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Abstract 

The nematode Auanema rhodensis has recently been established as a new model organ-

ism. A. rhodensis is characterized by the simultaneous existence of three phenotypical sexes 

(males, females and hermaphrodites; called trioecy), skewed sex ratios which do not follow 

Mendel's laws, and variant segregation patterns according to sex and type of gametogenesis. 

Recently, A. rhodensis has been used to study the possible mechanisms for sex determina-

tion in three-sexed species and the variability of basic processes during sexual reproduction 

including meiotic divisions. 

During male meiosis, a diploid primary spermatocyte undergoes two consecutive divisions 

to form four haploid spermatids. Surprisingly, male meiosis in A. rhodensis results in two func-

tional and two non-functional spermatids depending on the presence of an X-chromatid. 

A. rhodensis males exhibit a set of paired autosomes and one single X-chromosome, like males 

of the well-established nematode model organism Caenorhabditis elegans. In contrast to C. el-

egans, however, the X-chromosome in A. rhodensis divides precociously into its sister chro-

matids during the first meiotic division followed by a lagging X-chromatid and its uneven distri-

bution during meiosis II. Additionally, the second meiotic division within this species is charac-

terized by an asymmetric organelle distribution and a spindle structure reminiscent of a mono-

polar spindle. 

In this study, serial section electron tomography was used to analyse the ultrastructure of 

the microtubule skeleton in spermatocytes of A. rhodensis. The analysis of spermiogenesis 

using electron tomography posed some key advantages compared to standard transmission 

electron microscopy. First, the microtubule (MT) network could be studied in detail including 

spindle formation, organization of spindle poles, rearrangement of MTs, and interaction be-

tween MTs and chromosomes. Second, the number and shape of chromosomes could be vis-

ualized. And third, the morphology of organelles could be observed at high resolution, and 

different organelles as well as their distribution pattern could be distinguished and quantified. 

This study provides high-resolution 3D information about male meiosis in A. rhodensis. The 

results of this thesis confirm the complexity of the male meiotic program and the prominent 

position of the X-chromatid in meiosis II in this organism. Like previous light microscopic stud-

ies, electron tomography supports the hypothesis of an X-chromatid-dependent distribution of 

cellular organelles such as fibrous-body membranous-organelles (FB-MOs) and mitochondria. 

Furthermore, the formation of an asymmetric spindle could be observed with progressing ana-

phase II and might be associated with the X-chromatid distribution. Additionally, the analysis of 

the number of chromosome-associating MTs and their association character gives new insights 
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into possible chromosome segregation mechanisms. Finally, significant differences to the male 

meiotic program in C. elegans have been identified.  

For the first time, the MT network in A rhodensis spermatocytes of different division stages 

has been observed in detail, and several different analyses could be done, including an analy-

sis of the length distribution of MTs in the spindles. Because this ultrastructural analysis is 

based on fixed samples, live-cell imaging should be performed in the future to gain further 

information on the chromosome dynamics in this species. 
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Zusammenfassung 

Der Fadenwurm Auanema rhodensis hat sich in den letzten Jahren mehr und mehr zu 

einem neuen Modellorganismus entwickelt. Typisch für A. rhodensis ist das zeitgleiche Vor-

kommen dreier phänotypischer Geschlechter (Männchen, Weibchen und Hermaphroditen; die 

sogenannte Triözie) und deren zahlenmäßig ungleiches Verhältnis zueinander, welches sich 

nicht durch Mendelsche Regeln erklären lässt. Ebenfalls auffällig sind nach Geschlecht und 

Gametogenese (Oogenese oder Spermatogenese) abweichende chromosomale Segregati-

onsmuster. Unlängst hat A. rhodensis zu Erkenntnissen über die Geschlechtsdeterminierung 

in dreigeschlechtlichen Arten und die Varianz grundlegender Prozesse in der Meiose beigetra-

gen. 

Während der männlichen Meiose (Spermatogenese) teilt sich eine diploide primäre Vor-

läuferzelle (primäre Spermatozyte) in zwei aufeinanderfolgenden Teilungen in insgesamt vier 

haploide Spermatiden. Bei A. rhodensis führt die Spermatogenese ungewöhnlicherweise zu 

zwei funktionalen und zwei nicht-funktionalen Spermatiden, wobei die Funktionsfähigkeit vom 

Auftreten eines X-Chromatids abhängt. Männchen von A. rhodensis besitzen, ähnlich wie im 

Modellorganismus Caenorhabditis elegans, eine Reihe gepaarter Autosomen sowie ein einzel-

nes X-Chromosom. Im Gegensatz zu C. elegans teilt sich das ungepaarte X-Chromosom in 

A. rhodensis vorzeitig schon während der ersten meiotischen Teilung in seine Chromatiden, 

wodurch es zu einer verzögerten und ungleichen Verteilung des X-Chromatids während der 

zweiten meiotischen Teilung kommt. Diese zweite meiotische Teilung bei A. rhodensis ist au-

ßerdem durch eine asymmetrische Verteilung der Organellen und Mikrotubuli gekennzeichnet, 

letztere ähneln einer monopolaren Spindel. 

In dieser Arbeit wurde die Methode der seriellen Elektronentomographie genutzt, um die 

Ultrastruktur der Mikrotubuli in meiotischen Spindeln in Spermatozyten von A. rhodensis zu 

untersuchen. Zum einen wurden mittels Elektronentomographie das Netzwerk der Mikrotubuli 

und die Spindelorganisation, die Struktur der Spindelpole sowie die Interaktion zwischen Mikro-

tubli und Chromosomen drei-dimensional (3D) analysiert. Zum anderen wurde die Form der 

Chromosomen und die Morphologie und Verteilung der verschiedenen Organellen quantitativ 

erfasst. 

Somit stellt diese Studie hochauflösende 3D-Information über den Ablauf der männlichen 

Meiose in A. rhodensis zur Verfügung und bestätigt damit die Komplexität der männlichen Mei-

ose und die zentrale Rolle des X-Chromatids während der zweiten meiotischen Teilung in die-

sem Organismus. Basierend auf vorangegangenen lichtmikroskopischen Experimenten an 
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fixierten Proben unterstützt die Elektronentomographie die Hypothese einer vom X-Chromatid 

abhängigen Verteilung zellulärer Organellen wie spermienspezifischer FB-MOs oder Mito-

chondrien während der zweiten meiotischen Teilung. Außerdem konnte die Ausbildung einer 

asymmetrischen Spindel beobachtet werden, welche ebenfalls mit der ungleichen Verteilung 

des X-Chromatids in Zusammenhang stehen könnte. Eine zusätzliche Analyse chromosomen-

assoziierter Mikrotubuli brachte erste Erkenntnisse über mögliche zugrundeliegende Mecha-

nismen der Chromosomensegregation. Die Ergebnisse dieser Arbeit konnten mit ähnlichen 

Untersuchungen in C. elegans verglichen und Unterschiede herausgearbeitet werden. 

Zum ersten Mal wurden hier meiotische Spindeln unterschiedlicher Teilungsstadien in 3D 

untersucht und unterschiedliche quantitative Analysen zur Längenverteilung der Mikrotubuli 

durchgeführt. Da alle hier gewonnenen Ultrastrukturdaten auf fixierten Proben basieren, sollte 

eine Betrachtung einer transgenen Wurmlinie mit Fluoreszenzmarkern mittels live-cell imaging 

auf diese Ultrastrukturanalyse folgen. 
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1. Introduction 

Sexual reproduction is indispensable for genetic diversity within a species and therefore 

for its long-term survival. Meiosis is essential for this process in eukaryotes as a special mode 

of cell division producing haploid gametes (Ohkura, 2015).  

Since this thesis should cover a general overview of male meiosis in the extraordinary 

nematode Auanema rhodensis it is necessary to first get an insight into the chronology of cell 

division.  

 
 

1.1 Cell division ï mitosis versus  meiosis  

Cell division is a complex process that ensures cellular reproduction by partitioning of the 

genetic material and formation of daughter cells. Two types of cell division can be distinguished: 

mitosis and meiosis. While mitosis is defined as the equational division of a cell into two genet-

ically identical daughter cells (Alberts, 2015), meiosis leads to a reduction of chromosome num-

bers followed by an equational division and ends up in either four haploid germ cells in male 

meiosis (sperm) or one haploid gamete, called oocyte, in female meiosis (Griswold & Hunt, 

2013). 

During mitosis, sister chromatids move apart and become partitioned to the newly forming 

daughter cells. The cellular structure performing the equational division of genetic material is 

called "bipolar spindle" (Duro & Marston, 2015). 

Meiosis is composed of two subsequent divisions: a reductional division (meiosis I) where 

homologous chromosomes are first paired and then split apart, and a second, mitotic-like divi-

sion (meiosis II), leading to the segregation of the sister chromatids (Duro & Marston, 2015). 

Meiotic recombination between the homologous chromosomes in meiosis I ensures the emer-

gence of genetically non-identical daughter cells (Ohkura, 2015) termed "gametes", the spe-

cialized reproductive cells of a species (Alberts, 2015). Whereas four haploid sperm are pro-

duced by the two divisions in male meiosis, females produce only one gamete, the oocyte. 

During both meiotic divisions of female meiosis, each one set of either homologous chromo-

somes (in meiosis I) or sister chromatids (in meiosis II) are discarded in so called "polar bodies" 

(Cohen, 2018).  

Even if cell division differs between different organisms, certain characteristics are univer-

sal for all eukaryotes. The fundamentals of cell division accompanied by changes of cell internal 

structures and molecular mechanism are best studied in mitosis (Ohkura, 2015) which, in con-

sequence, should be described in detail first.  
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1.1.1 The mitotic cell cycle and spindle apparatus of eukaryotes  

The mitotic cell cycle is characterized by two phases, interphase and M phase, whereas 

both of those phases are subdivided into several stages (Fig. 1.1).  

Interphase is composed of three stages to ensure that the cell grows, the DNA duplicates, 

and necessary proteins are produced in sufficient amounts before two identical daughter cells 

are formed: G1 phase, S phase and G2 phase. Within the first of the two gap phases, the 

G1 phase, proteins and other cellular components except DNA are synthesized. If required, 

cells can shift from G1 to a special resting state (G0 phase) to overcome unfavorable extracel-

lular conditions or to rest until the next round of cell division or cell death of differentiated cells. 

In the following S phase, DNA synthesis takes place to duplicate all chromosomes, combined 

with the synthesis of proteins necessary for DNA assembly and gene expression control. It is 

the most time-consuming phase within interphase. The following G2 phase is characterized by 

cell growth and protein synthesis. (Alberts, 2015).  

 

 

Fig.  1.1: Schematic illustration of the mitotic cell cycle in eukaryotes.  Interphase is subdivided into 
G1, S, and G2 phase. Under special circumstances, cells can shift from G1 phase into a resting phase 
(G0). After G2, cells divide during mitosis and subsequently following cytokinesis. Different cell stages of 
mitosis and cell division during cytokinesis are illustrated showing the nucleus in grey, chromosomes in 
blue and yellow, the nuclear envelope and poles in black and microtubules as black lines.  
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After G2 phase is finished, the cells enter M phase, which is split into mitosis and cytokine-

sis and represents the actual division of genetic material and of the cell itself. The essential 

structure for the separation of the genetic material to the two resulting daughter cells during 

mitosis is the spindle apparatus. In general, mitotic spindles show a bipolar organization and 

are built from microtubules (Fig. 1.2, see section 1.2.1). In such spindles, sister chromatids are 

connected to opposing spindle poles (Duro & Marston, 2015).  

 

 

Fig.  1.2: Schematic illustration of a mitotic spindle.  Bipolar spindles are organized from two centro-
somes composed of two centrioles each (shown as yellow cylinders) and the surrounding pericentriolar 
material (PCM, yellow sphere). In between the centrosomes, a bipolar array of microtubules is formed, 
nucleating and anchored at the centrosome with their minus ends while the plus ends (+) radiate out 
towards the chromosomes. In metaphase, chromosomes (grey) are arranged at the cell equator, and 
sister chromatids are linked by cohesin molecules (blue circles). Astral microtubules (green) span be-
tween the centrosomes and the cell cortex, kinetochore microtubules (orange) connect chromosomes 
via their kinetochore (red) to the poles and interpolar microtubules (black) span between the poles with-
out chromosome attachment, but interacting with each other via crosslinker molecules.  

 

The spindle poles, also called centrosomes, are each composed of a pair of centrioles, 

surrounded by the pericentriolar material (PCM), an amorphous protein network. Microtubules 

(MTs) within the spindle can be categorized as astral microtubules, kinetochore microtubules, 

and interpolar microtubules (Dumont & Mitchison, 2009). Astral MTs radiate from the poles 
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toward the cell cortex, where they can attach to the cortex and help to position the spindle 

within the cell (Wu et al., 2016). Kinetochore MTs (KMTs) connect the equatorially arranged 

chromosomes to the spindle poles. KMTs attach to a protein structure on each sister chromatid 

called the "kinetochore" and exert pulling forces on the segregating chromosomes (Dumont & 

Mitchison, 2009; Maiato et al., 2004a; Rieder & Salmon, 1998). Interpolar MTs, also called 

interdigitating MTs, are arranged in a parallel way coming from opposite spindle poles without 

chromosome attachment (Alberts, 2015; Gadde & Heald, 2004). Through MT polymer dynam-

ics or molecular motors, forces are generated and acting on the chromosomes to achieve chro-

mosome segregation through changes in spindle mechanics (Gatlin & Bloom, 2010).  

According to chromosomal behavior and typical intercellular structures, the mitotic cell di-

vision can be divided into five stages: prophase, prometaphase, metaphase, anaphase and 

telophase (Alberts, 2015). 

Mitosis starts with prophase  which includes the condensation of chromosomal material 

into chromosomes (Sumner, 1991), consisting of two associated sister chromatids tethered 

together by cohesins. In parallel, both centrosomes, which also got duplicated before in inter-

phase (Fu et al., 2015), separate and move to opposite sides to form the bipolar mitotic spindle 

(Schatten, 2008). Between both poles, the spindle network starts to assemble. Between pro-

phase and metaphase, the nuclear envelope breaks down in prometaphase  (Marshall & Wil-

son, 1997) which allows the kinetochore of the chromosomes to interact with MTs of the spindle 

apparatus (Sazer, 2005). In metaphase , chromosomes become aligned in a so-called "meta-

phase plate", localized in between both spindle poles at the cell equator (Kapoor & Compton, 

2002). The sister chromatids of the chromosomes attach via the kinetochore to MTs of oppos-

ing spindle poles which establish a tension at the chromatids (Rago & Cheeseman, 2013). After 

checking for the correct attachment of each kinetochore and the cleavage of the cohesin con-

nections between the sister chromatids (Hauf et al., 2001), the chromatids subsequently get 

separated by moving toward the spindle poles during anaphase  (Rogers et al., 2004). This 

movement can be carried out by two independent mechanisms (Walczak et al., 2010; Fig. 1.3). 

First, the sister chromatids move poleward after their tethers get enzymatically cleaved. This 

movement is promoted by the shortening of the KMTs and called anaphase A (Fig. 1.3 A; Al-

berts, 2015; Asbury, 2017; McIntosh, 2021). Second, both poles move apart, the cell elongates 

and the sister chromatids are further separated. This process is termed anaphase B and is 

driven by the shortening of astral MTs and the sliding apart of overlapping interpolar MTs (Fig. 

1.3 B; Alberts, 2015; Scholey et al., 2016). Central-spindle MTs between the segregating chro-

mosomes, which slide apart and thereby exert pushing forces on the dividing chromosomes, 
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seem to occur during anaphase A and anaphase B (McIntosh, 2021; Scholey et al., 2016; Yu 

et al., 2019). Both processes can occur simultaneously or after each other and, in some organ-

isms, only one of both processes can be observed. The anaphase movement varies among 

eukaryotes and is characteristic for many species (Desai et al., 1998; FitzHarris, 2012; Oegema 

et al., 2001;). 

 

 

Fig.  1.3: Schematic illustration of anaphase  A and anaphase  B. (A)  In anaphase A, sister chromatids 
move poleward through a shortening of KMTs (orange lines). (B) In anaphase B, spindle elongation is 
caused by an elongation of interpolar MTs (black lines) or a shortening/pulling of astral MTs (green lines). 
Chromosomes are shown in grey, centrosomes in yellow, and the cell membrane is indicated as grey 
dotted line.  

 

In telophase , the spindle disassembles and the two sets of separated chromatids decon-

dense at the spindle poles and are surrounded each by a newly assembled nuclear envelope 

(Hetzer, 2010; Stack et al., 1977).  

Mitosis ends with the formation of a contractile ring composed of actin and myosin fila-

ments. During cytokinesis, this contractile ring constricts, and this process finally ends by 
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splitting the cell membrane, dividing the cytoplasm of the cell to form two new daughter cells 

(Alberts, 2015; Bringmann & Hyman, 2005; Guizetti & Gerlich, 2010).  

 
 

1.1.2 Meiosis  ï the production of germ cells  

Like mitosis, meiosis starts with the replication of DNA, resulting in sister chromatids tightly 

bound by cohesin connections. Following this, two rounds of chromosome segregation ensure 

the formation of four haploid daughter cells during spermiogenesis or one haploid oocyte during 

oogenesis. While homologs were segregated during meiosis I, the division of sister chromatids 

happens in meiosis II. A special feature of meiosis is the reorganization of the genome during 

prophase I (Grey & de Massy, 2021). A scheme of the meiotic divisions in eukaryotic males 

and females is seen in Fig. 1.4. The first steps, including interphase, prophase I and meta-

phase I, of male (Fig. 1.4 A) and female meiosis (Fig. 1.4 B) are similar. Both programs start to 

differ during metaphase I.  

In preparation for the first meiotic division (or "reductional division"), the DNA gets repli-

cated in interphase , and the duplicated homologs pair. The chromosomes are tethered to-

gether by specific meiotic cohesins called kleisins in early prophase  I (Bannister et al., 2004; 

Grey & de Massy, 2021; Xu et al., 2005). Those kleisins are required to regulate the assembly 

of specialized protein structures called the "synaptonemal complex" (Gyuricza et al., 2016), 

which binds to homologous chromosomes and ensures and controls the precise and equal 

crossing-over of genetic material (Heyting, 1996). After the induction of double-strand breaks, 

genetic material is exchanged between non-sister chromatids and genetically recombined in 

prophase I (Roeder, 1990). The resulting chiasmata occur uniquely in meiosis I and lead to a 

linkage of homologous chromosomes and to genetic diversity, which is important for mixing the 

gene pool of a population (Bogdanov, 2003).  

During male meiosis (Fig. 1.4 A), the homolog chromosomes become arranged in the cell 

equator in metaphase  I before they segregate to opposite poles in anaphase  I. Therefore, 

both kinetochores of the sister chromatids need to attach to the same spindle pole. This unipo-

larity of kinetochores is a meiosis I-specific feature (Bogdanov, 2003). The two emerging 

daughter cells split in telophase  I and succeeding cytokinesis. The second round of segrega-

tion (meiosis II), also named "equational division", corresponds to the division of sister chroma-

tids in mitosis and occurs without a further round of DNA replication (Alberts, 2015). Chromo-

somes arrange in the equatorial plane in metaphase  II, and this time the sister chromatids 

become segregated in anaphase  II. After telophase  II and the following separation of the 

daughter cells in cytokinesis, each cell is haploid and genetically different from each other due 
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to the exchange of genetic material (crossover) between non-sister chromatids in prophase I 

(Alberts, 2015). 

 

 

Fig.  1.4: The process of male and female meiosis.  After a round of DNA synthesis, cells undergo a 
reductional division in meiosis I during which homologs recombine and become separated. Meiosis II 
represents an equational division marked by the segregation of sister chromatids. While meiosis ends in 
the formation of four even and genetically distinct haploid daughter cells in males (A), one large oocyte 
and two smaller, non-viable polar bodies are formed during female meiosis (B). Chromosomes are 
shown in dark and light blue, green and yellow; the nucleus in dark grey, the nuclear envelope and 
centrioles in male meiosis in black and microtubules as black lines. 

 

While spermatogenesis exhibits two rounds of symmetric division, oogenesis (female mei-

osis, Fig. 1.4 B) consists of two asymmetric divisions which result in different-sized daughter 

cells: one large haploid oocyte, and two smaller non-viable cells called "polar bodies" (Liu, 

2012; Maro & Verlhac, 2002). During the first division, the meiotic spindle is formed in meta-

phase  I in the middle of the dividing cell and subsequentially moves to the cell periphery to 

become oriented perpendicularly to the cortex (Maddox et al., 2012). This reorientation triggers 

the transition between metaphase I and anaphase I, actin is accumulated in the cell cortex 

overlying the spindle and the first polar body starts to form (Maro & Verlhac, 2002). During 

anaphase  I, one set of chromosomes remains in the oocyte, while the other set is entering the 

first polar body, accompanied by an asymmetric division of the cytoplasm (Evans & Robinson, 

2011; Maddox et al., 2012). In telophase  I, myosin accumulates in the cortex of the polar body 

(Evans & Robinson, 2011) and the subsequent cytokinesis is accomplished by a contraction of 

the actomyosin ring (Maddox et al., 2012). A second spindle is formed in metaphase  II to 
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segregate the sister chromatids in anaphase  II. Again, one set of sister chromatids remains in 

the oocyte and one is segregated to the second polar body which becomes expulsed in telo-

phase  II and becomes extruded at the end of meiosis II. 

In most eukaryotes, chromosome alignment and segregation are accompanied by the for-

mation of a bipolar spindle only during male meiosis. On contrast, female meiosis is character-

ized by acentrosomal spindles, in which MTs emanate after centrosome elimination from non-

centrosomal microtubule organizing centers or chromosomes itself (Dumont & Desai, 2012). 

Also, nematodes like C. elegans exhibit centrosomal spindles in male meiosis (Fabig et al., 

2020) and acentrosomal spindles in female meiosis (Albertson & Thomson, 1993; Lantzsch et 

al., 2021). 

 

 

1.2 Microtubules and microtubule associated proteins  

1.2.1 Microtubules  

Microtubules (MTs) play an essential role during cell division. The structure and dynamics 

of MTs is illustrated in Fig. 1.5. MTs are polymers comprised of different tubulin subunits (Ŭ- 

and ɓ-tubulin). The Ŭ- and ɓ-tubulin subunits are both globular proteins and closely related. 

They form heterodimers which arrange in a linear head-to-tail fashion to form protofilaments 

where the interaction between the top of a ɓ-tubulin molecule and the bottom of an Ŭ-tubulin 

molecule is marked by a high binding energy (Fig. 1.5 A). Such a heterodimer is 8 nm in length 

and 4 nm in width (Amos & Klug, 1974). Usually, 13 protofilaments form a hollow cylindrical 

tube by lateral interaction, thus exhibiting a diameter of around 25 nm (Ledbetter & Porter, 

1964), and a helical lattice due to preferred interaction between tubulin monomers of the same 

type (Fig. 1.5 B). Thus, one side wall of the microtubule is marked by a so called "lattice seam" 

due to the parameters of the Ŭ/ɓ-subunits (repeat longitudinal every 8 nm) and the 12 nm heli-

cal pitch (Akhmanova & Steinmetz, 2008; Kikkawa et al., 1994;). The end of the MT exposing 

ɓ-tubulin is called the "plus end", the one exposing Ŭ-tubulin the "minus end". Recently it has 

been described that MTs of different species, and even within one species, can differ in their 

protofilament number, depending on the tissue or function of the MTs (Chaaban & Brouhard, 

2017). 

Whereas the regular arrangement of Ŭ/ɓ-heterodimers leads to a structural intrinsic polarity 

of the MT (Wiese & Zheng, 1999), dynamics is established by the binding and hydrolysis of 

GTP molecules. Both monomers have a GTP-binding site, but only the GTP bound to the ɓ-
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tubulin monomer can be hydrolyzed or exchanged and therefore promote microtubule polymer-

ization or depolymerization (Weisenberg et al., 1976). A new Ŭ/ɓ-tubulin heterodimer that gets 

attached at the top of a GTP-binding ɓ-tubulin leads to microtubule polymerization (Fig. 1.5 C), 

whereas a GDP-bound ɓ-tubulin leads to an instability within the longitudinal lattice and is more 

prone to depolymerization of the MT. The rapid change between polymerization and depoly-

merization of the MT leads to a state termed "dynamic instability" (Mitchison & Kirschner, 1984). 

Consequently, this causes alternating phases of catastrophe (shift from growing to shrinking 

state) and rescue (shift from shrinking to growing state).  

 

 

Fig.  1.5: Microtubule structure and dynamics. (A)  Ŭ- and ɓ-tubulin monomers form GTP-binding het-
erodimers. If the GTP at the ɓ-tubulin is hydrolyzed, heterodimers can arrange in a linear head-to-tail 
fashion to form protofilaments. A Ŭ/ɓ-heterodimer is 8 nm long and 4 nm wide. (B) 13 protofilaments form 
a cylindrical hollow tube by lateral interaction, exhibiting a diameter of 25 nm and called microtubule. The 
preferred interaction between similar tubulin subunits (either Ŭ- or ɓ-tubulin) cause the helical arrange-
ment of heterodimers and the formation of a seam (red dotted line). (C) Microtubules are highly dynamic 
and grow by polymerization of additional hydrolyzed heterodimers (4 and 1) or shrink by depolymeriza-
tion (3). The fast shift between growing and shrinking (catastrophe) and also between shrinking and 
growing (rescue) is called "dynamic instability", where the fate of the microtubule is dependent of the 
status of the bound GTP or GDP at the microtubule's plus end (2). Image adapted from Akhmanova & 
Steinmetz (2008). 
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MTs can nucleate from specific intracellular locations enriched with spiral rings of ɔ-tubulin, 

called ɔ-tubulin ring complexes (ɔ-TuRC; Moritz et al., 2000). ɔ-TuRCs can be located in the 

cytoplasm or accumulate at so called microtubule organizing centers (MTOC; Wiese & Zheng, 

1999). In most eukaryotes, centrosomes represent such MTOCs. Centrosomes are composed 

of two centrioles and a surrounding amorphous matrix of MT nucleating and anchoring proteins 

called the pericentriolar material (PCM). The two centrioles show MTs arranged in a nine-fold 

symmetry and are themselves arranged perpendicular to each other.  

 
 

1.2.2 Microtubule associated proteins  

Beside their major structural function, MTs can interact with a variety of regulatory micro-

tubule associating proteins (MAP), which are able control their biological function and stability 

(Howard & Hyman, 2007; Maccioni & Cambiazo, 1995) by promoting MT assembly or depoly-

merization (Maiato et al., 2004b;Mandelkow & Mandelkow, 1995) and modification.  

They can also act as motor proteins to transport different cargos through the cell along the 

MT cytoskeleton. Dynein and kinesins are the two most popular families of motor proteins (Fig. 

1.6). Dynein is responsible for MT-based minus end-directed transport with a step size of ap-

prox. 8 nm up to 12-32 nm (Kikkawa, 2013; Sims & Xie, 2009). It can transport various mem-

branous and large cargos such as organelles (e.g. Golgi or mitochondria), or vesicles moving 

away from the endoplasmic reticulum (Höök & Vallee, 2006; Kikkawa, 2013; Reck-Peterson et 

al., 2018). Furthermore, they can be bound to activating adaptors like kinetochore binding adap-

tors (Reck-Peterson et al., 2018) or exert pulling forces from binding to astral MTs while local-

ized at the cell cortex and thereby influence chromosomal movement or spindle positioning 

(Kotak & Gönczy, 2013; Toliĺ-Nørrelykke, 2008). In contrast, kinesins are important for the plus 

end-directed transport of membranous organelles or protein complexes (Cross & Scholey, 

1999; Hirokawa, 1998; Hirokawa et al., 2009) with a processive step size of 8 nm (Cross & 

Scholey, 1999; Kikkawa, 2013; Sims & Xie, 2009). Additionally, some kinesins can be non-

processive and support MT crosslinking by additional non-motor MT binding sites (Weinger et 

al., 2011).  
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Fig.  1.6: Schematic of two members of MT associated motor proteins and their cargos and inter-
action partners.  Kinesins (left) are responsible for plus end-directed transport of membranous orga-
nelles and protein complexes and can crosslink MTs via non-motor microtubule binding sides. Dynein 
(right) transports membranous organelles, Golgi and Golgi-derived vesicles in the direction of the MT's 
minus end and are involved in chromosome movement by binding to the chromosome via kinetochore 
binding adaptors and exerting pulling forces from binding to astral MTs while localized at the cell cortex. 
Adapted from Millecamps & Julien (2013).  

 

 

1.3 Use of nematodes as model organisms  

Many species of the phylum Nematoda are good candidates for being used as model or-

ganisms. In addition to the general features of good model organisms (see section 1.4), nem-

atodes show a flexible adaption to many different habitats. The phylum shows a high diversity 

in their life cycles and mating strategies, accompanied by a consistent simple body plan and 

restricted morphological diversity. A variety of parasitic and free-living species are not only 

relevant for genetic and biomedical research, but also for epidemiological and agricultural stud-

ies (Blaxter, 2011; Kiontke & Fitch, 2013). In this thesis, two different species of nematodes will 

be used to study the ultrastructure of spermatocytes: Caenorhabditis elegans and Auanema 

rhodensis.  
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1.3.1 The XX/XO sex determination system of nematodes  

Sex determination in eukaryotes is based on the combination of different alleles and genes 

and often linked to the appearance of designated chromosomes such as the X and Y chromo-

somes in humans and other mammals, the X-chromosomes in some insects and nematodes, 

or Z and W chromosomes in birds (Bachtrog et al., 2014 ; Hodgkin, 1992).  

 

 

Fig.  1.7: The cascade of sex -determining genes in the XX/XO sex determination system of nema-
todes.  The initial sex-determining signal is the ratio between sex-chromosomes (X) and autosomes (A), 
which leads to a different response in a gene cascade resulting in either female (high X/A ratio) or male 
(low X/A ratio) development. Image adapted from Hodgkin (1986).  

 

Like in many other nematodes, the development of either the male or the hermaphrodite 

sex in C. elegans is determined by an XX/XO sex determination system (Fig. 1.7), using X-

chromosome dosage compensation as a sex-determining signal. Animals with just one X-chro-

mosome (XO) develop into males, while diploid XX animals become hermaphrodites. It seems 

that hermaphroditism is a secondary specialization out of the female sex (Hodgkin, 1986; Hodg-

kin, 1987). Genes involved in the sex determination system are present in both sexes and need 

to be differentially activated to lead either to female- or male-specific development (Meyer, 

1988). They are arranged in a cascade including, among others, fem genes, tra genes and her 

genes, responding to an initial sex-determining signal: the ratio between X-chromosomes and 

sets of autosomes (Hodgkin, 1986; Kuwabara & Kimble, 1992). Whereas tra genes for example 

direct a hermaphroditic development, her and fem genes are responsible for a male-specific 

differentiation. The activity of each gene is controlled by the activation state of one or more 

upstream genes, which establish a series of alternating on/off switches (Kuwabara & Kimble, 

1992). If the ratio between X-chromosome and autosome sets is low (1X:2A), the cascade for 

male development is started by the activation of her-1. Her-1, however, is a negative regulator 

of tra-2 and tra-3. With inactivated tra-2 and tra-3, different fem genes are switched on and lead 

to a male development by a negative regulation of tra-1. When the X:A ratio is high (2X:2A), 
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the opposite pathway directs female development. Furthermore, tra-2 and fem-3 control the 

switch between oogenesis and spermatogenesis, which is characteristic for hermaphrodites. 

This happens after a germline sex-specific regulator modifies the normal regulatory cascade 

(Hodgkin, 1987; Kuwabara & Kimble, 1992).  

 

 

1.4 Caenorhabditis elegans  as an established model organism  

The nematode Caenorhabditis elegans is a well-established model organism and was first 

introduced in 1965 by Sydney Brenner (Wilson, 1999). Brenner first published methods of its 

handling in 1974 (Brenner, 1974). Early studies were already done at the beginning of the 

20th century (Frézal & Félix, 2015), and within the last 60 years expanded to many scientific 

fields such as molecular genetics underlying developmental processes (Thummel, 2001), drug 

targeting (Kaletta & Hengartner, 2006), neurobiology (Ankeny, 2001), cell division (Oegema & 

Hyman, 2006), and sexual reproduction (Albert Hubbard & Greenstein, 2000), to just mentioned 

some of them.  

This tiny and androdiecious (coexisting of males and hermaphrodites) nematode is trans-

parent, simple to handle, has a rapid life cycle, and reveals a fully sequenced genome. These 

features make C. elegans to an important experimental system (Corsi et al., 2015; Weeks et 

al., 2006). 

 
 

1.4.1 Life cycle of C. elegans  and phenotypic appearance of both sexes  

C. elegans has two sexes: an XX female sex, phenotypically appearing as hermaphrodite, 

and an XO male sex presenting a male phenotype (Fig. 1.8). Both sexes undergo four larval 

stages (L1-L4) after hatching, each ending with a molt, until they reach adulthood. Under ad-

verse conditions, such as low food supply, unfavorable temperatures, or high population den-

sities, L1 larvae can enter a dauer stage. From this stage, worms can directly develop into L4 

larvae under re-improved conditions (Hu, 2007). The whole life cycle, from eggs to egg-laying 

hermaphrodites, takes about three days at 20°C (Corsi et al., 2015). 

Hermaphrodites and males can be distinguished by tail morphology, which starts to change 

in L3 and is clearly visible in the L4 stage (Altun & Hall, 2009). The tail of hermaphrodites is 

pointed, whereas the male tail is wider and blunt-ending. Additionally, adult individuals can be 

distinguished phenotypically by size and number of gonad arms. Males are about 0.75 mm 

long, possess one gonad arm and additionally a prominent tail structure in form of two spicules 
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and a fan-like tailpiece. Hermaphrodites can reach a size of 1.2 mm, have two gonad arms, 

harbor eggs and have a tapered tail end (Corsi et al., 2015).  

 

 

Fig.  1.8: The life cycle of C. elegans . Eggs are fertilized either by self-fertilization in hermaphrodites or 
by out-crossing between males and hermaphrodites. After hatching, worms undergo four larval stages 
(L1-L4) before becoming adults. Under unfavorable conditions, L1 larvae can enter a dauer stage, which 
develops later directly into an L4 larva. Male and female individuals are clearly distinguishable in their 
L4 larval stage. The whole life cycle takes about three days (at 20°C).  

 

Reproduction of C. elegans is possible in two different ways: 1) rare outcrossing events 

between males and hermaphrodites or 2) self-fertilization. Hermaphrodites are protandrous and 

produce sperm in their 4th larval stage which they store in a spermatheca until they reach adult-

hood (Hirsh et al., 1976). Then they switch irreversibly to the production of female germ cells 

and produce only oocytes. Later, they use the stored sperm to fertilize the oocytes and produce 

self-progeny (Singson, 2001). Outcrossing between males and hermaphrodites is a rare event. 

Males occur within a population with a probability of 0.1 % through spontaneous non-disjunc-

tion of the sex-chromosomes (Chasnov & Chow, 2002). They produce sperm during their whole 

lifetime. Male sperm are about 50 % larger than hermaphrodite-derived sperm and can out-

compete them for fertilization (Ward & Carrel, 1979).  
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1.4.2 Sex determination and male meiosis in C. elegans ï one way to solve the segrega-

tion of a single X -chromosome  

This thesis addresses the male meiotic program in the nematode Auanema rhodensis. Be-

cause of its well-described status as model organism, male meiosis in C. elegans (Fig. 1.9) 

should be compared to the male meiosis of A. rhodensis.  

C. elegans has five pairs of autosomes and one pair of X-chromosomes in hermaphrodites 

or one unpaired X-chromosome in males. The single X-chromosome poses a challenge to mei-

osis I, as the paired homolog chromosomes segregate in this division. In absence of a pairing 

partner, the X-chromosome lags during anaphase I (Albertson & Thomson, 1993) and becomes 

distributed unequally to one of both resulting secondary spermatocytes (Fig. 1.9 A). In meio-

sis II (Fig. 1.9 B), autosomes and X-chromosome of the X-bearing secondary spermatocyte 

split into their sister chromatids and divide equally to the two formed spermatids. The secondary 

spermatocyte without an X-chromosome divides into two spermatids lacking an X-chromatid. 

Additionally, a so called "residual body" is formed during the partitioning stage right after mei-

osis II (Fig. 1.9 C). This structure receives all components that are redundant for sperm func-

tion, e.g. tubulin, actin or ribosomes which later become disposed of (Machaca et al., 1996; 

Ward et al., 1981). Organelles required for sperm viability and motility, like the centrioles, mi-

tochondria or fibrous body-membranous organelles (FB-MOs) are distributed to the spermatids 

(Machaca et al., 1996; Roberts et al., 1986; Wolf et al., 1978). Finally, spermatids bud off the 

residual body (Fig. 1.9 D) and meiosis results in four functional haploid sperm cells, in which 

two contain an X-chromatid and two do not (Herman, 2005). After cytokinesis, the so-far non-

motile spermatids need to mature into crawling spermatozoa (Smith, 2006; Fig. 1.9 E). Mature 

sperm move via pseudopods by assembly and disassembly of filaments built up by the major 

sperm protein (MSP), an intermediate filament. MSP is contained and accumulated during mei-

osis in filamentous structures which are visible as the so-called fibrous body-membranous or-

ganelles (FB-MOs; Roberts et al., 1986).  

FB-MOs are composed of the aforementioned filamentous bodies (FB) and a fused Golgi-

derived vesicle (MO) (Fig. 1.10 A). Both parts are well distinguishable in electron microscopic 

images (Fig. 1.10 B). Once the FB-MOs are segregated to the spermatids at the end of meio-

sis II, the complex disintegrates (Fig. 1.10 C-D). While MOs fuse with the plasma membrane, 

FBs disassemble and release the MSP in their soluble form into the cytoplasm. Upon mating, 

the spermatids get activated, the MSP assembles into filaments in the pseudopods and the 

spermatids become motile (Price et al., 2021; Smith, 2014; Wolf et al., 1978).  
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The morphology of the male meiotic spindles in C. elegans allows a comparison with other 

nematode species, in which the pattern of X-chromosome segregation is different. 

 

 

Fig.  1.9: Meiosis in males of  C. elegans . (A) During meiosis I, the homolog autosomes segregate, and 
the unpaired X-chromosome (red) lags in early anaphase. It is distributed unequally to just one of the 
resulting secondary spermatocytes while the five paired autosomes (green) get segregated to the daugh-
ter cells equally. (B) In meiosis II, the sister chromatids of the X-chromosome and the autosomes seg-
regate and are distributed equally. (C-D) Cellular components needed for sperm function and motility 
(like FB-MOs and mitochondria) are distributed to the spermatids (light grey), while redundant material 
is partitioned to so-called "residual bodies" (grey). (E) Meiosis ends with four functional sperm, two with 
an X-chromatid and two without an X-chromatid. FB-MOs fuse with the plasma membrane and pseudo-
pods can form after mating (dark grey).  
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Fig.  1.10: The structure of FB -MOs in nematodes and distribution of MSP during male meiosis in 
C. elegans . (A) Structure of fibrous body-membranous organelles (FB-MOs) composed of a filamentous 
part containing paracrystalline major sperm protein (MSP) fused with a Golgi-derived organelle. (B) Elec-
tron micrograph showing the ultrastructure of FB-MOs in A. rhodensis. (C) Schematic drawing showing 
formation and distribution of FB-MOs during meiosis and post-meiotic fusion with the plasma membrane 
in C. elegans. MSP (green) coagulates before meiosis, FB-MOs are formed and become distributed 
equally during meiosis before docking at the plasma membrane after anaphase II, fusing and releasing 
MSP. The partitioning stage after anaphase II is shown as "budding figure" composed of two separating 
spermatids (S) and a central residual body (RB). Note, FB-MOs attached but not fused to the plasma 
membrane are marked (*). (D) Light microscopic images showing MSP (green) and DNA (blue, grey) 
during different meiotic stages in C. elegans, illustrating the stage-specific pattern of packaging and re-
lease of MSP during spermatogenesis. Parts adapted from Price et al. (2021). Scale bars = 0.5 µm (B), 
5 µm (D). 

 

 



Introduction 

18 

1.5 Auanema rhodensis  as an emerging model organism  

1.5.1 A. rhodensis  ï a new model organism  

Auanema rhodensis is, like C. elegans, a free-living nematode and originally isolated from 

the back of a deer tick used as nematode bait in Rhode Island in 2001 (Chaudhuri et al., 2015; 

Kanzaki et al., 2017). It represents a new model system for studying the evolution of mating 

dynamics (Chaudhuri et al., 2011; Shakes et al., 2011), complex life cycles (Kanzaki et al., 

2017), modulated meiotic programs (Tandonnet et al., 2018), and stability of trioecy (Tandonnet 

et al., 2019). Its short life cycle, large number of progeny and transparency (Kanzaki et al., 

2017) combined with an easy handling under standard C. elegans culture conditions 

(Chaudhuri et al., 2015; Félix, 2004; Kanzaki et al., 2017) make this species a good model 

organism. The two genetic sexes (XX, female sex, and XO, male sex) result in three phenotypic 

sexes (XX females, XX hermaphrodites, and XO males) depending on the mode of fertilization 

(i.e., self-fertilization versus outcrossing). 

 
 

1.5.2 Life cycle and phenotypical appearances  

A. rhodensis is a trioecious nematode which exhibits the coexistence of males, real females 

and hermaphrodites (Fig. 1.11). Whereas females and hermaphrodites are genetically identical 

they show two distinct phenotypes based on the different modes of reproduction (Félix, 2004; 

Kanzaki et al., 2017; Pires-daSilva & Parihar, 2013).  

While hermaphrodites must pass an obligatory dauer stage independently of environmental 

conditions for at least 24 h (Chaudhuri et al., 2011; Félix, 2004), females do not go through a 

similar stage. This dauer formation and subsequent development into a hermaphroditic pheno-

type ensures the ability to colonize and reproduce in new habitats in the absence of a mating 

partner (Chaudhuri et al., 2011). Dauer larvae always develop into hermaphrodites (Chaudhuri 

et al., 2011) and most of the time the proportion of hermaphrodites within a population out-

weighs the proportion of females and males, with around 60 % hermaphrodites (Tandonnet et 

al., 2019).  

Male individuals are around 0.5 mm long, have a dominant blunt tail tip with paired spicules 

used for mating (Chaudhuri et al., 2015; Kanzaki et al., 2017), a single testis arm, and a dark 

pigmented gut region directly distally behind the pharynx. Hermaphrodites and females are 

around 1.2 mm long, have two gonad arms, a tapered tail, and a characteristic intestinal pig-

mentation.  
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After hatching, males and females undergo four feeding larval stages (L1-L4) before de-

veloping into adult individuals. Hermaphrodites must undergo the formation of a dauer stage 

following the first (L1) and instead of a second and third (L2, L3) larval stage. The dauer stage 

is characterized by a tube-waving appearance (Félix, 2004; Kanzaki et al., 2017). Resulting 

hermaphrodites are self-fertile and protandric. After producing around 300 sperm, they switch 

from spermatogenesis to oogenesis, similarly as described in C. elegans (Chaudhuri et al., 

2011; Félix, 2004). Outcrossing between males and hermaphrodites is possible, but it occurs 

more often between males and females, which stops their locomotion for longer periods in 

contrast to the continually moving hermaphrodites. Females also produce demonstrable male-

attracting chemicals, the so-called ascarosides (Chaudhuri et al., 2015). The overall generation 

time is about two and a half to three days at 20°C for females and males, and about four days 

or longer for hermaphrodites (Félix, 2004). 

 

 

Fig.  1.11: Life cycle of A. rhodensis . Eggs are fertilized either by self-fertilization (hermaphrodites) or 
outcrossing (between males and females). After hatching, males and female undergo four larval stages 
(L1-L4), whereas hermaphrodites must pass an obligatory dauer stage of at least 24 h subsequent to 
the L1 stage. Dauer larvae develop directly and exclusively into hermaphroditic L4 larvae. The whole life 
cycle takes about two and a half to three days at 20°C. Life cycle stages for male/female individuals are 
shown in red, for hermaphrodites in blue, and for all three sexes in purple.  
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The exact distribution of the three sexes differs depending on the phenotypical sex and 

age of the mother. Within the first 15 h of adulthood, hermaphrodites produce mostly females 

and fewer hermaphrodites, while an older hermaphroditic mother produces more hermaphro-

ditic than female progeny (Chaudhuri et al., 2011; Kanzaki et al., 2017). Since females and 

hermaphrodites are genetically identical, the decision to generate different XX progeny seems 

to be determined by an age-specific maternal factor (Kanzaki et al., 2017). Additionally, 10-

13 % of the progeny of self-fertilized hermaphrodites are male (Chaudhuri et al., 2011; Félix, 

2004; Kanzaki et al., 2017). In return, outcrossing between males and females produces just 

1.6-5 % of male progeny (Chaudhuri et al., 2011; Chaudhuri et al., 2015; Félix, 2004; Kanzaki 

et al., 2017; Shakes et al., 2011).  

 
 

1.5.3 Sex determination system and male meiosis in A. rhodensis  ï an alternative way 

to segregate a single X -chromosome  

As in C. elegans, A. rhodensis utilizes an XX/XO sex determination system, where the male 

phenotype occurs in association with the XO genetic sex and both female phenotypes with the 

female XX genetic sex (Kanzaki et al., 2017; Shakes et al., 2011; Tandonnet et al., 2019). The 

nematode possesses six pairs of autosomes and one pair of X-chromosomes in females and 

hermaphrodites or one unpaired X-chromosome in males (Tandonnet et al., 2018). All chromo-

somes are, in general, smaller than those of C. elegans, with the X-chromosome the smallest 

at less than half the average size of the other chromosomes. It also has the lowest number of 

protein-coding genes amongst all chromosomes, and a lower density of genes compared to 

the autosomes (Tandonnet et al., 2019).  

Interestingly, the meiotic program, and especially the X-chromosome segregation, within 

this species is dependent on both the phenotypic sex and the type of gametogenesis (Tandon-

net et al., 2018). Oogenesis in females follows a canonical segregation pattern resulting in 

haplo-X oocytes while oogenesis in hermaphrodites results in nullo-X oocytes after segregation 

of both X-chromosomes to the first polar body in metaphase I (Tandonnet et al., 2018). Sper-

matogenesis in hermaphrodites leads to diplo-X sperm, and males produce during meiosis two 

haplo-X sperm and two nullo-X sperm, with solely the haplo-X sperm being functional (Tandon-

net et al., 2018). The resulting X-segregation patterns might partially explain the low number of 

progeny after self-fertilization or outcrossing. Males can occur through chromosomal non-dis-

junction (Chaudhuri et al., 2011; Shakes et al., 2011), or due to the outcompeting size of male 

sperm, which are larger than sperm in hermaphrodites (Chaudhuri et al., 2015; Diane Shakes, 

personal communication). The very low number of males after outcrossing between males and 
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females could be a consequence of the preferential fertilization of the female oocyte by the 

male haplo-X sperm over the nullo-X sperm (Chaudhuri et al., 2011; Shakes et al., 2011).  

Fig. 1.12 gives an overview of male meiosis in A. rhodensis. 

 

 

Fig.  1.12: Meiosis in males of A. rhodensis . (A) During meiosis I, the homolog autosomes (blue) seg-
regate, and the unpaired X-chromosome (red) splits precociously into its sister chromatids. In the result-
ing secondary spermatocytes, the six autosomes and the X-chromatid are distributed equally. (B) Con-
sequently, the X-chromatid lags during early anaphase of meiosis II and distributes to one of the two 
spermatids. The autosomal chromosomes segregate equally into their chromatids. (C-D) Material 
needed for sperm function and motility (such as FB-MOs and mitochondria) is distributed to the X-bearing 
spermatid (light grey) during partitioning, whereas the non-X spermatid is used analogously to the resid-
ual body in C. elegans and, at the end of meiosis, contains all materials not needed for sperm function 
(grey). The resulting non-functional sperm get degraded subsequently. (E) Meiosis ends with two func-
tional sperm, both containing an X-chromatid. FB-MOs fuse with the plasma membrane and pseudopods 
can form after mating (dark grey). 

 

The unpaired X-chromosome splits precociously during meiosis I (Fig. 1.12 A) and be-

comes equally segregated to the resulting primary spermatocytes. This leads to an asymmetric 
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reductional division in meiosis II (Fig. 1.12 B). The X-chromatid lags during anaphase II in the 

absence of a paring partner and is distributed to one of the two resulting secondary spermato-

cytes. Consequently, two of the four resulting spermatids obtained an X-chromatid and two of 

them are nullo-X spermatids (Fig. 1.12 C-D; Shakes et al., 2011). It is assumed that exclusively 

the X-bearing sperm cells are functional (Tandonnet et al., 2018) or at least fertilization-advan-

taged (Chaudhuri et al., 2011; Shakes et al., 2011), while the nullo-X sperm function as a cel-

lular waste bag like the residual body in C. elegans (Fig. 1.12 D; Shakes et al., 2011). Hence, 

one set of autosomes is discarded after meiosis as well as cell components not required for 

sperm viability or motility, such as ribosomes, MTs, or actin (Shakes et al., 2011; Tandonnet et 

al., 2018). In contrast, MSP-rich FB-MOs and mitochondria accumulate within the X-bearing 

spermatid to ensure its functionality and motility (Fig. 1.12 E) after meiosis (Shakes et al., 

2011).  
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2. Aims of this thesis 

In the well-established model organism C. elegans, chromosome segregation and cell di-

vision have been studied in detail. Both, centrosomal spindles in the mitotic embryonal divisions 

(Greenan et al., 2010; MüllerȤReichert et al., 2007; Müller-Reichert et al., 2008; Toya et al., 

2010) and acentrosomal spindles during female meiosis (Fabritius et al., 2011; Laband et al., 

2017; Lantzsch et al., 2021; McNally et al., 2016; Woog et al., 2012) have already been exam-

ined using different scientific techniques, such as chemical and genetic treatments, light and 

electron microcopy, or electron tomography. In the past few years, also the male meiotic divi-

sion characterized by the prominent feature of a lagging unpaired X-chromosome has been 

partly analyzed, and sex-specific differences during meiosis were highlighted (Fabig et al., 

2020). 

The existence of a nematode species which also has an unpaired X-chromosome, but han-

dles its segregation during meiosis in a very different way, encourages a comparative analysis. 

The examination of sexual reproduction in the novel model organism Auanema rhodensis is 

still in its early stages. So far, light microscopic studies of A. rhodensis males and crossing 

experiments between females and males were done to get first insights into the complicated 

patterns of X-chromosome segregation and organelle distribution and the formation of the spin-

dle network (Shakes et al., 2011; Tandonnet et al., 2018; Winter et al., 2017). Additionally, a 

first mutant was created to analyze the correlation between the asymmetric X-chromatid distri-

bution and a subsequently occurring organelle asymmetry in meiosis II (Alyazeedi et al., 2022). 

In this thesis, electron tomography and the 3D reconstruction of cells in male meiosis 

should complement previous studies and reveal an insight into the specific meiotic program 

within this species. Those techniques enable the analysis of MTs, chromosomes, and orga-

nelles on an ultrastructural level. Thus, the segregation of the unpaired X-chromosome, the 

asymmetrical assembled spindle, and the asymmetric organelle distribution could be analyzed.  

 

Since (transmission) electron microscopy was never done before in A. rhodensis, an over-

view of the different meiotic stages should be given, and the following specific questions were 

asked: 

Ʒ What does the meiotic spindle architecture look like in cells during meiosis I and meiosis II, 

especially in meiosis II when the X-chromatid is segregated to just one of the forming sper-

matids? More precisely, how are chromosomes, organelles and MTs arranged?  

Ʒ How is the X-chromosome (in meiosis I) or the X-chromatid (in meiosis II) anchored to the 

spindle poles? 
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Ʒ How do the formation of an asymmetric spindle and the uneven organelle distribution cor-

relate with the segregation of the X-chromatid and with each other in meiosis II? 

Ʒ Is it possible to nominate underlying mechanisms of chromosome segregation, especially 

the X-chromosome/X-chromatid, or organelle distribution?  

 

Considering that ultrastructural data of spindles in meiosis I in C. elegans exists (Fabig et 

al., 2020), the comparison of the segregation of an unpaired sex-chromosome/chromatid during 

meiosis is possible. To compare the full meiotic program in males of A. rhodensis and C. ele-

gans, electron tomography of meiosis II in C. elegans is absolutely essential. Subsequently, 

analogies and differences should be investigated. Particular attention should be given to the 

following processes: 

Ʒ Are there similarities between a lagging X-chromosome (in meiosis I of C. elegans) and a 

lagging X-chromatid (in meiosis II of A. rhodensis)? 

Ʒ How different are the meiotic spindles in both species concerning spindle size, microtubule 

number and arrangement, size and shape of chromosomes, kinetochore width and centro-

some size? 

Ʒ Are there similar mechanisms of chromosome segregation in both species? 
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3. Materials and Methods 

3.1 Materials  

3.1.1 Chemicals and solutions  

The chemicals used throughout this study are listed in Tab. 3.1, used solutions and buffers 

are listed in Tab. 3.2. 

 

Tab. 3.1: List of used chemicals. 

Chemical  Supplier  Item no.  

Acetone (ultrapure anhydrous) 
(CH3COCH3) 

EMS, Hatfield, USA RT 10015 

Albumin fraction V (BSA) Roth GmbH & Co KG, Heidelberg, Germany 8076.1 

Ammonium chloride (NH4Cl) Roth GmbH & Co KG, Heidelberg, Germany 5470.1 

Bacto tryptone Becton Dickinson, Heidelberg, Germany 211705 

Bacto yeast extract Becton Dickinson, Heidelberg, Germany 212750 

Bacto-agar Becton Dickinson, Heidelberg, Germany 214030 

Bacto-peptone Becton Dickinson, Heidelberg, Germany 211677 

Calcium chloride (CaCl2) Roth GmbH & Co KG, Heidelberg, Germany CN93.1 

Chloroform (CHCl3) Roth GmbH & Co KG, Heidelberg, Germany 3313.1 

Cholesterol (C27H46O) Roth GmbH & Co KG, Heidelberg, Germany 8866.1 

Dimethyl sulfoxide (C2H6OS) Sigma-Aldrich, St. Louis, USA D5879 

Dipotassium phosphate 
(K2HPO4) 

Roth GmbH & Co KG, Heidelberg, Germany P749.2 

Disodium phosphate 
(Na2HPO4) 

Merck, Darmstadt, Germany 106586 

Epon/Araldite (Epon Embed 
812 Kit/Araldite 502) 

EMS, Hatfield, USA RT 13940 

RT 13900 

Formvar powder EMS, Hatfield, USA RT 15800 

Glycerol (C3H8O3) VWR, Radnor, USA 24388.238 

Gold, colloidal Ø15 nm BBI, Crumlin, UK EM.GC15/4 

Hexadecene (C16H32) Merck, Darmstadt, Germany 822064 

Lead citrate (C12H10O14Pb3) Sigma-Aldrich, St. Louis, USA 15326 

Liquid nitrogen (liquid N2) internal supply  

Magnesium sulfate (MgSO4) Roth GmbH & Co KG, Heidelberg, Germany P027.1 

Methanol (CH3OH) VWR International, Darmstadt, Germany 20847.240 
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Monopotassium phosphate 
(KH2PO4) 

Roth GmbH & Co KG, Heidelberg, Germany 3904.1 

Osmium tetroxide (OsO4) EMS, Hatfield, USA RT 19100 

Potassium hydroxide (KOH) Merck, Darmstadt, Germany 105033 

Sodium chloride (NaCl) Roth GmbH & Co KG, Heidelberg, Germany 3957.2 

Sodium hydroxide (NaOH) Roth GmbH & Co KG, Heidelberg, Germany 8655.1 

Sodium hypochlorite (NaOCl) Hedinger, Stuttgart, Germany 046 

Teflonsolution Silmid, Birmingham, UK MS143V1USG 

Uranyl acetate 
(UO2(CH3COO)2) 

Polysciences, Warrington, USA 21447 

 

Tab. 3.2: List of used solutions and buffers. The chemical compositions are given for each item.  

Solution  Purpose / chemical composition  References  

AFS cocktail for dehydrating and contrasting EM samples: 

1 % (w/v) OsO4 and 0.1 % (w/v) Uranyl acetate di-
luted in ultrapure anhydrous acetone and stored in 
liquid N2 until use 

(McDonald & Müller-
Reichert, 2002) 

Cleaning Solution for cleaning contaminated worm strains: 

500 mM NaOH and 2.6 % (v/v) NaOCl diluted in 
ddH2O 

(Stiernagle, 2006) 

DMSO solution for long-term storage of A. rhodensis: 

20 % DMSO in ddH2O 

 

Epon/Araldite for embedding EM samples: 

resin prepared according to the Embed 812 Kit; 
25 ml Embed 812, 15 ml Araldite 502, 55 ml 
DDSA and 2.5 ml BDMA 

 

Formvar solution for coating slot grids: 

1 % (w/v) Formvar diluted in Chloroform 

 

Freezing solution for long-term storage of C. elegans: 

100 mM NaCl, 50 mM KH2PO4 diluted in ddH2O; 
adjust at pH 6.0 with KOH before adding 30 % 
(v/v) Glycerol and autoclaved for 15 min at 121°C; 
afterwards 2 mM CaCl2 and 3 mM MgSO4 were 
added 

(Brenner, 1974) 

KPO4 buffer (1 M) for preparing NGM plates: 

0.788 M K2HPO4 and 6.38 M KH2PO4 in ddH2O; 
adjusted at pH 6.0 using NaOH 

 

LB plates for cultivating and storing E. coli OP50: 

1 % (w/v) bacto tryptone, 1.5 % (w/v) bacto-agar, 
0.5 % bacto yeast extract and 1 % (w/v) NaCl di-
luted in ddH2O; adjusted at pH 7.5 and autoclaved 
for 15 min at 121°C; [20 ml for Ø9 mm plates] 

(Stiernagle, 2006) 
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LB medium for overnight cultivation of E. coli OP50: 

1 % (w/v) NaCl, 1 % (w/v) bacto tryptone and 
0.5 % (w/v) bacto yeast extract diluted in ddH2O; 
adjusted to pH 7.0 and autoclaved for 15 min at 
121°C 

(Stiernagle, 2006) 

Lead citrate for post-staining EM samples: 

0.4 % (w/v) lead citrate diluted in ddH2O and fil-
tered (filter pore size 0.2 µm) 

(adapted from Ellis, 
2007) 

M9 buffer (1 M) 0.5 M Na2HPO4, 0.2 mM KH2PO4, 85.6 mM NaCl 
and 0.2 M NH4Cl diluted in ddH2O and filtered (fil-
ter pore size 0.2 µm) 

(Brenner, 1974) 

NGM plates for cultivating worm strains: 

51 mM NaCl, 0.25 % (w/v) bacto-peptone, 2 % 
(w/v) bacto-agar, 25 mM KPO4, 1 mM MgSO4, 
1 mM CaCl2 and 0.005 g/l cholesterol diluted in 
ddH20 and autoclaved for 15 min at 121°C;  

[10 ml for Ø6 mm plates, 20 ml for Ø9 mm plates) 

(Brenner, 1974) 

S-basal for long-term storage of C. elegans strains: 

6 mM K2HPO4, 44 mM KH2PO4, 100 mM NaCl 
and 0.013 mM cholesterol diluted in ddH2O and 
autoclaved for 15 min at 121°C 

(Stiernagle, 2006) 

Uranyl acetate for post-staining EM samples: 

2 % (w/v) uranyl acetate diluted in 70 % (v/v) 
methanol in ddH2O and filtered (filter pore size 
0.2 µm) 

(adapted from Ellis, 
2007) 

 

 

3.1.2 Equipment, materials, and worm strains  

The equipment and devices used for experiments throughout this study are listed in Tab. 

3.3, consumables are listed in Tab. 3.4, and used worm strains in Tab. 3.5.  

 

Tab. 3.3: List of used devices with type designations and respective manufacturers.  

Device  Type designation  Manufacturer  

Devices used for worm handling 

Autoclave Varioklav Typ 400 H+P Labortechnik GmbH, Ober-
schleißheim, Germany 

Centrifuge 5424 Eppendorf, Hamburg, Germany 

Dissection microscope Motic SMZ 268 BL Roth GmbH & Co KG, Heidel-
berg, Germany 

Ethanol lighter n.a Lab Market, Mannheim, Germany 

Freezer (-80°C) MDF U55V Sanyo, Osaka, Japan 
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HandyStep® Repetitive pipette Handystep® S Brand GmbH & Co KG, 
Wertheim, Germany 

Incubator (20°C) Heraeus BK 6160 ThermoFisher Scientific Inc., Wal-
tham, USA 

Water bath GFL 14L GFL, Burgwedel, Germany 

Devices used for electron microscopy 

AFS machine AFS1 Leica, Vienna, Austria 

Bright field microscope Axiolab RE Zeiss, Oberkochen, Germany 

CCD camera (2048 × 2048 pixel), 
mounted on the 906E TEM 

Sharp:eye slow scan TRS, Moorenweis, Germany 

CCD camera (2048 × 2048 pixel), 
mounted on the TECNAI F30 TEM 

Ultrascan 1000 Gatan, Pleasanton, USA 

Diamond knife  Ultra 35° Diatome, Biel, CH 

Dual-axis TEM holder 2040 Fishione, Export, PA, USA 

High power ultrasonic cleaning unit Sonorex RK 100SH Bandelin electronic GmbH & Co 
KG, Berlin, Germany 

High-pressure freezer HPF COMPACT 01 or 
03 

Wohlwend, Sennwald, CH 

High-tilt rotating stage Model 650 Gatan, Pleasanton, USA 

HPF specimen holder  

(for 3×0.5 mm specimen carriers) 

290 M. Wohlwend GmbH, Sennwald, 
CH 

Liquid N2 tank n.a n.a 

Microtome Reichert Ultracut S Leica, Vienna, Austria 

Oven (60°C) UNB200 Memmert, Schwabach, Germany 

Rocking platform Polymax 1040 Heidolph, Schwabach, Germany 

Transmission electron microscope 906E Zeiss, Oberkochen, Germany 

Transmission electron microscope  TECNAI F30 Thermofisher Scientific Inc., Wal-
tham, USA 

Vortexer MS2 Minishaker IKA, Staufen, Germany 

 

Tab. 3.4: List of used consumables with respective suppliers. 

Item  Supplier  

General consumables 

Beaker, one-way [250 ml] VWR, Darmstadt, Germany 

Cotton cloths n.a 

Cryovials [1.5 ml] Greiner Bio-One, Frickenhausen, Germany 

Falcon tubes [15 ml, 50 ml] Greiner Bio-One, Frickenhausen, Germany 

Filter paper, round VWR, Darmstadt, Germany 

Forceps, Dumont no. 5 neoLab, Heidelberg, Germany 



Materials and Methods 

29 

Forceps, Dumont no. N5, high precision rever-
sal (self-closing) 

Roth GmbH & Co KG, Heidelberg, Germany 

Glass bottles [200 ml, 500 ml, 1 l] VWR, Darmstadt, Germany 

Gloves, nitril Roth GmbH & Co KG, Heidelberg, Germany 

Label tape Roth GmbH & Co KG, Heidelberg, Germany 

Lighter n.a 

Objective glass slides Roth GmbH & Co KG, Heidelberg, Germany 

Paper towels n.a 

Parafilm "M" Plano GmbH, Wetzlar, Germany 

Pipette tips [10 µl, 100 µl, 200 µl, 1000 µl] Eppendorf, Hamburg, Germany 

Pipettes [0.1-2.5 µl, 0.5-10 µl, 2-20 µl, 10-
100 µl, 20-200 µl, 100-1000 µl] 

Eppendorf, Hamburg, Germany 

Precision wipes (Kimtech Science) Kimberly-Clark, Roswell, GA, USA 

Reaction and falcon tube rack Roth GmbH & Co KG, Heidelberg, Germany 

Reaction tubes [1.5 ml, 2 ml] Roth GmbH & Co KG, Heidelberg, Germany 

Scalpel HMD Healthcare, Horsham, UK 

Syringe filter [pore size Ø0.2 µm] Corning, New York, USA 

Syringes [10 ml] Becton Dickinson, Heidelberg, Germany 

Consumables for worm handling 

Boxes for storing agar plates Roth GmbH & Co KG, Heidelberg, Germany 

Handystep Repeating tips Eppendorf AG, Hamburg, Germany 

Pasteur pipette, glass [2 ml] (wormpick) ThermoFisher Scientific Inc., Waltham, USA 

Petridishes/Plates [Ø6 cm, Ø9 cm] Greiner Bio-One, Frickenhausen, Germany 

Platinum wire [0.2 mm] (wormpick) Agar Scientific, Standsted, UK 

Toothpick n.a 

Wooden spatula n.a 

Consumables for electron microscopy 

Airduster Plano GmbH, Wetzlar, Germany 

Aluminum planchette type A [0.1/0.2 mm] 
Wohlwend 

Wohlwend GmbH, Sennwald, Switzerland 

Aluminum planchette type B [0/0.3 mm] Wohl-
wend 

Wohlwend GmbH, Sennwald, Switzerland 

Formvar pump-construction n.a 

Glass tub Roth GmbH & Co KG, Heidelberg, Germany 

Grid staining system (PELCO® Staining slot 
matrix) 

TED PELLA Inc., Redding, USA 

Grid staining system (PELCO® Staining ves-
sels) 

TED PELLA Inc., Redding, USA 

Grid storage box Science Services, Munich, Germany 
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Grids, oval slot 2 mm, copper Plano GmbH, Wetzlar, Germany 

Hiraoka staining device EMS, Hatfield, USA 

Microlances [0.7 mm×40 mm] Becton Dickinson, Heidelberg, Germany 

Pasteur pipettes, plastic [1 ml, 3 ml] ThermoFisher Scientific Inc., Waltham, USA 

Polysterene box n.a 

Razor blade, breakable Plano GmbH, Wetzlar, Germany 

Tweezers, soft grip coated antimagnetic anti-
acid SS, ultrafine  

rubisTech, Stabio, CH 

Two-Part Epoxy Adhesive (MS-907) Miller-Stephenson, Danbury, CT; USA 

 

Tab. 3.5: List of used worm strains with the respective place of origin.  

Worm strains  Place of origin  

C. elegans N2 (Bristol) Caenorhabditis Genetics Center (CGC), Uni-
versity of Minnesota, USA 

A. rhodensis APS4 Pires da Silva Lab, University of Warwick, UK 

 

 

3.1.3 Software  

All used software packages used throughout this study are listed in Tab. 3.6.  

 

Tab. 3.6: List of used software programs and versions with the respective institutions or companies.  

Software  Version  Company  Reference  

ASGA v0.30 or higher Technische Universität Dres-
den, Germany 

(Kiewisz & Müller-Reichert, 
2020) 

ImageJ/Fiji2 1.48u / 1.53c National Institutes of Health, 
USA 

(Schindelin et al., 2012; 

 Schneider et al., 2012)  

ImageSP 1.1.1.32 Sys-Prog, Minsk, Belarus  

IMOD 4.7.9 ï 5.9.3 Boulder Lab for 3D electron 
microscopy of cells, Univer-
sity of Colorado, USA 

(Kremer et al., 1996; 

Mastronarde, 1997; 

Mastronarde & Held, 2017) 

R3 4.0.0 ï 4.0.2 R Foundation for Statistical 
Computing, Vienna, Austria 

(R Core Team, 2020) 

R3 studio 1.3.959 RStudio Inc., Boston, USA (RStudio Team, 2020) 

SerialEM 3.0.2 University of Colorado, Boul-
der, USA 

(Mastronarde, 2005) 

ZIB Amira  2015.1 ï  

2020.03 

Zuse Institute, Berlin, Ger-
many 

(Stalling, 2005) 
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3.2 Methods  

3.2.1 Standard procedures for the handling of worm strains  

3.2.1.1 Growth of bacteria E. coli OP50 

Nematode worm strains were fed with the E. coli strain OP50, which is growth limited on 

NGM plates. The use of this bacterial strain prevents the overgrowth of the plates with bacteria 

and makes it easier to observe single worms. A thin layer of bacteria does not disable the 

worms from moving or mating (Brenner, 1974; Stiernagle, 2006). A starting culture of bacteria 

was seeded on LB plates and grown overnight at 37°C. From these plates, a single colony was 

picked with a sterile pipette tip to inoculate 100 ml of LB medium. The inoculated culture was 

incubated overnight (~16 h) at 37°C on a shaker, with gentle shaking at 130 rpm.  

 

3.2.1.2 Preparation and seeding of NGM agar plates 

The worm strains were maintained on nematode growth medium (NGM) agar in Ø6 mm or 

Ø9 mm petri dishes (Brenner, 1974; Stiernagle, 2006). The agar was prepared (Tab. 3.2) and 

autoclaved for 15 min at 121°C. After autoclaving, the liquid agar was cooled down to ~50°C, 

filled promptly into Ø6 mm (10 ml) or Ø9 mm (20 ml) dishes under aseptic conditions and fur-

ther cooled down (with closed lids on the Petri dishes) to room temperature. The NGM plates 

were either stored at 4°C in a cooling room until further use or seeded directly with E. coli OP50. 

In case of using them after cooling, the plates needed to rest several hours at room temperature 

to warm up and get rid of condensed water. For bacteria seeding, either 100 µl (Ø6 mm) or 

500 µl (Ø9 mm) of E. coli OP50 liquid culture (see section 3.2.1.1) were placed in the center of 

the agar surface. To let the bacteria grow, the plates were left overnight at room temperature 

and then stored at 4°C until further use. Hereafter mentioned plates are NGM plates, seeded 

with E. coli OP50. 

 

3.2.1.3 Maintenance of nematode strains 

Both nematode species, Auanema rhodensis and Caenorhabditis elegans, were kept at 

20°C on Ø6 cm NGM agar plates (Brenner, 1974; Félix, 2004). Worms were cultured on the 

plates until the bacterial food source was nearly used up. To maintain the strains, worms were 

transferred every two to three days to a fresh plate using either a wormpick or a wooden spat-

ula. When using a wormpick, individual L4 larvae or young adult hermaphrodites were trans-

ferred to the fresh plate. When using a wooden spatula, a small part of agar containing worms 

was cut out and put upside down onto a fresh plate.  
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3.2.1.4 Cleaning of contaminated worm strains 

Occasionally, fungi, yeasts, or bacteria other than E. coli OP50 contaminated the worm 

plates. Since those contaminations could cause mutations such as morphological changes 

(Hodgkin et al., 2000), changes in gene expression (Engelmann et al., 2011; Madende et al., 

2020), or cause death of the strains (Darby, 2005), it was necessary to keep the worm strains 

clean. This was done by placing a 50 µl drop of cleaning solution (Tab. 3.2) at the edge of a 

fresh Ø6 mm plate far away from the bacterial lawn. Afterwards, several adult hermaphrodites 

with many eggs inside were placed in this drop. Contaminations and the individuals themselves 

were killed by the solution, while the eggs within the hermaphrodites survived because they 

were protected by the eggshell. The small amount of added cleaning solution was soaked rap-

idly into the agar, so that the larvae were not affected after hatching (Stiernagle, 2006).  

 

3.2.1.5 Long-term storage of worm strains 

To prevent mutations, it was necessary to avoid overlong cultivation times. The spontane-

ous rate of gene duplication in C. elegans is high (Lipinski et al., 2011), which might lead to an 

accumulation of mutations over time. Therefore, the used strains were long-term stored at -

80°C and thawed at intervals of around six months.  

For freezing of the strain APS4 A. rhodensis, worms were grown on Ø9 mm NGM plates 

up to a depletion of the bacterial layer and the occurrence of many L1 larvae. A volume of 4 ml 

of M9 buffer was added per plate, and the plate was gently swirled around to loosen the worms. 

The buffer, now containing most of the worms, was transferred to a 15 ml Falcon tube and 

centrifuged for 2 min at 1100×g. After this, the supernatant was removed, and the worm pellet 

was resuspended in 1 ml of DMSO solution (Tab. 3.2) by mixing gently. The DMSO solution 

containing the collected worms was filled into cryovials and stored overnight in a polystyrene 

box at -80°C before they were finally long-term stored in a freezer at -80°C. A thawing test was 

done for each frozen batch to check whether freezing was successful. In the thawing test, a 

cryovial was thawed and the droplet with worms was transferred to a Ø9 mm plate as far away 

from the bacterial layer as possible. The DMSO solution soaked into the agar and worms were 

allowed to move to the bacterial layer. They were then collected as fast as possible to avoid an 

effect of the detergent to the worms. DMSO was acting as a cryo-protectant agent by preventing 

the formation of water crystallization (Mandumpal et al., 2011).  

Worms of the strain N2 C. elegans were collected in a similar way by letting them grow on 

Ø9 mm plates up to starvation and enrichment of L1 and L2 larvae. The plates were washed 

with 6 ml S-basal solution each, rested for 5 min and were gently shaken. The buffer containing 
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detached worms was transferred to a 15 ml Falcon tube and the washing step repeated twice. 

The worms were spun down for 3 min at 500 rpm and the supernatant removed, except for 

1.5 ml. Additionally, 1.5 ml of freezing solution (Tab. 3.2) was added, and both solutions were 

gently mixed before each 1 ml was filled into a cryovial. The cryovials were stored in a polysty-

rene box at -80°C overnight to cool down gently and were then long-term stored until further 

use (Brenner, 1974; Stiernagle, 2006). A thawing test was done for each batch as described 

for A. rhodensis.  

 

3.2.1.6 Production and synchronization of males 

A. rhodensis produces 1.6-13 % of males (Chaudhuri et al., 2011; Félix, 2004; Shakes et 

al., 2011) by outcrossing or self-fertilization. It was observed that the easiest way to collect 

males was by looking at heavily populated plates. On these plates, which are plates five to six 

days after transferring young worms, the number of individuals and hence the number of adult 

males was higher. The reason for this is that males and females do not have to go through an 

obligatory dauer stage, in contrast to hermaphrodites. Thus, hermaphrodites display a delayed 

development in comparison to both other sexes (Félix, 2004). Based on their tail structure (Fig. 

3.1 A) and pigmentation, males could be easily recognized amongst the high amount of young 

and therefore smaller hermaphrodites and could be collected on fresh plates. The collected 

males could be used instantly for experiments, and this procedure had to be repeated before 

each experiment. A synchronization of age was not possible with this method.  

Also C. elegans hermaphrodites produce a low number (about 0.1 %) of males spontane-

ously (Ward & Carrel, 1979). For the planned experiments it was necessary to produce more 

males. For this, 30-40 virgin L4 larvae were picked from a plate and transferred to a fresh one. 

The plate was then sealed with Parafilm and incubated for 4-6 h at 30°C before placing it again 

at 20°C to allow a new population of worms to grow up. The increase in temperature ("heat 

shock") led to a higher frequency of X-chromosome missegregation in germ cells undergoing 

meiosis. This resulted in a higher number of nullo-X sperm in the young hermaphrodites and 

consequently in a higher number of males in the F1 generation (Fay, 2013). Male-enriched 

populations were further used for picking of around twenty males and four virgin L4 larvae on 

a fresh plate and incubating them at 20°C for several days. The resulting outcrossed offspring 

produces around 50 % males. To produce males of a specific age, a 50 µl droplet of cleaning 

solution (Tab. 3.2) was placed on seeded plates as far away from the bacteria as possible. 

Around 20-40 adult hermaphrodites carrying eggs were picked from a "male plate" and trans-

ferred to the droplet of cleaning solution on the fresh plate. Incubated at 20°C, the adult 
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hermaphrodites dissolve in the cleaning solution, and the hatching larvae are all at nearly the 

same age. 

 
 

3.2.2 Sample preparation for thin -section electron microscopy and electron tomography  

3.2.2.1 High-pressure freezing 

For electron microscopy, worms were cryo-immobilized to achieve a very good ultrastruc-

tural preservation. High-pressure freezing was applied for this. Rapid freezing at a low temper-

ature (liquid nitrogen temperature, -196°C) and high pressure (~2000 bar) avoids the formation 

of hexagonal ice crystals (Dahl & Staehelin, 1989; Erk et al., 1998; Moor, 1964; Moor, 1971; 

Vanhecke et al., 2008), which is essential for preventing the destruction of the cellular ultra-

structure. The usage of cryoprotectants reduces the rate of critical freezing (Dahl & Staehelin, 

1989; Moor, 1971), and in combination with high cooling rates the cellular water is transferred 

into vitreous ice (Studer et al., 2008). Currently used cryoprotectants are hexadecane (McDon-

ald, 2007), bovine serum albumin (BSA; McDonald, 2007; MüllerȤReichert et al., 2007) or pol-

yvinylpyrrolidone (PVP; Steyer et al., 2019).  

For freezing, so-called "sandwiches" composed of two differently-shaped aluminum carri-

ers (Ø3 mm) to contain the worms in between were used (McDonald, 1999; McDonald, 2009). 

The aluminum planchettes type A and B carriers were pre-coated with hexadecene and excess 

liquid was carefully removed using a piece of filter paper before usage (Fig. 3.1 B). First, the 

100 µm cavity of a coated type A carrier was filled with ~1 µl 20 % (w/v) BSA in M9 buffer, 

serving as a filler and cryoprotectant (McDonald, 2007). Then, 6-8 male worms were picked 

with a wormpick from the prepared "male plates" and gently transferred to the droplet in the 

specimen carrier (Fig. 3.1 C). The type A carrier filled with buffer and worms was then closed 

with the flat side of a type B carrier (Fig. 3.1 D). This sandwich was clamped in the specimen 

holder of either a HPF Wohlwend COMPACT 01 or 03 (Wohlwend, Sennwald, Switzerland) 

and high-pressure frozen (Fabig et al., 2019). The frozen samples were transferred into liquid 

nitrogen and stored until further use. 

 

3.2.2.2 Automatic freeze-substitution and post staining 

To ensure that the samples are evenly freeze-substituted and stained, the sandwiches 

needed to be opened before the start of the freeze-substitution. Therefore, the sandwiches 

were transferred to a polystyrene box filled with liquid nitrogen. Using a scalpel and tweezers, 

the two aluminum carriers were separated. Under liquid nitrogen, the type A carriers containing 
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frozen discs with worms in 20 % BSA in M9 (Fig. 3.1 E) were transferred to a cryovial containing 

1 % osmium tetroxide and 0.1 % uranyl acetate (Fig. 3.1 F). Cryovials were positioned in an 

automatic freeze substitution machine (EM AFS, Leica Microsystems, Vienna, Austria). 

 

 

Fig.  3.1: Workflow of EM sample preparation.  (A) Cultivation of worms on an agar plate. The typical 
appearance of A. rhodensis males is shown (insert). (B) Sample holders for HPF: type A aluminum car-
rier with a cavity of 0.1 mm and type B aluminum carrier 0/0.3 mm (flat side not visible at the bottom). 
(C) Transfer of worms to the 0.1 mm cavity of a hexadecane-coated type A carrier filled with M9 buffer 
containing 20 % BSA. (D) Preparation of specimen "sandwich" by closing a type A sample carrier with 
the flat side of a type B carrier. Such closed assemblies were clamped into a sample holder and high-
pressure frozen. (E) Splitting of the carrier-sandwich under liquid nitrogen. (F) Transfer of carrier plan-
chettes, containing the frozen worms, to a freeze-substitution cocktail containing 0.1 % uranyl acetate 
and 1 % osmium tetra-oxide solved in acetone prior to freeze-substitution under liquid nitrogen. (G) In-
filtration with Epon/Araldite at room temperature. (H) Extraction of the freeze-substituted samples from 
carrier planchettes and flat embedding of samples in Epon/Araldite using two Teflon-coated glass slides 
with Parafilm stripes as spacers. Polymerization in an oven at 60°C. (I) Worms were cut out of the resin 
after opening both glass slides and glued on top of a Epon block. (J) Epon block was trimmed trapezoidal 
and (K) cut in semi-thick (300 nm) serial sections. (L) 300 nm semi-thick sections on Formvar-coated 
grid under a bright field light microscope. After transfer to the grid, the sections were stained with 2 % 
uranyl acetate and 0.4 % lead citrate. (M) TEM image of a longitudinal section of a male individual of 
A. rhodensis. Dotted box and enlarged image show the region of interest containing the gonad. Scale 
bars = 100 µm. Reproduced in part from Fabig et al. (2019).  

 



Materials and Methods 

36 

During the automated freeze substitution program, the samples were kept for 30 min up to 

48 h at -90°C before they were warmed up to -30°C at a rate of 5°C/h. They were kept at -30°C 

for 5 h and then warmed up to 0°C at a rate of 5°C/h. After an additional 30 min up to 1 h to 

warm up the samples to room temperature, the cryovials were transferred from the AFS to a 

fume hood. Both the osmium tetroxide and the uranyl acetate bind to lipid structures and nucleic 

acids and were used to increase the contrast of the samples later in the TEM (Strugger, 1956).  

The samples were washed three times with anhydrous acetone and after that gradually 

infiltrated with Epon/Araldite. First, the anhydrous acetone was changed by an Epon/Araldite-

acetone mixture (ratio Epon/Araldite:acetone = 1:3) to infiltrate the samples for 1 h using a 

rocking platform for agitation. The Epon/Araldite-acetone solution (1:3) was exchanged by a 

Epon/Araldite-acetone solution (1:1) and the samples were further incubated for 2 h, followed 

by the same step using a Epon/Araldite-acetone solution (3:1). After that, the Epon/Araldite-

acetone solution was exchanged by pure Epon/Araldite and the samples were placed on the 

rocking platform for 2-3 h before repeating this step with fresh Epon/Araldite overnight. On the 

next day, the solution was exchanged again with pure Epon/Araldite, and the samples were 

incubated for 3 h on the rocking platform (Fig. 3.1 G).  

 

3.2.2.3 Thin-layer embedding of samples 

Glass slides were Teflon-coated and polished under the fume hood and equipped with a 

folded stripe of Parafilm at each end of the slide serving as a spacer. The samples in pure 

Epon/Araldite were then transferred with a needle to the coated glass slides. The frozen worms 

embedded in the aluminum carriers were either sticking inside the cavity or on top of the flat 

side of the other carriers. They were carefully removed from the carriers with a small syringe 

needle and positioned in viscous Epon/Araldite on a glass slide. The specimens were covered 

by a second Teflon-coated glass slide, spaced by the small stripe of Parafilm (Fig. 3.1 H). Then 

the samples were polymerized in an oven at 60°C for at least 48 h (Müller-Reichert et al., 2003). 

After polymerization of the epoxy resin, a scalpel was used to separate both glass slides from 

each other. Worms were cut out and mounted on top of the Epon block using a two-component 

glue before polymerization of the glue at 60°C overnight (Fig. 3.1 I).  

 

3.2.2.4 Preparation of Formvar-coated copper slot grids 

Copper slot grids were washed three times in acetone and placed on filter paper in a petri 

dish. Formvar solution (Tab. 3.2) was filled into a special film-casting device. Glass objective 

slides were cleaned with a cotton cloth and then with a lint-free precision cleaning paper. An 
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air duster was also used so that the clean slides were completely free of dust. A glass slide 

was placed into the special casting device and the Formvar/chloroform solution was pumped 

in and subsequently let out from the device again. The velocity of Formvar release defined the 

thickness of the Formvar film after evaporation of the chloroform. The slower the solution was 

released, the thinner the resulting Formvar film became on the slide. Formvar films for electron 

tomography showed a golden interference color, films for thin-section electron microscopy were 

silver. Each glass slide was removed from the device and air dried. Following this, the Formvar 

films on both sides were cut at all sides using a razor blade, and the films were allowed to float 

on the water surface of a ddH2O water bath. The cleaned and dried grids were placed on the 

Formvar film with the shiny side facing downwards and collected from the water surface by a 

piece of Parafilm. 

 

3.2.2.5 Serial sectioning and post-staining 

The Epon/Araldite embedded samples on top of the Epon blocks were trimmed with a razor 

blade to a trapezoidal shape (Fig. 3.1 J) before serial sections were cut using an ultramicrotome 

(Reichert Ultracut S, Leica Microsystems, Vienna, Austria). Both, sections for standard trans-

mission electron microscopy (thin sections, 70 nm) and for electron tomography (semi-thick 

sections, 300 nm) were produced. The serial sections were collected in ribbons (Fig. 3.1 K) 

from the trough of a diamond knife (Ultra 35°, Diatome, Biel, Switzerland) by transferring them 

with an eyelash, glued to a toothpick, to the Formvar-coated slot grid (Fig. 3.1 L). The grids 

were subsequently dried and stored in grid boxes.  

For post-contrasting, the grids were loaded into a staining rack and post-stained in a stain-

ing chamber with uranyl acetate and lead citrate. First, the samples were pre-wetted in 70 % 

methanol, then they were stained for 10 min with 2 % (w/v) uranyl acetate in 70 % of methanol. 

After three washing steps in the chamber using 70 % methanol, the samples were transferred 

to a beaker and washed using a graded series of methanol (70 %, 50 % and 30 % of methanol), 

followed by three rounds of pure ddH2O. Then, the staining rack was transferred to the staining 

chamber containing 0.4 % (w/v) lead citrate in ddH2O and stained for 5 min, followed by three 

washing steps with ddH2O in the chamber and three washing steps with ddH2O in a beaker. 

Both staining procedures enhanced the contrast of cellular components like membranes, ribo-

somes, and nuclear material (Pandithage, 2013; Reynolds, 1963). 

For electron tomography, the semi-thick (300 nm) sections were coated with Ø15 nm col-

loidal gold used as fiducial markers for the calculation of electron tomograms after acquisition 

of tilt series (Brandt & Heikkonen, 2000; Mastronarde, 2007; Stepanek & Pigino, 2017). 
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Therefore, the previously post-stained grids were transferred to a Hiraoka spare staining de-

vice. An aqueous solution of 15 nm colloidal gold was vortexed and sonicated for 2 min each 

within an Eppendorf tube, and a drop of this solution was placed with a pipette on both sides 

of each grid. After 1 min of incubation time, the gold solution was carefully removed with a 

pipette, and the grids washed by flushing ddH2O through the rows of mounted grids. Remaining 

water was removed with the edge of a piece of filter paper without touching the Formvar film. 

The grids were air-dried and transferred back in sequence to the grid box. Worms and their 

gonadal regions in the semi-thick stained sections were already observable under an upright 

bright field microscope (Axiolab RE, Zeiss, Oberkochen, Germany; Fig. 3.1 M). 

 
 

3.2.3 Thin -section electron microscopy and electr on tomography  

3.2.3.1 Data acquisition 

The 70 nm thin sections were analyzed using a transmission electron microscope (EM906, 

Zeiss, Oberkochen, Germany) operated at 80 kV. The sections were screened for meiotic cells, 

and images were captured using a CCD camera (Sharp:eye, Schneider Systemtechnik, 

Moorenweis, Germany) and processed using Fiji (Image J 1.48u, National Institutes of Health, 

USA).  

The 300 nm semi-thick sections were pre-screened using the EM906 (Zeiss) operated at 

80 kV (Fig. 3.2 A). An image of the region of interest (regions showing spermatocytes in meio-

sis within the male gonad) was acquired for each serial section at a magnification of 2150× 

(Fig. 3.2 B). The image series was merged using Fiji and single spermatocytes of interest were 

cropped out (Fig. 3.2 B and E). Electron tomography was applied using a transmission electron 

microscope operated at 300 kV (TECNAI F30, Thermofisher Scientific Inc., Waltham, USA) to 

visualize the selected and staged cells of interest in 3D. To do so, grids with sections containing 

the cells of interest were inserted in a specimen holder allowing to tilt the specimen within the 

microscope in a range from +65° to -65° (Fig. 3.2 C) with increments of 1 degree (Arslan et al., 

2006; Mastronarde, 1997).  

The positions of the respective cells were saved for each section before the sections were 

exposed to an electron beam at a tilt angle of 60° and a dosage of 200e-/Å2 for 5 min. This so-

called "cooking" process led to an even shrinkage of the resin film and prevented shrinkage of 

the sample during data acquisition (Luther et al., 1988, Soto et al., 1994). A first tilt series (a-

stack) within a range from +65° to -65° and at a magnification of 4700× was acquired with a 

CCD camera (US1000, Gatan, Pleasanton, USA; Fig. 3.2 D and F). To reduce the loss of 
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information due to the "missing wedge", a second tilt series (b-stack) was acquired after rotating 

the grid by 90° within the holder (Arslan et al., 2006; Mastronarde, 1997; McEwen & Marko, 

2001; Penczek et al., 1995).  

 

 

Fig.  3.2: Workflow for electron tomography and subsequent data processing. (A)  Slot grid with 
serial 300 nm plastic sections within the electron microscope. Embedded and sectioned worms are vis-
ible within each section (white arrowhead). (B) Part of a screened section using an electron microscope 
operating at 80 kV. Region of interest (meiotic region within male gonad) is shown and cells for further 
analysis chosen (red dotted frame). (C) Transfer of grids to an electron microscope operating at 300 kV 
to acquire electron tomographic data. The specimen holder was tilted within the electron beam with 1° 
increments over a range of +65° to -65° while a CCD camera acquired an image of each tilt angle in a 
high magnification. (D) Resulting images of each tilt angle were aligned and reconstructed using an R-
weighted back-projection algorithm. (E) Example for a cell of interest screened at 80 kV and low magni-
fication. (F) Single image of the tilt series done at an angle of 0°, acquired at 300 kV. (G) R-weighted 
back projection result in a high-resolution tomogram which allows analysis of the cellular ultrastructure. 
Scale bars = 5 µm (B), 1 µm (E-G). 
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3.2.3.2 Calculation of tomograms 

The tomograms for the first (a-stack) and second (b-stack) tilt series were calculated by 

weighted back projection (Fig. 3.2 D) using the IMOD software package (IMOD Tomography 

GUI; IMOD versions 4.7.9 or 5.9.3, University of Colorado). The 15 nm gold particles on both 

sides of the Formvar film (see section 3.2.2.5) serving as fiducials were used for image align-

ment (Mastronarde, 1997). Both tomograms were then combined (Fig. 3.2 G) to a dual-tilt tomo-

gram (Mastronarde, 1997), flattened and trimmed to remove the blurry and non-informative 

bottom and top parts of the tomogram.  

 
 

3.2.4 Processing and analysis of electron tomographic data  

3.2.4.1 Segmentation and stitching of microtubules, and labeling of chromosomes and orga-

nelles 

In the dual-tilt tomograms containing the staged cell of interest, microtubules were auto-

matically traced (Weber et al., 2011; Weber et al., 2012) using the Amira software package 

(ZIB Amira 2015.1 up to 2020.03, Zuse Institute Berlin). It was important to manually correct 

false-positive segmented microtubules and add microtubules that were not segmented (false 

negatives; Redemann et al., 2014). This correction was done in the "Filament" editor and in-

cluded deletion of falsely marked microtubules within organelles or the cell membrane and 

manual segmentation of undetected microtubules, as well as manual trimming of segmented 

microtubules to their "true" length (Fig. 3.3). All segmented microtubules were saved in one 

coordinate file called "spatialgraph" which could then be processed (rotated or mirrored) and 

opened simultaneously to the tomogram file.  

Subsequently, all tomograms and the microtubule-containing spatialgraphs covering the 

cell of interest and created in Amira needed to be stitched together (Lindow et al., 2021; Weber 

et al., 2014) in sequence using the semi-automatic "Serial Section Alignment" module (Fig. 3.3, 

Fig. 3.4 A). This allowed the reconstruction of the spindle within the cell as a 3D model which 

could be examined from all angles. For that, automatic and manual landmarks were used to 

align serial tomograms and form a stack of tomograms (Fig. 3.4 B) covering the cell of interest 

in its entirety, as well as a full spatialgraph consisting of all serial spatialgraphs. Automatic 

landmarks were created by Amira using matching filaments at the border of two consecutive 

sections. To correct falsely matched microtubules or add additional points used for matching, 

manual landmarks could be added. Furthermore, those manual landmarks enhanced the 
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quality of stitching by combining automatization (creating landmarks, connecting matching fila-

ments of consecutive spatialgraphs) with supervision (Lindow et al., 2021).  

 

 

Fig.  3.3: Workflow of image processing using the Amira software package.  The processing of im-
age data was done semi-automatically. Processing steps are shown vertically, automatic procedures at 
the individual steps are shown in blue, manual steps in red. 

 

Within this resampled tomogram, different cellular components (chromosomes, mitochon-

dria, FB-MOs, Golgi and vesicles) could be labeled using the "Segmentation" editor in Amira. 

Surfaces of those labels could be created by using the "Generate Surface" module. Whenever 

possible, chromosomes or chromatids within a cell were segmented separately. Due to their 

position in the cell, they could be distinguished into autosomes and X-chromosome in meta-

phase I or autosomes and X-chromatid in meiosis II. Within the metaphase plates of both mei-

otic divisions, one chromosome/chromatid was arranged in the center of six surrounding chro-

mosomes/chromatids. Since in C. elegans the X-chromosome is positioned in the middle of the 

surrounding autosomes in metaphase (Albertson & Thomson, 1993; Hechler, 1970), it was as-

sumed that the centrally positioned chromosome/chromatid in A. rhodensis was the X-chromo-

some in metaphase I, and respectively the X-chromatid in metaphase II. In anaphase I cells, 

individual chromosomes/chromatids could become segmented but not differentiated into auto-

somes and X-chromatids. In anaphase II, the X-chromatid was identified by its lagging behavior 

(Shakes et al., 2011) and delayed distribution in late anaphase II. 
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Fig.  3.4: Workflow for 3D reconstruc tion using electron tomographic data. (A)  Tomograms of the 
serial sections were stitched together by using automatic (yellow circles) and manual (red circles) land-
marks. (B) Whole cell volume spread out over several sections. (C) Centrioles (red lines), microtubules 
(light grey lines), chromosomes (autosomes are shown in blue, X-chromatid in red) and organelles (not 
shown) were segmented throughout the whole cellular volume and shown as a 3D model. 
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The final result of the segmentation was a 3D model for each cell of interest composed of 

a spatialgraph containing the spindle and centriolar microtubules of the cell poles, chromo-

somes (Fig. 3.4 C) and organelles. Images of the 3D models were acquired by using the Amira 

snapshot tool. 

 

3.2.4.2 Measuring spindle distances 

To stage meiotic divisions and precisely quantify the meiotic spindle components, different 

distances were measured within each reconstructed cell using the tomographic data of the 

stitched data sets (Fig. 3.5).  

First, the spindle poles were localized within the tomograms, and landmarks were set in 

the center of each of the two centrioles per pole. The two coordinates were then used to calcu-

late the Euclidean distance between the centrioles. On the one hand, the distance between 

both poles was measured (by using the center between both centrioles as "pole coordinate") 

and defined as pole-to-pole distance (P-P). On the other hand, this allowed to define the cen-

triole-to-centriole distance (C-C) at each time point. In C. elegans spermatocyte meiosis, cen-

trioles become disengaged in anaphase I to undergo a round of duplication (Schvarzstein et 

al., 2013). Hence, the centriole-to-centriole distance should increase with progressing ana-

phase I as well as the pole-to-pole distance. 

Second, the center coordinates of each segmented individual chromosome were com-

puted. These values were used to calculate the distance between the homologous chromo-

somes or the sister chromatids of the X-chromosome and the distance between chromosomes 

and poles. Within cells in meiosis I (Fig. 3.5 A), autosomes and the X-chromosome were ob-

served collectively based on the equal division of both and indistinguishability between auto-

somes and X-chromatids in anaphase. Resultant distances were defined as chromosome-to-

chromosome distance (Chr-Chr) and chromosome-to-pole distance (Chr-P). However, in mei-

osis II (Fig. 3.5 B), autosomes and the X-chromatid could be distinguished in metaphase and 

anaphase, and the measured distances were defined as autosome-to-autosome distance (A-

A) and autosomes-to-pole distance (A-P). In addition, the distance between the lagging X-chro-

matid and the pole from which it moves apart (defined as non-X pole; PnX) during meiosis II 

could be analyzed and was defined as X-to-non-Xpole distance (X-PnX).  
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Fig.  3.5: Schematic illustration of chromosome dynamics.  (A) Measurement of distances for meio-
sis I. (B) Measurements for meiosis II. The arrangement of chromosomes is shown for metaphase (left) 
and anaphase (right). Autosomes are represented in blue, the X-chromosome (M I) or X-chromatid (M II) 
in red, and centrosomes in yellow. The distances between both centrioles of each pole (1), the opposing 
poles (2), the chromosomes/autosomes and spindle poles (3/5) and the separating chromosomes/auto-
somes (4/6) are indicated. Additionally, the distance between the X-chromatid and the non-X pole (PnX) 
in anaphase II is indicated (7) to illustrate progression in the second meiosis.  

 

3.2.4.3 Classification of microtubules 

The previously segmented microtubules within the staged cells were categorized according 

to their position within the cells spindle, especially after their interaction with chromosomes (see 

section 1.1.1), to examine the ratio between kinetochore microtubules and other microtubules. 

Furthermore, all microtubules within a cell were classified according to their length to analyze 

length distribution patterns in different stages of meiosis.  

First, the microtubules were categorized depending on their possible interaction with chro-

mosomes. Since microtubules bind to the kinetochore of chromosomes, the scale of the kineto-

chore region was analyzed in metaphase and anaphase of meiosis I and II. This kinetochore 

region was previously visualized in the mitotic early embryo (Howe et al., 2001) and in male 

spermatocytes (Fabig et al., 2019) of C. elegans as a ribosome-free region around the 
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chromosomes. The same was observable for meiotic cells in A. rhodensis. Therefore, the width 

of the ribosome-free region was measured at 100-120 different positions around all chromo-

somes of the cell and subsequently averaged to obtain a mean kinetochore distance (Fig. 3.6).  

 

 

Fig.  3.6: Kinetochores in meiosis  I and meiosis  II. Kinetochores are visible as a ribosome-free zones 
around the chromosomes in metaphase and anaphase. Images show kinetochore region of metaphase I 
(A), anaphase I (B), metaphase II (C) and anaphase II (D). Borders between kinetochores (k) and cyto-
plasm (cy) or chromatin (chr) are shown exemplarily as red lines. The kinetochore distance in metaphase 
was defined as 83 nm, the kinetochore distance in anaphase as 40 nm. Scale bar = 200 nm.  

 

Next, microtubules which were located within this region were filtered out using the Amira 

"Spindle Analysis" tool ("Distance to Surface") and determined as kinetochore microtubules 

(KMTs). In cells of metaphase I and meta- and anaphase II (Fig. 3.7), these KMTs were differ-

entiated into KMTs associating with the autosomes (autosomal MTs) or the X-chromatid (X-

chromosomal MTs). Within anaphase I cells, a differentiation between autosomal MTs and X-

chromosomal MTs was not possible, since autosomes and X-chromatids could not be distin-

guished. Other microtubules within the cells, out of the kinetochore region, were specified as 

non-kinetochore microtubules (other MTs).  

Then, the length of all microtubules within the spindles was analyzed. The data was binned 

as follows: microtubules showing a length between 1) 0-0.5 µm, 2) 0.5-1 µm, 3) 1-1.5 µm, 4) 

1.5-2 µm, 5) 2-2.5 µm and 6) >2.5 µm. Subsequently, the total microtubule length distribution 
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of the staged cells was compared as well as the length distribution of kinetochore microtubules 

and other microtubules within one and between all cells. Additionally, the total polymer length 

of each cell was calculated using the Amira "Spindle analysis" tool ("Length").  

 

 

Fig.  3.7: Classification of microtubules in meiosis  II. Microtubules of spindles were classified as X-
chromosomal MTs, autosomal MTs, or other MTs. (A) Microtubule classes in metaphase. (B) Microtu-
bule classes in anaphase. X-chromosomal and autosomal MTs are MTs within a close distance to either 
the X-chromatid or the autosomes. This distance was defined as 83 nm in metaphase cells and 40 nm 
in anaphase cells and correspond to the measured kinetochore region. All MTs which are not defined as 
one type of chromosomal MTs are classified as other MTs. Chromosomes are shown in blue (auto-
somes) and red (X-chromatid), centrioles in yellow, X-chromosomal MTs in orange, autosomal MTs in 
yellow, and other MTs in green. Cross-sectional view shows how chromosomes are arranged in meta-
phase plate. 

 

3.2.4.4 Quantification of organelles  

To quantify asymmetry of organelles in late anaphase II in A. rhodensis, the cells were 

divided in two halves and organelles were counted in each hemisphere. This was done using 

the 300 nm sections (Fig. 3.8) and the 3D models of the reconstructed spindles (Fig. 3.9). 

To analyze as many anaphase II cells as possible, 300 nm semi-thick sections of five 

worms were screened as described in (see section 3.2.3.1). The acquired images were stacked 

using the "Register virtual stack slices" plugin in Fiji ("rigid registration", "rotate + translate"), 

and cells in anaphase II were cropped out. The coordinates for both poles and the lagging X-

chromatid were defined and the middle of each cell was marked in all sections (Fig. 3.8). The 

half of the cell including the X-chromatid was defined as X half, the other side as non-X half. 

Within semi-thick sections, organelles with high contrast (like mitochondria and FB-MOs) were 

counted and assigned to one of both sides. Unfortunately, this measurement did not include 

organelles with low contrast like Golgi or vesicles. To appropriately order the analyzed cells, 

the distance between the center of the X-chromatid and the pole belonging to the X half (X 



Materials and Methods 

47 

pole, PX) was measured and a ratio between this distance and the pole-to-pole distance was 

calculated. The lower this ratio was, the shorter the distance between the X-chromatid and the 

PX was, which is an indicator for progressing anaphase II. The number of organelles in the X 

half in dependency to the calculated ratio was analyzed (Winter et al., 2017). 

 

 

Fig.  3.8: Analysis of organelle distribution in anaphase  II using semi -thick (300  nm) serial sec-
tions.  Serial sections were screened with an electron microscope operating at 80 kV. Anaphase cells 
were cropped out and all sections of the selected cells were printed out in the correct order. Autosomal 
chromatin (a, blue) and the single X-chromatid (x, red) were clearly visible. The spindle pole coordinates 
were analyzed. The mid-line of the cells is marked (yellow dotted lines) to split the cell into non-X half 
and X half. The organelles within the cell were counted and assigned to one of both cell halves. Scale 
bar = 2 µm.  

 

A similar analysis was done for the 3D-reconstructed cells after electron tomography. In 

this case, Amira was used to calculate the pole coordinates, the center of the X-chromatid and 

the middle line of the cells in the 3D models (Fig. 3.9). Segmented organelles (Fig. 3.9 C-E), 

identified as mitochondria, FB-MOs, Golgi and vesicles, were counted and assigned to either 

the X half or the non-X half. The ratio indicating progression of anaphase was calculated in the 

same way as for the 300 nm sections.  
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Fig.  3.9: Analysis of o rganelle distribution in anaphase  II using 3D models of spindles. (A)  To-
mography of all sections of the selected cell was done with an electron microscope operating at 300 kV. 
Tomograms were reconstructed, and the sections stitched together. Spindle poles (p), chromatin of au-
tosomes (a, blue) and the X-chromatid (x, red), and organelles like fibrous body-membranous organelles 
(fb, mo), mitochondria (m), and Golgi (not shown) could be clearly identified. (B-E) 3D models of the cell 
were created showing chromosomes (autosomal mass in blue and X-chromatid in red) and different 
classes of organelles (FB-MOs in grey, mitochondria in purple, and Golgi and vesicles in yellow). Spindle 
pole coordinates (landmarks between red-labeled centriolar microtubules) and the middle of the cell 
(landmark between both poles) could be analyzed. The yellow dotted line shows the middle of the cell, 
splitting it into X half and non-X half. Organelles could be classified, counted and assigned to one of both 
cell halves. Scale bars = 2 µm (A), 1 µm (B-F).  

 

3.2.4.5 Quantification of spindle asymmetry 

To quantify asymmetries in the spindles, the distribution of microtubules within the different 

meiosis II stages was analyzed using Amira (Fig. 3.10).  

For that, cells of meiosis I (Fig. 3.10 A) and meiosis II (Fig. 3.10 B) were divided into five 

zones. As an initial point, the pole coordinates were calculated, and landmarks set at those 

points using the "Landmark" tool. Then, the distance between both poles was split into three 

identical parts, marked with two additional landmarks. Perpendicular to the pole-to-pole axis, 

the tomogram and the corresponding spatialgraph were split using the landmarks as borders. 

The following zones were defined: 1) an astral zone extending from the cell border to PX (X 
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pole aster zone), 2) the zone between the poles containing the X-chromatid (X pole zone), 3) 

a middle zone, 4) the zone between the poles not containing the X-chromatid (non-X pole zone) 

and 5) an astral zone extending from PnX to the cell border (non-X pole aster zone). Within each 

zone, the total polymer length was measured by summing up the length of all occurring micro-

tubules observed in each zone.  

 

 

Fig.  3.10: Measurement of microtubule length distribution.  Schematics show how total length of 
microtubules was analyzed in (A) meiosis I and (B) meiosis II. Autosomes are represented in blue, the 
X-chromosome (X-chromatid in meiosis II) in red and centrosomes in yellow. Cross-sectional view illus-
trates chromosome arrangement and position of the X-chromosome (X-chromatid) in the metaphase 
plate. Yellow spheres (and landmarks) mark the pole positions and the coordinates which divide the 
distance between both poles into three equal parts. Yellow dotted lines mark the border of the resulting 
zones perpendicular to the pole-to-pole axis. The total length of microtubules, shown as black lines, was 
calculated within the five zones: X pole aster zone, X pole zone, middle zone, non-X pole zone, non-X 
pole aster zone.  

 

3.2.4.6 Analysis of chromosome shape/stretch 

Chromosomes in nematodes like C. elegans are holocentric (Albertson & Thomson, 1993; 

Spieth, 2014) and appear in electron microscopic images as highly contrasted and condensed 

structures. In A. rhodensis, chromosomes appear in electron tomograms in a similar way as in 
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C. elegans. Those structures were labeled during data processing (see section 3.2.4.1) using 

Amira and could be analyzed in the 3D models.  

 

 

Fig.  3.11: Analysis of chromosome stretching in meiosis  II. (A) Schematic illustration of chromo-
some arrangement in anaphase. Autosomes are represented in blue, the X-chromatid in red and centri-
oles in yellow. The distance between the two poles was divided into 10 nm slices. The cross-sectional 
area of the X-chromatid was measured at each slice and plotted against the distance. A Gaussian fit was 
used based on the data points and the maximum and full width half maximum (FWHM) were calculated. 
(B) The plots differed depending on chromatid shape and position. The width of the plot depended on 
the chromatid stretch. The position shifted on the pole-to-pole axis with progressing anaphase.  

 

In metaphase stages and some anaphase stages, single homologs (meiosis I) or single 

chromatids (meiosis II) were observed. Using the "Chromosome Projection" tool in Amira, the 

shape of individual chromosome or chromatid surfaces was analyzed (Fig. 3.11). For that, or-

thogonal planes with 10 nm distances were placed along the pole-to-pole axis. The surface 

area of the chromosomes was calculated for each plane and plotted against the pole-to-pole 
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axis (Lindow et al., 2018). A custom R script (R Core Team, 2020; Schwarz & Kiewisz, 2020), 

was used in the program R studio (RStudio Team, 2020) to create a Gaussian curve fitting to 

the data to determine the maximum and full width half maximum (FWHM) for each chromosome 

(Fig. 3.11 A). The fitted Gaussian curve was indicative of the position of the chromosome along 

the pole-to-pole axis as well as of the shape of the chromosome (Fig. 3.11 B). 

 

3.2.4.6 Analysis of microtubule plus end attachment to the chromosomes 

To analyze the association of the microtubule plus ends with the chromosomes, the "End 

Extrapolation" tool (forward length = 830 in M I cells resp. 400 in M II cells, backward length = 

500) in Amira was used. The tool filtered the microtubules after their association with the chro-

mosomes within a given interaction distance, which corresponded to the measured ribosome-

free zone (see section 3.2.4.3). If the plus end of a microtubule was located within this distance, 

the association was defined as an end-on association. If the plus end of the microtubule was 

not, but the microtubule itself was located within this distance, the association was defined as 

a laterally one.  

 

3.2.4.7 Analysis of microtubule curvature 

Microtubule curvature was calculated by using the online platform "automatic spatial graph 

analysis" (ASGA; Kiewisz & Müller-Reichert, 2020). This software computed the ratio between 

the total length of a microtubule and the shortest Euclidean distance between its minus and 

plus end (Fig. 3.12). The total lengths of every single microtubule were previously calculated 

using the "Spindle analysis" tool ("Length") in Amira (see section 3.2.4.3). 
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Fig.  3.12: Measurement of microtubule curvature. To analyze microtubule curvature, length of micro-
tubules was measured in two different ways. First, the total length of a microtubules was measured using 
Amira. The program split the whole microtubule into smaller segments (red dots) and measured the 
distances between each two points (red dotted lines). The sum of all these smaller segments resulted in 
the total microtubule length (Ltotal). Next, the Euclidean distance between the starting point and the end 
point of the same microtubule was measured using ASGA. The Euclidean distance is the shortest dis-
tance between both microtubule ends (Lshortest). The curvature was indirectly measured by the ratio be-
tween the total length of a microtubule and its shortest length. The higher this ratio was, the higher the 
curvature of the microtubule was. The sketch shows those measurements for a straight microtubule (A) 
and a curved microtubule (B). 
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4. Results 

4.1 Cellular features in male meiotic spindles of A. rhodensis  

Many living processes within the most common nematode Caenorhabditis elegans have 

been investigated since the 1960s (Ankeny, 2001; Brun, 1965; Fatt & Dougherty, 1963; Nigon 

& Brun, 1955; White & Bretscher, 2020). However, the nematode Auanema rhodensis, which 

is closely related to C. elegans, has recently become the focus of active research. In compari-

son to C. elegans, A. rhodensis shows several specifics regarding its lifecycle, sexual pheno-

types, and meiotic divisions within all sexes. The following sections show the investigation of 

the segregation of the unpaired X-chromosome during male meiosis in A. rhodensis on an ul-

trastructural level. Electron tomography was used for a 3D reconstruction of distinct meiotic 

stages to analyze the organization of microtubules (MTs) and the position of the single X-chro-

mosome. These data were meant to provide ultrastructural insights to complement previous 

light microscopic studies (Shakes et al., 2011; Winter et al., 2017).  

To analyze the ultrastructure of meiotic spindles, male worms with an age of at least five 

days were prepared for electron tomography (see section 3.2.2). In total, three metaphase and 

four anaphase spindles in meiosis I, and four metaphase and nine anaphase spindles in meio-

sis II were reconstructed by electron tomography. For each spindle, a 3D model is given to 

illustrate the chromosomes, the centrosomes and the arrangement of MTs. Representative 

models for cells in meiosis I (Fig. 4.1 ï Fig. 4.4) and meiosis II (Fig. 4.5 ï Fig. 4.12) are shown. 

Depending on the position in the spindles, autosomes and the X-chromosome (meiosis I), re-

spectively X-chromatid (meiosis II), were labeled. During male meiosis in C. elegans, the un-

paired X-chromosome lags in meiosis I (Albertson & Thomson, 1993). Therefore, and based 

on previous light microscopic studies (Shakes et al., 2011), it was assumed that the lagging 

chromosomal material in meiosis II in A. rhodensis is the X-chromatid. Autosomes were always 

labeled in blue and the assumed X-chromatids in red. MTs were segmented and classified 

depending on their distance to the chromosomal material.  

The ribosome-free region around holocentric chromosomes was previously assumed to 

represent the kinetochore region in C. elegans (Howe et al., 2001; OôToole et al., 2003). This 

zone was analyzed in A. rhodensis and had a width of 83 nm in metaphase and 40 nm in ana-

phase. According to these values, MTs within the distance of the ribosome-free zone were 

classified as putative kinetochore microtubules (KMTs). With this classification, the 3D models 

were annotated in the following way: KMTs associated with the autosomes (autosomal MTs) 

were labeled in yellow, KMTs associated with the X-chromatids (X-chromosomal MTs) in 
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orange and MTs which are not within the measured distances to chromosomes were labeled 

in green and classified as other MTs.  

The numbers for each MT class and the total number of all spindle MTs are given in the 

associated colors at the top right corners of the images and are summarized for all cells in Tab. 

4.1 and Tab. 4.2. Cells in meiosis I contain approx. twice as many MTs as cells in meiosis II in 

both metaphase and anaphase. In both meiotic divisions, the total number of MTs stays almost 

the same in metaphase and anaphase. In meiosis I, the total MT number is approx. 580, and 

in meiosis II about 290. Slightly more than half of all MTs within a cell are KMTs, most of them 

associated with autosomes. Since the distinction of autosomes and X-chromatids in anaphase I 

cells was not possible, KMTs within those cells could not be differentiated into autosomal and 

X-chromosomal MTs. 

MTs of both centrioles of each pole (centriolar MTs) were labeled in red. All cells were 

aligned along their pole-to-pole axis and an additional tomographic view is shown, illustrating 

the cell ultrastructure. Within those tomograms, one or two centrioles of the poles are visible, 

as well as chromosomes and different cell organelles like mitochondria, FB-MOs or Golgi and 

vesicles. Yellow dotted lines indicate the borders of joined tomographic slices. For metaphase 

cells, inserted images show the cross-sectional view on the metaphase plate to clarify the chro-

mosome arrangement. Cells in anaphase were always aligned so that the pole the X-chromatid 

is moving to, defined as X pole (PX), is located on the left side. The range of cells in different 

stages and their respective 3D models set the stage for further analysis.  

 

Tab. 4.1: Microtubule numbers (MT numbers) for different microtubule classes within all complete tomo-
graphic datasets for meiosis I.  
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MTs total 488 610 696 599 554 598 512 

KMTs 229 253 314 383 425 394 398 

    Autosomal MTs 187 204 239 
n.a n.a n.a n.a 

    X-chromosomal MTs 42 49 75 

Other MTs 259 357 382 216 129 204 114 

 

 

 



Results 

55 

Fig.  4.1: Ultrastructural analysis of metaphase I#1. (A)  Plane view through reconstructed and stitched 
electron tomograms along the spindle axis showing poles (p), the X-chromosome (x, red), part of the 
autosomes (a, blue), fibrous bodies (fb) and membranous organelles (mo) of FB-MOs, mitochondria (m), 
and Golgi (g). For better orientation, chromosomes were surrounded with a red (X-chromosome) or blue 
(autosomes) line. Dashed yellow lines indicate the stitched-together sections. (B) Complete spindle 
model showing centriolar MTs (red lines), all MTs (light grey lines), X-chromosome in red, and autosomes 
in blue. Inserted image shows a cross-section through the metaphase plate. The total number of MTs is 
given as n. (C-E) MTs were distinguished into chromosomal MTs and other MTs, numbers of each class 
are given as n. Those within 83 nm to chromatin were classified as autosomal MTs shown in yellow (C) 
and X-chromosomal MTs shown in orange (D). MTs out of this 83 nm distance were defined as other 
MTs shown in green (E). Scale bars = 1 µm.  

 










































































































































































































































