., 1994; Negoescu et al., 1996). In S. mediterranea, 
apoptosis is strongly upregulated at the cut site within 4-8 hours after amputation (Pellettieri et 
al., 2009), which I was able to take advantage of as a positive control for these experiments.

As shown in Figure 5, TUNEL to 30 !m longitudinal sections of wild-type animals 
indicates a low level of germline apoptosis, with one or more TUNEL-positive spermatocytes 
observed in only about 10% of all testis sections (~0.1-0.3% of testis nuclei). Interestingly, 
considerable numbers of TUNEL-positive spermatids can be observed in the lumen of 10-26% of 
testes in some wild-type animals (Fig. 5D). The same phenomenon is observed in mice and 
humans due to DNA breaks that are necessary for chromatin remodeling and sperm nucleus 
packaging and are made by Topoisomerase II during stages IX-XII of the seminiferous 
epithelium cycle (Marcon and Boissonneault, 2004; Leduc et al., 2008). This presents a 
challenge to the unambiguous identification of apoptotic nuclei, as it is difficult to distinguish 
apoptotic spermatocytes from immature spermatids that may be undergoing chromatin 
remodeling, which could lead to under- or overcounting of apoptotic cells. The relatively small 
number of TUNEL-positive spermatocytes in each testis, in combination with the variable sizes 
of testes in wild-type animals (due to normal differences in development, size, feeding habits, 
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etc.) also complicates the precise quantification of number of apoptotic events per round of 
spermatogenesis. Furthermore, feeding habits can affect the level of apoptosis in S. 
mediterranea; in asexual animals, the number of apoptotic nuclei distributed throughout the 
animal doubles between 1 and 2 weeks after the last feeding (Pellettieri et al., 2009). Increased 
apoptosis is likely to be part of the mechanism by which the reproductive organs regress in 
response to starvation, and could thus also present difficulties for the quantitation of germline 
apoptosis in this animal. 

Despite these challenges, the results of TUNEL in wild-type testis sections are consistent 
with a low baseline level of germline apoptosis. The large number of TUNEL-positive 
spermatids in some testes, likely representing chromatin remodeling during sperm nucleus 
packaging, also reveals another parallel between spermatogenesis in S. mediterranea and 
mammalian systems.

Discussion

Several features of meiosis in S. mediterranea stand out as especially unique and 
interesting. Strikingly, the telomere bouquet is formed early in meiotic prophase and persists 
through the pachytene stage, while homolog pairing occurs relatively late and apparently almost 
concurrently with synapsis. The duration of the bouquet stage varies considerably between 
species, and the factors that determine the length of the bouquet stage relative to other stages of 
meiotic prophase are not well understood. In S. cerevisiae, maize, and mice, bouquet dissolution 
is linked to the progression of recombination through the ATM kinase, and the bouquet stage is 
extended when recombination or ATM signaling is disrupted (Pandita et al., 1999; Scherthan et 
al., 2000; Harper et al., 2004; Liebe et al., 2006); bouquet dissolution is also connected to the 
resolution of specific recombination intermediates in Sordaria (Storlazzi et al., 2010). In C. 
elegans, exit from the “transition zone” seems to be contingent on the satisfaction of some 
homolog pairing surveillance mechanism and/or completion of synapsis (e.g., Carlton et al., 
2006; MacQueen et al., 2002). Thus, the dynamics of nuclear organization during meiosis may 
be regulated by different mechanisms in different species. The particularly long-lived bouquet in 
S. mediterranea may indicate that bouquet exit in this organism is connected with a later stage of 
recombination, for example, or that recombination progresses relatively slowly in this organism. 
Alternatively, it may be evidence of a continued requirement for chromosome motion after 
synapsis, for example, to resolve chromosome interlocks, as has been suggested in several 
species (e.g., Golubovskaya et al. 2002, Sheehan and Pawlowski, 2009; Koszul and Kleckner, 
2009). In the future, identification of genes for which knockdown causes premature bouquet exit 
in S. mediterranea could lead to a better understanding of the factors that regulate nuclear 
organization during meiotic prophase.
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It has also been suggested that genome content and structure may heavily influence 
bouquet and homolog pairing dynamics (Koszul and Kleckner, 2009; Bozza and Pawlowski, 
2008). Some features of the S. mediterranea genome, most notably its very high repeat content 
(approximately 46%; Jurka et al., 2005; SmedGD v. 3.1 release notes), could generate significant 
ectopic pairing and thus present a challenge for homolog recognition. In this situation, a 
particularly long-lived homology search in the context of the bouquet, and/or long period of 
cytoskeleton-based chromosome movement, might be required in order to achieve proper pairing 
and recombination initiation. The relative lack of zygotene nuclei with fully paired homologs 
(i.e., paired CEN-2 foci) is also consistent with this hypothesis. However, this is not sufficient to 
explain why the bouquet conformation persists through pachytene.

Telomere-proximal regions may play a special role in DSB formation and recombination 

Another particularly interesting observation from this study is that RAD51 foci cluster 
dramatically near the bouquet, implying that telomere-proximal regions of the genome may act 
as hotspots for DNA break formation. This idea is not unprecedented; DSB mapping studies in S. 
cerevisiae using ChIP have shown that breaks are suppressed within ~20 kB of telomeres but 
elevated between 50 and 100 kB from chromosome ends (Blitzblau et al., 2007; Buhler et al., 
2007), and suggested that an enrichment of DSBs near telomeres would help ensure that all 
chromosomes, even very short ones, could receive at least one crossover. Studies in many plant 
species (summarized in Phillips et al., 2010) indicate that recombination occurs most frequently 
at distal regions of chromosomes. Cytogenetic studies in D. lacteum and M. e. ehrenbergii also 
suggest that chiasma distribution is skewed toward chromosome ends in spermatocytes in several 
flatworm species (Jones and Croft, 1989; Oakley and Jones, 1982). Nevertheless, the pronounced 
clustering of RAD51 foci in S. mediterranea is a novel finding and thus far unique among animal 
species. The relative absence of DSBs at interstitial loci in most nuclei may also have interesting 
implications for the role of telomere-proximal recombination intermediates in mediating 
homolog pairing and alignment. Recently, Corredor and colleagues showed that subtelomeric 
regions, but not other regions of the chromosome, are involved in homology assessment and 
synapsis initiation in wheat, and suggest that restricting the homology search to a small portion 
of each chromosome may protect against inappropriate recombination and pairing of 
homeologous loci in allodiploid organisms (Corredor et al., 2007). Given the variable ploidy 
levels observed throughout the planaria, it is tempting to speculate that a similar mechanism 
might be active in S. mediterranea.

The factors that determine DSB placement within the genome are still not well 
understood. They appear to include sequence motifs, which vary widely from species to species, 
chromatin state, which can be affected by transcriptional activity as well as specific chromatin 
modifications, and chromatin loop/axis structure. In particular, gene-rich regions are known to be 
prone to DSBs, relative to heterochromatic regions (e.g., Blitzblau et al. 2007). While the gene 
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structure of S. mediterranea is not known, chromosome banding studies indicate that there may 
be some heterochromatin enrichment at the telomeres and around centromeres (Canovai et al. 
2004). This would be somewhat inconsistent with an enrichment of coding regions in 
subtelomeric regions, at least for some chromosomes. In any case, it is clear that the observed 
DSB clustering in S. mediterranea is generated by a specific biological activity, as irradiation 
does not produce the same pattern of RAD51 distribution. With this in mind, it will be very 
interesting to identify the factors that promote DSB (and potentially crossover) formation 
specifically in this region.  

HOP1 also appears to be particularly dynamic near the bouquet, with weaker staining in a 
subset of zygotene nuclei. Given that HOP1 is required to generate DSBs in S. mediterranea 
(shown in Chapter IV), it is reasonable to hypothesize that this phenomenon may be related to 
the DSB clustering in this region. For example, this change in staining might reflect a difference 
in chromatin or axis structure that specifically permits or encourages DSB formation and masks 
the HOP1 epitope (possibly related to SC loading, as observed in maize and Arabidopsis; 
Golubovskaya et al. 2006), or some local modification of the HOP1 protein related to its DSB 
promoting activity that alters antigen availability. An alternative, though not mutually exclusive, 
possibility is that this weaker staining reflects a temporary removal of the HOP1 protein upon the 
initiation of central element loading. In mice, the HOP1 homologs HORMAD1 and -2 are 
removed from axes in a PCH2/TRIP13-dependent manner upon central element polymerization, 
which may be important for the function of the synapsis surveillance mechanism and/or normal 
completion of crossovers (Wojtasz et al., 2009; Roig et al., 2010); a similar Pch2-dependent 
depletion of Hop1 from synapsed axes occurs in S. cerevisiae (Börner et al., 2008). Consistent 
with this, telomere-proximal loci have been suggested to serve as synapsis initiation sites in 
several organisms, including the planarian D. lacteum (Jones and Croft, 1989), and sites of 
recombination have also been suggested to initiate central element loading in many organisms. 
Based on chromosome morphology alone, it is difficult to discern whether the regions of 
zygotene chromosomes in S. mediterranea that do not stain with HOP1 have synapsed or not, but 
this will be interesting to investigate as the appropriate reagents are developed.

Conclusions

The intriguing clustering of double strand breaks and HOP1 dynamics observed near 
telomeres will make S. mediterranea a particularly interesting organism in which to study the 
role of telomeres and telomere-proximal regions in initiating meiotic recombination and 
synapsis. The persistent bouquet may also offer an opportunity to investigate the specific role of 
telomere clustering in other meiotic processes, as well as factors that regulate nuclear 
organization during meiosis. In addition, spermatogenesis in S. mediterranea resembles 
mammalian spermatogenesis in terms of testis organization and some aspects of sperm 
maturation, and may be an accessible model for mammalian spermatogenesis.  
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Materials and methods - see Chapter VI.
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Chapter III. Smed-HOP1 is required for double strand break formation, homolog pairing, 
synapsis, and progression through meiosis

Introduction

The axial element Hop1 was first identified in S. cerevisiae in a screen for mutants 
defective in homolog pairing (Hollingsworth and Byers, 1989). Subsequent work on Hop1 in 
yeast has shown that it loads onto chromosome axes early in meiosis and is required for the 
appropriate pairing, recombination, synapsis, and segregation of homologous chromosomes 
(Hollingsworth and Byers, 1989; Hollingsworth et al., 1990). In 1998, it was appreciated that 
Hop1 shared a region of significant homology with the DNA polymerase Ϛ subunit Rev7 and the 
spindle assembly checkpoint protein Mad2 (mitotic arrest deficient 2). These proteins all play 
roles in linking DNA damage recognition with subsequent checkpoint signaling, suggesting that 
the HORMA domain (Hop1, Rev7, Mad2) might be specifically involved in these processes 
(reviewed in (Aravind and Koonin, 1998)).

Meiotic homologs of Hop1 have been identified in Arabidopsis and maize (ASY1), C. 
elegans (HIM-3, HTP-1 -2, and -3), and mammals (HORMAD1, HORMAD2). These proteins 
all localize to chromosome axes but have distinct effects on other events in meiosis. For 
example, in C. elegans, disruption of him-3 or htp-3 causes failure in chromosome clustering, 
pairing, and synapsis, while conversely, disruption of the paralogous htp-1 results in 
inappropriate synapsis between non-homologous chromosomes (reviewed in Colaiacovo, 2006; 
Goodyer et al., 2008). Furthermore, a pair of recent studies in mice have shown that hormad1 is 
required to achieve wild-type levels of double strand break and crossover formation, and that 
Hormad1 has independent roles in facilitating normal homolog alignment and SC formation and 
meiotic checkpoint signaling (Shin et al., 2010; Daniel et al., 2011). Therefore, I was interested 
in exploring the functions of HOP1 in S. mediterranea.

Results

Smed-HOP1 loads early in prophase and persists through pachytene

As discussed in Chapter II, I identified the HORMA domain-containing protein Smed-
HOP1 (mk4.001053.01) by a BLAST search of the S. mediterranea genome with the S. 
cerevisiae Hop1 protein sequence (alignment shown in Figure 1). We generated an antibody to 
this protein, and I examined its localization in cryosections. 

As shown in Figure 1B, HOP1 appears on meiotic chromosomes very early in MI 
prophase, approximately concomitant with or slightly before bouquet formation. Interestingly, 

1
33



HOP1 staining appears weaker near the bouquet in some zygotene nuclei. This may suggest that 
the HOP1 protein in this region of the nucleus is temporarily removed from axes. However, 
Smed-HOP1 appears to be stronger and more contiguous on all chromosomes in pachytene 
nuclei, indicating that it is not permanently removed from axes upon synapsis (in contrast to 
Hormad1 and Hormad2 in mouse; Wojtasz et al., 2009; Fukuda et al., 2010). Alternatively, HOP1 
may be transiently modified in a way that alters its antigen availability, or that the local 
environment of the axis may be modified for a short period during meiotic prophase such that 
our HOP1 epitope is masked (e.g., Golubovskaya et al. 2006). 

RNAi of Smed-hop1 disrupts homolog pairing, synapsis, and DSB formation 

Based on the diverse roles that Hop1 homologs play in homolog pairing, programmed 
DNA double strand break formation, SC formation, and meiotic checkpoint signaling, I was 
interested in studying the effect of HOP1 depletion in S. mediterranea. Strikingly, hop1(RNAi) 
caused a dramatic shift in the proportion of nuclei in each stage of meiotic prophase, and mature 
spermatids were not observed (Fig. 2A). In wild-type testes, approximately 22% of all nuclei 
displayed a pachytene-like (synapsed) chromosome morphology. This was never observed in 
hop1(RNAi) testes (p<0.001), indicating a complete failure of synapsis (Fig. 2A,D). Probably as 
a direct consequence, the proportion of nuclei with leptotene/zygotene morphology was greatly 
elevated (70% of all nuclei vs. 40% in wild type; p<0.001, Fig. 2D). These results indicate that 
HOP1 is required for SC loading and progression through meiosis, and that the absence of HOP1 
leads to meiotic arrest and the accumulation of nuclei in early prophase. 

Bouquet formation and the accompanying redistribution of SUN1 were not affected by 
HOP1 knockdown (Fig. 2B), indicating that HOP1 is unlikely to be required for chromosome 
attachment to the nuclear envelope or for reorganization, and also that axes must be at least 
somewhat functional in hop1(RNAi), in contrast to what has been described for other components 
of meiotic chromosome axes (Liebe et al., 2004; Golubovskaya et al., 2006). Indeed, telomere 
bouquets sometimes appeared more tightly clustered in hop1(RNAi) animals. However, homolog 
pairing at centromeric loci was not observed in animals lacking hop1 function. FISH experiments 
showed that CEN-2 foci remain separated in most spermatocytes, even those with a telomere 
bouquet (Fig. 2C). This indicates that HOP1 is required to achieve stable homolog pairing in S. 
mediterranea. The distances between CEN-2 foci are somewhat larger in hop1(RNAi) than in 
wild-type (2.58 ± 1.3 !m vs. 2.09 ± 0.99 !m; p=0.004, Fig. 2E), indicating that although the 
bouquet appears to form normally, distal loci may be slightly more dispersed in hop1(RNAi). 
This may be similar to the alignment defects observed in Hormad1-/- mice (Daniel et al., 2011).

HOP1 knockdown also disrupted normal DSB dynamics. Few or no RAD51 foci were 
observed in hop1(RNAi) spermatocytes (Fig. 3A). However, abundant RAD51 foci were detected 
following irradiation of hop1(RNAi) animals (Fig. 3B), indicating that RAD51 can still be 
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recruited to DSBs even when HOP1 is not present on axes. Together, these results strongly 
indicate that HOP1 is required for DSB formation in S. mediterranea. (These experiments were 
performed by Youbin Xiang and analyzed jointly; manuscript in preparation).

Mature spermatids are not produced, but apoptosis is not obviously elevated, in hop1(RNAi)

Consistent with the apparent arrest of meiosis prior to synapsis, mature spermatids were 
never observed in hop1(RNAi) testes. DAPI-bright bodies resembling immature spermatids were 
sometimes observed, but were less abundant than in wild type. This suggests the presence of 
some culling mechanism, possibly induced by the presence of axes lacking SC, that prevents 
cells with inappropriately synapsed nuclei from developing into mature spermatids and removes 
them from the testes. I attempted to quantify apoptosis in the testes of these animals using 
TUNEL (Fig. 4). Analyses of 640 testis sections in seven animals revealed one or more apoptotic 
nuclei in roughly 10% of testes lobes, but never any massive or widespread TUNEL staining of 
spermatocytes. Due to the variable sizes/stages of testes in S. mediterranea, as well as the 
variable numbers of TUNEL-positive nuclei observed from animal to animal in wild-type, it is 
not possible to quantitatively compare the level of apoptosis in hop1(RNAi) to that in wild-type 
testes, but the data do not suggest a gross elevation of apoptosis in hop1(RNAi). These data also 
show that apoptosis is not blocked in hop1(RNAi).

Discussion

Studies in many systems suggest that HORMA domain-containing axial element proteins 
have three critical and at least partly independent functions in meiosis. First, they promote 
double strand break formation (and possibly other early steps in recombination), second, they 
facilitate SC central element loading and polymerization, and third, they contribute to checkpoint 
mechanisms that inhibit progression through meiosis in the presence of errors. The absence of 
DSB formation, failure of homolog pairing, and failure of SC loading and progression through 
meiosis seen in Smed-hop1(RNAi) suggest that these functions are conserved in S. mediterranea.

One interesting aspect of the Smed-hop1(RNAi) phenotype is the moderately increased 
distance between CEN-2 foci in hop1(RNAi) compared to similarly staged wild-type 
spermatocytes, showing a failure of homolog pairing and alignment despite the robust and 
persistent formation of the bouquet. This might be partly attributed to defects in DSB formation, 
since recombination intermediates are known to facilitate the homology search and alignment of 
homologs in many organisms. However, given that RAD51 foci concentrate near the bouquet in 
wild-type, it is unclear to what degree recombination intermediates promote alignment further 
away from telomeres. Another attractive possibility is that HOP1 is required to initiate or 
propagate the polymerization of the synaptonemal complex, and that this is required to stabilize 
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homolog pairing at interstitial loci, as in C. elegans. Although the chromosome axes in hop1
(RNAi) are at least somewhat functional, as they allow progression through the bouquet stage, it 
is quite plausible that the depletion of HOP1 could cause general axis assembly defects. Any 
such failure to recruit or properly organize axis components could potentially affect chromosome 
pairing and alignment and/or SC loading in a DSB-independent manner.

In general, it is not clear whether the primary defect in hop1(RNAi) is its failure to 
generate DSBs or whether HOP1 has independent roles in homolog pairing and alignment, SC 
formation, or meiotic progression. Daniel and colleagues (Daniel et al., 2011) recently 
demonstrated that defects in SC formation and !H2AX accumulation on unsynapsed 
chromosomes were more severe in a Hormad1 -/- Spo11-/- double mutant than in a Spo11-/- 
single mutant (which completely lacks DSBs), suggesting that Hormad1 promotes SC formation 
independent of its role in DSB formation. In the future, it would be interesting to see whether 
ectopic DSB generation can at least partially rescue any of the defects that are observed in hop1
(RNAi). No increase in homolog pairing or progression through meiosis were observed in our X-
irradiation experiments, but it is possible that rescue might be seen at different dosages or 
recovery times. 

Conclusions

This analysis demonstrates a critical role for Smed-HOP1 in DSB formation and 
subsequent homolog pairing, alignment and meiotic progression (i.e., synapsis). Future studies 
may uncouple these roles or demonstrate that DSBs are specifically required for alignment and 
synapsis in S. mediterranea.

Materials and methods - see Chapter VI.
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Chapter IV. Smed-SUN1 is required for bouquet formation, homolog pairing, and 
homologous synapsis

Introduction

One event of meiotic prophase that is conserved across nearly all organisms is the 
connection of chromosome ends inside the nucleus to the cytoskeleton through factors within the 
nuclear envelope. This attachment is important for the subsequent reorganization of 
chromosomes within the nucleus, which in turn promotes homolog pairing, recombination, 
synapsis, and successful completion of meiotic prophase. In many organisms, including S. 
mediterranea, chromosomes adopt a stereotypical bouquet conformation with telomeres 
clustered together near the centrosome/SPB at one region of the nuclear envelope (Scherthan, 
2007), but the function of this arrangement remains enigmatic. It has long been assumed that the 
bouquet facilitates the chromosome homology search by bringing chromosomes into a rough 
alignment. However, another emerging view is that the bouquet conformation may simply be a 
byproduct of cytoskeletal organization, and that chromosome movement is the key factor that 
enables homolog alignment and other events of meiotic prophase (Bhalla and Dernburg, 2008; 
Koszul and Kleckner, 2009).

SUN domain (Sad1/UNC-84 homology) proteins, which reside in the inner nuclear 
envelope, have been implicated in meiotic chromosome dynamics in many organisms, but the 
effects of SUN protein deletion or knockdown vary across species. In S. cerevisiae, Mps3 is 
essential for for spindle pole body (SPB) function during mitosis, and therefore for viability. 
However, a deletion within the N-terminal nucleoplasmic domain that supports mitotic division 
but disrupts Mps3 binding to the meiosis-specific telomere binding protein Ndj1 results in failure 
of meiotic bouquet formation, delays in homolog pairing and synapsis, and modest defects in 
recombination and chromosome segregation (Conrad et al., 2007). Similarly, Sad1 in S. pombe is 
essential for SPB function, but the disruption of meiosis-specific Sad1-telomere interactions by 
mutation of the meiosis-specific proteins Bqt1 or Bqt2 abrogates the characteristic “horsetail” 
movement of the chromosomes during meiotic prophase. This leads to delays in homolog pairing 
and recombination as well as to an increase in ectopic recombination (Tang et al. 2006, 
Chikashige et al., 2006; Davis and Smith, 2006). In C. elegans, Pairing Centers remain 
associated with the nuclear envelope in a sun-1 null background, but the loss of SUN-1 function 
leads to inappropriate pairing and synapsis between non-homologous chromosomes, elevated 
apoptosis, and the production of aneuploid gametes (Penkner et al., 2007; Sato et al., 2009; 
Penkner et al., 2009). In Sun1-/- mice, telomeres are disconnected from the nuclear envelope, 
leading to the failure of homolog pairing and recombination, incomplete loading of the central 
element protein SYCP1, and extensive apoptosis (Ding et al., 2007). A second SUN domain 
protein, Sun2, is also redistributed to sites of chromosome attachment to the nuclear envelope 
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during meiosis in mice (Schmitt et al., 2007), although the roles of Sun2 in chromosome 
tethering and/or motility have not been tested directly.

Based on these observations, the current model for SUN protein function in meiosis in all 
systems is that these proteins mediate the attachment of telomeres to the cytoskeleton through the 
nuclear envelope, and that the resulting transduction of force from the cytoskeleton to the 
chromosomes is important for normal chromosome dynamics, homolog pairing, SC 
polymerization, and recombination (reviewed in Hiraoka and Dernburg, 2009). However, the 
variability of meiotic phenotypes observed upon SUN protein disruption suggests that these 
proteins may play somewhat different roles in different systems.

Results

The identification of SUN domain proteins in S. mediterranea

Based on the known involvement of SUN proteins in meiotic chromosome dynamics in 
other organisms, I wanted to determine whether SUN domain-containing proteins might play a 
role in bouquet formation and chromosome pairing in S. mediterranea. As described in Chapter 
II, I conducted a BLAST search in SmedGD with a consensus SUN domain and retrieved three 
genes (mk4.001469.07.01, mk4.001275.01.01, and mk4.003039.01.01), designated as Smed-
sun1, Smed-sun2, and Smed-sun3, respectively. An alignment of these proteins with the SUN 
domain from the M. musculus Sun1 protein and an unrooted tree showing the relationships 
between SUN domains from several organisms are shown in Figure 1A and 1B. I initially chose 
to focus on Smed-sun1 because it was the best annotated of the three SUN domain containing 
genes and also had the strongest homology to the C. elegans SUN-1 protein.

We generated an antibody specific to Smed-SUN1. Immunofluorescence to tissue 
cryosections showed that it is widely expressed in many cell types. In epidermal cells and 
mesenchymal cells, for example, SUN1 staining could be seen throughout the nuclear envelope 
(Fig. 1C). In spermatocytes, however, SUN1 concentrates dramatically within one region of the 
nuclear envelope, corresponding to the bouquet (Fig. 1D). Unlike other SUN proteins that have 
been implicated in chromosome attachment to the nuclear envelope during meiosis, Smed-SUN1 
did not co-localize exclusively with chromosome ends. However, its clear enrichment in a 
domain surrounding the telomeres strongly suggests a role in meiotic chromosome dynamics.
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RNAi of Smed-sun1 disrupts bouquet formation and homolog pairing and results in non-
homologous synapsis

RNAi targeting Smed-SUN1 completely disrupted both bouquet formation and homolog 
pairing (Fig. 2A). Nevertheless, telomeres remained localized to the nuclear envelope in the 
absence of detectable SUN1 protein, even after several months of RNAi feeding. RNAi targeting 
the other two SUN domain-containing genes did not have any obvious effects on meiosis or in 
somatic tissues, nor were the defects observed in sun1(RNAi) enhanced or rescued in sun1;sun2
(RNAi), sun1;sun3(RNAi) or even sun1;sun2;sun3(RNAi) animals (data not shown). 

Despite the disruption of the bouquet, SC formation still occurred in sun1(RNAi) 
spermatocytes. HOP1 staining appeared normal, indicating that axial element loading occurs 
independently of SUN1 function (Fig. 2B). Nuclei with pachytene-like chromosome morphology  
and unpaired homologs were frequently observed in sun1(RNAi) testes (Fig. 2C,D). In wild-type 
animals, the average distance between FISH signals corresponding to the centromeric locus on 
Chromosome II (CEN-2) was markedly lower in pachytene than in earlier stages, but in sun1
(RNAi), the average distance between CEN-2 foci was actually slightly greater in pachytene-like 
nuclei (2.87 ± 1.18 !m vs. 2.24 ± 1.05 !m in leptotene/zygotene; p=0.017, Fig. 2F). CEN-2 
signals were paired ("1.3 !m apart) in only 3% of these nuclei (1/38), indicating widespread 
non-homologous synapsis. Independent DNA FISH experiments with a probe that recognizes the 
rDNA locus at one end of Chr. II also showed two well-separated foci in 96% of pachytene stage 
nuclei (31/33), further indicating inappropriate SC loading between non-homologs (Fig. 2D).

I observed a slightly elevated proportion of spermatocyte nuclei with leptotene/zygotene-
like chromosome morphology in sun1(RNAi) animals (48% vs. 40% in wild type, p=0.039, Fig. 
2G), suggesting that synapsis may be slightly delayed in the absence of homolog pairing and 
bouquet formation. However, a significant proportion of spermatocyte nuclei in sun1(RNAi) 
animals displayed pachytene-like morphology (20% vs. 22% in wild type, p=0.706, Fig. 2G), 
indicating that SC formation was not abrogated. To confirm this observation, I also assessed SC 
formation by transmission electron microscopy in thin sections from wild-type and sun1(RNAi) 
animals (>2 months from first feeding). Synaptonemal complexes were clearly observed in the 
spermatocytes of both animals (Fig. 2E), reinforcing the conclusions based on fluorescence 
imaging. Taken together, these results indicate that extensive non-homologous synapsis occurs in 
sun1(RNAi) spermatocytes. 

It is not clear whether this aberrant central element loading occurs between sister 
chromatids, between non-homologous chromosomes (e.g., Chr. I synapsing with Chr. II) or 
between folded over chromosomes. I observed greater numbers of distinct telomere FISH foci in 
sun1(RNAi) pachytene nuclei compared to wild-type (Fig. 2H; 13.8 ± 1.7 vs. 8.4 ± 0.7; 
p<0.0001), which does not confirm or rule out any of the possibilities presented above, but does 
indicate that if SC is formed between non-homologous or folded over chromosomes they cannot 
be fully aligned from end to end. Meanwhile, the observation of synapsed chromosomes with a 
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CEN-2 or rDNA focus on one side of the SC but not the other (e.g., Fig. 2C) and the comparable 
widths of pachytene chromosomes in wild-type and sun1(RNAi) argues against inter-sister 
synapsis.

Co-depletion of HOP1 and SUN1 disrupts bouquet formation, pairing, and synapsis

As described above, the loss of SUN1 function resulted in promiscuous synapsis between 
nonhomologous chromosomes. In C. elegans, it has been suggested that the nonhomologous 
synapsis seen in sun-1 mutants may be evidence that SUN-1 or SUN-1 dependent chromosome 
motion is important for inhibiting SC loading between inappropriate partners (Sato et al., 2009). 
To better characterize the possible role of SUN1 in monitoring pairing and/or licensing synapsis 
in S. mediterranea, I investigated the consequences of depleting SUN1 in a hop1(RNAi) 
background, in which synapsis does not occur (see Chapter III).  

The spermatocytes in sun1(RNA);hop1(RNAi) animals exhibited a combination of the 
defects observed following individual knockdowns. Bouquet formation and chromosome pairing 
were disrupted, as in sun1(RNAi) animals, and no nuclei with pachytene-like morphology were 
observed, as in hop1(RNAi) (Fig. 3). Distances between CEN-2 foci were similar in leptotene/
zygotene stage nuclei in sun1(RNAi) and sun1;hop1(RNAi). This indicates that SUN1 function is 
not required to prevent SC loading in the absence of recombination and pairing in hop1(RNAi). 
Conversely, this result also suggests that recombination intermediates or other HOP1 dependent 
structures are required for the non-homologous synapsis observed in sun1(RNAi).

Maverick chromosomes are occasionally observed in sun1(RNAi) spermatocytes

The disruption of the bouquet and homolog pairing in sun1(RNAi) spermatocytes is 
occasionally accompanied by the appearance of “maverick” chromosomes, which seem to be 
pulled out of the nucleus (Fig. 4). A telomere FISH signal is always observed at the end of these 
chromosomes, indicating that the mavericks are telomere-led. Similar events have been seen 
transiently in live imaging of budding yeast, maize, and C. elegans, where they have been shown 
to be cytoskeleton-dependent (Koszul et al., 2008; Sheehan and Pawlowski, 2009, Wynne et al. 
submitted). Interestingly, it is sometimes possible to observe >1 chromosome/telomere within the 
same maverick (Fig. 4B). 

Mavericks tend to co-occur in multiple spermatocytes in the same animal and are only 
observed in animals fixed after short periods of RNAi feeding (~2 weeks from first feeding). 
This suggests that they probably occur within a specific window of sun1 knockdown, when 
SUN1 protein has been depleted to a certain level but is not completely absent. Thus, it seems 
likely that the mavericks represent a dysregulation of the pulling force that is normally exerted 
on chromosome ends during prophase. Unfortunately, SUN1 depletion via RNAi cannot be 
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controlled finely enough to confirm this hypothesis, and the difficulty of reliably reproducing the 
conditions necessary for maverick formation has precluded their further investigation. 

Mature spermatids are not produced in sun1(RNAi) testes

Despite the apparent progression of meiosis through at least pachytene, mature 
spermatids were never observed in sun1(RNAi) testes, and immature spermatids were also less 
abundant than in wild type. This suggests the presence of some culling mechanism, possibly 
induced by unresolved DNA damage, that prevents cells with inappropriately synapsed nuclei 
from developing into mature spermatids and removes them from the testes. I attempted to 
quantify apoptosis in the testes of these animals using TUNEL (Fig. 5). Analyses of 140 testis 
sections in two animals revealed one or more apoptotic nuclei in roughly 20% of testes lobes, but  
I did not observe massive or widespread TUNEL staining, as is seen in Sun1-/- mice. Due to the 
small numbers of apoptotic nuclei relative to the total number of spermatocytes, as well as the 
variable sizes (and possibly stages) of testes in S. mediterranea, I was unable to quantitatively 
compare the level of apoptosis in sun1(RNAi) to that in wild-type testes. However, the limited 
analysis that was possible did show that apoptosis is not blocked and is consistent with a slight 
elevation of programmed cell death in sun1(RNAi). Similar levels of apoptosis were seen in 
sun1;hop1(RNAi), suggesting that if apoptosis is increased, it is likely not dependent on DSB 
formation and/or the presence of HOP1.

Discussion

The role of Smed-sun1 in meiosis seems to be analogous to that of SUN proteins in other 
organisms, in that it is required for normal chromosome dynamics during meiotic prophase. 
However, it is interesting that its localization in prophase spermatocytes is relatively diffuse. 
SUN proteins colocalize tightly with telomeres in S. pombe, S. cerevisiae, and M. musculus, and 
with chromosome Pairing Centers in C. elegans. In contrast, Smed-SUN1 appears to localize not 
only to telomeres but also to a broad region surrounding the bouquet. Furthermore, telomeres 
appear to remain localized to the nuclear envelope in sun1(RNAi) spermatocytes. This suggests 
that the depletion of SUN1 by RNAi does not completely disrupt telomere attachment to the 
nuclear envelope, and that this attachment (mediated by a different, as-yet unidentified factor) is 
not sufficient for bouquet formation. Thus, Smed-SUN1 may have a specific function in 
connecting meiotic chromosomes to the cytoskeleton and organizing them within the nuclear 
envelope. This would be similar to the apparent meiotic roles of SUN-1 in C. elegans, Mps3 in S. 
cerevisiae, and Sad1 in S. pombe, but distinct from Sun1 in mouse. My observation of maverick 
chromosomes in some sun1(RNAi) spermatocytes after short RNAi feedings are consistent with a 
model in which a high level of SUN1 protein, perhaps the critical concentration required for 
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SUN1 aggregation, is necessary for chromosome organization in the bouquet, but that a 
somewhat lower level of SUN1 protein is sufficient to maintain an association between the 
chromosome and the cytoskeleton; this association generates mavericks in the absence of 
stabilizing SUN1 aggregation. 

Despite the disruption of bouquet formation and homolog pairing in sun1(RNAi) animals, 
synapsis is not abrogated, although it may be somewhat delayed. The observation of nuclei with 
pachytene-like morphology and clearly unpaired centromeric and rDNA loci indicates that sun1
(RNAi) causes non-homologous synapsis, similar to what is seen in C. elegans, rather than 
simply reducing or delaying the appropriate inter-homolog interactions, as is observed in S. 
cerevisiae and in mice. It is unclear whether this aberrant synapsis represents foldover synapsis, 
SC loading between sister chromatids, or synapsis of non-homologous chromosomes, although 
the average of ~14 distinct telomere foci observed in sun1(RNAi) pachytene nuclei indicates that 
if the central element loads between folded over or non-homologous chromosomes, these 
chromosomes cannot be fully aligned from end to end. It should also be pointed out that, as SC 
formation cannot yet be directly visualized with fluorescence microscopy, it is possible that 
nuclei I presume to be completely synapsed based on chromosome morphology may actually 
lack SC at some loci; this should be clarified in future work. Nonetheless, this result indicates 
that homolog pairing is not absolutely required for SC formation or, alternatively, that sun1 is 
required for the function of some barrier to SC loading between unpaired chromosomes in 
addition to its role in mediating bouquet formation and pairing. However, sun1 does not seem to 
be required for the pre-synaptic arrest observed in hop1(RNAi) spermatocytes, as hop1
(RNAi);sun1(RNAi) spermatocytes still arrest in leptotene/zygotene. Conversely, the absence of 
SC in hop1(RNAi);sun1(RNAi) supports the hypothesis that HOP1 or recombination 
intermediates may be required to initiate central element loading in both homologous and non-
homologous situations.

Given the crucial roles of SUN proteins in other organisms and the broad expression of 
SUN1 in S. mediterranea, it is somewhat unexpected that sun1(RNAi) does not affect viability or 
cause major somatic defects. These animals appear to be completely normal apart from the 
observed meiotic phenotypes, although I did not attempt to find subtle effects on nucleus 
positioning or other aspects of cell biology. Additionally, knockdown of the other two putative 
SUN domain genes in the S. mediterranea genome does not lead to obvious somatic or meiotic 
phenotypes. This is especially surprising given that the Smed-sun2 gene is known to be 
upregulated and strongly expressed in germ cells (Wang et al., 2010). The absence of an 
observable phenotype cannot be attributed entirely to functional redundancy in these genes, nor 
to low turnover of these proteins, as neither double knockdowns nor even the triple knockdown 
seem to have any somatic effects even after several months of RNAi feeding (as a caveat, the 
effectiveness of RNAi knockdown cannot be confirmed absolutely). Given the state of the S. 
mediterranea genome assembly, it is certainly possible that there are additional SUN domain 
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proteins that have yet to be identified; alternatively, the essential functions performed by SUN 
proteins in other organisms could be carried out by different factors in S. mediterranea.

Conclusions

This analysis demonstrates a key role for Smed-SUN1 in the attachment of chromosomes 
to the cytoskeleton and bouquet formation in meiosis, similar to its roles in other organisms. The 
persistent attachment of telomeres in sun1(RNAi) indicates that factors other than SUN1 are 
responsible for connecting meiotic chromosomes to the nuclear envelope; this might be an 
interesting area for future investigation. Finally, the synapsis observed in sun1(RNAi) despite 
failure to pair and align homologs, similar to what is seen in the C. elegans sun-1 null, reveals 
that synapsis can not only extend, but also initiate, between non-homologous chromosomes. The 
absence of synapsis in sun1(RNAi);hop1(RNAi) animals confirms that synapsis initiation is 
dependent on HOP1.

Materials and methods - see Chapter VI.
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Chapter V.  Preliminary characterization of other S. mediterranea genes 
with possible roles in meiosis

In addition to the two genes described in detail in Chapters II and III, I also conducted 
preliminary investigations of other genes with potential or likely roles in meiosis. 

At the outset of these studies, we were particularly interested in identifying genes that 
might affect bouquet dynamics, synaptonemal complex (SC) formation, or control double strand 
DNA break (DSB) and crossover/recombination dynamics. Because so little was known about 
the molecular basis of meiosis in S. mediterranea, and because many aspects of planarian 
biology preclude an unbiased screening for meiotic components, I instead took advantage of the 
available genome sequence to identify homologs of conserved genes that are known to be 
involved in meiosis in other organisms. After an extensive literature search, I compiled a list of 
genes that are known to be involved in sister chromatid cohesion, DSB formation and repair, 
crossover formation, axial element and synaptonemal complex formation, telomere function, and 
nuclear envelope dynamics, and retrieved the associated protein sequences from NCBI. Then, I 
performed simple tblastn searches of the S. mediterranea genome, initially using an in-house 
BLAST server set up and kindly shared by the Newmark lab, and later using the public SmedGD 
(Robb et al., 2007). This list was updated periodically and every time I was made aware of 
changes to the S. mediterranea genome assembly. The top results of these BLAST searches are 
shown in Table 1.

In addition to these homology searches, I took advantage of several comparative studies 
that have been conducted by other labs to identify genes that are specifically expressed or highly 
enriched in adult sexual animals relative to animals without developed germlines (asexual clones 
(Zayas et al., 2005) or nanos(RNAi) animals (Wang et al., 2010)). Though these studies mainly 
identified genes involved in germ cell identity or spermatid development, several interesting 
potential meiotic genes were also highlighted in these analyses (Table 2) and added to my list of 
candidate genes to investigate.

After identifying these candidate sequences, I designed primers to amplify RNAi targets 
of 500-700 bp in length. In some cases, primers could not be designed because the candidate 
mRNAs were too short or poorly annotated; these candidates were discarded. RNAi target 
sequences were amplified from cDNA, cloned into an RNA feeding vector and verified by DNA 
sequencing. The resulting RNAi vectors were transformed into HT115 cells and dsRNA 
expression was induced; dsRNA-expressing bacteria were pelleted and mixed with calf liver 
paste and fed to planarians to induce knockdown. (This protocol, along with all primer sequences 
used to amplify RNAi target sequences, are described in more detail in Chapter VI). 
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The candidate genes for which knockdown was conducted are highlighted in Table 1. 
Two of these genes (hop1 and sun1) had particularly interesting knockdown phenotypes and 
were characterized in depth (see Chapters III and IV). Several other genes seemed to have subtle, 
pleiotropic, or surprisingly absent knockdown phenotypes and were characterized in more 
limited fashion. The results of these studies are presented in this chapter.

The ubiquitous cohesin subunit Smc3 is required for homolog pairing, progression through 
meiosis, and normal telomere dynamics

Smc3 is a ubiquitous subunit of the cohesin complex, which is essential for maintaining 
sister chromatid cohesion in both mitosis and meiosis. Smc3 binds to Smc1, and the resulting 
heterodimer associates with a kleisin protein and often a non-SMC subunit of the cohesin 
complex (Fig. 1A). In meiosis, cohesin complexes associate with the chromosome axis and are 
important for the normal recruitment of axial element proteins, SC formation, and 
recombination, though not usually DSB formation (Klein et al., 1999; Eijpe et al., 2000; Pelttari 
et al., 2001). While a meiosis-specific isoform of Smc1 has been identified in some organisms 
(e.g., Smc1! in mice) and meiosis-specific kleisins have been well characterized in a number of 
organisms (e.g., Rec8 in S. cerevisiae and C. elegans, Rec11 in S. pombe, afd1 in maize, and 
Rec8 or the recently identified Rad21L in mice), a single isoform of Smc3 is thought to be 
present in all mitotic and meiotic cohesin complexes (Wood et al., 2010; Lee and Hirano, 2011; 
Ishiguro et al., 2011). In S. cerevisiae, a temperature-sensitive allele of smc3 causes premature 
separation of sister chromatids and usually results in arrest before the first meiotic division, and 
cells that do undergo division usually mis-segregate at least one pair of sister chromatids (Klein 
et al., 1999).

Smed-smc3 was identified as being upregulated in the sexual strain of S. mediterranea as 
compared to the asexual strain, and was shown to be expressed strongly in the testes, ovaries and 
central nervous system (Zayas et al., 2005). A BLAST search of the S. mediterranea genome 
database reveals three regions with homology to the mouse smc3 gene. However, this is likely to 
represent the misannotation of a single smc3 gene, as these three regions map to the N-terminus, 
middle region and C-terminus of the M. musculus Smc3 protein, respectively (Fig. 1B). 

RNAi targeting a 3’ fragment of the gene (corresponding to the mRNA sequence that was 
shown to be upregulated in the sexual strain) appeared to have mild somatic effects in S. 
mediterranea. Animals began to exhibit tissue degeneration/lesions in the head region 2-3 weeks 
after the initiation of RNAi feeding, a phenotype that is frequently seen when there are defects in 
neoblast proliferation and tissue homeostasis (Reddien et al., 2005) and is consistent with a role 
for Smc3 in mitosis.
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Based on the meiotic phenotypes of cohesin mutants or nulls in other organisms, I 
expected that depletion of SMC3 would likely lead to defects in sister chromatid cohesion, 
meiotic axis formation, and synapsis, as well as possible disruption of recombination and arrest 
before the first meiotic division. Testes in smc3(RNAi) animals displayed a clear defect in 
meiotic progression, with few/no pachytene nuclei and no mature spermatids (Fig. 1C). 

Chromosome attachment to the nuclear envelope was not apparently disrupted in smc3
(RNAi) spermatocytes, and cells were able to form a telomere bouquet, although the bouquet 
morphology was sometimes abnormal. In wild-type, 8-16 distinct telomere foci can generally be 
counted in leptotene/zygotene nuclei, representing the telomeres at either end of the four pairs of 
homologous chromosomes (2 ! 4 ! 2 = 16). However, >16 FISH signals, some of which seemed 
roughly half as bright as others, could be observed in a significant proportion of smc3(RNAi) 
nuclei (Fig. 1D). This observation suggests that some loss of sister chromatid cohesion has 
occurred, at least at telomeres. An alternative possibility might be that these extra telomere 
signals actually reflect some polyploidy as a result of non-disjunction in pre-meiotic divisions, 
although this seems unlikely to account for the reduced brightness of the extra foci. In contrast to 
the well-separated telomeres observed in some nuclei, other nuclei exhibited a hyperclustered 
bouquet (Fig. 1E), with all telomeric FISH signals essentially merged into a single large focus. 
Similarly, SUN1 seemed to be more than usually enriched in the bouquet region in some nuclei 
(Fig. 1F). It is not clear whether this is a phenomenon that is unique to smc3(RNAi), or the 
extension of a stage that occurs transiently in wild-type. Anecdotally, I have occasionally 
observed a similar hyperclustered bouquet and SUN1 aggregation in hop1(RNAi), rad51(RNAi), 
and mre11(RNAi) spermatocytes, with variable penetrance. Based on these observations and data 
from other organisms, in which the bouquet stage is prolonged or more intense upon disruption 
of the recombination machinery, I have speculated that this hyperclustering may occur in 
response to unresolvable DNA damage. Unfortunately, it was not possible to assay double strand 
DNA break formation/resolution with RAD51 immunofluorescence in smc3(RNAi) sections for 
technical reasons (failure of antibody staining).

Pairing of homologous chromosomes was not evident in significant numbers of leptotene/
zygotene stage smc3(RNAi) nuclei. As shown in Figure 1G, the distribution of distances between 
CEN-2 foci was slightly wider than in wild-type (2.51 ± 1.26 vs. 2.0 ± 0.99; p=0.06), and 
essentially identical to that of hop1(RNAi). No obvious difference was observed in distances 
between CEN-2 foci in nuclei with hyperclustered vs. ‘normal’ bouquets in the limited number of 
nuclei analyzed (n=40 from two animals). 

Chromosome morphology in leptotene/zygotene nuclei, as assayed by DAPI staining, 
appeared normal and was not suggestive of major defects in chromosome axis formation. HOP1 
staining could also be seen in many nuclei, although long stretches were not usually present and 
unusually bright HOP1 foci were observed in some nuclei (Fig. 2). This is consistent with the 
phenotypes shown for disruption of cohesion during meiosis (usually via perturbation of Rec8 
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function) in other organisms; very frequently, axial element components can associate with 
chromosomes but do not mature fully (Klein et al., 1999; Bhatt et al., 1999; Colaiacovo et al., 
2003; Golubovskaya et al. 2006; Wojtasz et al., 2009).  

In general, these phenotypes are all consistent with what would be expected for a partial 
loss of sister chromatid cohesion during meiosis. Because this analysis was based upon RNAi 
knockdown, it is possible (or likely) that some residual SMC3 protein was present on 
chromosome axes in these spermatocytes, and that loss of cohesion was therefore incomplete. 
Longer or more complete knockdown might generate more severe phenotypes, although study of 
a more penetrant knockdown is likely to be complicated by the mitotic effects of SMC3 
depletion. 

Multiple genomic sites exhibit homology to smc3, and it is formally possible that 
multiple isoforms of smc3 are expressed in S. mediterranea. However, I believe that this is 
unlikely based on the ubiquity of a single smc3 isoform in other species that have been studied. 
The observed upregulation of smc3 in sexual animals compared to asexual animals is probably 
due to the increased proportion of proliferating (both mitotic and meiotic) cells in the sexual line. 
Notably, BLAST searches of the S. mediterranea genome with other cohesin subunits reveals 
only one kleisin (Scc1/Rad21/Rec8) homolog, one Scc3/SA/STAG homolog, and two regions of 
the genome with homology to the N and C termini of Smc1, respectively (which, like Smc3, are 
likely to represent a single misannotated gene). Thus, it is not clear what factors, if any, 
distinguish the meiotic cohesin complex(es) from the mitotic cohesin(s). This may be an 
interesting area for investigation in the future.

Depletion of the DSB repair protein RAD51 has pleiotropic effects and causes testis 
regression

Rad51 is a well-conserved component of the machinery that catalyzes the strand invasion 
step of homologous recombination in response to DNA damage. In meiosis, Rad51 (and/or a 
meiosis-specific paralog, Dmc1) are required for the repair of programmed DSBs as crossovers 
or non-crossovers. The disruption of Rad51/Dmc1 precludes the normal formation of 
recombination intermediates, which has different effects in different organisms. In budding yeast, 
for example, deletion of dmc1 or rad51 perturbs homolog pairing and alignment, delaying 
meiotic progression; homologous synapsis is eventually able to occur, but crossovers fail to form 
(Bishop et al., 1992; Rockmill et al., 1995). Dmc1-/- spermatocytes in mice do not undergo 
synapsis and arrest in meiotic prophase, demonstrating that in mammals, Dmc1-dependent 
intermediates are important to mediate homolog alignment and SC initiation (Pittman et al., 
1998; Yoshida et al., 1998). In contrast, deletion of rad51 in maize induces almost complete 
nonhomologous synapsis (Li et al., 2007).
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The S. mediterranea genome database shows two predicted genes with significant 
homology to the DNA repair protein Rad51 (and a lesser degree of homology to the meiosis-
specific homolog Dmc1). The annotated gene products differ in length, but are likely to represent 
a single gene1; the longer gene is homologous to the entire M. musculus Rad51. The RNAi here 
targeted a 3’ fragment of the gene with homology to both predicted gene products (Fig. 3A) and 
also corresponds to a cDNA fragment that was predicted to be upregulated in the sexual strain of 
S. mediterranea (Zayas et al., 2005). 

RNAi of Smed-rad51 had pleiotropic effects with variable penetrance. Some animals 
showed signs of lysis or lesions, others decreased in size, and one animal exhibited a pinched 
head and pinched tail phenotype, all of which are consistent with defects in neoblast function 
(Reddien et al., 2005), although the basis of the variable penetrance of this phenotype is not 
clear. Among animals that maintained their size and did not display other significant somatic 
defects during a month of RNAi feeding (n=6, two independent feeding trials), most exhibited a 
shrunken testis phenotype. Normally-sized testes lobes were not found in these animals, but 
testis remnants including spermatogonia, spermatocytes and some spermatids at varying stages 
of maturity could be found in some sections (Fig. 3B). 

The small number of spermatocytes per testis section obviously complicate the analysis 
of this knockdown, and these remaining spermatocytes might have some residual RAD51 
activity that allowed their escape. Nevertheless, a few observations are worth noting. Most 
interestingly, a few nuclei with a pachytene morphology can be observed in rad51(RNAi) testes. 
The CEN-2 foci in these nuclei appear to be unpaired and >8 telomere spots are observed, 
leaving open the possibility that rad51(RNAi) causes non-homologous synapsis (Fig. 3E,F). If so, 
this would imply that recombination intermediates are important for homolog pairing and 
alignment, but not required to initiate SC loading, in S. mediterranea. CEN-2 foci are 
occasionally closely juxtaposed in leptotene/zygotene spermatocytes (e.g., Fig. 3D) but most are 
well-separated (Fig. 3C), as is true of wild-type. Telomere attachment and bouquet formation 
appear grossly normal, although some nuclei could be considered to have hyperclustered 
bouquets (e.g., Fig. 3D). HOP1 also appeared to load normally (Fig. 3G).

RNAi targeting the DSB repair protein MRE11 has no obvious effects on spermatogenesis

Mre11 is a member of the MRN (Mre11, Rad50, Nbs1/Xrs2) complex, which is required 
for DSB formation and processing and is conserved from S. cerevisiae to mammals 
(Assenmacher and Hopfner, 2004; Cherry et al., 2007). The MRN complex also participates in 
checkpoint signaling. BLAST search of the S. mediterranea genome revealed two Mre11 
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homologs with 99% homology in the shared region (Fig. 4A). RNAi targeting both isoforms 
(i.e., the overlapping sequence) did not have any apparent effects on meiosis in several attempts 
at feeding. Testes were normal in size and contained mature spermatids, and bouquet formation 
appeared to be similar to that in wild-type (Fig. 4B,C). Significant numbers of pachytene nuclei 
were observed, indicating that synapsis probably occurs normally, and CEN-2 foci were paired in 
the vast majority of synapsed nuclei. If anything, there may have been a slight increase in the 
proportion of pachytene cells, compared to wild-type, which could be consistent with a weak 
defect in late DNA repair. However, I did not quantify pairing or nuclear stages in this 
background due to the absence of gross defects.

Based on the requirement for Mre11 for completion of meiosis in most other organisms, 
the enzymatic nature of MRE11 and the potential presence of multiple mre11 paralogs in the 
genome, the lack of phenotype seen here is likely to reflect unsuccessful or incomplete 
knockdown. It is unlikely that MRE11 is dispensable for meiosis in S. mediterranea.  

Depletion of a possible MER3 homolog in S. mediterranea is lethal

The DNA helicase Mer3 is one of the so-called ZMM proteins that is required for normal 
completion of crossovers and crossover control in budding yeast (Nakagawa and Ogawa, 1999; 
Mazina et al., 2004; Lynn et al., 2007). Mer3 function is important for SC loading in yeast 
(Börner et al., 2004) and Coprinus cinerus (Sugawara et al., 2009). Similarly, mer3 is required 
for crossover formation, but not initial homolog alignment, in rice (Wang et al., 2009). Mer3 
appears to be conserved in humans, where it is called Hfm1 (Tanaka et al., 2006), although its 
function in mammalian meiosis has not been described.

Because I was interested in examining the effects of disrupting crossovers in S. 
cerevisiae, I looked for Mer3 as a potential target. One homolog of mer3 is present in the S. 
mediterranea genome (mk4.002244.00.01), and RNAi targeting this gene was always lethal 
within several weeks of feeding. Given the lack of somatic phenotypes for mer3 disruption in 
other organisms, it is likely that this RNAi affected a different gene, or that the gene I assumed to 
be mer3 has a different function. BLAST of the predicted protein to the NCBI database retrieves 
several other helicases, including the U5 small nuclear ribonucleoprotein 200 kDa helicase; the 
lethal phenotype may be mediated by defects in RNA processing or other critical processes.

Depletion of polo kinase homologs is lethal or has no meiotic phenotype

Polo kinases are a diverse family of protein kinases with multiple roles in mitotic and 
meiotic cell cycle regulation. In C. elegans, PLK-2 promotes homolog pairing and synapsis by 
acting at Pairing Centers to phosphorylate SUN-1 (Harper et al., in press). Simultaneous 
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disruption of plk-2 and plk-1 (which does not normally play a critical role in meiosis but can 
partially compensate for lost plk-2 function) prevents chromosome clustering at the nuclear 
envelope (i.e., “bouquet” formation), leading to complete loss of homolog pairing and some SC 
loading between non-homologous chromosomes. Because I was especially interested in 
identifying factors that might disrupt bouquet formation in S. mediterranea, these seemed like 
good candidates for RNAi. I searched the genome for potential PLK homologs that could be 
depleted via RNAi. Five distinct genomic regions were found to have homology to C. elegans 
PLK-2 (Fig. 5A), though the gene annotation in several of these regions was poor. I designed 
several sets of primers to amplify RNAi target sequences from cDNA for all five regions. Plkc3 
(de_novo.18895.1, v31.003234:18435..24058) could not be amplified with the primers used. 
Plkc1 (mk4.001509.00.01) was successfully amplified from cDNA but could not be cloned into 
an RNAi feeding vector for technical reasons. Plkc2 (v31.007361:12834..15539), Plkc4 
(v31.002811:7575..8527), and Plkc5 (de_novo.17941.1, v31.003052:16515..19047) were 
successfully amplified and cloned into the RNAi feeding vector.

All plkc2(RNAi) animals died due to tissue lysis within three weeks from the first RNAi 
feeding, suggesting that PLKC2 may have roles in neoblast function. 

After two months of feeding, two plkc4(RNAi) and three plkc5(RNAi) animals were 
cryosectioned and FISH/IF was used to evaluate bouquet formation, homolog pairing, and axial 
element formation (Fig. 5B-E). No obvious defects in spermatogenesis were observed in any of 
these animals. Testis size seemed normal and abundant mature spermatids were observed, 
indicating that there were no gross defects in spermatogenesis. Pachytene nuclei were observed 
at normal levels in all testes (though this was not quantified carefully). HOP1 staining in one 
plkc-4(RNAi) testis appeared somewhat more polarized than normal (Fig. 5C), but it was unclear 
whether this phenomenon is widespread. Together, these results do not indicate a role for either 
Plkc4 or Plkc5 in meiosis, but given the many Plk paralogs in S. mediterranea it is possible that 
co-depletion of these or other Plk paralogs would yield a meiotic phenotype. 

The conserved double strand break protein Spo11 has not been found in S. mediterranea

Among the meiotic genes that have not been identified in S. mediterranea, one of the 
most notable is the meiosis-specific endonuclease Spo11. This protein generates the programmed 
double strand breaks that are required for recombination and has been found in essentially all 
sexually reproducing organisms to date (Malik et al., 2007), but has thus far proven elusive in the 
S. mediterranea genome. A genome search identified one sequence with limited homology over 
33aa to spo-11 (v31.002904:17270..19571), but mRNA-seq (whole transcriptome sequencing) 
and attempts to PCR this transcript from purified cDNA showed no sign that this region is 
expressed. It is formally possible that these animals rely on a different enzyme or other 
alternative mechanism to generate DSBs. With that said, it would be extremely surprising if no 
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spo-11 homolog is present in Schmidtea, given that it is conserved in species from Giardia to 
humans and that a putative homolog can be found in the relatively closely related parasitic 
flatworm Schistosoma mansoni (XP_002573205). Whatever the case, it will be especially 
interesting to identify the components of the DSB formation machinery in S. mediterranea, and 
determine how they interact with hop1 to create breaks.

Attempts to identify central element components

The proteins that make up the central region of the synaptonemal complex are among the 
meiotic proteins that are least amenable to identification by computational means. Transverse 
filaments, or TFs, make up the whole central region and are well-conserved at the level of 
secondary structure, but not at the level of primary sequence and are thus notoriously difficult to 
identify by computational means. Other proteins, which localize to the central element, have 
been recently identified and characterized in mouse (Syce1, Syce2, Tex12) and Drosophila 
(Corona) but also do not appear to have clear primary sequence-level homologs in other 
organisms (Hamer et al., 2006; Costa et al., 2005; Page et al., 2008; Bolcun-Filas et al., 2007; 
2009). Most known central region components have been identified through forward genetic 
screens, which is not currently possible in S. mediterranea.

Despite these challenges, I wanted to attempt to find TF proteins in S. mediterranea for 
several reasons. First, an analysis of TF knockdowns will be required to determine whether 
stable homolog pairing and/or completion of recombination are dependent on synapsis in S. 
mediterranea. Secondly, from a cytological standpoint, immunofluorescence to TFs would 
provide a simpler and more reliable assay for synapsis than does chromosome morphology. 

In 2003, Bogdanov and colleagues used a structure prediction-based search method to 
computationally identify (previously known) transverse filament candidates in Drosophila and C. 
elegans (Bogdanov et al., 2003). We asked this group to find candidate TF sequences in the S. 
mediterranea genome; their analysis yielded five candidate proteins with a globular-coiled coil-
globular structure and of the appropriate length, dubbed TFC1-5 (TFC1: mk4.000440.02.01, 
TFC2: mk4.000675.02.01, TFC3: mk4.001379.07.01, TFC4: mk4.002345.03.01, TFC5: 
mk4.018982.00.01). Unfortunately, TFC2, TFC4, and TFC5 were not good candidates for RNAi 
because they shared so much homology with many other regions of the genome, which 
prevented both specific knockdown and also specific cloning from cDNA. TFC3 was discarded 
as a candidate because it was clearly a lamin protein. A fragment specific to the top candidate, 
tfc1, was successfully amplified and cloned, but feeding RNAi did not have any apparent effect 
on synapsis (i.e., many spermatocytes with normal pachytene morphology were still observed 
after RNAi), indicating that it is unlikely to be a true TF. Cross-referencing this sequence against 
microarray data comparing the sexual strain to asexual or nanos(RNAi) also indicated that this 
gene is not upregulated in the sexual strain, supporting this conclusion.
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An in vitro biochemical approach was also pursued briefly. Because Sycp1 can be co-
immunoprecipitated with Hormad1 from mouse testis extracts (Fukuda et al., 2010), I believed it 
might be feasible to use co-immunoprecipitation from S. mediterranea protein extracts with anti-
HOP1 antibody, followed by mass spectrometric analysis, to identify transverse filament proteins 
and other components of the synaptonemal complex. However, initial western blot analyses of 
whole animal protein extracts were not encouraging; no HOP1 band was identified in the soluble 
fraction of the extracts and the bands that appeared in the protein pellet were not of the expected 
size, suggesting that HOP1 might be challenging to immunoprecipitate with this antibody. 
Additional investigation suggested that mass spectrometric analysis would require more input 
material than could be produced in the time available for the experiment (i.e., more animals than 
I could rear in a few months time) and might also require more anti-HOP1 antibody than was 
available, so I did not pursue this further. However, this could still be a useful approach for 
identifying SC components in the future. Alternatively, yeast 2-hybrid or other affinity-based 
approaches might be more feasible.

Materials and methods - see Chapter VI.
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Chapter VI.  Materials and methods development for S. mediterranea

At the outset of these studies, limited tools were available for cytological analyses in S. 
mediterranea. Both in situ and immunofluorescence approaches had been used to examine whole 
animals, and a number of antibodies with useful localization had been described (Robb and 
Sánchez Alvarado, 2002; Sánchez Alvarado et al., 2002). However, the methods used for 
immunostaining in whole mount animals were generally unsuitable for preserving morphology at  
the level of detail and magnification required for a close analysis of meiotic events. Furthermore, 
DNA FISH approaches, which were necessary to examine homolog pairing, had never been 
attempted in whole tissue from planarians, although some FISH studies in chromosome spreads 
and spermatid nuclei from Polycelis tenuis had been published (Joffe et al., 1996; 1998).

In this section, I will discuss the various methods that I have tried and give the protocols 
that I have found yield the best results for chromosome FISH and immunofluorescence for the 
analysis of spermatogenesis in tissue cryosections (which are ideal as they allow multiple 
instances of FISH/IF analysis in tissue from the same animal). I will also describe the generation 
of antibodies and FISH probes used as tools throughout this study, and the TUNEL protocol 
used. Finally, I will describe the methods I have used for planarian culture and molecular 
biology, electron microscopy, and other procedures referenced in the previous chapters.

Killing and fixation methods

The first step of cytological analysis in S. mediterranea is to kill the worms. This step is 
not trivial, as the worms are very flexible tend to curl or hyperextend due to muscle spasms while 
they are dying, both of which complicate whole animal staining or cryosectioning. The planaria 
also curl upon direct freezing, making a preliminary killing step necessary. Curling can be 
reduced somewhat by chilling the animals on ice (in 0.75 X Montjuic culture medium) for 3-5 
minutes prior to killing, which seems to relax the muscles. 

I have primarily used either shaking for 5 minutes in ice cold 2% HCl or rocking for 5-10 
minutes in 5-10% N-acetyl cysteine in PBS, to kill the animals. N-acetyl cysteine has the 
advantage of removing the mucus layer that surrounds the planarian. I have not found that this 
improves immunofluorescence staining of cryosections, although it significantly improves RNA 
in situ hybridization in whole animals (Pearson et al., 2009). Other modifications for staining 
presented in that paper, including solubilization with SDS and NP-40, and reduction with DTT, 
did not consistently improve immunofluorescence in sections. 

Fixation of the animals can be carried out immediately after killing, or the animal can be 
frozen and sectioned prior to fixation. I prefer to use the latter method because I feel that it 
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reduces the variability introduced by differences in animal size and conformation upon death 
(i.e., degree of extension/stretching), which are a major complication — in larger animals, the 
percent formaldehyde and length of fixation required for preservation of interior tissues may 
cause overfixation of tissue closer to the epidermal surface. It is preferable to rinse the animal a 
few times in cold PBS, transfer to cryosectioning medium, and then flash-freeze. The animals 
can be stored frozen in cryosectioning medium at -20°C or -80°C for at least several months, 
with the block stored in an Eppendorf tube to prevent dehydration of the cryosectioning medium. 
If animals are fixed prior to cryosectioning (4% formaldehyde in PBS, 30 minutes), a clearing 
step with 100% ethanol or methanol (!2 hours at -20°C) may be used to reduce background 
fluorescence. The bleaching step used in most whole mount methods (8% H2O2 in methanol or 
PBS, overnight at RT under light; Sánchez Alvarado and Newmark, 1999) does not improve 
imaging in sections. It should also be noted that even when controlling for animal size and 
performing fixation after sectioning, differences in animal thickness, and probably other factors 
that are more difficult to control (e.g., amount last eaten, age, mucus content of the epidermis), 
can generate variable results with the same fixation protocol in different animals. This has been a 
significant challenge to working with these animals.

Sectioning at 30 "m offers good antibody/probe penetration and imageability and ensures 
that each section will have a sufficient number of whole spermatocyte nuclei to allow 
quantitative analysis. I typically begin collecting sections 500-700 "m from the first tail section 
and take 6-10 sections per slide. The number of total slides per animal depends on animal size, 
but generally a mature animal will yield 10-15 slides. Slides should be kept frozen after sections 
are collected and until ready for fixation, although some melting/drying during section collection 
is unavoidable.

Fixation for 20 minutes in 4% formaldehyde is preferable for FISH (either alone or in 
combination with IF) as it offers superior preservation of chromosome morphology. FISH 
treatment seems to improve IF in some cases, although this has not been observed consistently. 
Antigen retrieval after fixation, either with sodium citrate or Trilogy reagent (Cell Marque), 
typically improves immunofluorescence results but can be destructive to chromosome 
morphology. Trilogy should not be used in conjunction with FISH as it creates very diffuse 
signals. Alternatively, a lighter fixation (as low as 10 minutes in 1% formaldehyde) without 
antigen retrieval can be used. Optimal fixation methods may differ for different antigens. The 
best protocol I have used is reproduced on the following page.

Chapter VI. Materials and Methods
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Protocol for planarian fixation, sectioning, and FISH/IF 

1. Collect planaria (starved for 1 week) in a glass vial. Chill on ice 3-5 minutes.

2. Remove planaria water and replace with ice-cold 2% HCl. Shake 2 minutes, ice 1 minute, 
shake 1 minute, ice 1 minute. (Alternatively, kill in 5-10% N-acetyl cysteine freshly 
dissolved in PBS, with rocking).

3. Remove HCl and rinse several times briefly with PBS.

4. Remove PBS and add OCT cryosectioning medium. Transfer worms to freezing mold in 
OCT and flash freeze. Remove frozen block from mold (can store at -80°C in Eppendorf 
tube).

5. Cryosection at 20-30 !m. Keep slides at -20°C or colder.

6. Fix slides in 4% formaldehyde (in PBS), 20 minutes.

7. Wash slides in PBS, 2 x 5 minutes.

8. (Optional, but recommended if no FISH) Antigen retrieval: 7 minutes at 60°C in Trilogy 
reagent (Cell Marque) or 20 minutes at 95°C in sodium citrate buffer (10mM trisodium 
citrate, 0.5% Tween-20, pH 6.0). Cool ~15 minutes, and rinse slides in PBS + 0.5% 
Triton X for 5-10 minutes.

9. Continue with FISH protocol, or begin IF protocol directly.
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FISH protocol

1. Wash slides 2 x 5 minutes in 2X SSC.

2. Apply 100 ng/!l RNAse A in 2X SSC (50 !l on Parafilm) and incubate at 37°C, 1 hour.

3. Incubate 3 minutes at 80-91°C with FISH probe mixture: 200-400 pg/!l probe, 1:10 C. 
elegans genomic DNA or other generic DNA in hybridization buffer (10% dextran 
sulfate, 50% formamide, 2X SSCT) on a coverslip.

4.  Incubate overnight at 37°C in humid chamber.

5. Remove coverslips from slides with a razor under 2X SSC.

6. Fill two coplin jars with 50% formamide/2X SSCT. Transfer slides to one jar, and place 
both jars at 37°C, 10 minutes.

7. Transfer slides to the other jar and incubate at 37°C another 10 minutes.

8. Rinse 5 minutes with 2X SSCT. Continue with IF protocol if desired, or stain with DAPI 
(500 ng/ml in 2X SSCT), wash, and mount.
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Immunofluorescence protocol

1. Block 1.5 hours with 0.5% IgG-free BSA + 0.45% fish gelatin in PBSTx (PBS + 0.5% 
Triton X).

2. Apply primary antibody diluted in block, incubate overnight at 4°C (or >1 hour at room 
temperature).

3. Wash 30 minutes with PBSTx.

4. Wash 10 minutes with PBST.

5. Apply secondary antibody (1:500, Jackson Immunoresearch) diluted in block, incubate 1 
hour at room temperature.

6. Wash 3 x 10 minutes (alternating PBSTx and PBST).

7. Stain 10 minutes with DAPI, 500 ng/ml in PBSTx.

8. Wash 2 x 10 minutes (or longer) with PBST.

9. Mount in NPG glycerol mounting media, seal coverslip with nailpolish and view under 
microscope.
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FISH probe synthesis

All probes for FISH were synthesized from unlabeled oligonucleotides or digested PCR 
products by amino-allyl end labeling and subsequent reaction with Alexa 488, 555, or 647 NHS 
esters, as described in (Dernburg et al., 1996). 

The planarian telomere repeat sequence TTAGGG was identified previously (Joffe et al., 
1996). Telomere probes were generated from an LNA oligonucleotide (5’-G+GT +TAG +GG+T 
TAG +GG+T TAG +GG-3’) that was synthesized by IDT (Coralville, IA). Hybridization to 
metaphase spreads and cryosections confirmed that this probe recognizes the ends of all four 
chromosomes (Fig. 1A).

 The rDNA probe was generated from a PCR product amplified from genomic DNA with 
the 18STIF and 28SR primers described in (Carranza et al., 1996) and digested with a mixture of 
restriction enzymes (AluI, HaeIII, MseI, MspI, RsaI, and MboI; New England Biosciences). 
Hybridization to metaphase spreads and cryosections showed that this probe recognizes a locus 
at one end of Chromosome II (Fig. 1B,C). 

The CEN-2 probe sequence (5’-GCT ATC ATG TAG AGA ATC AAA-3’) was selected 
randomly from a pair of highly abundant 158 and 159 bp genomic repeats that were identified 
and kindly shared by Jarrod Chapman. Tests in metaphase chromosome spreads revealed that this 
sequence hybridized strongly with the centromere of Chromosome II and weakly with the 
centromere of Chromosome III (Fig. 1D); the signals from Chr. III are weak in spermatocytes, 
however, and easily distinguishable from the brighter Chr. II foci (Fig. 1E). Several other random 
sequences were selected from the longer centromeric repeats and tested, but hybridized with too 
many loci in testis sections to be useful for assaying homolog pairing (e.g., Fig. 1G). The full 
sequences of these repeats is shown in Figure 3, and probe sequences that were tested are 
highlighted. All candidate CEN probe sequences are given in Table 1.

I also took several other approaches in efforts to identify chromosome-specific FISH 
probes, which were unsuccessful. These attempts are summarized below:

(A) Simple repeat probes. A subset of all possible 5- and 6-mer sequences were chosen based 
on their representation in the S. mediterranea genome according to RepBase (http://
www.girinst.org/repbase). Oligonucleotides of varying lengths were designed for a target Tm 
of >60°C, ordered from IDT, and labeled as for other FISH probes. These sequences are 
given in Table 2. Only the sequence corresponding to the telomere repeat was successful.

(B) Complex repeat probes. Candidate regions were identified computationally (by Dustin 
Cartwright) based on the following criteria: 1) repeat region at least 2000 bases in total 
length; 2) repeat present in at least 2.5 copies; 3) repeat size under 2000; and 4) repeat not 
present at significant copy number outside of the identified region. Oligonucleotide 
sequences corresponding to the top nine candidates were designed in order to achieve a 
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target Tm of >60°C, ordered from IDT, and labeled as for other FISH probes. These 
sequences are given in Table 3. None of these sequences yielded successful probes.

(C) Single copy probes. Target regions with low repeat content were identified computationally 
by Dustin Cartwright. I designed primers to amplify these regions in 2-3 kb fragments by 
tiled PCR. I initially chose three regions to target (v31.000238:22664..77888, 20 kb targeted; 
v31.000308:101536..158100, 30 kb targeted; v31.000234:149942..192280, 38 kb targeted). 
Unfortunately, I was unable to amplify more than 10 kb cumulative product for any of them, 
possibly due to errors in the genome assembly or to failure of genomic PCR due to the high 
repeat content of the genome. This strategy was therefore not pursued further.

(D) Fosmid probes. Fosmids were selected after BLASTing forward and reverse paired end 
sequences (downloaded from GenBank) to the S. mediterranea genome sequence (v3.1). 
Sequences were deemed usable if the start and end points mapped to the same contig and 
were sufficiently far apart (>20 kB; 40 kB target) and if the primary sequence from SmedGD 
did not have significant gaps (>100 bp missing sequence). The fosmids selected are given in 
Table 4 and were kindly provided by Pietr de Jong. 

Fosmid DNA was amplified with CopyControl Fosmid Induction Solution and 
purified using the FosmidMax purification kit as indicated by the manufacturer protocol 
(Epicentre Biotechnologies, Inc.). Purified fosmid DNA was digested as for other FISH 
probes, followed by an extra digestion step with Taq!1 to fragment A/T rich sequences, and 
aa-dUTP labeled and dye conjugated as for other FISH probes. When this was unsuccessful, 
I attempted to amplify the fosmids using DOP-PCR with 0.2 "g/"l BsmI long primer (5’-
TAT CCC AAC GAT GCG AAT GCN NNN NCA GG-3’) in a 50 "l reaction volume 
containing 10 mm Tris-Cl pH 8.9, 50 mM KCl, 1.5 mM MgCl2, 0.1% Tx-100, 0.01% gelatin, 
0.2 mM each dNTP, 5 ng fosmid template and 5 U NEB Taq 2000 and the following PCR 
program: 4 minutes at 93°C, 3 cycles  (30 seconds at 94°C, 1 minute at 30°C, ramp to 72°C 
at 0.2˚C/second, and hold 90 seconds), 3 cycles (30 seconds at 94°C, 1 minute at 30°C, 2 
minutes at 72°C), 36 cycles (20 seconds at 94°C, 1 minute at 56°C, 2 minutes at 72°C), 10 
minute extension at 72°C. The resulting product was digested and labeled as for other FISH 
probes. I also tried direct-labeling DOP-PCR to amplify the fosmids, following the protocol 
of Backx and colleagues (Backx et al., 2008). None of these approaches yielded a reliable 
single-copy probe.

All FISH probes were initially tested in cryosections to determine their likely utility in homolog 
pairing and then validated by FISH to chromosome spreads. The protocol for chromosome 
spreading (reproduced on the following page) was adapted from S. Carranza and kindly 
translated by Sara Jover-Gil.
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Protocol for FISH to metaphase spreads of planarian chromosomes

1. Cut 1 mm tail fragments from 5-10 planaria.

2. Regenerate the tails under normal growth conditions (0.75X montjuic buffer, 18°C) for 
2-4 days

3. Place tails in a 0.15% colchcine/0.75X montjuic solution for 8-12 hours (10 !M 
nocodozole works too)

4. Transfer pieces to 1% sodium citrate at 37°C for 20 minutes.

5. Remove sodium citrate and replace with 3:1 MeOH:glacial acetic acid.

6. Store at -20°C for at least 2 hours, up to several months.

7. Remove tail pieces from fix and place them in 1 ml 60% glacial acetic acid until the tails 
are degraded, approximately 20 minutes. Pipetting up and down at ~10 minutes facilitates 
this process.

8. Drop this solution onto clean slides (3-4 drops per slide) and allow to air dry. Slides may 
be stored dry at -20°C for several months.

9. Treat slides for 1 hour at 37°C with 100 ng/!l RNAse in 2X SSC. Add 50 !l per slide, via 
parafilm. 

10. Rinse 2 x 5 minutes in 2X SSC solution at RT.

11. (optional) Treat slides with a solution of 2 mg pepsin in 500 ml 10 mM HCl, 10 minutes 
at RT. (I did not find that this step appreciably improved FISH for my probes, but it might 
be useful for other sequences).

12. Rinse 5 minutes in 2X SSC. 

13. Incubate 3 minutes at 80-91°C with FISH probe mixture: 200-400 pg/!l probe, 1:10 C. 
elegans genomic DNA or other generic DNA in hybridization buffer (10% dextran 
sulfate, 50% formamide, 2X SSCT) on a coverslip.

14.  Incubate overnight at 37°C in humid chamber.

15. Remove coverslips from slides with a razor under 2X SSC.

16. Fill two coplin jars with 50% formamide/2X SSCT. Transfer slides to one jar, and place 
both jars at 37°C, 10 minutes.

17. Transfer slides to the other jar and incubate at 37°C another 10 minutes.
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18. Rinse 5 minutes with 2X SSCT. 

19. Stain 10 minutes with DAPI, 500 ng/ml in 2X SSCT.

20. Wash 2 x 10 minutes (or longer) with 2X SSCT.

21. Mount in NPG glycerol mounting media, seal coverslip with nailpolish and view under 
microscope.

Antibody Generation and Testing

Another key step for assaying meiosis in S. mediterranea was to generate antibodies to 
allow the detection of key meiotic structures (e.g., chromosome axes, DSBs, synaptonemal 
complex, the nuclear envelope, crossovers) by immunofluorescence. 

As shown in previous sections, we generated rabbit antibodies specific to fragments of 
SMED-HOP1 (aa 298-397) and SMED-SUN1 (aa 92-191) by synthetic genetic immunization 
through the company SDI (Newark, DE). We also generated an antibody specific to SMED-
RAD51 (aa 1-100), which failed to recognize DSBs in my hands. The SMED-RAD51 
immunofluorescence shown throughout this work was performed by Youbin Xiang, using a 
guinea pig antibody against full-length RAD51 protein generated by Cocalico Biologicals 
(Reamstown, PA).  

We also generated a rabbit antibody specific to SMED-LAMINB2 (mk4.001379.07.01; 
aa 298-397) by synthetic genetic immunization through SDI in an attempt to generate a nuclear 
envelope marker. Immunostaining with this antibody showed good localization to the nuclear 
envelope in somatic cells, but none to the nuclear envelope of spermatocytes (Fig. 3A).

A number of publically available antibodies are useful markers in S. mediterranea (Robb 
and Sánchez Alvarado, 2002); among these, the tubulin antibody stains testes nicely, though only 
under ideal fixation conditions (Fig. 3). Several other commercially available antibodies are also 
useful for staining testes, including phospho-histone H3(pSer10) and anti-Sm monoclonal 
antibody Y12 (Pisetsky and Lerner, 1982), which label neoblasts and spermatogonia (Wang et 
al., 2007).

Methods for investigating germline apoptosis (TUNEL)

As discussed in Chapter II, germline apoptosis can be induced by a variety of errors in 
meiosis, and I was interested in examining this phenomenon in wild type and RNAi animals. 
Attempts to recognize apoptotic cells by immunofluorescence to cleaved caspase 3 were 
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unsuccessful, and homologs to other typical markers of apoptosis (e.g., Annexin V, CED-4) 
could not be found in the S. mediterranea genome. 

In 2009, Pellettieri and colleagues published a technique for examining apoptosis in 
whole asexual worms using TUNEL staining with the commercially available Chemicon 
ApopTag kit (Pellettieri et al., 2009). The larger sexual worms proved somewhat recalcitrant to 
this method in whole mounts, but staining of cryosections was frequently successful (see Chapter 
II, Fig. 5). Conveniently, the elevated apoptosis at amputation sites reported by Pellettieri et al. 
can be used as an internal control for the success of the staining. However, it should be noted that 
bright TUNEL staining of maturing spermatids (described in Chapter II) was not observed in all 
animals where TUNEL was observed at the cut site, although it was not clear whether this is a 
biological phenomenon or due to variability in the protocol. Furthermore, the same caveats for 
variability in results based on animal size, etc. discussed above for FISH and IF apply here. The 
TUNEL protocol that I have used is reproduced on the next page.

TUNEL to detect apoptosis in S. mediterranea cryosections

1. Cut large (mature) planaria 1-2 mm from the head and allow to regenerate 4-5 hours in 
0.75X montjuic buffer.

2. Kill animals 10 minute in 10% N-acetyl cysteine in PBS on nutator.

3. Rinse briefly 2-3 times with PBS.

4. Remove PBS and replace with OCT medium as quickly as possible.

5. Freeze animals in OCT in molds as quickly as possible. Store at -80°C.

6. Cut longitudinal cryosections at 20-30 !m. May store at -20°C for several days before 
proceeding.

7. Rinse away OCT in 2-3 brief changes of PBS.
(note: at this point, proceed as indicated in Chemicon ApopTag Red Kit protocol for cryosections) 

8. Fix 10 minutes in 1% formaldehyde in PBS.

9. Wash 2 x 5 minutes in PBS.

10. Post-fix 5 minutes in cold 2:1 EtOH:glacial acetic acid (pre-chilled to -20°C). 

11. Wash 2 x 5 minutes in PBS.
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12. Aspirate PBS and apply equilibration buffer (100 !l per 22 x 40mm parafilm). Incubate 
for at least 10 seconds at RT.

13. Aspirate equilibration buffer and apply working strength TdT enzyme mix (7:3 reaction 
buffer:TdT enzyme mix; 50 !l per 22 x 40mm parafilm).

14. Incubate 1 hour at 37°C in humid chamber.

15. Remove parafilms and transfer to coplin jar containing working strength stop/wash 
buffer (1 ml stop/wash concentrate + 34 ml MilliQ water). Agitate 15 seconds and 
incubate 10 minute at RT.

16. Rinse 3 x 1 minute in PBS.

17. Aspirate PBS and apply working strength anti-dig conjugate (68 !l block : 62 !l anti-dig 
concentrate; 50 !l per 22 x 40mm parafilm). Incubate for 30 minute in humid chamber at 
RT, shielded from light.

18. Wash 4 x 2 minutes in PBS.

22. Stain 10 minutes with DAPI, 500 ng/ml in PBSTx.

23. Wash 2 x 10 minutes (or longer) with PBST.

24. Mount in NPG glycerol mounting media, seal coverslip with nailpolish and view under 
microscope.
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General molecular biology and planarian culture

Planarian culture

Animals were kept in 0.75X Montjuic buffer (1.2 mM NaCl, 0.75 mM CaCl2, 0.75 mM 
MgSO4, 0.075 mM MgCl2, 0.075 mM KCl, 0.9 mM NaHCO3) at 18°C in the dark, in plastic 
Tupperware containers, as indicated by Phil Newmark (personal communication). I occasionally 
experimented with different light/dark cycles (12:12 and 18:6) in an effort to increase mating and 
fertility but this did not have any obvious effect. Different culture densities also did not produce 
obvious effects on mating habits or fertility. Animals were fed organic, free-range calf liver paste 
(stored frozen at -80°C) 2-3 times per week and water was changed after each feeding. 
Containers were cleaned once per week or as necessary. Cultures were perpetuated by 
amputating animals into 2-3 mm lateral fragments; amputated animals were allowed to 
regenerate 10 days under normal conditions before feeding was resumed. Animals were always 
starved for one week before proceeding with other experiments.

Genomic DNA purification

Genomic DNA for PCR and other applications was prepared from whole worms using a 
standard phenol chloroform extraction. I generally used small or sick animals for efficiency. One 
small animal (4 mm when stretched) weighs about 10 mg and yields about 1 !g genomic DNA. 
Prior to phenol chloroform extraction, worms are cut in half to break the epidermis, 
homogenized with a plastic pestle in an Eppendorf tube in DNA isolation buffer (100 mM NaCl, 
10 mM Tris pH 8, 25 mm EDTA, 0.5% SDS, 0.1 mg/ml proteinase K), and incubated at 50°C 
overnight (12-16 hours). Extraction with an equivalent volume of phenol chloroform is followed 
by a basic ethanol precipitation with 1/10 volume 3 M NaOAc and 2.5-3 volumes 95% ethanol. 
For some applications, subsequent treatment with RNase was desirable; genomic DNA 
frequently co-purifies with a band of RNA that runs around 900 bp.

RNAi plasmid construction and feeding

Bulk cDNA was prepared from sexually mature animals with an RNeasy kit (Qiagen) and 
RETROscript kit (Ambion) according to the manufacturers’ instructions. One large, sexually 
mature animal (~1 cm when stretched) weighs about 20 mg and yields between 5-10 !g RNA. 
RNAi target fragments of 500-700 bp were amplified from the cDNA with transcript-specific 
primers (described in Table 5) in a 50 !l reaction volume with NH4 PCR buffer (final 
concentration: 16 mM ammonium sulfate, 67 mM Tris HCl pH 8.8, 0.01% Tween-20), 0.2 mM 
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each dNTP, 2 mM MgCl2, 1 !l RT product template, 2 !m each primer, and 5 U Taq polymerase 
using the following touch-down PCR program: 1:30 minutes at 93°C, 10 cycles (20 seconds at 
94°C, 30 seconds at 56°C, decrease by 0.3˚C/cycle, 72°C for 1 minute), 20 cycles (20 seconds at 
94°C, 30 seconds at 53°C, 1 minute + 3 seconds/cycle at 72°C), 5 minute extension at 72°C. The 
target fragments were checked on a 2% agarose gel and isolated by gel purification (Qiagen) or 
ethanol precipitation (described above), as appropriate. Purified fragments were cloned into the 
pPR244 plasmid using the Gateway system, transformed into HT115 cells, and confirmed by 
DNA sequencing. 

Cells were grown overnight at 37°C in LB medium containing kanamycin and 
tetracycline (50 !g/ml each), then diluted 1:10 in LB medium without antibiotics and allowed to 
grow another 1.5 hours. Expression of double-stranded RNA was induced for 4 hours with 0.4 
mm IPTG in liquid culture and cells were pelleted in 1.5 ml aliquots and frozen for future use. 
For RNAi feeding, a bacterial pellet equivalent to 1.5 ml of cells was mixed with ~40 mg of calf 
liver paste and 2 !l of red food coloring (adapted from Gurley et al., 2007); this paste was fed to 
the planarians three times in the first week of knockdown and 1-2 times per week thereafter. 
Animals were fixed four weeks from the date of the first feeding unless otherwise noted. An 
empty pPR244 vector was used as a negative control.
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Other materials and methods

Electron microscopy

Sexually mature planaria were cut in half under fixative (2% glutaraldehyde, 4% 
paraformaldehyde in 100 mM Na cacodylate buffer) and exposed to microwaves at low power 
under vacuum (1 minute microwave with 22 Hg vacuum, 1 minute vacuum only, 1 minute 
microwave) to allow infiltration of the fixative. The fixative was exchanged for 3% 
glutaraldehyde and the sample was stored at 4°C overnight. The glutaraldehyde was washed out 
with three five minute washes with 0.1 M sodium cacodylate and stained with 1% osmium 
tetraoxide for 1 hour. After two 10 minute washes with 0.1 M sodium cacodylate and three 10 
minute washes with MilliQ water, the animals were stained with 0.5% uranyl acetate overnight at 
4°C. Stained samples were dehydrated in a cold ethanol series (15 minutes each in 30%, 50, 75, 
80, 95, 95, 100, 100, 100%) and washed twice for 5 minutes with 100% acetone. Resin 
infiltration with an acetone/epon araldite series (10, 25, 40, 60, 60, 80, 80, 100, 100, 100%) was 
performed in a microwave under vacuum and samples were embedded in 100% epon araldite 
resin. Thin sections were cut at 70 nm (approximately 1-2 mm from the tail tip), post-stained 
with uranyl acetate and lead citrate, and imaged with an FEI Tecnai 12 transmission electron 
microscope at 100 kV.

X-ray irradiation

X-ray irradiation experiments were performed by Youbin Xiang. Animals (regenerated 
for at least 4 months) were exposed to a dose of 10 Gy at a rate of 1.0 Gy/minute and allowed to 
recover under normal conditions (0.75 X Montjuic at 18°C, in the dark) for 5 hours before 
processing for immunofluorescence. 

Statistical analyses

Weighted averages (per section) and standard deviation of meiotic stage distribution and 
bouquet formation were calculated in Apple Numbers. Between-group differences were 
calculated from these values with unpaired t-tests using GraphPad online tools (http://
graphpad.com/quickcalcs/ttest2.cfm). For CEN-2 pairing distances, within-group (section-to-
section and animal-to-animal) statistical similarity was confirmed with Kruskal-Wallis tests in 
Kaleidagraph. Between-group differences were analyzed with Kolgorov-Smirnov tests to detect 
differences in mean/median and distribution shape (http://www.physics.csbsju.edu/stats/KS-
test.html).
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Table 1. CEN candidate sequence probes

sequence name sequence # in 
158bp

# in 
159bp results

CEN/alt cen M1 GAGAATCAAAHGTTATSSAGAAMTATATCA localizes to short arm of 
Chr. III, maybe also Chr. 
IV in spreads. Widespread 
staining in spermatocytes.

CEN/alt cen M1B ARTGCTADCATGTAGAGAATCAAA same as M1
CEN/alt cen M2 AATTGACAGARATACAAGCCTA same as M1
CEN M4 TATCAAAGATTATGAAAACA no staining
CEN M5 GCTATCATGTAGAGAATCAAACGTTATCG CEN-2
CEN M6 TGCAAAAATCATAACGGACTCGTCAGGA no staining
Seq96 CCATTAAGATACATACGAGTAAATTCAAC n/a n/a no staining
Seq96b AAATACTCCGGATGGTCATCTTAAAA n/a n/a no staining
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Table 2. Simple repeat probes

Repeat oligo length %GC abundance
(RepBase)

date 
tested results

TAAAAA

TATACA

TCACCA

TGGCCC

CAAAAA

CCCCAA

CCCCCA

CCCGAA

CCCTAA

CCCTCA

GAAAAA

GAGACA

GCCCCA

GCCCCC

GGAGAA

GGGAGA

GGGGGA

CAAAA

CAAA

AC

AG

GAAA

GCCCA

AATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATA 40 0% 0.46% 2/5/10 no

CATATACATATACATATACATATACATATACATATACA 38 18% 0.33% 2/5/10 no

TCACCATCACCATCACCATCACCATCACCA 30 50% 0.24% 2/5/10 no

TGGCCCTGGCCCTGGCCCTGGCCT 24 79% 2/5/10 no

CAAAAACAAAAACAAAAACAAAAACAAAAACAAAAAC 37 19% 0.99% 2/5/10 no

CCAACCCCAACCCCAACCCCAACC 24 67% 0.23% 2/5/10 no

CCACCCCCACCCCCACCCCCACCC 24 83% 0.44% 2/5/10 no

CCGAACCCGAACCCGAACCCGAAC 24 67% 0.25% 2/5/10 no

CCTAACCCTAACCCTAACCCTAACCCTAAC 30 50% 1.51% 2/5/10 telomere

CCTCACCCTCACCCTCACCCTCAC 24 67% 0.10% 2/5/10 no

GAAAAAGAAAAAGAAAAAGAAAAAGAAAAAGAAAAAG 37 19% 0.60% 2/5/10 no

GAGACAGAGACAGAGACAGAGACAGAGACA 30 50% 0.06% 2/5/10 no

CCCAGCCCCAGCCCCAGCCCCAGC 24 83% 0.12% 2/5/10 no

GCCCCCGCCCCCGCCCCCGCCCCC 24 100% 0.33% 2/5/10 no

GAGAAGGAGAAGGAGAAGGAGAAGGAGAAG 30 50% 0.18% 2/5/10 no

GGAGAGGGAGAGGGAGAGGGAGAG 24 67% 0.15% 2/5/10 no

GGGGAGGGGGAGGGGGAGGGGGAG 24 83% 0.09% 2/5/10 no

CAAAACAAAACAAAACAAAACAAAAC 26 23% 2.34% 2/23/10 no

CAAACAAACAAACAAACAAACAAAC 25 28% 1.98% 2/23/10 no

CACACACACACACACACACACAC 23 52% 17.94% 2/23/10 no

GAGAGAGAGAGAGAGAGAGAGAG 23 52% 5.38% 2/23/10 no

GAAAGAAAGAAAGAAAGAAAGAAAG 25 28% 2.74% 2/23/10 no

CAGCCCAGCCCAGCCCAGCCCAG 23 78% 1.94% 2/23/10 no
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Table 3. Complex repeat probes

Repeat name oligo length %GC
size of 
repeat 
region

date 
tested results

Contig18998

Contig3692a

Contig3692b

Contig200

Contig8466a

Contig24668

Contig23367

Contig27402

Contig31919

AATGAAATGAAATGAAATGAAATGA 25 20% 8,999 8/11/09 no

TAATTACACAATCGACATCGGAAAGTACTC 30 36% 11,648 8/11/09 no

CAACTGGAACAGCAACTACTTCACCAATAA 30 40% 11,648 8/11/09 no

TAGTTGCAGACCGAAGTAGTTGCAGACCGAAG 32 50% 7,478 8/11/09 no

TTTTAATTTTAAACAAAGACCATGACTCATTCAAGGT 37 27% 19,013 8/11/09 no

TGGAATGGAATGAAATGGAATGGAATGAAA 30 33% 5,190 8/11/09 no

GACGTAGTTGTAGTAGACGTAGTTGTAGTA 30 40% 5,115 8/11/09 no

ATTCCATTCCATTCCATTCCATTCC 25 40% 5,108 8/11/09 no

CATTTCATTTCATTTCATTTCATTTCATTT 30 20% 5,060 8/11/09 no
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Table 4. Fosmid probes

Plate fwd read rev read contig # start end length (bp)
18A02 1314586544 1314590888 v31.000923 74724 116420 41696
18A14 1314586550 1314587013 v31.000272 88276 148998 60722
18C22 1314586565 1314587025 v31.001662 35945 78111 42166
18G04 1314586575 1314587032 V31.001609 36444 72316 35872
18I22 1314586589 1314587042 v31.002694 47401 88149 40748
18K02 1314586591 1314587043 v31.000795 52244 93695 41451
18K18 1314586599 1314587049 v31.000609 80628 118950 38322
18M12 1314586607 1314587055 v31.000577 39551 68856 29305
18M22 1314586612 1314587060 v31.001546 24785 66708 41923
18O20 1314586620 1314587068 v31.001479 50351 82442 32091
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Table 5-1. Primers used to amplify cDNA sequences (for RNAi)Table 5-1. Primers used to amplify cDNA sequences (for RNAi)Table 5-1. Primers used to amplify cDNA sequences (for RNAi)Table 5-1. Primers used to amplify cDNA sequences (for RNAi)Table 5-1. Primers used to amplify cDNA sequences (for RNAi)

gene name Smed accession # fwd primer reverse primer
amplicon 
size (bp)

a-tubulin mk4.001685.05.01 GAACTGGTTCGGGATTTCAA TGCGGTTGAGTTGGTAATCA 718

Atm1A mk4.002177.01.01                                                       TGCCAAGTTCCCTTGGTTTA CACTCAAAATTCCAAGGGTGA 520

Atm1B mk4.008791.03.01                                                       CAGCAAAAATCGACATTGGA CAATCGACAATTGGGTCAAA 490

BLM mk4.002999.00 GTCGAGACCAAGAAACAGCAC AGATGGTGGAAAAATCGCTCT 507

Cyclin B1 
interacting protein 1

mk4.029895.00.01 TTGACTTCGTTGAGGTGGAA CCGAAAGTCGAATCAGGAGA 499

DnaJ/apoptosis 
protein 

AY067277 TTGGAGAAAAATCAGGCAATG GGGTCTTTCCCTCACACTCA 586

Dpy-30 homolog 1 DN305359 GGGAAGCTTTCCGTCTTCAT TCGCGATCAGCTACGTCTTA 504

Dpy-30 homolog 2 DN296566 TCGGCCAAAAGATCCAATAG GGGTCCTCAAGATTCTCAGC 501

Est1A mk4.006651.00.01                                                      CCTCTTCAATTACCGGCTGA TACCGCACAAGAAATCACCA 485

FtsJ DN315009 TATGTTGTGGAAACGCCAGA TCAATGCGATTCGTGTCACT 504

Hop1 mk4.001053.00.01 GCAGTTGTGATTGGATTTTATACAG CAGTTTCAACATGACCTAATTTA 511

inscuteable DN315777.1 TGCGATACGGTGAAAATTGA TGCCGCTTCGAAAAGAATAG 594

LEM domain 
containing 1

de_novo.28457.1 AAAAACCGGTTCTGACGTTG GTAACCGGCGATGTTCAGTT 481

Mer3/Hfm1 mk4.002244.00 CGGCAGTGGATTTAATTCAGA TTCTAACAACACGCGAACCTT 500

Mnd1 mk4.000603.04.01 AATTCGAATGCTTGAATTTTTC CATGGTTCCAGTGTGTCCAG 481

Mre11 mk4.006709.01.01 GAATCGATCCCGAGTACAACA GGCTAACAAAACCGTTGACAA 499

Msh4 mk4.013659.03 ACAACAATTCATCGCCGTTA CCAAAAGACGGTTGCAAAAT 435

Msh5 ASA.00077.01 TTCGTCGTCAAAGAAGGAGTG ATTGTGTTCACCCGCAATTAG 497

multiple asters 1 mk4.004247.01.01 CAAATTCCGCAGCCAGTTAT CTTTGGGGCATTGTCTTTGT 571

nanos mk4.008570.00 GGAAGCATGGCCTGAAAAGC TTCGCAAAGAGAGTCATATTGAAC

non-SMC 
condensin D2

mk4.003927.01 GAAAAAGTACACGGCGATGAA AATTCTCCAAATGTGGGGTTC 488

Rad51 mk4.015647.00 GGGTCCTTTGCCTTTGAAAAAAT CCTTCTCCACCACCCAAATCAAC 495

Rad51 mk4.015647.00 GGTATAAGTGCACAGGACATTAAAAA
GTTG

CTGTTCCCGACAAACCGTACCGTTC
AG

505

RTEH mk4.000667.08.01 TCTGTGCAGCATTAGCTTGG ATCGGCTGAATCGAACATTT 494

Smc1A mk4.004021.04.01 AATTGCCAGTTCACAAAAACG TTTTTGGGTATCGCACACAAT 496

Smc1C mk4.000285.05.01 CGATGCTCAGAAGTGTGTTGA TTGTTCTGTGGATTTCGGTTC 520

Smc3 mk4.002068.00.01 AAAGCGACGATTGGAAACAC CGCCAGTGAAACTCACTTCA 605

SPAG-6 (1) de_novo.20267.1 GGAAGCAATTGCGATTTTTG GATGGACACCATTTCTGCAA 571

SPAG-6 (2) de_novo.20267.1 TCGAGCAATTAGCGAGGAAT CATAGAAAGCTGCGCAATGA 562

SPAG18 mk4.018041.00.01 GGTATTGGAAGACGCAGCAT GGACATTTCCCATGCAATTC 532

Spag8 DN308206 TCACGGTAATCAAGCATTTGTT ATTGGTTTGAGGAGCGAGAA 535

spermatogenesis 
associated 4

DN301846 TTCCAGAAAATTTGATTCATGG GCATTTGTCAACTTGCTTCG 510

spermatogenesis 
associated 6

DN315360 AATCGATCTAGTGACGATGGTT TTTTACCAGGTGATTGTCTTCG 403

spindle assembly 6 DN309411 TTGGTGCATTTGGACAAAAA CTTGGTCGTGCTTTGATTTG 489

Sun1 mk4.001469.07 GGAGTATCTGTTGTAAGAAATG CAGATTTTACCAAAAAAACAACGC 509

Sun2 mk4.001275.01.01 TTATACAGCCAGGAAATCAGC  AAGGCGGTGTGGAGGACT 405

Sun3 mk4.003039.01.01 CCCAAGTGTGTTGTGTGGAC TTGGATCTCCATGTTCGTCA 509

tankyrase mk4.000820.07.01 TACGCCCGGAATGTAGGTAA CACTTGTGCTCCCATTTCAA 532

Tap1B mk4.001386.00.01 ATGCCATTTGAAAGGTTTCCT AAGTTTAGCAACGTCCCCATT 484

Tekt2-a mk4.008627.02.01 ATAATCACCAGCGAGCCAAC CTCTGGCTTTTTCGCATTTC 513

Tekt2-b mk4.000010.08.01 GTCGTGCAACGAGAATTGAA CTTCCCATTCCTGAGGATCA 534

Trip13/PCH-2 mk4.000527.02.01 GATTTGTGGGATTCGCTTGT GTCCAATGCACGCTGACTTA 723

XPF mk4.000684.07 TTTGATCGAACGGTAATTTGG ACGTTTCAAGCGGCTTTATTT 495

Plkc1 mk4.001509.00.01 ACGAAATCCTCCGTTTCAAG TCACTCCTGTTGATCCGTCA 581

Plkc2 v31.007361:12834..
15539

CCAGTGGTTTACCGACGAGT AAGGCAACCTGATCATGGAC 666
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Table 5-2. Primers used to amplify cDNA sequences (for RNAi)Table 5-2. Primers used to amplify cDNA sequences (for RNAi)Table 5-2. Primers used to amplify cDNA sequences (for RNAi)Table 5-2. Primers used to amplify cDNA sequences (for RNAi)Table 5-2. Primers used to amplify cDNA sequences (for RNAi)

gene name Smed accession # fwd primer reverse primer
amplicon 
size (bp)

Plkc3 de_novo.18895.1 CAACAAAGCCAACCCAGAAT GCATTTCCGGAGCCATATAA 530

Plkc4 v31.002811:7575..8
527

TTATTAGGACGAGTAAAGCGTCA AGGGAAGATTTCCGGTTGTT 684

Plkc5 de_novo.17941.1 TATCGTGTCCTCCTCGCTTT AAACAAATGGCACTCGGTTC 553

Tfc1 mk4.000440.02.01 GGATGGAAGAAGCGAGACAG CAATTTCTTCAGTGCGTTCG 609

Tfc2 mk4.000675.02.01 AAAGAATGCGCGCAAAATAC CTGCTTCCAGCATTGTCGTA 699

Tfc4 mk4.002345.03.01 AAAGAACCGCGAGAAAGACA TGGGCTTCGAGTTCTTTGTT 696

Tfc5 mk4.018982.00.01 AACCGCATACCATAGCGAAG CTGCTCCCACATTTTCCAAT 700

* all forward primers include the sequence 5’-ggg gac aag ttt gta caa aaa agc agg ct-3’ and all reverse primers include the sequence 
5‘-ggg gac cac ttt gta caa gaa agc tgg gt-3’ for Gateway cloning.
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