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Abstract 

Insect fertilization starts with sperm entry at the anterior side of the egg through a protrusion 

called micropyle. Following sperm activation and the formation of the paternal pronucleus, it is 

thought that a coordinated displacement of both paternal and maternal pronuclei within the 

cytoplasm leads to pronuclear apposition and the first mitotic division. However, the sequence 

of events and the causality have been deduced from fixed and immunostained samples. Thus, 

we lack relevant temporal and dynamics information. Because fertilization happens deep inside 

the egg, which is carried inside a living organism and filled with diffractive yolk, any state-of-art 

time-lapse light microscopy has been challenging. The main goal of this project was to develop 

a reconstitution assay of Drosophila melanogaster fertilization enabling live microscopy. This 

implied the design of an ex vivo experimental approach in which a female pronucleus in a single 

droplet of cytoplasm is fertilized with a single sperm cell, and, in which both pronuclei and the 

associated cytoskeleton can be observed live at high resolution. To this end, eggs were 

harvested with precisely determined timing of female meiosis. In vivo imaging of non-fertilized 

eggs allowed to observe female meiosis completion. This knowledge will set the basis for the 

cytoplasmic isolation of the female pronucleus. Finally, it was possible to perform time-lapse 

imaging of pronuclear apposition and mitosis in the extract from recently fertilized eggs. This 

novel assay opens new avenues to study chromosomal dynamics during fertilization enabling 

more detailed insight, for example, into bacteria transmission and cytoplasmic incompatibility. 
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Resumo 

A fertilização em insetos inicia-se com a entrada de um espermatozóide pelo lado anterior do 

ovo. Após ativação do espermatozóide e a formação do pronúcleo paterno, pensa-se que o 

movimento coordenado de ambos os pronúcleos paterno e materno no citoplasma conduza à 

aposição pronuclear e à primeira divisão mitótica. Contudo, a sequência de eventos e a 

causalidade têm vindo a ser deduzidos de amostras fixas e imunocoloradas. Por isto, 

carecemos de relevante informação temporal e dinâmica. Como a fertilização ocorre dentro do 

ovo, que por sua vez é mantido dentro de um organismo vivo e preenchido com gema difrativa, 

qualquer conhecimento sobre microscopia temporal tem sido desafiante. O principal objetivo 

deste projeto foi o desenvolvimento de um ensaio para a reconstrução da fertilização em 

Drosophila melanogaster permitindo microscopia óptica. Tal implica o design de uma estratégia 

experimental na qual um pronúcleo feminino contido numa única gota de citoplasma é 

fertilizado com um único espermatozoide e na qual ambos os pronúcleos e o citoesqueleto 

associado possam ser observados com alta resolução. Ovos não fertilizados num estado de 

meiose foram recolhidos e observou-se a finalização da meiose. Este conhecimento é a chave 

para o isolamento citoplasmático do pronúcleo feminino. Por fim, foi possível realizar 

microscopia espaço-temporal da aposição pronuclear e da mitose em extratos de ovos 

recentemente fertilizados. Este novo ensaio abre novas portas ao estudo da dinâmica 

cromosomal durante a fertilização permitindo um conhecimento mais detalhado relacionado 

com a transmissão de bactérias e a incompatibilidade citoplásmica.  
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1. Introduction  

Fertilization is a vital process as it dictates the beginning of a new life and lies at the heart of 

animal reproduction. The vast majority of animals reproduce sexually through the union of two 

haploid cells, the gametes. In Drosophila melanogaster (Dmel), fertilization starts with the entry 

of a single sperm cell into the egg. This initial event is followed by several cellular processes, 

one of which is sperm activation leading to the formation of a functional male pronucleus. 

Subsequently, both male and female pronuclei appose to initiate mitotic spindle assembly  

(Sonnenblick 1950; Huettner 1924). The first mitosis marks the beginning of the syncytial 

embryo development, which includes thirteen consecutive and synchronized rounds of nuclear 

division without cytokinesis (Zalokar & Erk 1976; Foe & Alberts 1983). Most of our knowledge 

about Dmel fertilization has been derived from cytological analyses of fixed, cleared and 

immunostained material (Rabinowitz 1941; Sonnenblick 1950; Callaini & Riparbelli 1996). The 

lack of a suitable methodology for in vivo imaging has been a major drawback for the study of 

cellular, structural and biochemical events taking place upon fertilization. Several technical 

constraints support this notion. Firstly, the entire process happens deep inside the egg, a 

relatively large and compact structure filled with diffractive material (Zalokar & Erk 1976). This 

egg is carried inside the uterus of the female (Bloch Qazi et al. 2003). Thus, it has not been 

accessible for high-resolution live imaging. As a consequence, fertilization and other events 

happening prior or thereafter, such as egg activation, female meiosis completion and early 

stages of embryogenesis are understudied and not well understood. At best, the existing 

evidence has allowed us to represent fertilization as a fragmented process that is based on a 

hypothetical chronology order of morphological snapshots. However, the precise timing 

between those snapshots has not been resolved and thus we lack relevant dynamic details. 

Compared to other research areas in insect development, the study of early embryogenesis has 

remained fairly limited. Nevertheless, it represents a fundamental field of research with potential 

biotechnological applications, for example, in insect population control, host-pathogen 

interactions and transmission of human diseases such as malaria and dengue. 

The main goal of this thesis was to develop an assay that allows high-resolution time-lapse 

imaging of Dmel fertilization ex vivo, thereby expanding the methodological boundaries of insect 

embryology. The work plan consisted of two parts: a more challenging high-gain approach and 

a contingency plan leading to the same overall goal by slightly compromising experimental 

flexibility. For the first part, an assay relying on motorized micromanipulation was developed 

providing an experimental platform for the assisted and time-lapse visualized union of both 

paternal and maternal pronuclei in a hundred picoliter volume of egg cytoplasm (ex vivo). 

Briefly, the female pronucleus is isolated in a droplet of cytoplasm that is extracted from a single 

non-fertilized egg. Subsequently, a single sperm cell is added to this droplet. The first milestone 

was to identify and isolate the female pronucleus, which is concealed deep inside a non-

fertilized egg. Conceptually, a single embryo ex vivo extract assay was adapted (Telley et al. 
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2013) and several procedural modifications were introduced. In vivo imaging of non-fertilized 

eggs still undergoing meiosis enabled not only to visualize meiosis completion in real time but 

also to annotate the timing of transitions and compare to those with previous studies (Endow & 

Komma 1997). The second milestone was to isolate a single sperm cell from a sperm-

containing biological sample, the male seminal vesicle (SV). Instead of approaching this with 

biochemical purification as routinely done e.g. in Xenopus, we adopted the same 

micromanipulation strategy as described in the extract assay, but aiming at the dissection and 

individualization of sperm cells from the SV. To this end, a pair of micropipettes was fabricated 

and mounted in the microscope setup that allowed immobilization and rupture of the SV, as well 

as moving and dissociating entangled sperm with minimal mechanical stimulus. Special 

attention was given to the viability and functionality of individualized sperm, which was crucial 

for the approach. The second part – the contingency plan – aimed at providing ex vivo live 

imaging capability of events following sperm activation. The initial study using only non-fertilized 

eggs allowed the acquisition of important insight into the developmental timing of eggs, and this 

information helped defining the protocol to obtain eggs at this very early stage of fertilization. 

Finally, both in vivo and ex vivo conditions combined with live microscopy were realized, 

allowing time-lapse visualization of two processes naturally occurring deep inside the egg, 

pronuclear apposition and the first mitotic nuclear division. In the next chapter, the relevant 

literature is reviewed by discussing the foundations and the current gaps in the understanding of 

fertilization and related processes such as gametogenesis. A short chapter motivating the 

present work is following. A short description of every developed protocols in this project, with 

reference to the detailed description in the appendix, can be found in chapter 4. The main 

results and suggestions for troubleshooting are presented and discussed in chapter 5. Lastly, 

chapter 6 includes final conclusions and future perspectives on possible applications in the 

research field. With this thesis important and novel insight was achieved concerning insect 

fertilization and early embryogenesis, and some of the methodological limitations were 

overcome. Importantly, it is shown for the first time the possibility of visualizing the very first 

events following fertilization by adapting a novel ex vivo method conceived for the study of 

mitosis in insects. 

2. State of the Art  

In insects, as in all sexually reproducing animals, the unification of male and female gametes 

leads to the formation of a zygote; in most insects the zygote is diploid. Insect fertilization starts 

following sperm entry into the egg, which is carried inside the uterus of the female. It has been 

proposed that a coordinated signaling and feedback mechanisms between both maternal and 

paternal contributions are necessary to initiate embryogenesis (Fitch & Yasuda 1997). These 

mechanisms must involve intracellular biochemical and physical interactions between sperm 

and egg which eventually lead to the assembly of the first mitotic spindle and the division of 

chromosomes, paving the path for embryogenesis (Huettner 1924; Sonnenblick 1950). 
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2.1 Overview of oogenesis and egg activation in Dmel 

Oogenesis in Dmel takes up to seven days and has been arbitrarily divided into fourteen stages 

based on morphological criteria (Figure 1). Reviewed in Bastock and St Johnston, 2008. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Dmel oogenesis. At the germarium, a stem cell (yellow) divides asymmetrically to 
form a cytoblast (blue). This structure will complete four rounds of symmetric division to give a 
cyst of sixteen interconnected cells. Only one of those cells will become the oocyte. The other 
fifteen cells become nurse cells. As the cyst matures it moves along the germarium and is 
surrounded by somatic follicle cells (green). Images adapted from (Cunha-Ferreira et al. 2009). 

 

Dmel ovaries consist of a bundle of sheeted structures referred to as ovarioles (King 1970a). 

Oogenesis starts at the anterior end of each ovariole where the germarium is located. The 

germarium contains both somatic and germline stem cells (GSCs) from where egg chambers 

bud off and undergo a maturation process as they pass through the ovariole. Each GSC divides 

asymmetrically, giving rise to a new stem cell and a daughter cystoblast which will undergo four 

mitotic divisions with incomplete cytokinesis, producing a cyst of sixteen cells interconnected by 

cytoplasmic bridges (ring canals). The cell containing more ring canals will differentiate into an 

oocyte while the remaining become nurse cells, whose function is to synthesize nutrients and 

cytoplasmic components feeding into the oocyte. At this instance, a microtubule organizing 

center (MTOC) is formed at the posterior end of the future oocyte. As oogenesis progresses this 

structure will disappear by an unknown mechanism (Theurkauf et al. 1992). Recent studies 

have demonstrated the presence of a centriole-containing centrosome close to the oocyte 

nucleus as late as stage 9 (Figure 1) (Januschke et al. 2006). Also during stage 9, the oocyte 

polarizes involving complex cell-to-cell signaling events, and the body axes of the embryo are 

established (Schüpbach 1987). By stage 10, the follicle cells secrete lipids and lipoproteins 

forming a vitelline membrane surrounding the oocyte. The polypoid nurse cells transfer their 
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cytoplasmic contents into the oocyte by a cytoskeletal-based mechanism. After completing their 

task these cells undergo programmed cell death. At the anterior, the egg forms a structure 

called micropyle, which consists of specialized follicle cells, where the future sperm entry point 

is established. In stage 12, the egg migrates into the uterus and from stage 13 to 14 the first 

meiotic spindle is assembled and the oocyte arrests in meiotic metaphase I (King 1970b; Page 

& Orr-Weaver 1997) (Figure 1).   

 

2.2 Ovulation as a trigger of egg activation in Dmel  

Ovulation starts after a stage 14 mature oocyte is budded out from the ovary. This oocyte 

moves along a narrow lateral canal called oviduct until it reaches the uterus. During the 

passage through the oviduct, the egg is activated (Heifetz et al. 2001). Egg activation involves a 

series of biochemical events and cell biological changes such as the formation of calcium 

waves (York-Andersen et al. 2015), meiosis resumption (Doane 1960; Heifetz et al. 2001), egg 

vitelline membrane modification (Heifetz et al. 2001) and the initiation of translation or 

degradation of maternal mRNA material (Macdonald & Struhl 1986; Tadros & Houston 2003; 

Tadros & Lipshitz 2005). Despite considerable morphological information that exists about 

oogenesis, not much is known about the in vivo triggers of egg activation and its correlation with 

female meiosis resumption. To overcome this gap of knowledge, researchers have been 

inducing egg activation in inactivated eggs to better explore the molecular basis of this process. 

Mature oocytes can be activated by incubation in a hypotonic medium (Mahowald et al. 1983; 

Page & Orr-Weaver 1997) or by exposure to osmotic and hydrostatic pressure (Horner & 

Wolfner 2008). Horner and Wolfner (2008) hypothesized that as the egg passes through the 

oviduct the mechanical stimulation at which it is subjected, either from hydration and/or physical 

deformation, causes the opening or closing of ion channels leading to an influx of calcium into 

the egg. Despite the genetic evidence that calcium signaling is required at egg activation 

(Horner et al. 2006) only recently it was possible to visualize how calcium levels change in 

Drosophila eggs undergoing activation (York-Andersen et al. 2015). Dmel egg activation, like in 

other insects, has been considered independent of sperm entry (Doane 1960; Riparbelli & 

Callaini 1996). In fact, meiosis completion happens in both fertilized and non-fertilized eggs as a 

result of egg activation and leads to the formation of four polar bodies. Polar bodies are small 

cells produced during oocyte maturation. In Dmel each of these cells contain one nuclei derived 

from the second meiotic division. In a non-fertilized egg, the four polar bodies migrate towards 

the egg cortex, recondense their chromatin and then fuse to form one or two so-called rosette 

structures. The resultant structure of the fusion of the polar bodies has been associated to 

rossetes because individual arms are circularly arranged with their centromeres on the inside. In 

a fertilized, only three polar bodies fuse to originate the rosette, which remains in the cytoplasm 

during the first syncytial division until degenerate, whereas the fourth remains at the center of 

the egg to join the male pronucleus (Page & Orr-Weaver 1996; Page & Orr-Weaver 1997). 
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2.3 Meiosis resumption in Dmel oocytes upon egg activation 

Resumption of female meiosis is characterized by large modifications in the spindle 

morphology. Dmel oocytes assemble an anastral meiotic spindle, as suggested by the absence 

of microtubules radiating from the poles into the cytoplasmic periphery (Theurkauf 1992; McKim 

et al. 1993). Meiosis II features a set of tandem spindles connected at one pole. In contrast to 

meiosis I spindles, where centrosome derived components such as CP190, ϒ-tubulin and 

centrosomin (Cnn) are absent, the same components  were identified at the node of the tandem 

spindles in Dmel oocytes (Riparbelli & Callaini 1996; Riparbelli & Callaini 2005). Designed as a 

central MTOC, this monastral array of microtubules was observed in both fertilized and non-

fertilized eggs (Riparbelli & Callaini 1996). Bipolar spindle assembly in the absence of 

centrosomes is thought to be driven by a chromatin-mediated pathway whereby microtubules 

nucleate at the chromatin and are sorted into a bipolar array by microtubule motors (Theurkauf 

1992; McKim & Hawley 1995; Wu et al. 2008). Despite the absence of centrosomes at the 

spindle poles, female meiosis completion is not impaired. One hypothesis states that kinesin 

motors, in particular the minus end-directed Drosophila kinsein-14 Nonclaret disjunctional (Ncd), 

are capable of generating the required motile activity and force for spindle assembly and 

maintenance along with meiosis completion (Hatsumi & Endow 1992). Most of the studies 

examining spindle reorganization during female meiosis were conducted using 

immunofluorescence and fixation, thus lacking relevant spatiotemporal information and 

mechanistic insight into underlying processes. Motivated by this gap in our knowledge, Endow 

and Komma (1997) developed an assay for in vivo imaging of spindle dynamics during meiosis 

resumption upon egg activation, which allowed them to visualize spindle dynamics until meiosis 

completion. They showed that Ncd fused to the green fluorescent protein (GFP) localizes at the 

meiotic spindle upon in vitro activation of metaphase I oocytes. This microscopy assay allowed 

the observation of morphological changes in the spindle, which led to the annotation of different 

phases during meiosis completion. In the same study, Endow, S. A., and Komma, D. J. (1997) 

proved a pivot movement of meiotic spindles from parallel to perpendicular orientation relative 

to the egg cortex in mature oocytes versus activated eggs, respectively. Before this pivot 

movement, a distinct microtubule midzone starts to appear at the equatorial region of the 

anaphase I spindle and peripherial microtubules originate from the poles and move away from 

the main longitudinal axis towards either the egg cortex or inner cytoplasm region. This 

peripherial microtubule network persists during meiosis I completion as the spindle reorients to 

assume a perpendicular position relative to the egg cortex.  One could speculate that the 

microtubule network is able to reach the egg cortex and establish a stable physical connection, 

setting the basis for a mechanical mechanism behind spindle reorganization. However, this 

study underlines the importance of Ncd in the meiotic spindle assembly and dynamics in 

oocytes after activation in vitro. 
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2.4 Spermatogenesis in Dmel  

The process of spermatogenesis is characterized by crucial spatial and temporal checkpoints 

along the germline within the testis, with GSCs residing at the apical tip of the testis (Fuller 

1998). Similar to oogenesis, this process starts with an asymmetric division of a GSC to 

produce another GSC, which will remain at the stem cell niche (SCN), and a spermatogonium, 

which is the sperm progenitor.  This differentiated  cell will pass through four rounds of mitotic 

divisions giving rise to the first primary spermatocyte cyst, containing sixteen primary 

spermatocytes connected by ring canals and surrounded by lengthening somatic cells (Fuller 

1993) (Figure 2). Here, it is important to note that all the spermatogonial divisions are 

characterized by incomplete cytokinesis and stable cytoplasmic bridges linking sister 

spermatocytes. The primary spermatocytes presenting four centrioles rapidly progress through 

two meiotic divisions leading to sixty four round spermatids (Figure 2).  

 

 

   

 

 

 
Figure 2 – Dmel spermatogenesis. At the germarium, a stem cell (blue) divides asymmetrically 
to form a gonial cell. This will complete four rounds of symmetric division to produce a cyst of 
sixteen interconnected primary spermatocytes. Each of these cells has four centrioles (green). 
Two rounds of meiosis, produce a cyst containing sixty four interconnected spermatids, each 
with one with a single nucleus (white) and a mitochondrial derivative (blue). Images adapted 
from (Carvalho-Santos et al. 2012). 

 

Unlike oogenesis, centrioles do not disappear during spermatogenesis. Instead, each individual 

centriole inherited by a spermatid differentiates into a basal body, which subsequently nucleates 

microtubules that form the axoneme of the flagellum. Each spermatid carries the nucleus at the 

caudal (head) end, while flagellar elongation occurs at the rostral (tail) end (White-Cooper 

2010). During spermatid elongation the two cells in each cyst orient with the spermatid heads 

pointing toward the base of the testis, while the tails elongate towards the apical tip of the testis. 

Considerable changes occur in the shape of the nucleus and the condensation of the chromatin, 

which is concomitant with a histone-to-protamione transition (Rathke et al. 2014). This latter 
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modification is thought to facilitate tighter packaging of DNA leading to a smaller spermatid 

nucleus. Subsequently, each spermatid undergoes individualization, which generates mature 

coiled sperm presenting a ~1.8 mm long flagellum and a needle-shaped head that encloses the 

nucleus and the acrosome. 

 

2.5 Sperm storage efficiency in Dmel and its dependence with seminal 

fluid proteins 

When Dmel flies mate, the male transfers thousands of mature sperm cells into the uterus of the 

female along with a complex mixture of seminal fluid proteins (Sfps) produced in a pair of 

accessory glands (Acps). Following one single mating event, the sperm mass does not progress 

immediately into the upper oviduct. Instead, it is stored in specialized organs, the seminal 

receptacle (SR) and a pair of spermathecae (SP) (Lefevre & Jonsson 1962). Sperm storage in 

mated females is largely influenced by Sfps (Adams & Wolfner 2007; Tram & Wolfner 1999). 

The Dmel Sfp Acp26DE is essential for the efficiency of the storage process. This protein is 

tightly bound to sperm once the sperm reaches the female sperm storage organs (Qazi 2003; 

Neubaum & Wolfner 1999). Supposedly, the protein triggers sperm storage in an efficient way 

by influencing the sperm motility and spatial properties when inside female sperm storage 

organs, and it is assumed to be involved in the control of maintenance and release of sperm 

over time. Also, it is thought to act at other levels of control, by reducing female receptivity to 

subsequent courters and stimulation of egg laying. The mediation of sperm storage by Sfps has 

been well characterized in Dmel because it is an important aspect of reproductive strategy in 

many internally fertilizing animals. The mating strategy of insects includes multiple events of 

courtship by females as well as sperm competition between males (Lüpold et al. 2013; Fowler & 

Partridge 1989). Sperm storage, along with the presence of Acps-derived proteins, is thought to 

increase reproductive success by making females less receptive to males (Chapman et al. 

1995; Fowler & Partridge 1989; Fiumera et al. 2005).  

 

2.6 Fertilization in Dmel  

Fertilization starts with sperm entry into an egg that is kept inside the uterus of the female. The 

entry occurs through a specialized anterior opening in the vitelline envelope between the two 

dorsal appendages, called micropyle. There is evidence for the presence of carbohydrate 

residues located at the micropyle, in particular two glycoconjugates beta-N-

acetylglucosaminidase (β-GlcNAc) and alpha-mannosidase (α-Man) (Perotti et al. 1990). 

Moreover, glycosidases are present at the sperm plasma membrane of Dmel spermatozoa 

which have specificity for the carbohydrates identified in the micropyle (Cattaneo et al. 1997; 

Cattaneo et al. 2006; Cattaneo et al. 2002). Due to these findings, it has been proposed that the 

glycosidases act as mediators in the sperm-egg interactions, ultimately leading to the egg 
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fertilization. The first evidence came from the fact that male flies lacking the activity of β-GlcNAc 

at the sperm plasma membrane were sterile due to the inability of their spermatozoa to enter 

into the egg (Perotti et al. 2001). However, the molecular basis mediating the interaction 

between sperm and egg inside the female uterus remains largely unknown. Microscopy of 

chemically fixed and immunostained eggs revealed the entire sperm cell inside the egg. The 

sperm is found more frequently at the egg anterior side just below the micropyle, and in these 

cases, the sperm tail is often entangled (Karr 1991). In Dmel, oogenesis (Bastock & St Johnston 

2008) and spermatogenesis (Demarco et al. 2014) have been studied in great detail. However, 

there is a substantial lack of knowledge on how the maturaion of the gametes are coordinated 

to ensure that both maternal and paternal entities are competent to initiate a new mitotic cycle. 

One would assume that both gametes need to be in a compatible stage of development. 

Apparently, different species employ developmental arrest of the female meiotic cycle in the 

attempt to synchronize the completion of meiosis with the growth of oocyte and sperm entry 

(Sagata 1996).The first published description of cytological events following egg activation and 

fertilization in Dmel (Sonnenblick 1950; Foe et al. 1993) served as founder knowledge for 

understanding the basic principles underlying insect fertilization. By that time, researchers had 

already pointed out one main difficulty preventing us from a more detailed understanding; the 

fact that fertilization is a process happing inside a living organism. Some of the earliest events 

of fertilization such as sperm entry and activation were difficult to capture as they take place 

before egg laying. One particular attempt in overcoming this limitation was to harvest freshly laid 

eggs from many females at a time with the hope of finding premature eggs (Sonnenblick 1950; 

Rabinowitz 1941). However, other technical drawbacks have been repressing the detailed study 

of events upon Dmel fertilization. On one hand, fertilization takes place inside the female, which 

poses a physical barrier. On the other hand, the egg is a relatively large and compact oval-

shaped structure filled with diffractive yolk and lipid particles, making time-lapse light 

microscopy a challenge. Because of these limitations, most of our knowledge about Dmel 

fertilization has been based on cytological analyses of fixed material (Fitch & Yasuda 1997). 

Consequently, fertilization is represented in a hypothetical chronology of individual snapshots, 

thus lacking temporal information of dynamic or transient events, which are essential for a 

complete understanding. Obvious examples that highlight our ignorance are the molecular 

events leading to the encounter of male and female pronuclei, or the differences in the 

dynamics of chromatin during the first mitotic division, especially when compromised in a 

situation of pathogenic infection. 

  

 

2.7 Sperm activation is required for the formation of a functional male 

pronucleus 

As in many other species, the Dmel sperm cell possesses an acrosome at the tip of the 

nucleus.  However, contrary to what is known in mouse or human, the entire sperm enters the 
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egg through the micropyle with the sperm plasma membrane remaining intact, indicating that 

there is no fusion or even acrosomal reaction between the sperm membrane and the egg 

plasma membrane (Perotti 1975). Despite all research efforts so far, the mechanism allowing an 

entire sperm cell to traverse the egg plasma membrane remains a mystery. After sperm entry, 

several sperm tail elements persist as intact structures until later stages of embryogenesis 

(Perotti 1975) . However, a recent study proves that paternal mitochondria are actively 

destroyed after fertilization (Politi et al. 2014). After sperm entry, the condensed sperm nucleus 

must progress and develop into a functional pronucleus in order to initiate pronuclear 

apposition. Sperm activation begins with the breakdown of the sperm plasma membrane 

(SPMB) and the nuclear envelope (NEB) (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Sperm activation and embryonic centrosome formation. Upon entry, the sperm must 
undergo consecutive processes to transition into a functional pronucleus. Alongside with sperm 
plasma and nuclear envelope breakdown, chromatin modification is a known process occuring 
during sperm activation. Before nuclear envelope reformation, the centriole number is 
duplicated giving rise to two functional centrosomes which are indispensable for later 
embryogenesis. At pronuclear apposition both male (blue) and female (pink) pronuclei appose 
while the distance between centrosomes increasing. Image adapted from (Fitch & Yasuda 
1997). 
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SPMB is required to expose the sperm chromatin to maternal cytoplasm promoting DNA 

decondensation and allowing exchange of chromosomal proteins (Yamashita et al. 1990; 

Kunkle et al. 1978). Importantly, the chromatin undergoes a transition with respect to the most 

abundant protein; paternal protamines are replaced by maternally inherited histones. Only with 

this complex transformation the sperm is rendered into a competent pronucleus (Jayaramaiah & 

Renkawitz-Pohl 2005). However, the detailed molecular interactions involved in sperm 

transformation during fertilization are poorly understood. It has been proposed that the 

acrosome induces changes in the sperm plasma membrane after sperm entry through the 

action of the acrosomal membrane protein sneaky (snky) after sperm entry (Fitch & Wakimoto 

1998; Wilson et al. 2006). Mutations in the snky gene resulted in male sterility. Sperm produced 

by snky mutant males could enter the egg, but the egg arrested even before sperm nuclear 

decondensation or sperm aster formation (Fitch & Wakimoto 1998). By the end of sperm 

activation, the nuclear envelope reassembly leads to the formation of a pronuclear envelope 

(Figure 3) containing nuclear pores and a lamina (Wright 1999). Subsequently, the paternal 

chromatin replicates and condenses in preparation for the first mitotic division. This process is 

heavily affected by a maternal effect mutation called sésame (ssm) (Loppin et al. 2000). Ssm 

mutation affects the formation of a male pronucleus by inhibiting paternal chromatin 

decondensation. However, haploid embryos complete organogenesis with only maternally 

derived chromosomes.  

 

2.8 Pronuclear apposition and formation of the gonomeric spindle 

Every sperm contains a single centriole together with other components of the centrosome that 

are important for both sperm aster formation and zygotic spindle assembly (Perotti 1975; 

Tokuyasu et al. 1972). Concomitant with the formation of the large astral microtubule array, the 

centrosome appears to split into two distinct foci (Figure 4), each organizing a microtubule array 

(Riparbelli & Callaini 1996). The long held idea has been that the active centrosome driving the 

first mitotic division is only paternally inherited (Schatten 1994). However, it was shown that 

centrosomal proteins such as CP190 and Cnn gradually reassociate with the sperm aster 

(Riparbelli et al. 1997). The same centrosomal components are present in the female meiotic 

spindle during meiosis (Riparbelli & Callaini 1996) implying their abundance in the egg 

cytoplasm. Nevertheless, they are also found in spermatids, but are lost during late 

spermatogenesis. Thus, sperm aster formation and zygotic spindle centrosome assembly are 

thought to be derived from mutual contribution of both maternal and paternal centrosomal 

derivates. Before pronuclear apposition, the chromatin of both pronuclei is decondensed and a 

large radial array of microtubules is formed by the two distinct centrosomes associated with the 

male pronucleus (Callaini & Riparbelli 1996). 
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Figure 4 – Microscopy images from triple-labeled immunofluorescence samples for detection of 
microtubules, centrosomes, and DNA during Dmel fertilization. (b) During pronuclear apposition 
a radial array of microtubules is associated with the male pronucleus. (c) By the time the two 
pronuclei appose, the distance between centrosomes increases concomitant with the expansion 
of the male aster. (d) The chromatin from both pronuclei starts to condensate. Images adapted 

from (Callaini & Riparbelli 1996).  

 

The considerable extent of microtubule nucleation and microtubule polymerization, forming a 

large radial array, is thought to serve as a capture mechanism to grab the female pronucleus 

close to the male pronucleus. The distance between the centrosomes increases and the aster 

associated with the male pronucleus expands. Although not entirely resolved, it is assumed that 

the female pronucleus migrates along the aster microtubules towards the center of the egg 

where it meets the male pronucleus. However, the opposite movement cannot be completely 

excluded as it is compatible with the observations made in immunostained samples. At the 

beginning of prophase of the first mitotic division, the chromatin from both pronuclei condenses, 

the nuclear envelope breaks down and the centrosomes organize the bipolar spindle apparatus. 

At the end of prometaphase, all chromosomes are symmetrically bioriented, converging to the 

equatorial region in separate clusters. 

 

Figure 5 – Microscopy images from triple-labeled immunofluorescence samples for detection of 
microtubules, centrosomes, and DNA during Dmel first mitosis. In metaphase two distinct 

clusters of chromatin are symmetrically disposed at the metaphase plate (c) Note that 

chromatids are specially separated. The centrosomes localize at the poles of the spindles (b), 
maintain the bipolarity of the spindle (a). Images adapted from (Callaini & Riparbelli 1996).  

 

During metaphase, chromosome compaction at the equatorial region is even more evident. At 

this stage, chromatids become closely apposed but do not fuse (Figure 5). In anaphase A, 

while the spindle length remains constant, chromatids start to move towards opposite poles. 

Spindle elongation is assumed to be the driving force for chromosome segregation. At 

c d 

b c 
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anaphase B, the spindle poles move apart through spindle elongation and the duplicated 

centrosome visibly separate while astral microtubules grow further and increase the aster size. 

Consequently, astral microtubules nucleated from centrosomes are more evident at telophase. 

By this last stage, the central spindle or “midzone” presumably pushes the reassembled nuclei 

further apart by elongation, whereas chromatin decondenses to form the daugther nuclei. 

During the time from pronuclear apposition to chromosome segregation, both maternal and 

paternal chromosomes remain in separate groups, even while they congress at the metaphase 

plate of the mitotic spindle. Because of that the first metaphase spindle is said to be gonomeric 

(Huettner 1924; Sonnenblick 1950).  

 

2.9 Dmel early embryogenesis  

Following the first mitotic division, early embryogenesis is characterized by thirteen rapid and 

synchronized cycles of nuclear divisions in a shared cytoplasm. The absence of cytokinesis in 

these cycles leads to a syncytium (Foe & Alberts 1983; Zalokar & Erk 1976). The first nine 

mitotic cycles last 8-9 minutes thereafter interphase gradually lengthens and cycles slow down 

(Foe & Alberts 1983). The spatial distribution of nuclei is thought to be mediated by microtubule 

and actin cytoskeleton based activities. The first six cycles occur deep inside the embryo and 

spread more axially (von Dassow 1994) and during cycles 7 to 9 most nuclei migrate 

synchronously to the embryonic cortex through microtubule-based nuclear displacement (Baker 

1993). Once at the cortex, the nuclei anchor to the cortical membrane which ensures spatial 

rearrangement of nuclei without aberrant interactions. A considerable number of nuclei remains 

in the center of the embryo and become the yolk nuclei (Foe & Alberts 1983). Until recently, it 

was not possible to perform high-resolution live microscopy of intact insect eggs due to their 

dimensions and optical properties (Keller et al. 2010; Tomer et al. 2012). However, even the 

most recent technical advances in microscopy do not allow imaging of events deep inside the 

egg. In a recent study (Telley et al. 2012) a novel approach enabled detailed microscopic 

imaging and perturbation of nuclear divisions as early as cycle 6, promising further development 

in this direction (Telley et al. 2013). 

 

3. Motivation 

3.1 Wolbachia host-interactions 

Insects carry pathogens of which bacteria represent the largest group. A well-documented 

pathogenic bacterium is Wolbachia (Werren et al. 1995; Holden et al. 2009; Rousset et al. 

1992). Wolbachia strains have been detected in every order of insects, including all 

Drosophilae, and exhibit a large range of infection frequency (Hilgenboecker et al. 2008). 

Wolbachia are intracellular bacteria that can range from parasitic, being harmful or even lethal, 
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to endosymbiotic, by occupying all tissues of the hosts, conferring a fitness advantage. The 

success of Wolbachia is thought to be driven by a dual strategy. On one hand, it is achieved by 

efficient colonization and transmission through the female germline. On the other hand, 

Wolbachia manipulate the host reproduction system by selective favor of infected females, 

which is thought to be accomplished via sperm-egg cytoplasmic incompatibility (CI), induction of  

parthenogenesis, feminization of males and male-killing (Stouthamer et al. 1999; Harris & Braig 

2003).  

 

3.2 Cytoplasmic incompatibility  

Wolbachia concentrate in the germline of both sexes, but they are only maternally transmitted. 

Although not transmitted through the male germline, Wolbachia are still distributed in the cyst of 

postmeiotic spermatids and are eliminated only at the final stages of spermatogenesis. The 

ability of Wolbachia to control the reproduction of its host is driven by several mechanisms; CI is 

the most prevalent. This typical phenotype is a form of male sterility occurring when an infected 

male mates with a non-infected female. In this case, the progeny is embryonic lethal. The 

interesting fact is that sperm from an infected male does not carry the bacteria upon mating with 

a non-infected female (Clark et al. 2008). All available evidence so far suggests that Wolbachia 

induce defects in the sperm chromatin condensation upon fertilization, impairing paternal 

chromosome segregation during the first mitosis (Landmann et al. 2009; Callaini et al. 1997). 

Conversely, an infected female mating with an infected male gives rise to an infected and viable 

progeny (Kose & Karr 1995). The phenomenon in which infected females have the ability to 

suppress CI-induced defects in paternal chromosome condensation and segregation is 

considered a rescue during fertilization (Poinsot et al. 2003). Thus, Wolbachia’s success in 

manipulating host reproduction is presumably accomplished by affecting molecular processes 

taking place during fertilization. However, molecular processes during fertilization in insects are 

not understood understudied mainly due to the lack of reliable methodologies allowing time-

lapse visualization and measuring dynamics. Consequently, the underlying mechanisms 

governing CI and its rescue remain unknown. 

✧ ✧ ✧ 

The present thesis outlines a strategy to circumvent major drawbacks in studying fertilization by 

adapting a recently developed single embryo extract assay (Telley et al. 2013). This assay has 

proven to sustain nuclear divisions in the absence of the egg cortex or in the presence of 

physical constraints. Moreover, the ability of nuclei to divide and spread in a droplet is not 

affected by volume, allowing the high-resolution visualization of smaller volumes than the entire 

egg (Telley et al. 2012). 
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4. Methods  

4.1 Fly strains and genetics  

Dmel was the model of choice among laboratory insects due to numerous advantages when 

compared to other species. Dmel offers a large genetic toolbox; it comes with a range of 

available gene engineering methods and tools, such as UAS-GAL4 expression system, p-

element based random insertion and more recently CRISPR/Cas9 allowing for targeted 

mutagenesis such as insertion of fluorescent proteins in genes reporting nuclear cycle stages or 

cytoskeletal organization. In the present work, the fly lines used expressed fluorescently labeled 

proteins reporting different stages of development during meiosis and early mitosis. 

4.2 Fly husbandry  

Fly husbandry was conducted according to common laboratory protocols (Stocker & Gallant 

2008). Fly stocks were raised at 25ºC on standard food in wide vials and maintained by flipping 

adults to fresh medium every 15 days. 

4.2.1 Fly stocks and crosses    

A strain expressing the MAP4 variant Jupiter tagged with GFP (Jup::GFP) was used to report  

microtubule structures and the histone 2A variant tagged with RFP (H2Av::RFP) as a 

chromosomal marker in a wild-type background (w
1118

). This allowed to visualize microtubules 

and chromatin dynamics inside both non-fertilized and fertilized eggs, as well as in the egg 

extract. Infertile males were generated by crossing wild-type (w
1118

) virgin with males of 

transgenic line carrying X and Y compound chromosomes (Bloomington stock no.82). The 

progeny of this cross included fertile females and infertile males; these males were then 

selected for the egg-laying assay. Note that although the stock is discontinued in Bloomington, it 

is available in DGRC database #105721. Dmel SVs were extracted from male flies expressing 

the beta–tubulin variant tagged with GFP (β–tub2::GFP) as a cytoskeletal marker in a wild-type 

background (w
1118

). This transgenic fly strain produced fluorescence at high enough contrast 

allowing detection of the sperm tail inside an egg.  

4.2.2 Fly food, fly cages and egg laying assay  

Fly cages consist of a short acrylic tube that is covered on one side with a fine stainless-steel 

mesh, allowing air exchange, and on the other side with a petri dish. The petri dish is filled with 

a mixture of apple juice and agar gel (see Protocol 1 – Appendix A). The agar plates were 

supplemented with fresh yeast paste. A yeast-supplemented cage with male and female flies 

sets the basis for a general egg-laying assay. Female flies burry fertilized eggs into the agar gel 

during laying, but the two dorsal appendages are readily visible under the stereomicroscope. 

Eggs were then collected by sweeping with a painter’s brush over the agar surface. They were 

then treated and prepared depending on the experiment.  
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4.3 Microscope setup 

All mechanical manipulations and image acquisitions were performed on an Andor spinning-disk 

confocal microscope (model Revolution WC) equipped with custom-made extensions (Figure 

6). The system was composed of a Nikon Eclipse Ti-E inverted microscope coupled to a 

Yokogawa CSU-W1 spinning disk confocal scanner, four excitation laser lines (405, 488, 561, 

640 nm), and two different cameras: an Andor Zyla 4.2 sCMOS (6.5 µm pixel size) and an 

Andor iXon3 888 EM-CCD (13 µm pixel size), connected to a beam-splitter (Andor TuCam). The 

nosepiece was equipped with 10x Plan 0.25 NA, 20x Plan Fluor 0.75 NA, 40X Plan Fluor 1.30 

NA and 60X Apo TIRF 1.49 NA objective lenses. The Nikon XY stage carried a 220-µm piezo Z-

stage (P-736, Physik Instrument) for rapid 3D acquisition. The built-in extraction setup included 

micropipette-based fluidic devices mounted directly to the microscope stand. A static platform 

hosted four 3-axis micromanipulators (MP-285, Sutter Instruments) connected to XYZ micro-

controllers (MP-200, Sutter Instruments). Microcapillaries and micro-cantilevers facilitated the 

extraction or manipulation, respectively, of specimen such as the egg or the male SV. One 

pipette holder was connected to a syringe pump whose activity was controlled by foot-pedals. 

Time-lapse image acquisition was accomplished with the software iQ3 (Andor Technology), 

which also controlled the excitation laser intensity, the exposure time of the cameras and the 

position of the XYZ microscope stage. Different imaging protocols were created to acquire time-

resolved confocal single plane or Z-stack images acquired with the 40X or the 60X objective 

using GFP and RFP excitation. 

 

Figure 6 – Photograph of the microscope setup. A) Micromanipulators (* Extraction 
micropipette, connected to B, ** Microcantilever, ***&**** Buffer application/dilution 
micropipettes, connected to H). B) Syringe pump, controlled  by foot pedals. C) Microscope 
condenser. D) Static platform. E) Yokogawa Spinning Disk (CSU-W1). F) Photo-Ablation 
system. G) Sample holder. H) Eppendorf CellTram®, manual hydraulic-pump/injector.  
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4.4 Single egg extract assay  

Initial sample focusing was performed in bright-field mode using a 10x objective. Evaluation of 

each egg’s developmental stage was conducted using confocal fluorescence microscopy at 20x 

and 40x magnification using GFP and RFP excitation. Each laser line was adjusted to the 

optimal power to maximize signal and minimize phototoxicity effects. For extraction, the 

microscope was switched to transmission mode, and under visual inspection through the ocular, 

both vitelline and plasma membranes were punctured with a crude pipette followed by 

aspiration of cytoplasm into the pipette. Once 30–50% of the embryo volume was extracted, the 

microscope stage was moved so that the field of view showed a clean glass surface. Small 

droplets (diameter 100–200 µm) of cytoplasm were deposited on the glass surface at roughly 

equal distance until the pipette was empty. The microscope was then switched to confocal 

fluorescence mode for time-lapse imaging. 

4.5 Sperm micromanipulation 

Sperm manipulation was performed in bright-field mode using the 20x objective. A pair of glass 

pipettes was used to manipulate the SV and release the sperm from the inside of the SV. 

Pipettes were positioned and moved with micromanipulators that were perpendicular to each 

other. A crude and hollow glass micropipette was positioned to hold the SV, while a thin and 

fine microneedle was used to puncture the specimen. The released sperm cells were allowed to 

disperse within the buffer. Sperm movement was visualized using either bright-field illumination 

or fluorescence excitation microscopy.  

4.6 Image Analysis 

Acquired image snapshots and stack files during time-lapse were displayed and analyzed using 

Fiji (ImageJ). Stack files had a multidimensional format and the containing image information 

recorded in three domains: time, Z-space and color (emission wavelength). For image 

processing the stacks were maximum-projected in Z where necessary, concatenated in time, 

merged to RGB color representation and saved in one single movie. Additional processing, 

such as distance measurements, and editing, such as labeling and scale bar annotation were 

performed using Fiji macros. Finally, single snapshots were saved as JEPG format files and 

videos as AVI format files. 
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4.7 Protocols 

4.7.1 Protocol 1: Dmel non-fertilized egg preparation for imaging and 

extraction procedures 

This protocol was developed for the study of female meiosis completion and pronuclear 

isolation. It was established on the basis of a single embryo extract assay (Telley et al. 2013) 

and by implementing a few procedural modifications (see Appendix A). The aim was to collect 

non-fertilized eggs in an egg-laying assay and prepare them for imaging purposes. For egg 

collection, the fly cages can either be set up using virgin females alone or with the presence of 

infertile males (Figure 7a). Females start laying eggs in the absence of males and they do this 

later in their age than under natural mating conditions. Consequently, the pre-collection timing 

had to be adjusted under the two conditions once fly cages were set up. Females also have the 

ability to retract eggs for several hours and consequently some eggs are developmentally more 

progressed (or older) than others once they are laid. Thus, prior to the final egg collection the 

egg laying was synchronized by replacing the agar plate every 15-10 minutes, promoting 

females to lay eggs more regularly into fresh food and reducing the rate of egg retraction. 

Collected eggs were exposed to 3–4% bleach for 10–20 seconds, which removed the outer 

protective shell (chorion) and rendered eggs hydrophobic and floating on the surface. The 

dechorionated eggs were aligned at the edge of an agar block (Figure 7b). Then, on a pre-

treated glass coverslip (see Protocols 5 and 7) a thin strip of adhesive was applied and the 

aligned eggs were immobilized on the coverslip by smoothly touching them with the adhesive 

side. The eggs were covered with halocarbon oil to avoid dehydration but still allowing O2 

diffusion (Figure 7c). The coverslip was installed on the microscope and embryos were 

screened for characteristics of meiosis II spindle. Using the micropipette-based extraction 

system, the egg cytoplasm was extracted and divided into several droplets placed on the 

coverslip surface (Figure 7d). The extract viability also depended on the treatment given to the 

micropipettes (see Protocols 5 and 6). The extract droplets were then screened for the 

presence of a meiotic spindle or the female pronucleus, which should appear after meiosis 

completion. Droplets containing the polar body were excluded (see Appendix A for more 

details). 
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4.7.2 Protocol 2: Dmel seminal vesicle preparation for sperm isolation  

This protocol was developed for the isolation of a single sperm cell from a sample of sperm cells 

that was released from the SV. SVs were manually dissected from mature Dmel males isolated 

from a mixed population on the same day. After transferring to a clean glass coverslip (see 

Protocol 5), the dissected specimen was covered with halocarbon oil to avoid dehydration and 

still allowing O2 diffusion. The coverslip was installed on the microscope and followed dissected 

in a precise microsurgery using the micromanipulation setup (Figure 8). The instruments 

allowed manipulation of the sperm cells with minimal mechanical stimulus. The viability of sperm 

was determined by means of sperm motility analysis. Sperm exhibiting beating motility were 

classified functional; the ratio of the number of motile versus non-motile sperm was visually 

estimated (see Appendix B for more details).    

4.7.3 Protocol 3: In vitro reconstitution of assisted Dmel fertilization 

The following protocol represents the first strategy in the attempt to reconstitute assisted Dmel 

fertilization. It is divided in two parts, each referring to the two previous Protocols 1 and 2. The 

Figure 7 – Egg preparation and extraction procedure. (a) Fly cage set up for egg laying and 
collection. Female flies lay eggs into the agar plate during egg laying. Laid eggs are collected 
with a painter’s brush. (b) Illustration of egg alignment in the agar block. After dechorionation, 
eggs are placed on a slice of agar and aligned in a row. (c) Schematic view of sample 
installation on the microscope, with one pipette arranged perpendicular to eggs. (d) Schematic 
representation of the extraction procedure. After pocking the egg, the cytoplasm is aspirated 
into the pipette and deposited in several droplets on the glass surface. Images adapted from 
(Telley et al. 2013).  

a 

b d 

c 
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first task consisted of non-fertilized egg collection and immobilization on a cleaned glass 

coverslip (see Protocol 5). The second task included SV isolation and loading on the same 

glass surface. A strategic arrangement of eggs and SV was adopted to facilitate egg-sperm 

interaction. The two samples were placed as close as possible but still leaving useful working 

area for micromanipulation. Additionally, due to the considerable amount of halocarbon oil used 

to cover all the specimens, PDMS rings were produced and added to the coverslip, generating a 

small well that would prevent the oil from reaching the glass edge and potentially mixing with 

the immersion oil of the objective (see Appendix C for more details).  

 

 

Figure 8 – Schematic view of sample installation on the microscope. A pair of micropipettes 
perpendicular to each other is used to release the sperm from the SV. Images adapted from 
(Telley et al. 2013). 

 

4.7.4 Protocol 4: Ex vivo imaging of recently fertilized eggs  

This protocol was designed for the identification and isolation of both pronuclei in a single 

droplet of extracted cytoplasm from recently fertilized eggs. It follows the methodology 

described in Protocol 1 with a few adjustments in the timing of egg synchronization and 

collection. In order to collect eggs in which sperm entry has just occurred, female flies were 

promoted to lay eggs in a shorter time interval. An alternative procedure for egg collection was 

the dissection of freshly mated females and the manual collection of eggs that were inside the 

uterus. Sample preparation included egg dechorionation and immobilization on a PLL-treated 

glass coverslip, followed by coverage with halocarbon oil. Once the coverslip was installed on 

the microscope, each egg was screened in fluorescence mode for a developmental stage 

exhibiting pronuclear apposition. After identification and extraction, pronuclear displacement in a 

droplet was monitored by performing fluorescence confocal time-lapse imaging (see Appendix 

C for more details). 
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4.7.5 Protocol 5: Cleaning capillaries and coverslips 

A protocol was adopted for cleaning glass capillaries, which is the substrate for pipettes and 

glass coverslips for sample preparation (Bieling et al. 2010). The glass surfaces underwent 

rigorous chemical cleaning to remove all adherent particles and organic remnants, and 

ultimately to maintain the egg extract viable and functional. Surface hydrophobicity was 

controlled using different surface coatings so that droplets of cytoplasm adhered to the surface 

with relatively steep contact angle. To this end, glass substrates were immersed in freshly 

prepared “Piranha” solution for 10-15 minutes. Next, consecutive washing steps were 

conducted in MilliQ water and 70% ethanol in combination with sonication. Lastly, every single 

glass element was carefully dried with a gentle nitrogen flux (see Appendix D for more 

details). 

4.7.6 Protocol 6: Cutting capillaries 

This protocol was adopted from an existing procedure (Telley et al. 2013) for the production of 

glass pipettes, which served for the extraction of the egg cytoplasm. A pipette puller (PC-10, 

Narishige) is an instrument that combines a glass filament puller and a heating filament, 

allowing the production of fine, hollow glass tips (micropipettes). Following filament pulling the 

tip is cut manually under the stereomicroscope using a scalpel, leading to an enlarged aperture 

with controlled size. The pipette aperture is one of the most important parameters to be taken 

into account for maintaining extract functionality. When too small, it generates large shear 

forces during aspiration which could destroy cytoplasmic organelles and cytoskeletal features 

during the extraction. When too large, it may irreversible damage or burst the embryo because 

the fluidic resistance in the pipette is rather low and, thus, the control of flow is more 

challenging. Therefore, it was crucial for the efficiency and reliability of the extraction that the 

pipette had the correct tip size and shape (see Appendix E for more details). 

4.7.7 Protocol 7: Surface modification of coverslips 

This protocol is a standard procedure for surface passivation of coverslips. Not only do the 

experiments require chemically cleaned but also chemically modified glass surfaces. Chemical 

modification was necessary, for example, to passivate the surface and to prevent unspecific 

binding or depletion of proteins from the cytoplasm to the glass (see Appendix F for more 

details).  

4.7.8 Protocol 8: Surface modification of capillaries  

This is a protocol for surface passivation of glass capillaries. After cleaning, capillaries were 

treated with chlorotrimethylsilane to reduce the adhesion of cytoplasmic content to the pipette, 

on both inner and outer parts. This treatment facilitated higher precision in terms of volume 

when depositing droplets of egg content on the glass coverslip (see Appendix G for more 

details).  
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5. Results and Discussion 

5.1 Studying meiosis resumption in non-fertilized eggs  

Oogenesis has been extensively studied and described in considerable detail (Bastock & St 

Johnston 2008). Subsequent events occurring during egg activation, such as female meiosis 

resumption, are not well understood. In the past, developmental biologists have guided their 

studies either by using immunostaining (Heifetz et al. 2001) or by performing time-lapse imaging 

of oocytes (Endow & Komma 1997). However, both approaches relied on in vitro activated 

oocytes harvested from the ovaries. Non-fertilized egg collection can be achieved by performing 

the egg-laying assay (see Methods section 4.2.2) or by manually dissecting eggs from the 

uterus of female flies. The two methods were tested; the most efficient procedure for egg 

collection in terms of number and stage was the egg-laying assay. On one hand, it was possible 

to collect a representative number of eggs to prepare a microscopy sample in a short period of 

time without sacrificing the flies. On the other hand, the egg laying assay offers plenty of room 

for optimization of the frequency of oviposition by means of yeast supply and promoting females 

to deposit eggs more regularly (”synchronization”). However, the efficiency of the oviposition 

rate is dependent on several factors. While establishing, Protocol 1, it became evident that after 

setting up a cage, it took 2–3 days for virgins to lay a reasonable number of eggs (10–12 eggs 

within 10 minutes) to proceed with sample preparation. This is considerably longer when 

compared to females laying in the presence of males (1 day). However, it is known that the 

male presence naturally stimulates the egg production rate. Another possible reason for the 

delay of isolated virgins could be the acute change of environment. Fly stocks were maintained 

in an incubator at 25ºC with controlled humidity and luminosity. Once in a cage, they were 

exposed to laboratory conditions, which are normally dryer and cooler, and very likely less 

stable. A change in the environmental conditions can influence the behavior of flies, including 

mating and laying, thus affecting egg production frequency. Thus, to reduce the number of days 

of conditioning prior to egg collection, it was decided to cross the virgins with the infertile males, 

and to keep flies at constant environmental conditions. Pursuing this strategy allowed to 

proceed with egg collection and start experiments only one day after setting up the cage.  

A new Protocol (Protocol 1 – Appendix A) was established with the aim of collecting non-

fertilized eggs undergoing meiosis II. Due to the lack of any specifications and temporal 

correlations between fertilization, egg activation, meiosis completion and oviposition, the 

Protocol was developed on the basis of an assay for embryo collection (Telley et al. 2013), and 

by starting with an estimate of factors including the number and age of virgins, the time for egg 

synchronization (e.s), i.e. the repeated exchange of agar plates, and the egg collection time 

(e.c). In order to collect a representative number of eggs in an earlier developmental stage, the 

timing schemes were optimized in an iterative way by increasing the number of female flies per 

cage, decreasing both e.s and e.c, and keeping the average egg preparation time (e.p    ) at a 

minimum. The different combinations of durations for e.s and e.c were tested (Table 1); for 

which the laid eggs were screened for the presence of a meiotic twin spindle feature.  
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Table 1 – Four different timing schemes selected from a total of six schemes tested for the 
collection of eggs in the earliest possible stage of meiosis II. Each scheme includes the time for 
for egg synchronization (e.s), egg collection (e.c), the average time for egg preparation (e.p    ) 

and the total number of eggs analyzed (N). 

Timing scheme (Ti, i ϵ          ) e.s (min) e.c (min)          (min) 
Number of 

eggs (N) 

 

T1 

 

3x20 

 

20 

 

9 

 

150 

T2 3x20 15 8 75 

T3 3x15 15-12 7.5 120 

T4 3x10 10 6 82 

 

 

In figure 9 are represented the frequencies of all the observed features for the four 

combinations of T= e.s + e.c + e.p     presented in Table 1. 

 

Figure 9 – Frequency of observed structures, which represent different stages of development 
for the collected non-fertilized eggs, according to the different timing schemes in Table 1. These 
include the absence of any microtubule feature (“No feature”), the presence of one or more 
rosettes (“Rosette”), the presence of one anastral spindle (“Anastral Spindle”) and the presence 
of a twin anastral spindle (“Anastral Twin Spindle”). 

 

A closer look at the four timing schemes presented in Table 1 and the results displayed in 

Figure 9 indicates that a continuous reduction of T led to an increased chance in finding eggs in 

an earlier meiotic stage, an evidence supported by the recovery of eggs with an anastral twin 

spindle. The final combination of durations for e.s and e.c (T4) allowed the first in vivo imaging of 

non-fertilized eggs undergoing meiosis II and, consequently to define the final edition of 
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Protocol 1. According to the literature, the final results of meiosis in a non-fertilized egg are four 

interphase haploid nuclei, also known as polar bodies (Figure 10). These nuclei migrate 

together towards the cortex of the egg. During this displacement in the cytoplasm their 

chromatin condenses again, and a microtubule network is formed around each nucleus. 

Following this microtubule nucleation, the four nuclei and the associated microtubule network 

fused to form a rosette structure. Finally, this structure is degraded or disassembled (Page & 

Orr-Weaver 1997). 

  

Figure 10 – Meiotic stages in in vitro activated oocytes. (B) Four polar bodies (red) located next 
to the egg cortex. Scale bar is approximately 20 µm. (G) A rosette structure as a result of the 
fusion of the four meiotic products. Scale bar is approximately 10 µm. Images adapted from 
(Page & Orr-Weaver 1997).  

 

In the first attempts following T1 and T2 (Table 1), the eggs had already completed meiosis II. 

The absence of any microtubule-based structure in the majority of the eggs (Figure 9) led to the 

assumption that these eggs had undergone complete degradation of the polar bodies. In the 

remaining examples, one (Figure 11) or more (Figure 12) rosette-like structures were easily 

identified by the bright signal of the microtubules. However, in some cases where two visible 

microtubule structures were observed the chromatin signal was not always present (Figure 12). 

 

Figure 11 – Color composite image of a single rosette in a non-fertilized egg. This structure was 
composed of four meiotic products, and the chromatin was in a condensed state. Red marks 
chromatin (His2Av::RFP) and green marks microtubules (Jup::GFP). Scale bar, 20 µm. 
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Figure 12 – Z-projection of a stack of fluorescence images acquired from a non-fertilized egg. 
Two microtubule structures close to the egg cortex were visible. Only one of these structures 
showed significant signal from chromatin. Red marks chromatin (His2Av::RFP) and green marks 
microtubules (Jup::GFP). Scale bar, 20 µm. 

 

The presence of two rosettes was described for fertilized eggs (Loppin et al. 2015) and current 

knowledge supports the long-held idea that only one rosette is present in the cytoplasm of a 

non-fertilized egg. However, it was possible to confirm the presence of two microtubule 

structures inside non-fertilized eggs. The frequency of appearance of the two microtubule 

structures was lower than the presence of a single rosette. Because of this, one can assume 

that the observed microtubule mass, with no chromatin associated, is a short lift transient stage 

of development of a rosette where the chromatin has been degraded and microtubules are 

disassembling. Past studies have convincingly shown that meiosis is resumed when the egg is 

passing through the oviduct and meiosis II starts after the egg reaches the uterus (Heifetz et al. 

2001; Page & Orr-Weaver 1997). Thus, it was highly unlikely that by following Protocol 1, the 

laid eggs are still undergoing meiosis I. However, following T3 and T4 (Table 1) single anastral 

spindles were identified inside non-fertilized eggs (Figure 13) and surrounded by an unusual 

exclusion of lipid droplets. To improve the imaging conditions, the cytoplasm from eggs 

containing a single anastral spindle was extracted (Telley et al. 2013). The morphology of the 

spindle was not significantly altered by the extraction procedure, suggesting a robust steady-

state microtubule network (Figure 14). The chromatin within a single spindle was broadened as 

compared to a mitotic metaphase plate. Interestingly, in no other droplet produced by the same 

egg extraction was another spindle or nucleus visible, suggesting that it was indeed a single 

meiotic spindle. By assuming that this feature is a result of an abnormal meiosis, the observed 

spindle is probably a meiosis I spindle that arrested before proceeding into meiosis II and did 

also not progressed after performing the extraction procedure. The fact that the extraction did 

not alter the morphology speaks for a highly stable arrest. How long this arrest lasted was not 

evident from these experiments but it was possible that in the longer timing schemes the single 

spindles were disassembled, and eggs fell into the first category without visible structure.  
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Figure 13 – Z-projection of a stack of fluorescence images acquired in a non-fertilized egg. One 
anastral spindle assembled around the chromatin content located in the vicinity of the anterior 
side of the egg. Red marks chromatin (His2Av::RFP) and green marks microtubules (Jup::GFP).  
Scale bar, 20 µm. 

 

 

Figure 14 – Fluorescence microscopy image of a droplet of cytoplasm extracted from an egg 
that exhibited one anastral spindle. The chromosomes were not aligned at the metaphase plate 
and looked rather stretched indicating tension. Red marks chromatin (His2Av::RFP) and green 
marks microtubules (Jup::GFP). Scale bar, 20 µm. 

 

The fraction of eggs lacking any relevant microtubule structure in T3 and T4 (Table 1) seems to 

level off despite progressively lower laying time. A constant fraction of older eggs could be 

indicative of a broad distribution of developmental stages. Or, more likely, it could reflect a bias 

introduced by the inability of detecting any structures deep inside or at the distal egg periphery, 

which faces away from the objective. This technical limitation was related with random or semi-

controlled egg orientation on the glass substrate when eggs were aligned (Table 2). Throughout 

all the tested timing schemes, an increase in the variety of different developmental stages was 
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observed (Figure 9). This diversity can be explained with two possible effectors. First, despite 

the attempt to homogenize the egg laying rate by synchronization, an intrinsic variability within 

the collected eggs is inherent in the oviposition process. Presumably, retraction of eggs in the 

uterus cannot be prevented in full. Secondly, a systematic variability could arise from the egg 

alignment and loading onto the glass surface, preventing the detection of spindle structures and 

nuclei inside the egg. The egg has two long dorsal appendages at the dorso-anterior end. 

These appendages help to distinguish visually between dorsal and ventral side of the egg. The 

much smaller micropyle is located between these appendages. As a result of dechorionation, 

the eggs loose the appendages, but retain the micropyle morphology. Hence, eggs were 

aligned in an anterior-posterior orientation while the dorso-ventral orientation could not be well 

controlled. However, the long axis of the egg is slightly bent and the dorsal side is less curved, 

introducing a bias towards dorsal orientation when mounted on the glass. This was, in principle, 

beneficial for imaging meiotic structures and pronuclei. Nevertheless, the inability to visualize 

the spindle inside the egg motivated the application of the extraction procedure. 

 

Table 2 – Troubleshooting list for the main technical difficulties faced during Protocol 1.  

Difficulty Solution Drawback 

Irregular egg laying Egg laying synchronization  

Egg inside the uterus of the 
female 

Egg laying assay  

Chorion surrounding the egg Egg dechorionation 
Loss of reference (chorion 

appendages) 

Egg polarity 
Egg alignment in an agar 

block before sample loading 
to the glass coverslip 

Due to loss of reference, 
introduction of variability and 

imaging limitation of 
structures inside the egg 

Spatial rearrangement of the 
spindle deep inside the egg 

Extraction procedure  

 

 

5.2  In vivo imaging of spindle organization during meiosis completion in Dmel 

non-fertilized eggs  

In the last section an optimization strategy for an egg laying assay was described with the aim 

of retrieving non-fertilized eggs still undergoing meiosis II. One particular timing scheme was 

identified for which a portion of the collected eggs exhibited a tandem pair of spindles located 

close to the anterior end of the egg (Figure 15; time 00:00). Fluorescence microscopy imaging 

of microtubules and chromatin in these eggs revealed two tandem metaphase II spindles 

interconnected by one of their poles (Figure 15; time 00:00). During time-lapse acquisition 

these spindles exhibited a highly dynamic displacement in the cytoplasm. The pair of spindles 

initially rotated towards the cortex of the egg. As the chromatin was seen migrating in different 

directions, the microtubules of the two spindles dispersed within the cytoplasm and an isolated, 
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more dense microtubule network was identified in the region between the two internal spindle 

poles (Figure 15; time 02.30). From what is described in the literature (Riparbelli & Callaini 

1996; Riparbelli & Callaini 2005; Endow & Komma 1997), the individualization of the two meiotic 

spindles should occur gradually, starting at late prometaphase until telophase. During this 

process, microtubule bundles coalesced in the region between the two spindles, forming an 

astral array called the central aster. At metaphase, the central aster became evident and 

enlarged during anaphase and telophase, while the spindles became thinner. With reference to 

this description, the image in Figure 15; time 02.30, represents late telophase. Subsequently, at 

interphase, the decondensed chromatin was surrounded by microtubules reassembling the pair 

of spindles (Figure 15; time 04:20–06:00). In a jackknife movement the pair of spindles 

overlapped (Figure 15; time 06:00–07:40). The four meiotic products were identified at the 

poles of each anastral spindle while the depolymerization of the microtubules started at the 

spindle midzone (Figure 15; time 08:50). Half way between center and periphery of the egg, 

the four meiotic products were visualized with bundles of microtubules around each pair of 

nuclei (Figure 15; time 13.10). According to the literature, after meiosis completion, only one 

meiotic nucleus should migrate towards the center of the egg, becoming the female pronucleus, 

as the remaining three allocate close to the cortex where they set the origin for the rosette 

(Riparbelli & Callaini 1996; Page & Orr-Weaver 1997). Contrary to what is stated above, the 

four nuclei were observed to migrate towards the center of the egg (Figure 15; time 08:50–

13.10). It was confirmed that during the last acquisitions the egg dehydrated and consequently 

collapsed. This change in the egg morphology may have influenced, at least in part, the correct 

displacement of the nuclei in the cytoplasm, compromising the expected response of a non-

fertilized egg. 
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Figure 15 – Time-lapse sequence of top-view images from a non-fertilized egg undergoing 
meiosis completion. (Time 00:00) A tandem pair of spindles, located close to the anterior end of 
the egg, exhibited the chromatin condensed at the metaphase plate. (Time 02:30) As the 
chromatin moved towards the poles of each meiotic spindle, a microtubule array appeared in 
the region between the two spindles (arrow). (Time 04:20) The bipolar spindle apparatus 
reassembled and separate contents of decondensed chromatin were identified (arrowheads). 
(Time 06:00) As the pair of spindles continued to organize, the chromatin condensed. (Time 
07:40 – 08:50) In a jackknife movement, the two spindles overlapped and the condensed 
chromatin moved towards the poles of each spindle. Microtubule depolymerization was 
identified at the spindle midzone. (Time 13:10) The final four products of meiosis moved 
towards the center of the egg and remained grouped (arrowheads). A microtubule network 
formed around each set of two pronuclei. Microtubules are in green (Jup::GFP), left column. 
Chromatin is in red (His2Av::RFP), middle column. Both colors merged, right column. Scale bar, 
20 µm.  

 

In earlier morphological descriptions of meiosis completion either in naturally (Riparbelli & 

Callaini 1996) or in vitro activated (Endow & Komma 1997; Page & Orr-Weaver 1997) oocytes, 

the meiotic spindle should position itself perpendicularly to the egg cortex during meiosis II, and 

the meiotic products appear aligned in a row once meiosis completes (Figure 16). 
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Figure 16 – Fluorescence microscopy images from double-labeled immunofluorescence 
samples. B) Anaphase II spindle in a fertilized egg. In the region between the two tandem 
meiotic spindles, centrosomal material (yellow) is localized at the center and microtubules 
(green) are bursting from this monastral array. D) Anaphase II spindle (green) in an in vitro 
activated oocyte. Chromatids (yellow) are being segregated towards the poles of each anastral 
meiotic spindle. Images adapted from (Riparbelli & Callaini 1996; Endow & Komma 1997), 
respectively. 

 

In the time-lapse images, the tandem spindle did not align in a radial form nor were the four 

meiotic products aligned in a row close to the cortex. However, supported by the fact that 

meiosis completes, one can assume that the discrepancy between fixed images and the time-

lapse acquisition supports the idea of the spindle being a highly dynamic structure exhibiting 

considerable spatiotemporal modifications during meiosis completion. Several notions have 

been proposed to explain the spindle reorganization during meiosis. Several centrosomal 

components such as ϒ-tubulin, CP190 and Cnn, which localize at the meiotic spindle midzone 

(Riparbelli & Callaini 1996) have been suggested to play a role in the assembly of the MTOC. 

The MTOC may be involved in maintaining the proper orientation and spacing of the tandem 

meiotic spindles. It is believed that in the presence of a central MTOC a chromatin-mediated 

pathway may be driving spindle reorganization (Riparbelli & Callaini 1996; Riparbelli & Callaini 

2005). 

In the present study, the time for meiosis completion was estimated at ~14 minutes. This period 

included the transition from metaphase II until the formation of the four meiotic products. The 

initial study conducted by Endow et al (1997) presented the first confocal time-lapse images of 

meiosis completion in in vitro activated oocytes. The authors estimated the duration for the 

completion of both meiosis divisions I and II each at 3–5 minutes. The time stamps in their 

image sequence suggest that the tandem spindle is rather long-lived (9–10 minutes). Thus, a 

conservative estimate for the time from anaphase I to meiosis II completion in in vitro activated 

eggs is 15–20 minutes. Unfortunately, the spindle and nuclear morphology that defined meiosis 

completion was not accurately described in Endow et al (1997), leaving space for differences. 

Also, in vitro activated eggs may exhibit slightly altered meiotic dynamics as compared to 

normally progressing eggs. 
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5.3 Assisted sperm release and isolation  

In order for fertilization to be reconstituted outside the female fly it was needed to establish a 

strategy for the isolation of single sperm cells. A male fly has a pair of testis, each connected to 

the SV. When a final spermatid reaches the SV, it stays there until it is released to the female 

uterus during mating (Fuller 1993). Following this established piece of information, the SV was 

targeted for the extraction of individual sperm cells. In a recent publication it was described that 

Dmel sperm cells are mechanically sensitive (Yang & Lu 2011), which suggested that upon 

force application sperm motility would cease. Keeping this in mind, the micromanipulation setup 

provided the advantage of precisely manipulating these cells with minimal mechanical stimulus. 

However, the mechano-sensitive property of sperm represented a major challenge for the 

isolation Protocol and the performed procedures did not yet go beyond multiple sperm isolation.  

5.3.1 Studying sperm movement in buffer medium 

The microsurgery of a SV was performed as described in Protocol 2 (Figure 17). This included 

the trapping of the specimen with a crude, hollow micropipette (Figure 17 b), with subsequent 

puncturing and tearing apart with a fine microneedle (Figure 17 c–d). As a result, the sperm 

cells slowly dispersed within the buffer medium. During this procedure, hundreds of sperm cells 

were released and stereotypical beating motility was observed (Figure 17 d).  

 

Figure 17 – Sequence of polarized transmission images exemplifying the microsurgery 
performed on a SV for sperm release. a) The SV is manually dissected and transferred to a 
clean glass coverslip and covered with halocarbon oil. b) A hollow micropipette is used to hold 
the specimen. c) The specimen is punctured with a fine microneedle. d) The sperm cells 

disperse within the buffer and tend to surround the specimen. Scale bar, 20 µm. 

Because the tail of Dmel sperm is ~1.8 mm long, they remained entangled with their tails and, 

thus, sperm isolation did not occur naturally through dispersion. It was observed that sperm 

remained motile during 15 minutes on average. The tail movement of a majority of sperm cells 

showed a circular-foci trajectory, via arc-line waves, by propagating circular flagellar bends 

(Figure 18). Each arc-line bend is formed by propagating an open arc that then closes. This 

type of movement was also described by Yang and Lu (2011).  
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Figure 18 – Polarized transmission image of sperm cells released from the SV in a 50% Ringer 

Solution. The waveform of the sperm flagella are caused by motility with a circular-foci 

trajectory. Scale bar, 10 µm. 

 

Two possible strategies were tested in the attempt to untangle these cells for subsequent sperm 

cell isolation. Using a crude pipette, a part of the sperm sample was aspirated into the pipette. 

Then, the microscope stage was moved to a clean working area and droplets of the sample 

were deposited on the surface until the pipette was empty. However, in none of the droplets 

containing sperm, the cell was still motile. Possible explanations include the possibility that the 

aspiration procedure increases the probability of damage. In the second strategy, a thin and fine 

glass microneedle was used with the aim of separating sperm cells by direct manipulation of 

their tails. Although the cells did not arrest their movement during this procedure, it was still not 

possible to disentangled individual cells but ended up achieving groups of 3–5 cells. In 

summary, despite several different attempts, single sperm cell isolation has not yet been 

achieved. 

5.3.2 Sperm movement in the presence of a non-fertilized egg  

The aim of this part of the work was to methodologically link the egg laying described in chapter 

5.1 with the isolation of a single sperm cell as described above. This part represents the first 

strategy of the overall goal of the thesis, aiming at the in vitro reconstitution of Dmel fertilization. 

A strategy was devised in which non-fertilized eggs and the SV are arranged close to each 

other on a glass surface (see Protocol 3). This spatial arrangement of specimen was chosen to 

facilitate egg-sperm interaction. Several attempts were performed aiming to fertilize Dmel eggs 

in vitro. Thus far, all of the attempts have been unsuccessful. No sperm cell was observed to 

move towards the micropyle nor did one pass the vitelline membrane and enter the egg. In the 

presence of non-fertilized eggs, the sperm cell motility followed a circular-foci trajectory (in 

direction of the tail beating) without any significant bias in their movement towards the egg. This 

movement was similar to what was observed in the absence of an egg. As mentioned by other 
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researchers, the molecular basis underlying sperm-egg interaction remains largely unresolved 

(Perotti et al. 2001). Under physiological conditions, an egg with intact chorion is immersed in a 

maternally produced fluid inside the uterus. In the in vitro situation, the eggs were 

dechorionated and aligned in a row. The micropyle was the reference for distinguishing between 

the dorsal-ventral and anterior-posterior axis. During egg alignment, it was ensured that the 

micropyle morphology remained intact. However, the possibility remained that upon treatment 

with hydroxyl-peroxide, which removed the chorion, some carbohydrate residues present at the 

outer membrane have been modified. To test whether the absence of the chorion would lead to 

sperm movement towards the egg, both chorionated and dechorionated non-fertilized eggs 

were aligned and brought in contact with sperm containing fluid. However, no considerable 

changes in the sperm movement were observed. Existing evidence suggests that the correct 

flagellar waveform and wave propagation during sperm storage is determined in part by 

intraflagellar calcium concentrations (Venglarik 2004). Thus, a mated female may have the 

capacity to adjust the calcium concentration inside the uterus, which in turn could affect the 

calcium homeostasis in the sperm and modulate motility. With this in mind, it was hypothesized 

that the buffer used to make an aqueous bridge between the egg and the sperm cells, in the 

present case a phosphate buffered saline, may need to be adjusted appropriately. 

 

5.4 Ex vivo isolation of pronuclei from fertilized eggs  

A contingency plan was developed aiming at ex vivo live imaging of intracellular events 

following sperm activation. This alternative approach was necessary due to the inability to 

overcome technical challenges in the development of Protocols 2 and 3. In contrast to those 

protocols, the contingency approach in vivo and ex vivo combined with live microscopy was 

successfully realized, enabling time-lapse visualization of processes taking place during 

pronuclear apposition. Because past research did not provide temporal evidence for processes 

occurring after sperm entry into the egg, the first strategy was to manually dissect recently 

mated females and harvest any egg residing in the uterus. The dissection started 20-30 minutes 

after visualizing the first copulation. Although successful, the sample output was relatively low; 

on average, 25 female flies were dissected and less than 10 eggs were prepared for imaging 

purposes. However, as was discussed in section 5.1 for non-fertilized eggs, the most efficient 

procedure for the collection of recently fertilized eggs in terms of number and developmental 

stage was the egg-laying assay (see section 4.2.2). Consistently, previous studies have 

adopted a similar approach for the collection of both fertilized and non-fertilized eggs (Williams 

et al. 1997; Riparbelli & Callaini 1996; Callaini & Riparbelli 1996; Telley et al. 2012; Rodrigues-

Martins et al. 2007; Dzhindzhev et al. 2010; Rodrigues-Martins et al. 2014). 

5.4.1 In vivo evidence of pronuclear apposition in recently fertilized eggs 

By performing manual dissection of recently mated females, the eggs found in the uterus were 

harvested and prepared for microscopy. The pilot attempts of dissection and imaging led to the 
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visualization and identification of the sperm tail inside the egg at the anterior end, supporting the 

notion that these eggs have indeed been fertilized. Fluorescence imaging of eggs harvested by 

surgery showed that sperm cells from the transgenic males expressing fluorescently tagged 

tubulin produced high enough signal contrast for the detection and distinction of the sperm tail 

inside an egg (Figure 19). However, not all eggs had a visible sperm tail; this variability can 

have three reasons. Firstly, the egg was not fertilized in exceptions. Secondly, it is known that 

the sperm flagella is degraded during fertilization (Politi et al. 2014). An intrinsic variability of 

developmental stages among the collected eggs, due to asynchronous oviposition and egg 

retraction, could provide more time for sperm tail degradation before microscopy imaging. 

Thirdly, a systematic variability in the dorso-ventral orientation of the egg during sample 

preparation could prevent the microscopic detection of a tail located more distal from the 

microscope objective. Overall, the frequency of eggs in which it was possible to confirm the 

presence of the sperm tail was 2–3 per prepared sample. 

 

 

Figure 19 – Fluorescence image of an egg laid by a Jup::GFP (green), H2Av::RFP (red) 
expressing female, which was fertilized by a male expressing β–tubulin2::GFP (green line). The 
pilot attempts of dissection and imaging led to the visualization and identification of the sperm 
tail inside the egg at the anterior end (arrow), supporting the notion that these eggs have indeed 
been fertilized. Scale bar, 20 µm. 

 

The initial study using non-fertilized eggs collected from virgins gave important insight into the 

developmental timing of eggs. The acquired information was the key for the development of a 

protocol that would allow collecting eggs at the earliest stages of fertilization by means of egg 

laying rather than manual surgery. Similar to Protocol 1, a new Protocol 4 was continuously 
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redefined by testing different combinations of durations for e.s and e.c. However, for the design 

of Protocol 4 it was evident that collecting a sufficient number of eggs for the preparation of a 

microscopy sample, the fly cage would have to be set up with a considerably high number 

(more than 60 flies) of younger females (4–5 days old). Furthermore, e.s and e.c times should 

not exceed 15 minutes each, otherwise the eggs would be in a more advanced stage of 

development. Taking this into consideration, three different timing schemes were defined and 

tested (Table 3).  

 

Table 3 – A series of different timing schemes was tested for the collection of fertilized eggs in 
that were in a pre-mitotic stage. Each combination includes the timing for egg synchronization 

(e.s), egg collection (e.c) and the average time for egg preparation (e.p    ). 

Timing scheme (Ti, i ϵ        ) e.s (min) e.c (min)          (min) 

 

T1 

 

3x15 

 

10 

 

6 

T2 3x10 [8,5] 6 

T3 3x10 7-6 5.5 

 

 

Having followed scheme T1, two distinct biological structures were identified inside the 

cytoplasm; the rosette and, less frequently, the sperm tail. In a fertilized egg, the three polar 

bodies fuse to form one or two rosettes. These chromatin–cytoskeleton assemblies remain in 

the cytoplasm during syncytial divisions. Due to the lack of in vivo studies addressing the 

transition from unfertilized to fertilized egg, no evidence was available suggesting the time 

required for rosette formation after meiosis completion and for the degradation process during 

mitosis was available. Assuming that the majority of eggs exhibiting a rosette were indeed 

fertilized, it was concluded that sperm activation had already taken place and that these eggs 

were in the initial stage of embryogenesis. For the subsequent set of experiments, the 

ovipository behavior of females was monitored throughout replacement of the agar plate. A 

frequency estimate of egg laying through observation and counting of eggs on the plate led to 

the conclusion that females require at least 5 minutes to settle down at the surface and initiate 

oviposition. Moreover, the behavioral ritual involving the choice of oviposition site was estimated 

to be 3–5 minutes before the egg was being laid into the agar. During this time, the eggs 

underwent a repeated (up and down) movement at the ovipositor while being partially expelled 

and retracted again. Taking these observations into account, a new timing scheme (T2) was 

defined in which consecutive e.c durations, ranging from 8 to 5 minutes, were incorporated with 

a 30 seconds interval in between. Following timing scheme T2, a variety of different stages of 

development was identified and their progression visualized. The formation of a rosette in a 

fertilized egg was recognized by the presence of three polar bodies fusing next the cortex of the 

egg (Figure 20). At first, the nucleation of a microtubule network around each nucleus was 

concomitant with chromatin condensation (Figure 20a).  
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Figure 20 – Sequence of fluorescence images from a z-projection of a 3D time-lapse 
acquisition acquired in a fertilized egg. (a) Three polar bodies (circles) located close to the 
cortex of the egg are shown (circle). They are identified by the bright microtubule network 
forming around sets of condensed chromatin. (b) The three sets of chromatin migrate towards 
the periphery of the egg and condense further. (c) The microtubule network fuses and forms a 
rosette. Chromatin masses align radially. Red marks chromatin (His2Av::RFP) and green marks 
microtubules (Jup::GFP). Scale bar, 20 µm. 

 

Overlapping of these microtubule assemblies started at the time when the three nuclei were 

migrating as an ensemble towards the egg cortex (Figure 20b). Finally, the rosette exhibited 

microtubules and chromatids in a radially dispersed fashion and remained attached to the 

cortex of the egg (Figure 20c). In the course of subsequent experiments, the detection of the 

sperm tail at the anterior end of the egg became more frequent when the collection time e.c was 

gradually decreased to a duration between 7 to 6 minutes. As a consequence, a new scheme 

with modified e.c time was defined (T3), and the following experiments led to the consistent 

observation of fertilized eggs containing an intact sperm cell within the cytoplasm. Overall, the 



36 

 

presence of a sperm cell inside the egg was more frequent for e.c durations between 7 to 6 

minutes as compared to proceeding timing schemes. On the basis of this, Protocol 4 was 

defined by combining the set of timings T3 (Table 3) with the technical procedures elaborated in 

Protocol 1 for time-lapse imaging. Following Protocol 4 enabled for the first time the 

visualization of the pronuclear apposition in a recently fertilized egg. 

In a nutshell, during pronuclear apposition, the two pronuclei approach each other in the center 

of the egg. Sperm activation includes the turnover of proteins associated with the sperm 

chromatin, which is accompanied by a transition from a highly compacted (Figure 21a) to a 

decondensed state, leading to the formation of the male pronucleus. Moreover, the 

centrosomes associated with the male pronucleus nucleate a radial array of microtubules, the 

sperm aster (Figure 21b). Their formation precedes the duplication of the paternally inherited 

centriole and the recruitment of maternal centrosomal material (Debec et al. 2010). 

Centrosomes separate and migrate at opposite ends of the two tightly associated pronuclei 

(Figure 21c), ready for the first mitotic spindle to assemble (Figure 21d) (Callaini & Riparbelli 

1996). These six schematic snapshots of fertilization represented the ground truth for the 

subsequent analysis and interpretation of time lapse images (Figures 22-24). 
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Figure 21 - Schematic illustration of events during pronuclear apposition, as captured from 
earlier studies. Events include the formation of the sperm aster, which ultimately leads to the 
assembly of the mitotic spindle. (a) The egg is fertilized while still undergoing meiosis II. (b) 
Once inside the egg, the tightly packed chromatin in the sperm nucleus decondenses and the 
sperm aster forms. The centriole associated with the male pronucleus duplicates. The three 
remainder products of meiosis locate close to the egg cortex. (c) Once the pronuclei appose, 
the distance between centrosomes increases. The three polar bodies shrink and remain 
attached to the cortex. (d) At metaphase, the paternal chromosomes are aligned at the 
equatorial region. The polar bodies condense into a rosette-like structure. (e) At telophase, the 
chromatids start to decondense and the centrosomes duplicate. The rosette persists in the 
cytoplasm during syncytial divisions. (f) The beginning of the second round of mitosis. Images 

adapted from (Loppin et al. 2015). 
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In the following example, the egg retrieved with timing scheme T4 initially showed one 

pronucleus located close to the center of the egg and a bright radial array of microtubules 

surrounding it (Figure 22; time 00:00). The size of the pronucleus increased as the chromatin 

was seen to decondense alongside with the dispersion of microtubules in the cytoplasm (Figure 

22; time 03:50). This configuration transitioned to chromatin being condensed, and the array of 

microtubules being reorganized into a more compact form (Figure 22; time 05:30). Finally, two 

separate bundles of chromatin appeared at the same focal level together with a dense array of 

microtubules surrounding them (Figure 22; time 08:10). One likely explanation is that the 

second pronucleus, initially out of focus because deeper inside the egg, migrated to the same 

focal plane. Because this was a time-resolved confocal single plane acquisition, one can 

conclude that these pronuclei were not at the same focal plane. Because it was not 

implemented a centrosomal marker for these experiments, the images were not entirely 

conclusive in whether the first pronucleus identified was the female or the male. However, it was 

speculated that it was indeed the male pronucleus for the following reasons. Firstly, it was 

associated with a MTOC and surrounded by a radial array of microtubules. Secondly, no polar 

body was detected at the cortex facing the glass, suggesting that the female pronucleus must 

have been on the distal side relative to the glass and objective. This suggests a nuclear 

configuration where the male nucleus is stationary and the female pronucleus is moving 

towards the focal plane. The microtubule array visible could play a role in the migration of the 

female pronucleus. It was noted that this interpretation is in line with an earlier proposed model 

in which the sperm aster traps the female pronucleus and mediates the migration of the female 

towards the male pronucleus (Callaini & Riparbelli 1996). Further experiments in a reduced 

volume and with a centrosomal marker for overall better imaging are necessary to clarify the 

causality of pronuclear migration.  

In a previous study it was hypothesized that in Dmel, the sperm basal body would have to 

dissociate from the sperm tail axoneme in order for the centriole to recruit the maternal 

centrosomal components present in the cytoplasm (Schatten 1994). However, Riparbelli and 

Callaini (2010) refuted this idea by proving that the basal body does not have to dissociate from 

the sperm tail to assist in the centrosome organization. In their images the basal body remained 

attached to the sperm flagella during the embryonic cleavage division. The formation of the 

sperm aster during pronuclear apposition involves microtubule nucleation surrounding the male 

pronucleus. This event has been described as a process driven solely by the centriole present 

in the sperm tail. Soon after sperm entry, maternally provided centrosomal components such as 

ϒ-tubulin, CP190 (Riparbelli et al. 1997) and Cnn (Lucas & Raff 2007; Megraw et al. 1999) 

associate with the sperm centriole. These results led to the assumption that the formation of the 

sperm aster, and subsequently the first mitotic spindle, are processes determined by the mutual 

contribution of both gametes. 
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Figure 22 – Single plane time-lapse images of pronuclear apposition in a recently fertilized egg. 
(Time 00:35) A single pronucleus was located close to the center of the egg and exhibited a not 
very dense but radial array of microtubules surrounding the nucleus. (Time 03:50) The 
chromatin decondenses and the pronucleus enlarges. The microtubule array disperses in the 
cytoplasm. (Time 05:50) The chromatin condenses in the nucleus, and the microtubule array 
reorganizes. (Time 08:10) A second, distinct chromatin mass appears, but does not fuse with 
the initial chromatin mass. The array of microtubules increases in density and forms a barrel 
shape. Red marks chromatin (His2Av::RFP) and green marks microtubules (Jup::GFP). Scale 
bar, 20 µm. 
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A fluorescent reporter for the centrosome would have greatly helped distinguishing male and 

female pronuclei. The transgenic fly strains in use here (see Section 4.2.1) reported 

spatiotemporal dynamics of microtubules and histone and, hence, allowed the identification of 

known microtubule and chromatin associated morphological landmarks of the pre-mitotic 

phases. Importantly, the male fly strain only had the sperm tail stained with GFP. The possibility 

of using a fly strain expressing a GFP-tagged protamine, which lights up the sperm head, was 

also considered as it would greatly facilitate the distinction of male from the female pronucleus. 

However, this option was prematurely rejected due to the well established protamine-to-histone 

transition during sperm activation. Once activated, this transition renders the sperm chromatin 

indistinguishable from the female, histone-loaded chromatin. 

5.4.2 Ex vivo extract of eggs in pronuclear apposition  

According to Protocol 4, eggs that were laid shortly before their collection and that showed a 

single nucleus (Figure 22) were considered undergoing pronuclear apposition. These eggs 

were chosen for pipette-based extraction of the cytoplasm content (Telley et al. 2013). The 

cytoplasm was distributed in droplets and screened for the presence of the pronuclei, 

microtubule asters or spindles. Although the sperm tail was not detectable inside the intact egg, 

it was readily visible in the cytoplasm droplet (Figure 23), confirming that the egg was indeed 

fertilized. In this particular example of extraction, a network of microtubules polymerized around 

seemingly two sets of condensed chromatin (Figure 23; time 00:00 and inset). Subsequently, 

a barrel-shaped microtubule structure closely resembling a spindle self-assembled while the 

chromatids were aligned at the equatorial region (Figure 23; time 00.30). Considering that the 

extract was performed in a fertilized egg, one would assume that this was a mitotic spindle in 

metaphase. However, contrary to was described by Riparbelli and Callaini (1996) this spindle 

seemed to be anastral, devoid of microtubules nucleated at the poles. Despite the absence of 

astral microtubules, the spindle elongated and the chromatids started to move towards the 

poles in separate groups (Figure 23; time 01:30), corresponding to the transition from 

metaphase to anaphase. Then, chromatid decondensation was concomitant with microtubule 

depolymerization at the equatorial region (Figure 23; time 02:00). Presumably, at the beginning 

of telophase one of the daughter nuclei left the focal plane (Figure 23; time 03:00). In the 

subsequent interphase, chromatin decondensation was concomitant with an increase in size of 

the daughter nucleus in focus (Figure 23; time 05:45).  
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Figure 23 – First sequence of fluorescence time-lapse images of a droplet of cytoplasm 
extracted from an egg undergoing pronuclear apposition before extraction. (Time 00:00) A 
microtubule network formed around two separate groups of condensed chromatin. The sperm 
tail was visualized in the cytoplasm droplet (arrow). (Time 00:30) The chromatin is tightly 
packed at the equatorial region of an anastral spindle-like structure. (Time 01:30) As the two 
contents of condensed chromatin migrate towards the poles of the spindle, microtubule 
depolymerization starts at the equatorial plane. (Time 02:00) Once at the poles, chromatin 
decondenses, alongside with microtubule depolymerization. (Time 03:00) Only one daughter 
nucleus remains in the focal plane. (Time 05:45) The focused nucleus enlarges. Chromatin 
decondenses and microtubules disperse in the cytoplasm. Red marks chromatin (His2Av::RFP) 
and green marks microtubules (Jup::GFP). Scale bar, 20 µm. 

 

In the attempt to refocus the structures of interest, the acquisition was stopped and the stage 

was adjusted in live mode. After refocusing, a compact mass of chromatin was seen to be 

grabbed by a forming microtubule structure (Figure 24; time 00:15-03:45). It turned out to be a 

forming spindle which then arrested (Figure 24; time 09:00). In vivo imaging of eggs in 

pronuclear apposition led to the observation of a similar nuclear behavior and with spindles that 

were anastral. 
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Figure 24 – Subsequent acquisition of fluorescence time-lapse images of the droplet shown in 
Figure 23, after focusing to a different plane. (Time 00:15) The remaining chromatin contents 
(arrowhead) after the first division and around which microtubules seem to be forming. (Time 
03:45) The anastral spindle forms around the chromatin, which is in a more condensed stage. 
(Time 09:00) The bipolar apparatus arrested. Red marks chromatin (His2Av::RFP) and green 

marks microtubules (Jup::GFP). Scale bar, 20 µm.  

 

Although the prominent features of a mitotic as compared to a meiotic spindle – the two 

microtubules asters – were missing in these experiments there was enough evidence and room 

for explanation why the above described chromosome division was of mitotic nature. Firstly, the 

sperm tail was present, indicating fertilization. Secondly, the very first frames show 

prometaphase with two slightly separated chromatin masses, reminiscent of the already 

published fixed sample images of pronuclear mitotic division (Callaini & Riparbelli 1996). Thirdly, 

a tandem spindle was not observed, supporting the notion that meiosis was completed. 

Fourthly, already in the intact egg a single nucleus was detected and not an aggregate of polar 

bodies. And lastly, during egg extraction a common phenomenon is the dissociation of the 

centrosome or spindle pole, especially during spindle assembly and in the presence of large 

asters (Telley et al. 2012; Telley et al. 2013). Centrosome dissociation may have occurred in 

this example, nevertheless, chromosome division has progressed robustly. 

These ex vivo results were compared with a study of mitotic divisions in Dmel embryo extracts. 

During mitosis, the diameter of a nucleus at early interphase is ~6 µm and grows to ~8 µm by 

late interphase (Telley et al. 2012) (I.A. Telley, pers. communication). The chromatin area was 

estimated for one of the two nuclei in the droplet throughout the division between time points 

00:00 and 06:00 (Figure 25, left axis). The values for the nuclear diameter were extrapolated 

from this data by assuming, for simplicity, a circular geometry of the nucleus (Figure 25, right 

axis). The diameter of the nucleus at mid-interphase at time point 06:00 was ~7 µm, which is 

consistent with the values measured in mitotic divisions. Furthermore, this value is in contrast to 

the size of polar bodies in their late stage, which are ~10µm in diameter (Figure 20). These 

comparisons speak against the possibility of this nucleus being a polar body undergoing 

consecutive S-phases. 
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Figure 25 – Time course of the chromatin area (left axis, squares) and circular diameter (right 
axis, triangles) of the focused nucleus, as estimated from pixel counts and assuming circular 
geometry. The first three minutes represent anaphase, while the second half represents 
telophase and interphase. These data are consistent with nuclear growth seen during 
preblastoderm mitotic divisions. 

 

A further possibility for the absence of astral microtubules at the poles of the spindle could be 

that the centriole carried by the sperm was lost prior or during pronuclear apposition, or that the 

centriole was present but did not duplicate properly. Despite what is described in the literature, 

the microtubule nucleation during spindle formation occurred even in the absence of functional 

centrosomes. Chromosomes segregation was successful but nuclear separation failed, 

consistent with the findings of (Telley et al. 2012) and other studies showing that the 

centrosomes are essential for early embryonic development (Bastock & St Johnston 2008). 

The centrosome is the major MTOC of animal cells as it nucleates the growth of microtubules 

and coordinates the formation of the mitotic spindle (Kellogg et al. 1994; Bettencourt-Dias & 

Glover 2007). Considering the vital role of centrosomes in the animal cell organization, it has 

been assumed that centrosomes are extremely important at early stages of Drosophila 

embryogenesis (Debec et al. 2010). This long held idea was corroborated in studies using 

Drosophila Spindle defective 2 (DSpd-2) and asterless (Asl) mutant flies in which failure in the 

pericentriolar material (PCM) recruitment and microtubule nucleation impairs pronuclear 

apposition by compromising the displacement of the female pronucleus towards the male 

pronucleus (Blachon et al. 2008; Dix & Raff 2007; Varmark et al. 2007). However, several other 

studies have been questioning the role of centrosomes in the animal cell organization by 
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showing that centrosomes are sufficient but not essential for mitotic spindle assembly (Heald & 

Tournebize 1996; Megraw et al. 1999; Bonaccorsi et al. 2000; Debec et al. 1995). Interestingly, 

in Drosophila mutant flies for Drosophila Spindle assembly abnormal 4 (DSas-4), which is a 

protein essential for centriole replication, the initial stages of embryogenesis including 

pronuclear apposition and first mitotic spindle assembly are normal in the majority of observed 

eggs even in the absence of centriole replication. These embryos arrested after two to three 

divisions (Stevens et al. 2007). In previous work performed in Xenopus oocytes it has been 

shown that centrosomes are not required for spindle assembly, as microtubules are nucleated 

at the vicinity of the chromosomes and sorted by microtubules motors into the bipolar apparatus 

(Heald & Tournebize 1996). In fact, this chromatin-mediated pathway is considered to drive 

female meiosis (Theurkauf 1992). In order to test the requirement of centriole duplication for the 

formation of the sperm aster and the assembly of the bipolar spindle, a mutant should be 

studied in which the sperm must undergo SPMB and nuclear decondensation so that the male 

pronucleus is identified. This could be tested in a centriole-deficient male mutant which should 

exhibit a dysfunctional centrosome. Upon fertilization, the occurrence of pronuclear apposition 

could be evaluated. 

 

6. Conclusions and Future Perspectives  

 

During the course of this thesis, the main technical approaches were derived from a novel 

single embryo ex vivo assay. At the core of this method are an egg laying assay to retrieve 

embryos in a particular developmental stage, and a micro-manipulation confocal microscope 

allowing extraction and time-lapse imaging of nucleus-cytoplasm. The instrument has proven to 

be suitable for more than one particular application; it set the basis for very different purposes 

ranging from egg extraction to sperm micromanipulation. The first protocol developed in the 

present work, which aimed at ex vivo imaging of meiosis II in non-fertilized eggs, was derived 

from an established egg laying assay through modification and optimization. This approach 

allowed to visualize, for the first time, meiosis II completion in naturally activated eggs. New 

temporal and dynamic insights were obtained and additional knowledge paved the development 

of subsequent experiments. However, despite several attempts, it was not possible to effectively 

isolate the female pronucleus in a droplet of extracted cytoplasm from a non-fertilized egg 

because the right timing for extraction was not successfully estimated. The efficiency of the 

extraction would then be estimated by means of evaluating if the procedure compromises any 

key point during meiosis II completion. Moreover, in order to better evaluate the role of distinct 

centrosomal components in the assembly and maintenance of the tandem pair of spindles 

additional fly strains expressing centrosomal components should also be considered. The 

second protocol developed here relied on the adaptation of the micromanipulation setup for the 

isolation of single sperm cells. Several attempts were made to obtain a single sperm cell, but 

only small groups of sperm cells could be isolated in droplets of buffer medium without 
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compromising sperm motility. However, the technical capacity acquired during manipulation of 

living cells allowed to develop an assay aiming at the in vitro reconstitution of Dmel fertilization. 

Despite the inability to successfully assist fertilization on a glass coverslip by motorized 

micromanipulation, the methodology described in Protocol 3 opened new avenues for 

understanding the sperm displacement in the presence of maternal elements, including testing 

sperm-egg interaction and sperm passage through the micropyle. Furthermore, in the future 

additional biochemical conditions should be tested aiming at more efficient and reproducible 

isolation of individual and still functional (i.e. motile) sperm cells. Since the characterization of 

Dmel sperm movement in the present work was descriptive, future work should rely on 

quantitative readouts for sperm function such as tail beating amplitude and frequency. 

Subsequently, different calcium buffers should be tested while evaluating sperm movement. 

The contingency plan aiming at ex vivo reconstitution of events following sperm activation 

pioneered the time-resolved imaging of pronuclear apposition in recently fertilized eggs. In vivo 

imaging of these eggs revealed some important temporal and dynamic insights of chromatin 

and microtubule cytoskeleton during pre-mitotic phases. However, the resolution of and the 

details gained from in vivo imaging were limited and, thus, volume reduction through extraction 

was performed. Extracts from eggs in early stages of mitosis revealed the presence of 

structures that were not identified inside the egg, for example the sperm tail. In one particular 

case of extraction, a mitotic spindle, seemingly anastral, was observed enclosing two masses of 

condensed chromatin. Despite the apparent absence of centrosomes, chromosome segregation 

was successfully completed. Additional understanding is needed to explain the presence of 

anastral spindle in droplets of cytoplasm extracted from a fertilized egg and what where the 

exact causes leading to the arrest of the spindle. 

In a future study, the dynamics of the centrioles and centrosomes in recently fertilized eggs 

should to be more accurately addressed in a fly strain expressing centrosome markers, such as 

Cnn. The position of the centrosomes during pronuclear apposition will help distinguishing 

between the male and the female pronucleus, identifying the proper moment of centrosome 

replication during the formation of the sperm aster, and monitoring the assembly of the first 

zygotic centrosome. Moreover, deficient mutants could be generated to assess the functional 

dependence of other centrosome processes such as centriole duplication and SPMB. The 

ultimate goal will be the development of a protocol allowing for the collection of eggs still 

undergoing meiosis II and in which sperm has just entered. Once this is accomplished, it would 

enable the accurate temporal dissection of the meiosis-to-mitosis transition and the first 

characterization of the associated chromosomal dynamics. Protocol 4 is an optimal starting 

point and requires only few modifications when aiming at the study of chromosomal dynamics in 

a Wolbachia infection background, and to explore molecular interactions by microscopy imaging 

which are underlying the rescue from CI in infected eggs.  
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Appendix A 

Protocol 1: Dmel non-fertilized egg preparation for imaging and extraction 

procedures 

1. Maintain fly stocks at 25ºC in wide vials (dimensions: 28.5mm diameter x 95mm height) 

supplemented with normal food [see recipe below - 1] being flipped to new vials every 

15 days.  

2. For virgin collection, amplify the chosen stocks by transferring adults from the vials to 

bottles (dimensions: 48mm diameter x 100mm height) [Note: Use at least 4 bottles in 

order to collect approximately 50 to 60 female virgins. Maintain bottles at 18ºC]. 

Separate freshly eclosed females over 3 to 4 days by keeping them in separated vials 

at each collection day. To assure their virginity, reserve each vial for at least 2 days to 

check for egg hatching. 

3. Prepare the cages 2 to 3 days prior to the experiment day by raising a batch of at least 

60 virgin females with 3 to 4-days of age in fly cages standing on an apple juice agar 

plate
 
[see recipe below - 2] supplemented with fresh yeast paste (at room temperature). 

Virgin female flies will lay non-fertilized eggs onto the agar (see Figure 26). 

NOTE: using a spatula, mix a small portion of active dry yeast and water in a clean 

beaker cup. This paste should have a hard consistency so that flies do not stick to it. 

Reserve it at 4ºC while not in use. Smell and consistency changes indicate that it must 

be discarded.  

 

 

Figure 26 – Timeline for the collection non-fertilized eggs and fly cage set up. 

 

4. On the day of experiment, start egg laying synchronization by performing three 

consecutive plate exchanges at each 10 minutes. 

5. Collect eggs after 10 to 15 minutes and proceed with egg preparation by reserving the 

last agar plate for the next experiment. 

6. Before collecting the eggs from the agar plate, first fill one petri dish with deionized H2O 

(labeled with a “W”) and other with 7% bleach (labeled with a “B”). Place a specific egg 

basket on dish W.  

7. Brush the eggs from the agar plate into the water-filled basket and wash them by 

performing an up and down movement of the basket. Move the basket to dish B. 

Repeat the up and down movement for 20 sec maximum until first eggs start to float at 

the surface. CRITICAL STEP: do not let the eggs too much time in the bleach, it may 

damage them irreversibly. 
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8. Dry the basket on a lint free tissue and transfer it back to dish W. Immerse it in water 

and try to ensure that the embryos are floating. If not, repeat it. 

9. With a scalpel, cut a small rectangle from the agar plate. Turn it over and place it on a 

slide.  

10. Using a wet brush transfer the embryos onto the agar by scrubing gently the brush on 

the agar surface. Then, attempt to align them using the prong of a fine forceps. Use the 

tip to slide each individual embryo and align them perpendicularly to the left side of the 

agar block with the micropyle oriented towards the right side (or according to any 

desired orientation). Ensure at least 10 compactly aligned (but not touching) embryos in 

one single attempt.  

11. For loading them to a coverslip, first measure 0.25 µL of embryo glue
 
[see recipe below 

- 4] and place it onto a coverslip by drawing a straight line on the surface close to the 

center but slightly displaced to the right side. The larger side should be kept clean 

because it may be used for extraction and imaging purposes. Then, use forceps to pick 

up the coverslip. Turn it upside down and keep it in a horizontal position, then carefully 

touch the aligned eggs. Apply a little pressure to ensure that all eggs are collected.  

12. Cover the eggs with a drop of halocarbon oil to avoid dehydration while allowing oxygen 

transfer. Assure that they are all covered and that the oil does not reach the coverslip 

edge. 

13. Place the coverslip in the specific holder and ensure that the larger side is oriented to 

the right side of the holder (top view). Place the sample holder in the microscope slide 

holder for imaging purposes. 

 

Recipes 

1. Nutritive medium from Drosophila sp. (Normal Food) 

Substance Final Weight (for 1,5L)  Catalog 
Molasses (g) 67,5 Provida  
Sugar (g) 112,5 Sidul 
Cornmeal (g) 105 Provida BIO 
Yeast Extract (g) 
Agar-Agar (g) 
Boiling Water (mL) 
Niapagin 10% (mL) 

30 
15 

1650 
37,5 

Provida  
NZYTech, Lda. 

 

NOTES: 

- 1,5L of fly food  1,5 trays of vials or 1 tray of bottles 

- Niapagin 10% is locally produced. For more details, see recipe no.3. 

Weigh all solid ingredients in a plastic beaker, measure Niapagin volume in a cylinder. 

After mixing, gradually add boiling water.  

Transfer the medium for the schott flasks of 2L (up to 1800mL). 

Maintain at the autoclave at 121ºC for 30 minutes. 

Add Niapagin, when the medium temperature reaches 45-50ºC. 
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2. Apple juice medium Drosophila sp. 

Substance Final Weight (for 1,5L)  Catalog 
Agar-Agar (g) 29,5 NZYTech, Lda.  
Sugar (g) 30 Sidul 
MiliQ water (mL) 1125  
Apple juice (mL) 
Niapagin 10% (mL) 

375 
15 

Compal 

 

Weigh the agar in a big plastic beaker (5L). 

Add 750 mL of miliQ water. 

Place the beaker in the microwave and maintain until start boiling. 

Add the sugar and the remaining water, while mixing. 

Place the beaker in the microwave again until start boiling. 

Add the apple juice while mixing.  

Wait for the medium to cool to 50ºC, stirring time to time to avoid the formation of a film at the 

surface. 

 

NOTES: 

- 1L of fly food  1,5 trays of vials or 1 tray of bottles 

3. Niapagin 10% 

Substance Final Weight (for 100mL)  Catalog 
Tegosept (g) 10 Dutscher Scientific. 
Ethanol 96% (mL) 100 Manuel Vieira&C

a
 

 

Cover a schott flask with aluminum foil. 

Weigh the tegosept in a beaker. 

Add ethanol and dissolve very well all tegosept. 

Transfer to the schott flask. 

Label the schott flask with the name of product and date. 

4. Embryo glue 

Substance Final Volume (mL)  Catalog 
Heptane 20 VWR 
   
 

Prepare embryo glue by soaking 2-3 m of double-sick-adhesive tape, unrolled and cut into small 

pieces, in 20 mL of heptane in a 50 mL sealable glass bottle in a rocker for the least 48h. Before 

use, remove the pieces of tape. During use, add a small of heptanes if the glue is too viscous. 

CRITICAL: Preparation of the glue takes a long time and needs to be done in advance. 
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Appendix B 

Protocol 2: Dmel seminal vesicle preparation for sperm isolation  

1. Maintain fly stocks at 25ºC in wide vials (dimensions: 28.5mm diameter x 95mm height) 

supplemented with normal food [see recipe above - 1] being flipped to new vials every 

15 days. On the day of experiment isolate from a normal stock males with 1 week-old. 

2. Before proceeding to dissection, incubate flies at low temperatures by immersing the 

vial partially in ice for 2-3 minutes, to induce a numbness-like state.  

3. Place a watchglass on top of a hollow support (for instance, a petri dish) and place a 7 

μL drop of 50% Ringer solution
 
[see recipe below - 1] near the center.  

4. Grab a fly with a fine forceps and place it in the liquid. From this moment on, the sample 

can be kept at room temperature (23-25ºC).  

5. Hold the head of the fly male with a no.5 straight fine point forceps and with a no.5.5 try 

to grab the genitalia and pull it out. The seminal vesicle must be isolated from the 

remaining tissues, including the testis and the accessory glands, and then washed in 

fresh buffer droplets.  

6. Transfer the seminal vesicle to a 5μL buffer droplet on cleaned coverslip, previously 

positioned in the holder. OPTIONAL: Use tweezers to orient the structure in a 

preferable way. 

7. Cover the drop with halocarbon oil to avoid dehydration while still allowing for oxygen 

transfer. 

8. Once at the microscope, manipulate the seminal vesicle using a micromanipulation 

setup.  

9. Use a large coarse glass micropipette to hold the SV. Puncture the seminal vesicle 

membrane in only one section using a fine glass microneedle and slowly tear it.  

 

Isolation of a few sperm cells can be done with two different approaches: direct or 

indirect aspiration (“brute force”). In the first case, the aim is to directly aspirate cells 

located further away from the seminal vesicle, using a fine micropipette coupled to a 

syringe-pump equipment. In the second approach, first untangle part of the cells by 

using a fine microneedle and the aspirate using a micropipette.  

 

Direct aspiration: 

 

1. Position a fine micropipette close to the cells in the area surrounding the specimen and 

slowly aspirate the buffer medium. NOTE: Try to keep the aspiration rate as low as 

possible to avoid aspirating too many cells at once. Due to the shear forces created 

inside the micropipette, the cells can be irreversible damaged. 

2. Then, attempt to isolate the collected cells in different droplets. Consider to perform 

sequential dilutions if cells are too concentrated.  

 

Indirect aspiration: 

1. First, attempt to untangle the cells standing in the area surrounding the specimen. 

Position the microneedle tip in the middle of a bundle of entangled sperm tails and 

slowly drag them along the coverslip surface. Repeat this process until a few separated 

sperm remain. 

2. Then, position a fine micropipette close to the isolated cells. Attempt to aspirate only 

one or two at once. 

3. Separate the cells by depositing them in different droplets. 
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Recipe 

1. 50% Ringer Solution [recipe adapted from (Yang & Lu 2011)]  

Reagent Final Concentration Catalog 
KCl 91 mM Sigma, no. P9541-500G 
NaCl 23 mM VWR, no. 27800.291 
CaCl2(H2O)2 1.5 mM VWR, no. 22317.260 
Tris-Base 5 mM VWR, no. PROL33621.260 

 
To prepare a 1x buffer solution combine all component in 10 mL of H2O and stir to dissolve. 

Then, adjust the pH value to 7.5 (minimal). 

 

Appendix C 

Protocol 3: In vitro reconstitution of assisted Dmel fertilization 

1. Proceed with the treatment for non-fertilized eggs as explained in Protocol 1 from point 

no.1 until 10. Align the dechorionated embryos in the agar slice in a semicircular 

distribution with the micropyle oriented toward the center. 

2. Make a glue strip with a similar shape in the left side of a clean coverslip and load the 

embryos to the glass surface. 

3. Stick the dual chamber PDMS feature to the coverslip as shown in Figure 27. Add 80-

100 µL of 50% Ringer solution to fully cover the embryos. 

4. Proceed with Protocol 2 until point no.5. Then, place a 5-10 μL drop of 50% Ringer 

solution in the same chamber.  

5. Cover the all structures with halocarbon oil. 

6. At the microscope, follow sperm release from the SV and aspiration as explained in 

protocol 2. Place the sperm cells in the vicinity of micropyles of the non-fertilized eggs. 

7. Monitor their movement with special focus to the sperm-egg interaction with a Z-stack 

capturing the female pronuclei and the micropyle. 

 

 

Figure 27 - Schematic of PDMS dual chamber attached to a 22x22 coverslip. 
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Appendix D 

Protocol 4: Ex vivo imaging of recently fertilized eggs  

1. Maintain fly stocks at 25ºC on wide vials (dimensions: 28.5mm diameter x 95mm 

height) supplemented with normal food, being flipped to vials every 15 days.  

2. For virgin collection, amplify the chosen stocks by transferring adults from the vials to 

bottles (dimensions: 48mm diameter x 100mm height) [Note: Use at least 3-4 bottles in 

order to collect approximately 60 to 70 female virgins]. Then, separate freshly eclosed 

females over 1 to 2 days by keeping them in separated vials at each collection day. To 

assure their virginity, reserve each vial for at least 2 days to check for egg hatching. 

3. Prepare the fly cage 1 to 2 days prior to the experiment day and store it in the same 

environment where experiments will take place. For that, isolate 30 to 35 males with 7-

days old and cross them with a batch of, at least, 60 virgin females to ensure the 2:1 

ratio of number of females per males. Fly cages are standing on an apple juice agar 

plate supplemented with fresh yeast paste (at room temperature) where females will lay 

eggs.  

4. On the day of experiment, start egg laying synchronization by performing three 

consecutive plate exchanges at each 10 minutes and discard them. This procedure is 

necessary to trick females to lay eggs more regularly. OPTIONAL: During 20 minutes 

use different symbols to mark on the agar plate every egg laid at every 5 minutes. Keep 

replacing the agar plate with the same time interval as for egg synchronization until 

subsequent egg collection. 

5. Collect eggs after 7-6 minutes and proceed with egg preparation by reserving the last 

agar plate for the next experiment and replacing it with a fresh plate for subsequent 

collection. NOTE: Between each experiment repeat egg laying synchronization before 

egg collection.  

6. Follow protocol 1 from point no.6 until no.13 for sample preparation. 

 

Appendix E 

Protocol 5: Cleaning capillaries and coverslips 

1. Start by preparing the piranha solution mix H2SO4 and H2O2 in a 3:1 ratio, 

respectively. (Hint: For a 100 ml solution, use an appropriate volumetric flask and mix 

60 ml of H2SO4 and 20 ml of H2O2). CRITICAL:  For later disposal of this solution, put 

the beaker in the sink, pour water onto it and let the mixture react for a few minutes to 

dilute the solution. 

2. Use proper volumetric flasks to measure the desired volumes of H2SO4 and H2O2. 

Transfer to a 250 ml beaker, first, the acid and then, gently add the base. CRITICAL: 

the solution will undergo a very exothermic reaction. After mixing the two components, 

it will start to bubble heavily. In order to avoid liquid spreading, cover the beaker with 

an aluminum foil and wait 15 minutes for the reaction to occur. 

3. Fill the ceramic rack with coverslips using forceps. Pick the rack up with a lengthy 

forceps and gently immerse in the piranha solution. Leave it for 15 minutes. 

4. Using the same forceps pass the rack to a 250 ml beaker half filled with MilliQ water 

and sonicate for 10 minutes. 

5. During the sonication process, place at least, 10 capillaries in a 100 ml empty 

volumetric flask and fill it with the remaining piranha solution used for cleaning the 

coverslips. Let it react for 15 minutes. 
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6. Try to coordinate the sonication for both coverslips and capillaries by repeating point 4 

for coverslips and using a forceps, pass each capillary to a 100 ml fully filled 

volumetric flask with MilliQ water and sonicate (both) for 10 minutes. 

7. Transfer the ceramic rack to a new 250 ml beaker half filled with ethanol and repeat 

point 6 for capillaries. 

8. Repeat point 6 for coverslips. For capillaries, wash each capillary individually with 

ethanol. Ensure that the inner part of each is properly washed out with ethanol before 

placing them in a 100 ml beaker filled with ethanol. Sonicate (both) for 10 minutes. 

9. Reserve coverslips and repeat point 7 for capillaries. 

10. Proceed to drying procedure for coverslips. Using forceps grab each coverslip 

individually and dry it gently with the N2 gun. CRITICAL: Verify that each coverslip is 

crystal clear before proceeding to the next. Then, align each one in a new clean rack. 

11. Repeat point 10 for capillaries. Do not forget to dry the inner part. CRITICAL: Verify 

that each one is crystal clear, with no water bubbles or humidity, before proceeding to 

the next. For proper storage, keep the capillaries in a labeled falcon tube and the 

ceramic rack filled with coverslips in a sealable container.  

 

Appendix F 

Protocol 6: Cutting capillaries 

1. Using a forceps align a capillary relative to the heating filament. 

2. Tighten the first joint (indicated by orange arrow) after ensure that the down end of the 

capillary in 3 mm before the second joint (indicated by blue arrow). 

3. Pull the base up and tighten the second joint. 

4. Turn on the micropipette puller (START bottom at right) and adjust the heat (to 55ºC in 

the No. 2 heater bottom) to produce a very sharp edge. The final result will be two 

equally divided sharp capillaries. 

5. With a forceps grab the capillary at its back end and untight the joint to allow complete 

removal of the hinge without damaging the tip. 

6. Place a black plastic board under a stereomicroscope to increase contrast and using 

the maximum magnification (5.6x) cut the tip of the capillary to produce sharp tip 

aperture. To this end, put the scalpel (black figure) perpendicular to the glass and 

slightly angled towards the tip. Do slow and gentle side movements until you get the 

right tip aperture. NOTE: Make sure that the tip is sharp enough. If not, lay down the 

scalpel and punch softly the capillary towards its cutting edge. 

 

Appendix G 

Protocol 7: Surface modification of coverslips 

1. Before proceeding, prepare a rack filled with cleaned coverslips (22x22 mm). 

2. Cut a rectangular parafilm section and dispose equally distanced 15 µL droplets of 

0.01% PLL solution. 

3. Using forceps pick each coverslip from the rack and place it on top of each droplet. 

Reserve for 10 minutes. 

4. With fine forceps try to recover the coverslips and fill the ceramic rack before 

proceeding to the next step. 

5. Use a 250 ml beaker half filled with MilliQ water and gently rinse the ceramic rack. 

Repeat this step, at least, 8 consecutive times using fresh MilliQ water. 
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6. Adjust the N2 flow in order to get a soft blow for drying each coverslip. Put them back 

in a dry and clean rack and store the rack in a clean container, properly sealed with 

parafilm. Repeat this procedure if coverslips stored for longer than 1 week. 

 

Appendix H 

Protocol 8: Surface modification of capillaries  

1. Purge both extraction tubes using a gentle N2 flow and then seal them using a spring 

at the ends. Place a pipette holder fully occupied with filaments in a proper sealable 

storage jar.  

2. Measure a small amount of silane using a syringe. CRITICAL: Do not forget that 

silane is pyrophobic (i.e. it undergoes spontaneous combustion when expose to air – 

atmospheric pressure!). 

3. Insert the syringe in a hole at the top of the storage jar and inject the measured silane. 

Leave it incubating for 10 minutes. 

4. Leave the syringe at the fume hood, for several hours, so that all the residual silane 

inside is released. 

5. Remove the springs and keep the extraction tube inside the fume hood. 

6. Open the storage jar, for cover removal, and seal it with some adherent parafilm.  

7. Repeat this procedure if capillaries are stored for longer than 1 week. 

  


