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ABSTRACT  

The advancements in imaging techniques have markedly enhanced the ability to 

observe and reconstruct dynamic cellular processes, thereby deepening our 

understanding of cell behaviour. This study's primary objective is to probe the intricate 

dynamics influencing organelle motion within the Drosophila melanogaster oocyte, 

aiming to unravel the nuanced mechanochemical relationship between cytoskeletal 

networks and organelle dynamics, and the forces governing organelle motion in the cell. 

Utilizing a combination of confocal microscopy, differential dynamic microscopy and 

single particle tracking, this research explores the reciprocal relationship between actin 

and microtubules and their impact on the morphology, motion, and distribution of 

endosomes and mitochondria in the oocyte. The findings underscore a tightly 

interconnected system involving organelle dynamics and cytoskeletal function for proper 

distribution, morphology, and transport of organelles. Notably, this intricate orchestration 

suggests that susceptibility to certain types of motion and modes of transport extends 

beyond the physical characteristics of the cytoplasm and the mechanisms generating 

force in that environment. Instead, it is significantly shaped by the dynamic interplay 

with other cellular components, subtly influencing their mutual functions. The results 

reveal variations in advective and diffusive rates among organelle populations, with 

Rab5-positive early endosomes and mitochondria exhibiting the highest and most 

consistent advective motion, while Rab7-positive late endosomes display higher 

diffusive rates. The study also sheds light on the influence of mitochondrial dynamics 

and morphology on the motility of other organelles, namely endosomes. This 

investigation carries broader implications for disease research, drawing parallels with 

abnormal mitochondrial morphologies found in neuropathies and neurodegeneration. In 

essence, this research contributes to unravelling the intricate mechanisms governing 

organelle motion, adding to the foundational understanding of biophysical principles 

influencing cellular processes. Word count: 272
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LIST OF FIGURES AND TABLES  

Figures  
Chapter 1 

Figure 1.1. Drosophila melanogaster as a model organism. (pg.18) 

(A-B) the male and female fruit fly (photos taken from Thomas Cline/UC Berkeley). Male flies have shorter abdomens that round 

at the bottom while female flies have longer abdomens that point at the bottom with comparatively more stripes than males. 

 

Figure 1.2. Drosophila oogenesis. (pg.20) 

(A) Schematic and scanning electron microscopy (SEM) image of st14 mature egg (latter image taken from Dr. Bob Argiropoulos 

of UBC Department of Zoology). (B) Schematic of Drosophila ovaries each containing 18 ovarioles. (B’) Schematic and fluorescent 

images of ovariole showing stages of oogenesis starting with the germarium and ending with a mature egg competent for 

fertilisation (Image taken from Quinlan 2016). The germarium at the anterior of the ovariole contains somatic and germline stem 

cells. Egg chambers develop inside the germarium from germline cyst cells and exit the structure once they are surrounded by 

follicle cells (FCs) and one of the 16 cells within the cyst differentiates as the oocyte. (C) Schematic of st10 egg chamber. Each egg 

chamber is surrounded by a monolayer of follicular epithelia. FCs synthesise and transport yolk peptides into the oocyte, secrete 

eggshell components and participate in cell signalling events for establishment of oocyte polarity and axis formation (anterior - A, 

posterior - P). 

 

Figure 1.3. Cytoskeletal networks in eukaryotic cells. (pg.22) 

(A) The MT and actin cytoskeletal network in the eukaryotic cell. The α- and β-tubulin monomers that comprise microtubule 

filaments form a heterodimer and associate with other dimers in a head-to-tail formation forming laterally arranged linear 

protofilaments. The β-tubulin monomer is oriented towards the faster growing end (plus-end) while α-tubulin is oriented 

towards the slower growing end (minus-end) conferring polarity to the MT filament. Approximately 13 protofilaments assemble 

around a hollow core creating a tube-like structure. (B) Filaments alternate stochastically between two states growing (rescue) 

and shrinking (catastrophe) for rapid reorganisation and the ability to ‘search’ its environment. (C) The actin can be found in its 

monomeric (G-actin) or filamentous (F-actin) form. Polymerisation occurs at the plus-ends, or barbed ends, of filaments while 

depolymerisation occurs at the minus-ends or pointed ends and is regulated by nucleotide hydrolysis.  

 

Figure 1.4. Superfamilies of motor proteins: myosin, kinesin, and dynein. (pg.25) 

(A) Myosin is composed of four domains: the motor head, the lever arm, the targeting domain, and the coiled coil. Myosin II 

contains two heavy chains, two essential light chains and two regulatory light chains. The structural changes undergone for ATP 

hydrolysis cause the myosin lever arm to move, creating the ‘myosin powerstroke’ creating force for movement along the actin 

filament. Kinesin-1 is a tetramer with a homodimer of two kinesin-1 heavy chains and two light chains. Heavy chains are 

responsible for kinesin motor activity while light chains are involved in cargo-binding. ATP hydrolysis triggers conformational 

changes that allow kinesin to interact with MTs and generate force.  Cytoplasmic dynein is a two-headed motor. Conformational 

changes of the dynein globular head from nucleotide binding creates a swing-like motion for translocation along the filaments. 
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(B) Dynein activity requires dynactin. Dynactin is a multisubunit protein which creates a complex by binding to the dynein 

intermediate chain through its p150 glued subunit. 

 

Figure 1.5 Microtubule organisation in different cells. (pg.27) 

 (A) Schematic of microtubule organisation in the neuron where kinesin drives anterograde motion in the axon towards the 

periphery while dynein drives retrograde transport towards the cell centre. (B) Schematic of radially polarised microtubule 

organisation in mouse fibroblast cells (C) Schematic of microtubule organisation in st9 and st11 oocytes. During mid-oogenesis 

(st9) microtubules are nucleated from the cortex of the oocyte with plus ends biased toward the posterior. During late oogenesis 

(st11) microtubules are organised in thick bundles along the cortex in coordination with the initiation of fast streaming. (C’) Left 

image: projection of 8 images of autofluorescent yolk granules in st9 oocytes where the actin mesh is still present halting 

movement of the granules. Right image: projection of 8 images of autofluorescent yolk granules in st11 oocytes after the actin 

mesh has disappeared allowing for rapid movement of granules under the force of fast cytoplasmic streaming (Adapted from 

Quinlan 2016). (D-G) Asymmetric localisation of body determinants oskar (osk), bicoid (bic) and gurken (grk). osk localises in a 

crescent shape at the posterior pole specifying where the pole plasm forms for abdomen and germline development (E), bcd 

localises anteriorly for segmentation of the head and thorax in embryogenesis (F) and gurken (grk) localises near the nucleus 

where it triggers dorsal differentiation (G). (Images adapted from Becalska & Gavis 2009; anterior - A, posterior - P; oocyte - oo; 

follicle cell - fc; nurse cell - nc). 

 

Figure 1.6. The actin mesh in wildtype, capu and spire mutant st9 oocytes. (pg.31) 

 (A-C’) Egg chambers stained with TRITC-Phalloidin to label F-actin. Gray scale bar represents 30 μm, white scale bar represents 

10 μm. (Images taken from Dahlgaard et al. 2007). (A-A’) St9 wildtype oocytes (B-B’) St9 capu2F mutant oocytes. capu2F contains a 

point mutation in the FH2 domain and is one of the weakest alleles of capu explaining the residual actin mesh in these mutants 

(C-C’) St9 capuG7/Df(2L)edSZ1 mutant oocytes. capu levels are lower in this mutant than (B-B’) coinciding with an imperceptible 

actin mesh (D-G) F-actin binding UTRN-GFP (green, left panel) and DIC (right panel) in st9 oocytes (Images taken from Drechsler 

et al. 2017). (D) St9 control oocytes with intact actin mesh (E) St9 oocytes overexpressing actin nucleator SpireB. Overexpression 

of SpireB leads to an increase in the levels of F-actin in the oocyte (F) spire mutant oocytes incubated in control DMSO-containing 

medium (G) spire mutant oocyte incubated in colchicine-containing medium. The actin mesh fails to form in spire mutant 

oocytes. Scale bar represents 30μm 

 

Figure 1.7. Distribution of kinesin, dynein and grk mRNA in the oocyte. (pg.33) 

 (A) Dynein and kinesin heavy chain accumulation is observed in the posterior of wildtype st9 oocytes (top row). Staining for Khc 

is absent in the null mutants and posterior localisation of Dhc is abolished (bottom row) (Image taken from Palacios & St 

Johnston 2002; anterior - A, posterior - P). (B) Disruption of Khc also affects grk localisation in st8 (left column) and st10 (right 

column) oocytes. White asterisk denotes nucleus positioning, scale bars represent 50μm (Image taken from Brendza et al. 2002).  

 

Figure 1.8. MT orientation according to speed of flows. (pg.34-35) 

(A) EB-1 attaches to plus ends of MTs and serves as a readout for spatial orientation, represented here as an angle deviating from 

an imaginary anterior (180°) to posterior axis (0°). (B) Underlying principle of OF-based motion estimation. Two consecutive 

frames of a 5 × 5 pixel-wide image sequence containing a rectangular object of different pixel intensities—from light green (little 
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signal) to dark green (maximum signal). OF assumes signal intensity does not to change along the objects’ trajectory. A 

displacement vector for each pixel can then be calculated using variational OF as indicated by the yellow arrow, showing the 

displacement vector of the centre pixel. (C) Definition of growth directions: angles of velocities between 90° and 270° are 

anterior (A, blue hemicircle) and the complementary set of angles as posterior (P, orange hemicircle). The subpopulation of all 

posterior signals (orange) that fall between 330° and 30° (light orange sector) are considered to grow toward the posterior tip. 

(D) Raw image demonstrating EB1 expression, magnified area indicated by dashed box (anterior - A, posterior - P) MTs grow one 

order magnitude faster than cytoplasmic flow and images were taken every 650ms with low spatial resolution and the presence 

of a lot of noise. Images thus required denoising (E). Scale bars are 10 µm. (F) Temporal projection of EB1 in control oocyte (65s 

image sequence). Oocytes were orientated with the posterior pole to the right during imaging and the angles given in the rose 

diagrams (G,L,Q) reflect the directional movement of EB1 comets in each cell. Distribution was also averaged across all cells of a 

given phenotype (H,M,R). We determined the mean angular direction of the estimated motion of EB1 signals (θavg) of a single 

phenotype to quantitatively describe MT orientation (I,N,S). (G) Angular histogram with 50 bins for EB1 directions in individual 

control cells, each colour representing the angular histogram of EB1 direction from one oocyte. (H) Data from (G) averaged over 

all cells (n = 8), error bars (black) represent standard deviation for each bin (blue). (I) Mean angular direction θavg of (H), red line 

in (H), and length r between 0 and 1 of mean resultant vector, depicted by length of black line originating from centre of (H) 

relating to the circular variance S = 1-r of distribution shown in (H). (J) Similar rose diagram to (G,L,Q) but growth directions are 

put into four bins: 30°–90°, 90°–270°, 270°–330°, and 330°–30°. Same analysis in control cells (F-J) applied to khcslow oocytes (K-

O) and khcnull oocytes (P-T). All images taken from Drechsler et al. 2020. 

 

Figure 1.9 Endolysosomal pathway (taken from Yang & Wang 2021). (pg.39) 

To transport endosomal proteins to lysosomes, early endosomes undergo a maturation process characterized by the switching of 

Rab5 and phosphatidylinositol 3-phosphate (PtdIns3P) to late endosome-specific Rab7 and phosphatidylinositol 3,5-bisphosphate 

(PtdIns(3,5)P2). Proteins that are destined for lysosomal degradation undergo recycling through retromer-dependent and 

retromer-independent pathways, returning to the plasma membrane or Golgi apparatus. The process of autophagy transports 

cytoplasmic material to the lysosome for degradation. This process supports cell survival by removing damaged organelles and 

protein aggregates, and maintaining bioenergetic homeostasis. Autophagosomes undergo a maturation process to fuse with late 

endosomes/lysosomes, employing essentially the same sets of proteins (Rab7/HOPS/SNAREs) as those involved in the fusion of 

endosomes and lysosomes (Yang & Wang 2021). 

 

Figure 1.10. Mitochondria dynamics. (pg.43) 

(A) Simplified schematic of mitochondrial fusion. Mfn1/Mfn2 are found on the outer mitochondrial membrane (OMM) while 

Opa1 mediates fusion on the IMM. Fusion thus begins with fusing of the OMM mediated by Mfn1/2 followed by fusing of the 

IMM through the activity of Opa1. (B) Simplified schematic of mitochondria fission. Dynamin-related protein 1 (Drp1) and 

dynamin-2 (Dnm2) found on the OMM drive fission through constriction and scission, respectively, recruited by mitochondrial 

fission factor (Mff) and mitochondrial dynamics proteins 49 and 51 (MiD49 and MiD51). Fission can also be ER-mediated for 

larger mitochondrial tubules where the diameters of Drp1 and Dnm2 are not wide enough to form contractile rings. 
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Figure 1.11. Changes in mitochondrial morphology upon mutation of fusion-fission machinery. (pg.44-45) 

(A-F) (Images taken from Chen et al. 2003) Mitochondria-EYFP counterstained with rhodamine-phalloidin in mouse embryonic 

fibroblast (MEF) cells. (A-B) Mitochondrial morphology in wild-type MEF cells. (C-D) Mitochondria morphology in Mfn1 mutant 

MEF cells (E-F) Mitochondrial morphology in Mfn2 mutant. Arrow indicates a tubule >10μm in length. (G-H) HeLa cells 

transfected with GFP-siRNA for controls (cont.) or human Opa1 and cells were stained with MitoTracker (Images taken from 

Ishihara et al. 2006). (H) Mitochondrial network was fragmented in Opa1 mutants. (I-N) Mitochondria visualised by GFP -tagging 

mitochondria in mitochondrial genome maintenance-1 (mgm1) mutant Saccharomyces cerevisiae (S. cerevisiae) cells. Mgm1 is a 

dynamin-like GTPase necessary for mitochondrial fusion in yeast (Images taken from Wong et al. 2000). (J-M) mgm1 mutant cells 

displayed fragmented mitochondria when compared to controls (I-L). (K-N) Δmgm1 mutants also displayed a fragmented 

mitochondrial network when compared to controls with a slightly more dramatic phenotype. Scale bars represent 2μm. (O-T) 

MEF cells expressing mitochondria-DsRed and YFP-tagged α-tubulin (Images taken from Ishihara et al. 2009). (O-Q) Drp1 lox/lox 

MEFs. (P) In the early mitotic phase, mitochondria are fragmented and spread throughout the cytoplasm in control cells. (R-T) 

Drp1 -/- MEFs. (S) Mitochondria displayed filamentous morphology and clustered leading to asymmetric division of the 

mitochondrial network between daughter cells (T).   

 

Figure 1.12. Motion and crowding in the cell. (pg.52) 

(A) Cargo can undergo direct transport as motor protein cargo on cytoskeletal filaments, advection because of the viscous drag 

created by the translocation of motor proteins, ATP-driven active diffusion, and thermal diffusion (red strands - actin filaments). 

(B) A cartoon of the crowded cytoplasm in a eukaryotic cell. The image illustrates a section of the cytoplasm with an edge length 

of 100nm. Sizes, shapes, and number of macromolecules are approximately correct (Image taken from Ellis (2001)).   

 

Figure 1.13. Simulated and in vivo actin filaments and ER taken from Novak (2009). (pg.54) 

(A) Electron micrograph of actin filaments in a keratocyte (B) Long thin cylinders representing cytoskeletal filaments (C) Optical 

section of ER of the unfertilized sea urchin eggs (D) Random three-dimensional disks modelling ER sheets.  

 

Chapter 2 

 

Figure 2.1 Schematic of the Drosophila UAS/Gal4 system. (pg.57) 

 The driver line (left) contains Gal4, the expression of which is controlled by a tissue-specific enhancer, and the UAS reporter line 

(right) contains the gene of interest (gene x).  Gal4 will then bind to UAS to activate transcription of gene x. Progeny will carry the 

UAS-gene expressed in a pattern according to Gal4 tissue-specificity. 

 

Figure 2.2 Fourier transform decomposition. (pg.61) 

Decomposition of an image into its constituent signals relating to their length scales. Each image describes the evolution of a 

system at these length scales (Image courtesy of Fabio Giavazzi).  

 

Figure 2.3 Dynamic analysis of vesicle motion: ISF and decorrelation rates as a function of spatial frequency.  (pg.62) 

(A) Intermediate scattering functions (ISF) 𝑓(𝑞, 𝛥𝑡) for different wave vectors 𝑞 in the range 1.8 µm−1 <  𝑞  < 8 µm−1. (B) 

Decorrelation rates 𝛤1(𝑞) (solid black boxes) and 𝛤2(𝑞) (open boxes) from the fit of the ISF plotted against the wave 
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vector 𝑞. 𝛤1(𝑞), which accounts for the ballistic contribution to the motion of the vesicles, exhibits a linear scaling 𝛤1(𝑞) =

 𝑣𝑣𝑒𝑠𝑞 (dashed line), while 𝛤2(𝑞) which describes a diffusive-like relaxation process, is well fitted to a quadratic law 𝛤2(𝑞) =

𝐷𝑣𝑒𝑠𝑞2 (continuous line).   

 

Figure 2.4. Vesicle selection process. (pg. 67) 

Representative images showcasing the criteria used for vesicle selection. Vesicles with a clearly discernible membrane 

circumference were prioritized for measurement. Additionally, preference was given to vesicles displaying an absence of 

fluorescence in the central region, as indicated by a black appearance (yellow arrowheads – selected, red arrowheads – not 

selected).  

 

Chapter 3 

 

Figure 3.1 Motion and dynamics of Rab7 vesicle subgroups and mitochondria. (pg. 75) 

(A) The two predominant groups of Rab7 vesicles observed are characterised as group (1) 'small' vesicles (white arrows) 

showcasing strongly directed and persistent motion, and group (2) 'large' or 'donut-like' vesicles (yellow arrows) (B-B’) Single 

particle tracking of group (1) Rab7 vesicles using ImageJ plugin TrackMate to reconstruct trajectory of vesicles and measure 

velocity. Scale bar represents 30μm (anterior - A, posterior - P). (C) Histogram presenting mean velocities of small Rab7 vesicles 

(nm/s) in the oocyte falling within the range of the velocity of kinesin.  (D-D’) Single particle tracking of mitochondria moving in 

directed and persistent manner. Scale bar represents 30μm.  (E) Histogram presenting mean velocities of mitochondria (nm/s) in 

the oocyte. Scale bar represents 30μm. 

 

Figure 3.2. Changes in distribution of Rab7 vesicles in oocytes mutant for kinesin. (pg. 77) 

(A) YFP-tagged Rab7 vesicles in control oocyte. Rab7 vesicles in control oocytes vary in size from small vesicles (diffraction 

limited, 250-300nm) to larger ‘donut-like’ vesicles (average diameter 0.5-2.5 μm). Vesicle distribution here is widespread in the 

oocyte with a higher density of larger endosomes towards the posterior at the location of MT plus ends (white arrowheads) 

(anterior – A, posterior - P). (A’) DIC vesicles in the same control oocyte. Sizes vary similarly to Rab7 vesicles and are also widely 

distributed across the oocyte. (B) YFP-tagged Rab7 vesicles in KhcRNAi background developed at 25ºC. There is a distinct lack of 

large vesicles in this condition and a ‘cloud’ of YFP concentrated at the posterior of the oocyte which may be an accumulation of 

stationary Rab7 vesicles (white arrowhead). (B’) DIC vesicles in the same oocyte. Vesicles here do not display abnormal 

distribution but there is an observable reduction in size when compared to vesicles in A’. (C) YFP-tagged Rab7 vesicles in KhcRNAi 

background developed at 28ºC. Here we see a drastic difference in vesicle distribution and size. Small endosomes are 

concentrated along the cortex (white arrowheads) and in a small area in the middle of the oocyte  towards the anterior (yellow 

arrowhead). No group 2 Rab7 vesicles are visible. (C’) DIC vesicles in the same oocyte. In addition to vesicles being concentrated 

along the cortex, vesicles accumulate at the posterior and are absent in the centre and towards the anterior of the oocyte (white 

arrowhead). Scale bar represents 20μm. 
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Figure 3.3 YFP-tagged Rab5 and Rab7 vesicle distribution in st9 wildtype oocytes. (pg.89) 

(A) YFP-tagged Rab5 vesicles. Distribution of Rab5 vesicles is concentrated mainly along the cortex of the oocyte (white arrows). 

(B) YFP-tagged Rab7 vesicles. Rab7 vesicles are distributed extensively within the cytoplasm, exhibiting a significant concentration 

cortically and at the posterior of the oocyte (white arrows). Scale bar represents 10μm.  

 

Figure 3.4. Variable morphology of the mitochondrial network in wildtype st9 oocytes. (pg.80) 

(A) YFP-tagged mitochondria in st9 oocytes. A closer look at the different morphologies displayed by mitochondria in the same 

cell. Scale bar represents 20μm. (B) Magnified image of mitochondria with punctate morphology. Scale bar 10μm. (C) Magnified 

image of interconnected tubular mitochondria. Scale bar represents 10μm.  

 

Figure 3.5 Age-related morphological changes of YFP-tagged mitochondria in st9 oocytes. (pg. 81) 

(A) 1-day old control oocyte. (anterior – A, posterior – P) (B) 20-day old oocyte. Mitochondrial morphology is comparable to 

wildtype in variation and distribution, demonstrating a mix of clustered (yellow arrowheads) and punctate (white arrowheads) 

organelles traversing the entirety of the cytoplasm. (C) After 30 days, we observe aggregates of filamentous mitochondria in the 

centre and near the cortex (yellow arrowheads) and fewer punctate structures as well as a depletion in the posterior of the 

oocyte (white arrowheads). This phenotype is even more dramatic after 40 days (D) with strongly visible domains lacking 

mitochondria in the posterior (white arrowheads) and an increase in filamentous aggregates (yellow arrowheads). Scale bar 

represents 10μm.  

 

Figure 3.6.Fusion and fission mutants affect mitochondrial morphology and distribution. (pg. 85) 

(A,B,C,D) YFP-tagged mitochondria in control oocytes. Mitochondria in control oocytes vary in size from punctate to longer, 

filamentous organelles that may be undergoing either fission, fusion, or tethering (anterior – A, posterior - P). (A’,D’) YFP-tagged 

mitochondria in UASMarfRNAiGD40478;nos-Gal4 and UASMarfRNAiGuo; nos-Gal4 genetic background, respectively, where fusion is 

interrupted. Mitochondria in the Marf mutants appear more fragmented and punctate when compared to controls and have a 

cloudy appearance. (B’) YFP-tagged mitochondria in UASDrp1[WT]; nos-Gal4 genetic background where fission is upregulated. 

Similarly, mitochondria in these oocytes appear more punctate and fragmented. (C’) YFP-tagged mitochondria in oocytes 

heterozygous for the Drp1[T26] loss-of-function fission allele displaying largely  globular morphology, concentrated at the posterior 

while filamentous mitochondria in the anterior appear thicker than controls (white arrowheads). Scale bar represents 30μm. 

 

Figure 3.7. Absence of MT and actin cytoskeletons affect motion, morphology and distribution of Rab7 and DIC vesicles. (pg.89) 

(A) YFP-tagged Rab7 vesicles in control oocytes. Rab7 vesicles in control oocytes vary in size from punctate, small vesicles 

(diffraction limited, 250-300nm) to larger ‘donut-like’ vesicles (0.5-2.5 μm) (anterior – A, posterior - P). (A’) DIC vesicles in the 

same control oocyte. Sizes vary similarly to Rab7 vesicles. (B) YFP-tagged Rab7 vesicles in the absence of the actin mesh. Vesicle 

morphology in this condition is not affected as much as distribution; vesicles are concentrated to the right and left posteriorly 

(yellow arrowheads) and close to the cortex anteriorly (white arrow head) (B’) DIC vesicles in the same oocyte as B. Distribution 

of these vesicles reflects that of Rab7 vesicles with even fewer vesicles concentrated in the middle (yellow square). (C’) YFP-

tagged Rab7 vesicles in the absence of the MT cytoskeleton, indicated by the displaced nucleus (n). In this condition, individual 

Rab7 vesicles are very difficult to discern, instead they form cloudy aggregates spanning the oocyte with a few scattered bright 

fluorescent dots that resemble the small vesicles we observe in control and no actin oocytes. The cortical membrane of these 
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oocytes is also affected by the absence of MTs particularly anteriorly where the membrane seems to cave in (white arrowheads). 

(C’) DIC vesicles in the same oocyte as C. Distribution of DIC vesicles reflects that of Rab7 vesicles in this condition. Individual 

vesicles are visible but are appear smaller when compared to control DIC vesicles. Vesicles also fail to accumulate in regions near 

the nucleus (yellow circles) (D) YFP-tagged Rab7 vesicles in the absence of both actin and MT cytoskeletons. In this condition, the 

borders of individual vesicles are hard to discern, similarly to the no MT condition, and form merged clusters near the posterior 

of the oocyte (white arrowheads). (D’) DIC vesicles in the same oocyte as D. Larger DIC vesicles (white arrowheads) are scarce 

particularly when compared to control and no actin conditions and the smaller vesicles are concentrated in clusters 

predominantly in one area near the posterior (yellow arrowhead) unlike the other conditions where DIC vesicles are found both 

posteriorly and anteriorly despite changes in distribution. Scale bar represents 30μm. 

 

Figure 3.8. Absence of MT and actin cytoskeletons affect morphology and distribution of mitochondria and DIC vesicles. (pg.90) 

(A) YFP-tagged mitochondria in control oocyte. In this condition, mitochondria morphology is varied displaying both filamentous 

and punctate organelles (anterior – A, posterior - P).  (A’) DIC vesicles in the same control oocyte. (B) YFP-tagged mitochondria in 

the absence of the actin mesh. The lack of the mesh results in distribution of organelles in distinct clusters across the cytoplasm 

(yellow circles). (B’) DIC vesicles in the same oocyte as B. DIC vesicle size and distribution differs when compared to controls, 

particularly absent near the posterior cortex (white arrowheads). (C) YFP-tagged mitochondria in the absence of the MT 

cytoskeleton, indicated by the displaced nucleus (n). In this condition, mitochondria display perinuclear clustering and longer 

filaments near the cortex and towards the posterior tip of the oocyte (yellow arrowheads). (C’) DIC vesicles in the same oocyte as 

C. The distribution of DIC vesicles is more dramatically affected than in no actin conditions failing to accumulate in several regions 

of the oocyte particularly near the nucleus (yellow arrows) and clustering in a thin line around the cortex (white arrowheads). 

Individual vesicles are visible but are decreased in size when compared to control DIC vesicles. (D) YFP-tagged mitochondria in 

the absence of both actin and MT cytoskeletons. In this condition, mitochondria display branched morphology (yellow 

arrowheads) and cluster in aggregates near the nucleus and cortex (white arrowheads). (D’) DIC vesicles in the same oocyte as D. 

Vesicles are even more sparse in the absence of both cytoskeletons compared to B’ and C’ (yellow arrowheads) but display 

highest concentration near the cortex (white arrowheads). Scale bar represents 30μm. 

 

Chapter 4 

Figure 4.1 DIC vesicles in Rab7-YFP oocytes differ in morphology when compared to w-, Mito-YFP and GFP::UTRN backgrounds. 

(pg.96) 

 (A-C) DIC image of vesicles in GFP::UTRN, w- and YFP::Mito oocytes. Vesicles here display more homogenous morphology and 

size averaging at 0.23μm, 0.19μm, 0.30μm respectively (n=12). (D) DIC image of vesicles in YFP::Rab7 oocytes  average at 0.51μm 

in diameter (n=16). Scale bar represents 30μm. 

 

Figure 4.2 Contact sites of F-actin and Rab7 vesicles (pg.104) 

(A) Actin mesh in white stained with phalloidin (B) Actin mesh in red stained with phalloidin, Rab7-positive vesicles in green. 

White arrowheads indicate contact sites named F-actin foci. These foci are associated with filaments from the mesh suggesting 

potential actin nucleation from the vesicular membrane. Scale bar represents 10μm. 
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model for investigating organelle interactions and visualizing cytoplasmic structures and 

dynamics (Figure 1.2A). Studies focusing on the development of the egg chamber have 

yielded critical insights into cellular dynamics, such as axis specification, polarity, 

cytoskeleton dynamics, and mRNA localization (Bastock & St Johnston 2008; Becalska 

& Gavis 2009; Montell et al. 2011; Quinlan 2016). The oocyte's robust and permeable 

membrane, coupled with its large size, facilitates dynamic live imaging, enabling the 

observation of key cellular processes in real-time. The literature discussed in the 

following sections highlights a reciprocal relationship between cytoskeletal activity and 

structure and the function and morphology of organelles. This study aims to uncover the 

effects of disrupting cytoskeletal and organelle dynamics in the oocyte to identify the 

factors influencing cytoskeletal structural integrity, force generation, and the dynamics 

of endosomes and mitochondria. 

 

The process of oogenesis takes roughly a week and is divided into 14 arbitrary stages 

based on morphology (Figure 1.2B’). Drosophila have two ovaries consisting of 18 

ovarioles which can be viewed as an egg production line containing each stage of egg 

development, starting with the germarium and ending with a mature egg competent for 

fertilisation (King et al. 1956). The germarium is found at the anterior of the ovariole and 

contains somatic and germline stem cells. Egg chambers develop inside the germarium 

from germline cyst cells and exit the structure once they are surrounded by follicle cells. 

One of the 16 cells within the cyst differentiates as the oocyte while the rest develop into 

nurse cells (NCs) which synthesise and transport nutrients and cytoplasmic components 

to the oocyte (Figure 1.2C). Egg chambers thus bud off from the germarium entering the 

posterior region of the ovariole called the vitellarium, attached to the progressively more 

mature egg chamber by stalk cells (Figure 1.2B’; Deng & Lin 2001; Steinhauer & 

Kalderon 2006; Poulton & Deng 2007; Bastock & St Johnston 2008).  
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Stereotypical morphological characteristics of the egg chamber define its stages of 

development: (1) size, shape, and location of the egg chamber in the ovariole, (2) the 

size of the oocyte, (3) nucleus positioning in the oocyte and (4) follicle cell shape (King 

et al. 1956; Bastock & St Johnston 2008; Quinlan 2016). Each egg chamber is 

surrounded by a monolayer of follicular epithelia, follicle cells (FCs), which are involved 

in patterning of the oocyte and maintaining the structural integrity of the egg chamber. 

FCs synthesise and transport yolk peptides into the oocyte and participate in cell 

signalling events by coordinating with the cytoskeletal networks for establishment of 

oocyte polarity and axis formation (Badovinac & Bilder 2005; Wu et al. 2008; Bastock & 

St Johnston 2008; He et al. 2011).  

 

1.2 The cytoskeletal system and associated proteins.  

 

The cytoskeletal network is a dynamic, viscoelastic, intracellular structure necessary for 

movement, transformation, and regulation of the cell. It is responsible for spatial 

organisation of cellular content and coordinating forces for movement and shape 

changes during morphogenesis and providing a physical and biochemical link to the 

cell’s external environment (Fletcher & Mullins 2010; Ando et al. 2015;  Pegoraro et al. 

2017; Cardanho-Ramos et al. 2020). The cytoskeletal network in the eukaryotic cell 

constitutes three main structures composed of filamentous polymers: MTs, actin and 

intermediate filaments (IFs) (Figure 1.3A). MTs and the actin cytoskeleton are highly 

dynamic, undergoing constant polymerisation and depolymerisation in response to 

stress and throughout the course of development. IFs are also very dynamic but play a 

slightly different role in the cell, better suited to resist tensile stress and unlike MTs and 

actin are not polarised and thus do not support directional movement of motor proteins 

(Flitney et al. 2009; Fletcher & Mullins 2010; Dey et al. 2014). Drosophila have both 

MTs and actin but no IFs. Due to the structural polarity of both MT and actin 

cytoskeletons, they are fit to function as tracks for molecular motors. There are three 

superfamilies of motor proteins that direct transport along cytoskeletal filaments: 

myosin, which is associated with actin, and kinesin and dynein which are MT-associated 

motors (Figure1.4A; Hirokawa 1998; Mehta et al. 1999; Sweeny & Holzbaur 2018).  
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Figure 1.3. Cytoskeletal networks in eukaryotic cells (A) The MT and actin cytoskeletal network in the eukaryotic cell. The α- and β-

tubulin monomers that comprise microtubule filaments form a heterodimer and associate with other dimers in a head-to-tail 

formation forming laterally arranged linear protofilaments. The β-tubulin monomer is oriented towards the faster growing end 

(plus-end) while α-tubulin is oriented towards the slower growing end (minus-end) conferring polarity to the MT filament. 

Approximately 13 protofilaments assemble around a hollow core creating a tube-like structure. (B) Filaments alternate 

stochastically between two states growing (rescue) and shrinking (catastrophe) for rapid reorganisation and the ability to ‘search’ 

its environment. (C) The actin can be found in its monomeric (G-actin) or filamentous (F-actin) form. Polymerisation occurs at the 

plus-ends, or barbed ends, of filaments while depolymerisation occurs at the minus-ends or pointed ends and is regulated by 

nucleotide hydrolysis.  

 

The MT cytoskeleton is a robust structure that can resist compression and externally 

applied forces. In dividing cells, MTs form the mitotic spindle required for chromosome 

segregation while in non-dividing cells helps in organising the cytoplasm and its 

contents, positioning the nucleus, and providing structure to the cell with the help of 

molecular motor proteins (Hayden et al. 1990; Rieder & Alexander 1990; Wollman et al. 

2005; Tamura & Draviam 2012; Rizzelli et al. 2020). MTs are the stiffest of all 
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cytoskeletal elements, organised as a noncovalent polymer composed of α- and β-

tubulin subunits. The α- and β-tubulin monomers form a heterodimer and associate with 

other dimers in a head-to-tail formation forming linear protofilaments arranged laterally 

creating 25nm wide hollow cylindrical polymers of approximately 13 protofilaments 

(Figure 1.3A). The polarity of the α- and β-tubulin dimer confers polarity to the entire 

microtubule filament controlling the polymerisation rates on either end; the β-tubulin 

monomer is oriented towards the faster growing end, referred to as the plus-end, while 

α-tubulin is oriented towards the slower growing end, referred to as the minus-end 

(Allen & Borisy 1974; Holy & Leiber 1994; Desai & Mitchinson 1997; Budde et al. 2006; 

Bieling et al. 2007; Sept 2007; Fletcher & Mullins 2010). 

 

During polymerisation, β-tubulin hydrolyses GTP altering the conformation of the MTs 

as well as providing the energy required to maintain dynamic instability. Dynamic 

instability is a phenomenon observed in MTs whereby filaments alternate stochastically 

between two states, growing (rescue) and shrinking (catastrophe), which allows for 

rapid reorganisation and the ability to ‘search’ its environment, e.g., for chromosomes 

during segregation (Figure 1.3B; Mitchison & Kirschner 1984; Holy & Leiber 1994; Desai 

& Mitchison 1997; Fletcher & Mullins 2010; Horio & Murata 2014). This process differs 

from reversible or equilibrium polymerisation which is competitive and dependent on the 

concentration of monomers available and presence of regulatory proteins. This 

adaptability allows MTs to perform their function of maintaining cell shape and integrity 

under stress and creating tracks for motor proteins that can span the entire cell.  

 

MTs function as highways for cellular cargo. Kinesin motors play critical roles in 

microtubule-based transportation in both neuronal and non-neuronal cells. Kinesin is 

essential for proper axis determination during development, sensory capabilities in 

ciliated neurons, and opsin movement and function in photoreceptor cells to name a few 

(Brendza et al. 2000; Marszalek et al. 2000; Palacios & St Johnston 2002; Cohen 2002; 

Evans et al. 2006; Lu et al. 2020). Kinesin motors belong to a superfamily of 14 classes 

and are characterised by a high-homology ATP-binding domain, called the motor 

domain in kinesins involved in active transport of cargo. Conventional kinesin, kinesin-1, 
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is a tetramer with a homodimer of two heavy chains responsible for kinesin motor 

activity and two light chains involved in cargo-binding (Figure 1.4A; Hirokawa et al. 

1989; Brendza et al. 2000; Januschke et al. 2002; Marx et al. 2009). Research shows 

that the steps of ATP hydrolysis trigger conformational changes that allow kinesin to 

interact with MTs and generate force; ATP hydrolysis allows the head in the dimer to 

detach from the tubulin subunit and move to its next binding site creating directed 

movement along the filament towards the plus-end (Figure 1.4B; Yildiz & Selvin 2005; 

Gigant et al. 2013; Hwang et al. 2017; Qin et al. 2020).  

 

Dynein activity is involved in intracellular transport, axis determination, Golgi apparatus 

maintenance and ciliary and flagellar movement (Takei et al. 1998; Vallee & Tai 2002; 

Sakato & King 2004; Roberts et al. 2013). Dynein belongs to the ATPases associated 

with diverse cellular activities (AAA+) superfamily characterised by conserved 

nucleotide-binding and catalytic modules. This conserved feature is exemplified in the 

dynein heavy chain which, much like kinesin, generates force from ATP hydrolysis for 

directed movement but towards the minus-end of the MT (Snider et al. 2008; Roberts et 

al. 2013; Khan et al. 2022). Both MT motor proteins contain two heads but differences in 

structure and mechanisms of activity suggest an alternate mechanism of processivity 

(Figure 1.4A). A coiled-coil stalk emerging from the AAA+ domain contains a 

microtubule-binding domain (MTBD). It has been proposed that conformational changes 

of the dynein globular head caused by ATP hydrolysis causes a bending and 

straightening of the linker creating power-strokes and allowing minus-end directed 

translocation along MT filaments (Burgess et al. 2004; Dewitt et al. 2011; Roberts et al. 

2012; Allan 2014; McKenney et al. 2014, Schmidt et al. 2015). Dynein requires dynactin 

for most if not all its functions. Dynactin is a multisubunit protein which creates a 

complex by binding to the dynein intermediate chain through its p150Glued subunit with 

the help of bicaudal D homologue 2 (BICD2) (Figure 1.4B; Waterman-Storer et al. 1997; 

Schroer 2004; Walter et al. 2010; Yao et al. 2012; Splinter et al. 2012).  
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Figure 1.4. Superfamilies of motor proteins: myosin, kinesin, and dynein. (A) Myosin is composed of four domains: the 

motor head, the lever arm, the targeting domain, and the coiled coil. Myosin II contains two heavy chains, two 

essential light chains and two regulatory light chains. The structural changes undergone for ATP hydrolysis cause the 

myosin lever arm to move, creating the ‘myosin powerstroke’ creating force for movement along the actin filament. 

Kinesin-1 is a tetramer with a homodimer of two kinesin-1 heavy chains and two light chains. Heavy chains are 

responsible for kinesin motor activity while light chains are involved in cargo-binding. ATP hydrolysis triggers 

conformational changes that allow kinesin to interact with MTs and generate force.  Cytoplasmic dynein is a two-
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headed motor. Conformational changes of the dynein globular head from nucleotide binding creates a swing-like 

motion for translocation along the filaments. (B) Dynein activity requires dynactin. Dynactin is a multisubunit protein 

which creates a complex by binding to the dynein intermediate chain through its p150 glued subunit. 

 

In most eukaryotic cells, opposite-polarity motors like kinesin and dynein transport cargo 

in a bidirectional manner up and down the MT filaments. In neurons, kinesin drives 

anterograde motion in the axon towards the periphery while dynein drives retrograde 

transport towards the cell centre (Figure 1.5A; Hurd & Saxton 1996; Martin et al. 1999; 

Hirokawa & Takemura 2005). Disrupting the function of one motor causes an abrogation 

in the function of the other, first identified in extruded squid axoplasm, where inhibition 

of kinesin, dynein and/or dynactin function leads to an interruption of bidirectional 

transport (Waterman-Storer et al. 1997; Hurd & Saxton 1996; Martin et al. 1999). The 

absence of kinesin in hypomorphic and null alleles interrupts retrograde transport of 

mitochondria in Drosophila neurons (Hollenbeck & Saxton 2005; Pilling et al. 2006).  

Additionally, in Drosophila neurons, a lack of kinesin leads to the formation of axonal 

swellings due to ‘organelle jams’, accumulations of organelles transported as both 

anterograde and retrograde cargo, a prominent feature of Alzheimer’s and Parkinson’s 

disease (Brady et al. 1990; Saxton et al. 1991; Hurd & Saxton 1996; Martin et al. 1999; 

Welte 2004; Pilling et al. 2006; Barkus et al. 2008; Kanaan et al. 2013). These findings 

imply a balance needs to be maintained between opposite-polarity motors for the proper 

transport and distribution of content in the cell. 

 

Actin is one of the most abundant proteins in eukaryotic cells and, much like 

microtubules, plays a crucial role in intracellular transport and polarity maintenance, 

existing as both soluble monomers (globular actin or G-actin) or filaments (F-actin) in 

the cytoplasm and nucleus (Figure 1.3C; Jacinto & Baum 2003; Hoffman et al. 2004; Hu 

et al. 2004; Schoenenberger et al. 2005; McDonald et al. 2006; Dominguez & Holmes 

2011; Svitkina 2018). The actin motor protein myosin was first discovered in muscle and 

powers contractility, cytokinesis, and cell polarity. Myosin's structure comprises a motor 

head, targeting domain, a coiled coil for dimeric myosins, and a lever arm which 

undergoes a ‘powerstroke’ upon ATP hydrolysis to generate force and motion on actin  
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filaments (Figure 1.4A; Simons et al. 1991; Bresnick 1999; Cooper 2000; Craig & 

Woodhead 2006; Odronitz & Kollmar 2007; Vicente-Manzanares et al. 2009; Hartman & 

Spudich 2012; Dasbiswas et al. 2018; Sweeney & Holzbaur 2018). The balance 

between monomeric and filamentous actin is regulated by nucleotide hydrolysis and the 

activity of actin-binding proteins (ABPs) in response to morphological changes and 

external cues. This turnover regulates the rate of filament polymerisation and 

depolymerisation (Carlier et al. 1997; Paavilainen et al. 2004; Dominguez & Holmes 

2011; Rivero & Cvrcková 2013). Like MTs, actin polymerisation occurs at the plus-ends 

or ‘barbed’ ends of filaments while depolymerisation occurs at the minus-ends or 

‘pointed’ ends. Plus-end growth is ATP-dependent; filaments grow as ATP-actin 

monomers preferentially attach to barbed ends. Over time, the ATP is hydrolysed, 

phosphate is released and the filaments depolymerise through the loss of ADP-actin 

monomers from the pointed ends through the activity of actin-severing proteins. 

Nucleotide exchange then occurs to produce ATP-actin monomers for a new round of 

polymerisation (Carlier et al. 1997; Pollard et al. 2000; Jacinto & Baum 2003; 

Paavilainen et al. 2004; Rivero & Cvrcková 2013). This directional growth of actin 

filaments is referred to as ‘treadmilling’.  

 

ABPs are not only involved in actin polymerisation and depolymerisation but also 

function to sever and crosslink filaments. Individual actin filaments are fragile and easily 

breakable and thus need to be interlinked to create highly organised rigid structures for 

the formation of isotropic, bundled and/or branched networks (Pollard & Cooper 1986; 

Winder & Ayscough 2005; Pollard 2016). Unlike MTs, actin polymerisation and bundling 

is not initiated from a single region or centre, it is instead triggered by initiation of local 

signalling pathways. For example, chemoattractants trigger the formation of branched 

actin networks for the propulsion of cells like neutrophils, and signals from the 

invaginating plasma membrane during endocytosis initiates the local assembly of actin 

filaments near the cortex for internalisation (Zigmond 1974; Weiner et al. 1999; Parent 

2004; Fletcher & Mullins 2010; Šamaj et al. 2004; Galletta & Cooper 2009; Fletcher & 

Mullins 2010; Mooren et al. 2012).  
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Actin nucleators and ABPs are related but distinct categories of proteins that interact 

with actin filaments. Where ABPs bind to and associate with existing actin filaments, 

actin nucleators, such as the Arp2/3 complex, formins, and Spire proteins, promote the 

formation of new actin filaments by catalysing the initial polymerisation of actin 

monomers. Cappuccino is a formin found only in Drosophila and is one of two 

homologues of the mammalian formin, Fmn-2. While the roles of nucleators and ABPs 

differ, some proteins can have dual nucleation and binding capabilities and both work in 

coordination to regulate actin remodelling and function (Manseau & Schüpbach 1989; 

Quinlan et al. 2005; Pollard 2007; Dahlgaard et al. 2007; Chesarone & Goode 2009; 

Pechlivanis et al. 2009; Campellone & Welch 2010; Vizcarra et al. 2011; Yoo et al. 

2015; Bradley et al. 2020).  

 

The Arp2/3 complex consists of seven subunits and nucleates new “daughter” actin 

filaments off existing “mother” filaments to generate branched actin networks. Arp2 and 

Arp3 resemble a dimer of actin subunits allowing the complex to initiate a new filament 

off an existing filament with the fast growing ‘barbed’ end facing outward (Rouiller et al. 

2008; Campellone & Welch 2010; Xu et al. 2022). Spire exists in five isoforms and 

contains four actin-binding WH2 domains that can interact with actin monomers and 

localises to sites of actin assembly like vesicle trafficking pathways and the leading 

edge of cells (Kerkhoff et al. 2001; Quinlan et al. 2005; Ducka et al. 2010; Pfender et al. 

2011). spire and capu are maternal effect genes that play a role in pole determination 

and fertility and interact to build the oocyte actin mesh. Spire proteins nucleate actin 

assembly independently of existing filaments, activating actin monomers, and promoting 

spontaneous linear filament formation by binding of the WH2 domains to actin 

monomers at the ‘pointed’ end (Manseau & Schüpbach 1989; Pruyne et al. 2002; 

Quinlan et al. 2005; Goode & Eck 2007; Campellone & Welch 2010; Drechsler et al. 

2017). Formins, including Drosophilla Cappuccino, also nucleate linear actin filaments, 

creating unbranched actin networks and facilitating filament elongation through the high 

affinity binding of their FH2 domain to the ‘barbed’ ends of actin filaments (Quinlan et al. 

2005; Kerkhoff 2006; Bosch et al. 2007; Chesarone & Goode 2008; Qualmann & 

Kessels 2009). 
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1.3 Cytoskeletal network dynamics and function during oogenesis. 

 

Drosophila oogenesis involves a series of coordinated, spatiotemporal changes in 

cytoskeletal architecture, generating forces for the motion and transport of mRNA and 

organelles (Gutzeit & Koppa 1982; Theurkauf et al. 1992; Clark et al. 1994; Brendza et 

al. 2000; Quinlan 2016). Fluid flows, also referred to as streaming, are present in many 

large cells to facilitate long-distance transport and compartmentalisation of cellular 

material, essential for polarity establishment and fertility (Manseau & Schupbach 1989; 

Serbus et al. 2005; Quinlan 2013; Bor et al. 2015; Alberti 2015; Pieuchot et al. 2015; 

Quinlan 2016). In the oocyte, there are two types of cytoplasmic streaming that occur at 

mid- and late oogenesis: slow streaming and fast streaming, respectively. Both types of 

streaming are driven by the translocation of cargo-loaded kinesin-1 along microtubules, 

creating a viscous drag that entrains cytoplasmic content due to the viscous nature of 

the surrounding cytosol. Fast streaming is driven by the change in MT organisation 

towards the cortex at st10B and is crucial for the appropriate mixing of newly 

contributed NC content (Figure 1.5C-C’; Gutzeit 1986; Palacios & St Johnston 2002; 

Serbus et al. 2005; Drechsler et al. 2017). The transition from slow to fast streaming is 

influenced by the actin network which is present in the oocyte in two main structures, 

cortical actin, and as a uniform network of F-actin called the actin mesh nucleated by 

spire and capu traversing the entire cytoplasm in the earlier stages of oogenesis and 

disappearing on the initiation of fast streaming at around st10B-11. Mutations in capu 

and spire and depolymerisation of the MT network lead to aberrations in the actin mesh 

(Figure 1.6; Gutzeit & Koppa 1982; Theurkauf et al. 1992; Theurkauf 1994; Palacios & 

St Johnston 2002; Dahlgaard et al. 2007; Quinlan 2013; Quinlan 2016; Drechsler et al. 

2017). 
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2005; Doerflinger et al. 2006; Poulton & Deng 2007).  This event is crucial in 

establishing the body axis as Par-1N1 facilitates the posterior localisation of oskar (osk) 

mRNA by kinesin-1 and anterior localisation of bicoid (bic) mRNA by dynein through the 

redirection of MT plus-ends towards the posterior (Figure 1.5D-G; Ephrussi & Lehmann 

1992; Brendza et al. 2000; Palacios & St Johnston 2002). The presence of the Oskar 

protein at the posterior recruits even more Par-1N1 creating a positive feedback loop 

maintaining both mRNA localisation and MT organisation (Shulman et al. 2000; 

Tomancack et al. 2000; Zimyanin et al. 2007; Poulton & Deng 2007; Bastock & St 

Johnston 2008). During late oogenesis, before the degeneration of NCs and the 

formation of a mature egg, NCs contract and initiate a process called ‘dumping’ where 

all the cellular content is pushed into the oocyte including the dynein gene, situating it in 

the perinuclear region. In mutants for kinesin or dynein, and oocytes treated with MT-

depolymerising drugs like colchicine, proper localisation of mRNAs is impeded, 

consistent with the idea that this localisation relies on the organisation of MTs and the 

activity of the associated motor proteins (Figure 1.7B; Gutzeit 1986; Pokrywka & 

Stephenson 1991; Clark et al. 1994;  St Johnston 1995; Lipshitz & Smibert 2000; 

Reichmann & Ephrussi 2001; Januschke et al. 2002; Palacios & St Johnston 2002; 

MacDougall 2003; Steinhauer & Kalderon 2006; Brendza et al. 2007; Quinlan 2016).  

 

Although dynein is a minus end motor and mainly localises at the anterior of the oocyte 

based on MT orientation, dynein antigen accumulation is also observed in the posterior 

of st9 oocytes along with pole plasm components Staufen and osk mRNA. Localisation 

of dynein here could possibly occur via kinesin-mediated transport as suggested in Khc 

null germline clones where there is no posterior cDhc localisation, only anterior 

accumulation, a defect rescued by insertion of a wildtype kinesin transgene (Figure 

1.7A; Palacios & St Johnston 2002). Additionally, in Khc27 null mutations, osk mRNA is 

distributed throughout the anterior of the oocyte and is enriched at the lateral cortex and 

mutants demonstrate defects in dorsoventral axis formation due to the aberrant 

accumulation of grk mRNA across the anterior instead of being concentrated near the 

nucleus (Figure 1.7B; Clark et al. 1994; Li et al. 1994; Brendza et al. 2002; Palacios & 

St Johnston 2002). The proposed model thus states that the action of kinesin-1 either 
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organisation while those in the ‘slow’ mutant displayed a 10% increase (Figure 1.8K-T). 

When kinesin-dependent streaming is upregulated in mutants of actin nucleators capu or 

spier, MTs form tight bundles of filaments and tagging of EB-1 shows a cluster of comets 

moving in close proximity and as a consequence of the faster flows (Figure 1.8U-Z). 

Altogether, this data demonstrates the precise regime of motion, particularly cytoplasmic 

streaming, required to ensure correct localisation of determinants and thus proper 

development of the oocyte. This regime involves both cytoskeletons and their associated 

proteins whose precise function contributes to a delicate reciprocal interplay between the 

cytoskeletal system and its environment.  
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direction from one oocyte. (H) Data from (G) averaged over all cells (n = 8), error bars (black) represent standard deviation for 

each bin (blue). (I) Mean angular direction θavg of (H), red line in (H), and length r between 0 and 1 of mean resultant vector, 

depicted by length of black line originating from centre of (H) relating to the circular variance S = 1-r of distribution shown in (H). 

(J) Similar rose diagram to (G,L,Q) but growth directions are put into four bins: 30°–90°, 90°–270°, 270°–330°, and 330°–30°. 

Same analysis in control cells (F-J) applied to khcslow oocytes (K-O) and khcnull oocytes (P-T). All images taken from Drechsler et al. 

2020. 

 

As mentioned previously, the actin mesh disappears at st10B-11 to facilitate the 

transition into the fast-streaming stage. Capu and spire mutants present disrupted MT 

organization, premature streaming and mislocalised osk and grk mRNAs, the same 

phenotype as oocytes treated with the actin depolymerising drug cytochalasin D 

(CytoD), while the overexpression of either nucleator halts streaming (Theurkauf 1994; 

Clark et al. 1994, Emmons et al. 1995; Manseau et al. 1996; Dahlgaard et al. 2007; 

Quinlan 2013; Lu et al. 2016; Drechsler et al. 2017). Additionally, reducing the 

movement of kinesin with a missense mutation in the motor domain, Khc17, in capu 

mutants prevented premature streaming. This data suggests that actin nucleators and 

the presence of an intact actin mesh indirectly regulates microtubules by constraining 

kinesin-driven flows (Dahlgaard et al. 2007; Drechsler et al. 2017). Thus, the assembly 

of the actin mesh by capu and spire influences MT organisation at mid-oogenesis 

demonstrating the interplay between the two cytoskeletons necessary for the 

reorganization of the oocyte.  

 

1.4 Intercellular trafficking pathways and the involvement of the microtubule and 

actin networks. 

 

Communication between cells and intracellular compartments relies on vesicle 

transport. Membrane-bound vesicles shuttle proteins, lipids, and organelles to different 

regions of the cell or between cells via exocytic and endocytic pathways with the help of 

motor proteins and cytoskeletal force generation (Bloom & Goldstein 1998; Hirokawa & 

Noda 2008; Ross et al. 2008; Schuh 2011). Exocytosis is the process by which 

constitutive and facultative secretory products, including neurotransmitters and 

hormones, whose release is often triggered by rises in cytoplasmic calcium (Ca2+) 

levels, are released from the cell into the extracellular matrix by fusing of the vesicular 
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membrane to the plasma membrane. Regulated exocytosis and secretion of vesicles in 

response to extracellular stimuli is a fundamental process in many eukaryotic cells, 

including neurons, hematopoietic, endocrine and exocrine cells (Morgan 1995; 

Burgoyne & Morgan 2003; Xu et al. 2018; Hessvik & Llorente 2018).  

 

Endocytosis is the process by which extracellular material is internalised by the cell as 

cargo with typically three fates: recycling back to the membrane, lysosomal degradation 

or transcytosis. All vesicular trafficking processes occur through endosomes with the 

help of specialised protein complexes needed to harness and regulate membrane 

fusion, fission and tethering including the Ras superfamily of small GTPases and Rab 

GTPases (Satoh et al. 1992; Zhang et al. 2007; Šamaj et al. 2004; Donaldson et al. 

2009; Grant & Donaldson 2009; Huotari & Helenius 2011; Podinovskaia & Spang 2018). 

Clathrin-dependent endocytosis is the most well-defined process of endocytosis and 

begins when the clathrin triskelia is recruited to the plasma membrane by adaptor 

proteins that recognize signals on the cytoplasmic tails of cargo proteins. The self-

assembling properties of clathrin, along with curvature-inducing proteins like epsins and 

BAR domain containing proteins, lead to the formation of clathrin-coated pits which 

pinch off with the aid of the dynamin pinchase to form clathrin-coated vesicles 

containing internalized cargo (Mellman 1996; ter Haar et al. 1998; Doherty & McMahon 

2009; Antony et al. 2016). Clathrin-independent endocytosis (CIE) pathways can utilize 

the GTPase dynamin for vesicle scission or operate independently of dynamin and rely 

more on the actin cytoskeleton and BAR domain proteins like endophilin-A2 and 

endophilin-A1 (Mayor & Pagano 2007; Johannes et al. 2015; Boucrot et al. 2015; 

Renard et al. 2015).  

 

Irrespective of their origin or destination, once sequestered in endosomes, cargo 

becomes a part of the endosomal network which acts as a highway system for transfer 

between vesicles. This network is highly dynamic and in a constant state of flux as 

endosomes go through the maturation process to reach their final destinations. Also 

referred to as the endosomal-lysosomal system, this network is composed of 

endosomes at all stages of maturation; early endosomes (EE), late endosomes (LE), 
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recycling endosomes (RE) and lysosomes (Šamaj et al. 2004; Behnia & Munro 2005; 

Huotari & Helenius 2011). The identification of endosomes through these stages is 

largely based on the presence of different Rab GTPases and phosphoinositides (PIs) on 

the surface which dictate endosomal function and coordinate membrane traffic. Rabs 

are critical membrane components as they function as a molecular switch between 

inactivated (GDP-bound) and activated (GTP-bound) forms and associate with specific 

organelles, also functioning as markers for specific subcellular compartments (Zhang et 

al. 2007; Huotari & Helenius 2011; Mesaki et al. 2011; Birgisdottir & Johansen 2020).  

 

The various protein and lipid constituents sequestered by endosomes undergo 

discriminating selection processes within the EE network to dispatch them along their 

respective post-endocytic trafficking trajectories. EEs sort recycling material back to the 

membrane or transport to lysosomes for degradation via maturation (Figure 1.9; 

Donaldson et al. 2009; Huotari & Helenius 2011; Hu et al. 2015). Endosomes undergo 

four main morphological and biological changes as they mature starting with an 

increase in intraluminal vesicles (ILVs), followed by a decrease in luminal pH, 

retrograde movement towards the MTOC and, lastly, the switching of Rab proteins. 

Cytosolic proteins are recruited to the membrane of EEs that facilitate and define its 

function such as Rab5, its effector VPS34/p150 and phosphatidylinositol 3-kinase 

(PI3K) (Huotari & Helenius 2011; Hu et al. 2015; Langemeyer et al. 2018).  The 

diameter of EEs ranges from 100-500nm, with a pH of 6.8-5.9 for dissociation of 

internalised receptors from their ligands.  The EE to LE maturation process is initiated 

by a decrease in the intraluminal pH to within the range of 6.0-4.9 and an accumulation 

of intraluminal vesicles (ILVs) that eventually form into multivesicular bodies (MVBs), 

followed by the conversion of Rab5 to Rab7 (Helenius et al. 1983; Maxfield & 

Yamashiro 1987; Christoforidis et al. 1999; Zerial & McBride 2001; Behnia & Munro 

2005; Huotari & Helenius 2011; Liu et al. 2015).  MVBs are considered an intermediary 

stage between early and late endosomes, transitioning to LEs once they have acquired 

all fusion proteins required for lysosomal transfer. In addition to directing LE transport, 

Rab7 activity is crucial for lysosome biogenesis and positioning demonstrated in the 

failure of lysosomal perinuclear aggregation and reduction in intraluminal acidity in 
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dominant negative Rab7 mutants (Aniento et al. 1993; Behnia & Munro 2005; Luzio et 

al. 2007; Vanlandingham & Ceresa 2009; Huotari & Helenius 2011; Liu et al. 2015; 

Jacomin et al. 2016; Bucci et al. 2017; Birgisdottir & Johansen 2020). 

 

Figure 1.9 Endolysosomal pathway (taken from Yang & Wang 2021). To transport endosomal proteins to lysosomes, early 

endosomes undergo a maturation process characterized by the switching of Rab5 and phosphatidylinositol 3-phosphate 

(PtdIns3P) to late endosome-specific Rab7 and phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2). Proteins that are destined 

for lysosomal degradation undergo recycling through retromer-dependent and retromer-independent pathways, returning to the 

plasma membrane or Golgi apparatus. The process of autophagy transports cytoplasmic material to the lysosome for 

degradation. This process supports cell survival by removing damaged organelles and protein aggregates, and maintaining 

bioenergetic homeostasis. Autophagosomes undergo a maturation process to fuse with late endosomes/lysosomes, employing 

essentially the same sets of proteins (Rab7/HOPS/SNAREs) as those involved in the fusion of endosomes and lysosomes (Yang & 

Wang 2021). 
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Once LEs are formed in the cell periphery, they move towards the perinuclear area to 

initiate the process of lysosomal degradation. Several theories have been proposed to 

explain the mechanism by which LEs transfer material to lysosomes including 

maturation, direct fusion, kiss-and-run, and fusion-fission (Aniento et al. 1993; Nielsen 

et al. 1999; Šamaj et al. 2004; Hoepfner et al. 2005; Mesaki et al. 2011). The kiss-and-

run process involves transient contact between LEs and lysosomes for transfer of 

material followed by dissociation of the two organelles. Fusion-fission involves a similar 

process but creates a hybrid organelle that would require a fission event to reform the 

lysosome. A combination of direct fusion and kiss-and-run processes has been 

demonstrated to be the predominant mechanism by which this transfer occurs (Storrie & 

Desjardins 1996; Mullock et al. 1998; Bright et al. 2005; Luzio et al. 2007; Skjelda et al. 

2021). In yeast, actin is essential for clathrin-dependent endocytosis while in 

mammalian cells, actin aids endocytosis when more force is needed to bud rigid 

membrane regions or ingest large cargos and helps stabilize the elongating vesicle 

neck by pushing against the membrane (Sun et al. 2006; Aghamohammadzadeh & 

Ayscough 2009; Cureton et al. 2009; Boulant et al. 2011; Collins et al. 2011). The 

clathrin- and dynamin-independent CLIC/GEEC (CG) pathway relies heavily on the 

actin cytoskeleton machinery and is the main route for ingesting a large portion of 

glycosylpho-sphatidylinositol-anchored proteins (GPI-APs) and fluid phase markers in 

mammalian and Drosophila cells, further evidenced by CG regulation by Cdc42, which 

modulates actin polymerization (Sabharanjak et al. 2002; Guha et al. 2003; Kalia et al. 

2006; Sun et al. 2006; Chadda et al. 2007; Kumari & Mayor 2008; Rossatti et al. 2019). 

In human skin melanoma SK-MEL-28 cells, depolymerising the actin cytoskeleton with 

low levels of latrunculin A showed reduced endocytosis and in motile cells, the ABP 

cortactin has been found to localise on the surface of endosomes in lamellipodia. 

Moreover, disrupting the MT or actin cytoskeletal networks impedes cargo distribution 

from EEs into compartments with low pH (i.e., LEs) delaying cargo degradation (Bayer 

et al. 1998; Kaksonen et al. 2000;  Šamaj et al. 2002; Baravalle et al. 2005; Galletta & 

Cooper 2009; Mesaki et al. 2011; Tanabe et al. 2011; Mooren et al. 2012; Cheng et al. 

2012).  
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The movement of endosomes is variable and dependent on their cargo and stage of 

maturation associating with different motor proteins and cytoskeletons at different 

timepoints. Fusion and fission of EEs to one another and the long-range transport of 

EEs towards the perinuclear region for fusion with lysosomes or back to the plasma 

membrane for recycling is largely mediated by kinesin and dynein activity. A few kinesin 

motor proteins have been identified as key players in endosomal trafficking including 

kinesin-1 (human homologue KIF5B), kinesin-2 (human homologue KIF3A) and kinesin-

3 (human homologue KIF16B) the disruption of which leads to delays in EE maturation 

and anomalous distribution of endosomes and lysosomes (Gruenberg et al. 1989; 

Aniento et al. 1993; Nakata & Hirokawa 1995; Hoepfner et al. 2005;  Brown et al. 2005; 

Chen & Yu 2015; Birgisdottir & Johansen 2020). KIF5B transports organelles towards 

the MT plus-ends and in its absences leads to perinuclear clustering of Rab6 

endosomes similar to KIF3A mutations which result in abnormal clustering of 

endosomes in HeLa cells and neurons (Tanaka et al. 1990; Schuchardt et al. 2005; 

Nath et al. 2007; Barkus et al. 2008; Serra-Marques et al. 2020). When Rab5 is 

activated, KIF16B binds to the Rab5 effector VPS34 on EEs via its PI(3)P-binding PX 

domain regulating the balance of degradation and recycling, while in the absence of 

KIF16B, cargo recycling decreases and degradation increases (Christoforidis et al. 

1999; Nielsen et al. 1999; Gillooly et al. 2000; Murray et al. 2002; Hoepfner et al. 2005; 

Farkhondeh et al. 2015). Additionally, Rab7 and its effector RILP and Rab5 and its 

effector the FHF complex have been shown to mediate retrograde transport of 

endosomes through interactions with the dynein-dynactin complex (Vanlandingham & 

Ceresa 2009; Dodson et al. 2012; Xiang X et al. 2015; Guo et al. 2016; Bucci et al. 

2017; Christensen et al. 2021). 

 

1.5 Role of actin and microtubules in the motion, function, and dynamics of the 

mitochondrial network. 

 

It is now widely accepted that mitochondria form a very dynamic, interconnected 

membrane-bound tubular network, rather than static and isolated structures, undergoing 

constant change in response to biochemical stimuli and energetic demands. The size, 
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number and distribution of mitochondria is regulated by processes of fusion and fission 

collectively referred to as mitochondrial dynamics. The dynamics and arrangement of 

the mitochondrial network are influenced by cellular signals that adapt to changes in 

energy requirements, Ca2+ transients and posttranslational modifications and are 

dependent on MTs and actin (Saotome et al. 2008; MacAskill et al. 2009; Wang & 

Schwarz 2009). For example, mitochondria in the sperm cell are localised to the 

proximal region of the flagellum to provide ATP for force-generation while in the neuron, 

mitochondria are trafficked by MT motor proteins to the axonal terminals to drive 

synaptic vesicle release (Pilling et al. 2006; Ferramosca et al. 2012; Sheng & Cai 2016; 

Mandal & Drerup 2019; Cardanho-Ramos et al. 2020). In organelle movement assays 

and in vivo, mitochondria have been observed to localise with murine KIF1B and KIF5B 

(Nangaku et al. 1994; Tanaka et al. 1998; Henrichs et al. 2020). Association of 

mitochondria to actin was first identified through the discovery of the preferential binding 

of human unconventional Myosin XIX (Myo19) to the outer mitochondrial membrane 

mobilising for the formation of stress-induced filopodia and mitochondrial inheritance 

during cytokinesis and the overexpression of Myo19 in mammalian cells was shown to 

result in a 2-fold increase in mitochondrial velocity (Quintero et al. 2009; Shneyer et al. 

2016; Sato et al. 2022). In mouse oocytes treated with the MT depolymerising drug 

nocodazole, MTs failed to form and mitochondria were unable to localise correctly to the 

perinuclear region while in oocytes treated with taxol, a MT stabilising drug, MT bundles 

formed followed by the localisation of large aggregates of mitochondria near the MTOCs 

(Van Blerkom 1991; Dalton & Carroll 2013).  

 

The precise regulation of fusion and fission events drives the adaptability of the network 

to nutrient availability and metabolic requirements of the cell. The balance of fusion and 

fission dictate the number, size, distribution, and health of mitochondria. Mitochondria 

need to be degraded or repaired to maintain a homogenous population of organelles. 

The process of fusion drives content transfer and mixing of mtDNA to bolster fitness 

while fission ensures a population of organelles available for segregation into daughter 

cells and contributes to homogenisation by fragmenting dysfunctional mitochondria for 

efficient engulfment by autophagosomal machinery (Twig et al. 2008; Chen & Chan 
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2009; Mishra & Chan 2014; Friedman & Nunnari 2014; Tilokani et al. 2018). These 

processes require the activity of multiple molecular complexes in the inner mitochondrial 

membrane (IMM) and outer mitochondrial membrane (OMM) and help coordinate the 

mitochondrial network through morphological changes. Dysregulation of either process 

and subsequent disruption of the balance of fusion and fission is associated with 

several pathologies and diseases marked by changes in mitochondrial morphology and 

function such as Charcot-Marie-Tooth type 2A, a peripheral neuropathy, and dominant 

optic atrophy, an inherited optic neuropathy (Chen et a.l 2007; Chen & Chan 2009; 

Cardoso et al. 2012; Mishra & Chan 2014; Cardoso et al. 2012).  

 

 

 

Figure 1.10. Mitochondria dynamics. (A) Simplified schematic of mitochondrial fusion. Mfn1/Mfn2 are found on the outer 

mitochondrial membrane (OMM) while Opa1 mediates fusion on the IMM. Fusion thus begins with fusing of the OMM mediated 

by Mfn1/2 followed by fusing of the IMM through the activity of Opa1. (B) Simplified schematic of mitochondria fission. Dynamin-

related protein 1 (Drp1) and dynamin-2 (Dnm2) found on the OMM drive fission through constriction and scission, respectively, 

recruited by mitochondrial fission factor (Mff) and mitochondrial dynamics proteins 49 and 51 (MiD49 and MiD51). Fission can also 

be ER-mediated for larger mitochondrial tubules where the diameters of Drp1 and Dnm2 are not wide enough to form contractile 

rings. 

 

Key players in the processes of fusion and fission are dynamin-related GTPases. The 

first mitochondrial fusion protein fuzzy onion (Fzo1) was originally discovered in 

Drosophila sperm cells (also found in yeast) followed by the mitochondria assembly 
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  Images redacted due to copyright permissions

Images available at source in figure legend.
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Figure 1.11. Changes in mitochondrial morphology upon mutation of fusion-fission machinery. (A-F) (Images taken from Chen et al. 

2003) Mitochondria-EYFP counterstained with rhodamine-phalloidin in mouse embryonic fibroblast (MEF) cells. (A-B) 

Mitochondrial morphology in wild-type MEF cells. (C-D) Mitochondria morphology in Mfn1 mutant MEF cells (E-F) Mitochondrial 

morphology in Mfn2 mutant. Arrow indicates a tubule >10μm in length. (G-H) HeLa cells transfected with GFP-siRNA for controls 

(cont.) or human Opa1 and cells were stained with MitoTracker (Images taken from Ishihara et al. 2006). (H) Mitochondrial 

network was fragmented in Opa1 mutants. (I-N) Mitochondria visualised by GFP -tagging mitochondria in mitochondrial genome 

maintenance-1 (mgm1) mutant Saccharomyces cerevisiae (S. cerevisiae) cells. Mgm1 is a dynamin-like GTPase necessary for 

mitochondrial fusion in yeast (Images taken from Wong et al. 2000). (J-M) mgm1 mutant cells displayed fragmented 

mitochondria when compared to controls (I-L). (K-N) Δmgm1 mutants also displayed a fragmented mitochondrial network when 

compared to controls with a slightly more dramatic phenotype. Scale bars represent 2μm. (O-T) MEF cells expressing 

mitochondria-DsRed and YFP-tagged α-tubulin (Images taken from Ishihara et al. 2009). (O-Q) Drp1 lox/lox MEFs. (P) In the early 

mitotic phase, mitochondria are fragmented and spread throughout the cytoplasm in control cells. (R-T) Drp1 -/- MEFs. (S) 

Mitochondria displayed filamentous morphology and clustered leading to asymmetric division of the mitochondrial network 

between daughter cells (T).   

 

Opa1 is a special dynamin-related GTPase as it has eight splice variants and exists in 

two forms, a long form membrane-bound molecule and a soluble short form variant 

lacking the transmembrane anchoring domain that plays a role in fusion (Cipolat et al. 

2004; Song et al. 2007; Mishra et al. 2014; MacVicar & Langer 2016; Ge et al. 2020). 

Studies have shown that while OXPHOS triggers Yme1L-mediated Opa1 cleavage for 

fusion, stress-induced Oma1-mediated cleavage generates s-Opa1 and leads to 

mitochondrial fragmentation to enhance mitophagy and cell death (Baker et al. 2014; 

Mishra et al. 2014). In HeLa cells, deletion of Opa1 has led to fragmented mitochondria 

and aberrations in the morphology of the IMM while overexpression leads to elongation 

of the organelle (Figure 1.11G-H; Ishihara et al. 2006). Another mitochondrial stress 

response is hyperfusion which relies on l-Opa1 to increase network connections to 

protect against the effect of stresses either through steric hindrance or maintaining ATP 

production (Tondera et al. 2009; Simcox et al. 2013). Opa1 is named after the condition 

that develops when the gene is mutated; autosomal dominant optical atrophy, a 

progressive degeneration of retinal ganglia cells in the optic nerve that leads to 

blindness one of the number of diseases associated with mutations in mitochondrial 

fusion and fission machinery (Griparic et al. 2004; Davies et al. 2007; MacVicar & 

Langer 2016).  
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In humans, Mfn2 mutations cause Charcot-Marie-Tooth type 2A (CMT2A) an inherited, 

sensorimotor polyneuropathy, while abnormal levels of the fission protein dynamin-

related protein 1, Drp1, is associated with developmental delays, ataxia and peripheral 

neuropathy (Palau et al. 2009; Pareyson et al. 2015; Ueda & Ishihara 2018; Dai et al. 

2020; Wei & Qian 2021; Johnson et al. 2021). Drp1 functions as a molecular scissor, 

polymerising and constricting around membranes to initiate fission, the formed 

contractile rings constrict upon GTP hydrolysis in a process similar to membrane 

constriction during endocytosis (Figure 1.10B; Labrousse et al. 1999; Isihara et al. 2009; 

Chen & Chan 2009; Kraus & Ryan 2017; Whitley et al. 2018). Once Drp1 is recruited at 

the membrane and initiates constriction, Dnm2 binds transiently forming a collar-like 

structure to separate the sister organelles. Fission can also be ER-mediated for larger 

mitochondrial tubules (~300nm) where the diameters of Drp1 and Dnm2 are not wide 

enough to form contractile rings (Bleazard et al. 1999; Labrousse et al. 1999; Friedman 

et al. 2011; Korobova et al. 2013; Lee & Yoon 2014). In mammals, the tail-anchored 

adaptor proteins that recruit Drp1 to the membrane are mitochondrial fission factor (Mff) 

and mitochondrial dynamics proteins 49 and 51 (MiD49 and MiD51) (Figure 1.10B’; 

Gandre-Babbe & van der Bliek 2008; Palmer et al. 2011; Kraus & Ryan 2017; Whitley et 

al. 2018; Banerjee et al. 2021). In Drp1 mutant mouse fibroblast cells, the mitochondrial 

network displays a hyperfused phenotype, similar to homozygous Drp1 mutant mouse 

embryos, and an increase in density of mitochondria in the dendrites of hippocampal 

neurons transfected with dominant-negative Drp1 (Figure 1.11O-T; Li et al. 2004; 

Ishihara et al. 2009).  

 

Drp1 activity appears to be tightly linked to actin and its associated proteins. In MEFs 

and U2OS cells, Drp1 activity is enhanced by actin filaments and reduced levels of 

ABPs, Arp2/3 or Myosin II leads to a reduction in Drp1 levels and rate of fission, and 

consequentially elongation of the mitochondrial network (Ji et al. 2015; Li et al. 2015; 

Hatch et al. 2016; Illescas et al. 2021). Actin is also involved in ER-mediated 

mitochondrial fission as a pre-constriction step. The binding of ER-bound INF2 to 

mitochondria-anchored Spire1C initiates polymerisation of short actin filaments that 

tighten around the ER tubules to further constrict the dissociating mitochondria 
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(Friedman et al. 2011; Korobova et al. 2013; Manor et al. 2015; Kraus & Ryan 2017; 

Chakrabarti et al. 2018).   

 

Actin is present in two main structures in the neuron, actin patches and actin rings. Actin 

patches are areas of high levels of branched actin which anchor vesicles and organelles 

at the base of spines. Actin rings are formed of cortical actin and spectrin which help 

stabilise neuronal processes and membrane proteins (Korobova & Svitkina 2010; 

Konietzny et al. 2017; Lavoie-Cardinal et al. 2020). In neurons, mitochondria motion is 

bidirectional and saltatory. 70% of organelles remain stationary at any given time as the 

accumulation of ATP production in cellular subcompartments needs to compensate for 

its low diffusion rate.  Myosin V and VI most likely function as anchor proteins in 

Drosophila axons as loss of Myosin V has been shown to increase mitochondrial 

transport and the deletion of Myosin V and VI reduces the time mitochondria remained 

immobile ((Hubley et al. 1996; Pathak et al. 2010; Lewis et al. 2016; Cardanho-Ramos 

et al. 2020; Li et al. 2020).  
 

In the axon of mammalian neurons, MT minus-ends are pointed towards the cell body 

and plus-ends towards the periphery while in dendrites, filaments are arranged with 

mixed polarity (Figure 5A; Morris & Hollenbeck 1995; Hollenbeck & Saxton 2005; Pilling 

et al. 2006; Glater et al. 2006; Mandal & Drerup 2019). Anterograde transport in the 

neuron moves content from the cell body to the periphery through the activity of kinesin. 

Mutating neuron-specific kinesin KIF5A and KIF5C in Drosophila larvae axons or upon 

overexpression of their cargo-binding domains in rat hippocampal neurons decreases 

anterograde transport of mitochondria In Drosophila neurons, the cyclic AMP/protein 

kinase A (cAMP/PKA) and kinesin-1 levels decline with age coinciding with an 

increased percentage of inactive mitochondria in aged flies (Nangaku et al. 1994; 

Pereira et al. 1997; Tanaka et al. 1998; Tong et al. 2007; Campbell et al. 2014; Ogawa 

et al. 2016; Brandt et al. 2017; Vagnoni & Bullock 2018; Henrichs et al. 2020; Serra-

Marques et al. 2020; Zhao et al. 2020). 
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Using genetic screens and immunoprecipitation, Milton was identified as a 

mitochondria-specific adaptor protein that binds to kinesin-1 (Stowers et al. 2002). The 

N-terminal of the Milton protein binds to the C-terminal of the kinesin heavy chain for 

axonal transport of mitochondria to the synaptic terminals. Milton does not contain a 

mitochondrial import sequence or transmembrane domain suggesting the presence of 

another adaptor (Stowers et al. 2002; Glater et al. 2006; van Spronsen et al. 2013; 

Melkov et al. 2016; Fenton et al. 2021). The identification of Mitochondrial Rho GTPase 

(Miro) originated from a search in public DNA and protein databases for new members 

within the Rho GTPases family (Guo et al. 2005; Frederik et al. 2004; Klosowiak et al. 

2013). Miro-like protein genes have been discovered in various eukaryotes, spanning 

from yeast and Arabidopsis to Drosophila and mammals, underscoring a significant 

level of evolutionary conservation. Mfn2 was found to interact with both Miro1/2 and 

mutations in Mfn2 lead to reduced mitochondrial transport and increases the proportion 

of stationary mitochondria in neurons like mitochondria accumulation in the cell body in 

Milton null mutants (Stowers et al. 2002; Glater et al. 2006; Baloh et al. 2007; Misko et 

al. 2010; van Spronsen et al. 2013). Similarly to overexpressed Milton mutants, 

mutations in human and yeast Miro result in loss of anterograde transport, increase in 

perinuclear clustering and a decrease of mitochondria at the neuromuscular junctions 

(Fransson et al. 2003; Frederik et al. 2004; Russo et al. 2009; Schuler et al. 2017).  

 

During early embryogenesis, in frogs, fish and insects, the formation of the Balbiani 

body (Bb) is the first stage in establishing cell polarity containing maternal determinants 

for germ cell fate specification and is proposed to be involved in mitochondrial 

segregation (Guraya 1997; Cox & Spradling 2003; Bilinski et al. 2017; Jamieson-Lucy & 

Mullins 2019; Yang et al. 2022). In Drosophila and mouse egg chambers, mitochondria 

originating from the NCs accumulate at the ring canals between the NCs and oocyte 

boundary, push into the oocyte by large-scale cytoplasmic flows, joining the population 

of oocyte mitochondria to form the Bb (Robinson et al. 1994; Warn et al. 1985; 

Pokrywka & Stephenson 1995; Quinlan 2016). In milt92 null germline clones, only one 

third of the mitochondria that are normally found at the anterior for Bb formation during 

early oogenesis localised correctly (Cox & Spradling 2003). Other Bb-associated 
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organelles localise normally while mitochondria do not, indicating that Milton activity is 

mitochondria specific. Dhc levels are unaffected by either milt96 or miltEY01559 mutants 

suggesting that mitochondrial motion seems to be controlled by the state and number of 

Milton adaptors (Cox & Spradling 2006; Melkov et al. 2016). At st10 of Drosophila 

oogenesis, mitochondria localise at the posterior of the oocyte independently of the 

germ plasm coinciding with the MT-driven bulk cytoplasmic streaming at the initiation of 

late oogenesis at an observed speed of 0.4 𝜇𝑚/𝑠 with similar unidirectionality and speed 

to other streaming organelles (Gutzeit & Koppa 1982; Serbus et al. 2005; Ganguly et al. 

2012).  

 

Direct yet transient interactions between mitochondria and endosomes/lysosomes have 

been observed in mammalian cells. Recent studies highlight the importance of 

mammalian orthologs of Vps13, specifically VPS13A and VPS13C, in mediating 

contacts between mitochondria and endosomes, the mutation of which has been 

associated with neurodegenerative diseases such as Parkinson’s (Lesage et al. 2016; 

Kumar et al. 2018). Interestingly, the deletion of VPS13A affects lysosomal function, 

which is particularly significant given the recently discovered role of mitochondria in 

regulating lysosomal activity (Muñoz-Braceras et al. 2019). Recent findings suggest that 

physical contacts between endosomes and mitochondria through transient "kiss-and-

run" interactions facilitate mitochondrial steroid hormone synthesis and the formation of 

iron-sulfur clusters by a direct transfer of iron and cholesterol from endosomes to 

mitochondria, a process involving the late endosome protein MLN64 (Charman et al. 

2010; Miller 2013; Das et al. 2016; Hamdi et al. 2016; Braymer and Lill 2017). 

Additionally, lipid transport between organelles is thought to be initiated by VpS13A 

through interactions with Rab7 (Muñoz-Braceras et al. 2019). In turn, genetic alterations 

or chemical inhibition of mitochondrial activity result in impaired lysosomal acidification 

and activity, leading to the accumulation of enlarged endosomal/lysosomal structures 

(Baixauli et al. 2015; Demers-Lamarche et al. 2016). The observed cross-talk suggests 

a robust network of interactions between endosomes and mitochondria.  
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1.6 Characteristics of the cytoplasmic medium and the impact on molecular 

motion. 
 

Molecules and organelles are transported through the cytoplasm through various 

methods; directed transport, advection/flows, active diffusion, and thermal diffusion 

(Figure 1.12A). The cytoplasmic medium is a very crowded and viscoelastic medium 

and due to this viscosity and macromolecular crowding, any movement of a particle 

would rearrange the surrounding fluid. In turn, the motion of the particle is impacted by 

the hydrodynamic properties of said medium. The Reynolds number (Re) is a 

dimensionless quantity used in fluid dynamics to characterize flow regimes. It indicates 

the relative importance of inertial forces compared to viscous forces: 

 

𝑅𝑒 =  
𝑣𝐿𝜌

𝜂 
 

 

Where 𝑣 = flow speed, 𝐿 = linear size scale of object, ρ = fluid density and η = fluid 

viscosity. In a typical animal cell, 𝑣 <  100𝜇𝑚 𝑠−1 and 𝐿 <  100𝜇𝑚 which means the 

Reynolds number of cytoplasm is very low, on the order of 10−2 to 10−4. This describes 

an environment with negligible inertial forces in comparison to viscous forces indicating 

viscous forces and diffusion control transport and mixing processes, enabling careful 

spatial organisation and signalling within cells (Purcell 1977; Happel & Brenner 1983; 

Ganguly et al. 2012; Koslover et al. 2016). In large oocytes like Drosophila, cytoskeletal 

motor proteins can generate significant flows of cytoplasm, or cytoplasmic streaming, 

through viscous drag. Streaming provides bulk circulation to transport molecules rapidly 

through the large oocyte cytoplasm but is most effective at larger scales and cannot as 

easily mix locally. Diffusion and cytoplasmic streaming thus play complementary roles in 

transport and mixing oocytes enabling efficient molecular localization across changing 

oocyte scales; streaming provides rapid bulk transport across large distances, and 

diffusion alone is efficient at small scales but becomes slow over long distances in large 

cells therefore mixing and refining local concentrations (Pickard 2003; Goldstein & van 

de Meent 2015; Drechsler et al. 2017).  
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1997; Mullins et al. 1998; Fletcher & Mullins 2010; Ando et al. 2015). MTs also undergo 

a process called MT sliding which describes the movement of individual filaments 

relative to one another or the entire network relative to the actin mesh. This 

phenomenon is motor-driven and aids in expansion of the network and efficient 

transport into distal or crowded cellular regions between overlapping filaments by 

allowing cargo to avoid obstacles in their path (Kapitein & Hoogenraad 2015; Lu et al. 

2016; Monteith et al. 2016; Guha et al. 2021).  

 

Therefore, the spatial architecture of the cytoskeleton dictates the long-range behaviour 

of motor-driven cargos and efficient and precise sorting into subcellular locations. 

Relevant parameters to consider include the density, polarity and filament length of the 

cytoskeleton in question (Mizuno et al. 2007; Ando et al. 2015; Agrawal et al. 2022). 

Novak et al. (2009) present a computational study examining how the complex 

geometry of intracellular structures like cytoskeletal filaments and organelle membranes 

affects molecular diffusion in the cytoplasm. They model the intricate intracellular 

geometry using a mixture of simple obstacles like rods and disks to mimic actin and ER 

structures, respectively (Figure 1.13). They found that excluded volume alone can 

account for a 4-6-fold reduction in diffusion compared to aqueous rates, and sheet-like 

structures like ER membranes are more efficient barriers than rod-like cytoskeletal 

filaments for a given volume fraction occupied. Larger tracers were found to experience 

more hindrance with diffusion scaling inversely with size while small proteins are 

minimally obstructed. The consequences of SpireB overexpression in oocytes sheds 

light on the intricate dynamics within the cell and aligns with this model. In SpireB-

overexpressing oocytes, the observed absence of st9 streaming and diffusive-like 

dynamics suggests a potential link to the hindrance experienced by molecular diffusion 

(Drechsler et al. 2017). This connection emphasizes the importance of understanding 

how alterations in cytoskeletal dynamics can influence molecular transport within the 

cell. 

 

The relationship between size and susceptibility to hindrance from macromolecular 

crowding has been demonstrated in the cytoplasm of Escherichia coli and in the 
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translational diffusion of microinjected FITC-dextrans and Ficolls in the cytoplasm and 

nucleus of MDCK epithelial cells and Swiss 3T3 fibroblasts (Zimmerman & Trach 1991; 

Seksek et al. 1997). GFP-actin diffusion in living Dictyostelium cells using fluorescence 

correlation spectroscopy (FCS) complements Novak et al.’s computational model. Small 

GFP tracers were found to move ~2-5 times slower in cytoplasm when compared to 

dilute solution, and jasplakinolide-induced actin polymerization similarly reduced 

mobility in both studies, confirming the cytoskeleton's role in hindering diffusion when 

extensively polymerized (Engelke et al.’s 2010). Binding interactions with these 

obstacles can also contribute to hindered diffusion as well as viscosity in areas proximal 

to the imposing structures (Alberts et al. 2002; Novak et al. 2009; Engelke et al. 2010; 

Höfling & Franosch 2012).  

 

 

Figure 1.13. Simulated and in vivo actin filaments and ER taken from Novak (2009) (A) Electron micrograph of actin filaments in a 

keratocyte (B) Long thin cylinders representing cytoskeletal filaments (C) Optical section of ER of the unfertilized sea urchin eggs 

(D) Random three-dimensional disks modelling ER sheets.  
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The motility of Rab5-positive endosomes is complex and influenced by their cellular 

location, involving stops, starts, and variable distances. They primarily move with an 

inward bias but can also move outward and bidirectionally with fast imaging revealing 

approximately half of Rab5-positive endosomes undergo directed motion with an 

average speed of 1 − 2𝜇𝑚 𝑠−1 and a peak observed at 4 − 6𝜇𝑚 𝑠−1 during a 30–50 

second recording (Flores-Rodriguez et al. 2011; Zajac et al. 2013). High-resolution 

imaging shows a subpopulation with confined motion regulated by actin density, while 

the motile group displays dynein-dependent directed movement interspersed with 

diffusive pauses (Zajac et al. 2013). Ballistic motion simulations reveal filament 

arrangements near the nucleus as potential traps increasing transport time mitigated by 

distributing the network over more filaments with shorter length (Ando et al. 2015). 

Mapping the behaviour of lysosomes at microtubule intersections using a combination 

of single-particle tracking and super-resolution microscopy reveals that these 

intersections act as significant hindrances, leading to prolonged pauses in transport 

(Bálint et al. 2013). These obstacles are usually overcome by motor proteins through 

switching to the intersecting MT, maintaining the polarity of motion. The spatial overlap 

of microtubule and actin filaments suggests these factors contribute to interrupting 

directed runs of endosomes with interactions and pauses likely playing functional roles 

in endosomal maturation and sorting. Therefore, the movement of molecules through 

the crowded cytoplasm is a complex, ‘many-body’ issue. Not only are components 

moving in a crowded, heterogeneous space but they also interact with other molecules 

and structures (Figure 1.12B). Understanding the contribution of these elements helps 

establish biophysical principles of how cells regulate mass transport through their 

structural organization and provides fundamental insights into how cell structure and 

organization affect intercellular transport and signalling processes. 
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1.7 Research aims  

 

The primary goal of this study is to comprehensively characterise the mechano-

chemical relationship between actin and microtubule cytoskeletons and the active 

motion of cytoplasmic components within the cell. Specifically, I focus on analysing the 

motion behaviours of Rab7-positive vesicles, predominantly representing late 

endosomes, Rab5-positive vesicles, representing early endosomes, and mitochondria. 

Recognising the link between these populations of organelles as well as the interplay 

between organelle morphology, function, and cytoskeletal force-generation, this 

investigation seeks to elucidate the factors that influence system-environment 

interactions within the Drosophila oocyte. The primary hypothesis of this study posits 

that alterations in organelle morphology and size under conditions of fusion/fission 

mutation, ageing, and cytoskeletal depolymerisation will significantly influence their 

motility. Furthermore, it is hypothesised that these conditions will extend their impact to 

the motility of other organelles in the same cell beyond EEs, LEs and mitochondria, 

specifically vesicles as observed through DIC imaging. This hypothesis stems from the 

intricate interactions between endosomes, mitochondria and the cytoskeletal networks 

described in the previous section. Using a combination of confocal microscopy and 

differential dynamic microscopy, I systematically explore the impact of various 

conditions, including mitochondrial fusion and fission mutations, mitochondrial ageing, 

and the depolymerisation of actin and microtubules, on the morphology, motility, and 

distribution of endosomes and mitochondria in stage 9 oocytes. This stage is chosen 

due to the previously established interplay between the actin and MT cytoskeletons and 

presence in the oocyte prior to the initiation of late oogenesis. Through this exploration, 

I aim to provide additional empirical evidence supporting the intricate mechanochemical 

relationship between cytoskeletal networks and organelle dynamics. This analysis is 

crucial for advancing our understanding of how physical forces govern the observed 

active motion of organelles and influence their function and dynamics. Despite 

encountering challenges, including lack of advanced imaging techniques better suited 

for a study of this nature and issues in the robustness of mutant studies, the data 

presented here offers a sturdy foundation for further, in-depth exploration.  
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Chapter 2: Materials & Methods 

2.1 Fly stocks and genetics. 
 

Over the years, great advancements have been made in regard to genetic tools used to 

spatiotemporally manipulate gene expression in Drosophila but the UAS/Gal4 system 

remains as the workhorse of Drosophila genetics (Southall et al. 2008; Jones 2009; 

Barwell et al. 2017). First developed by Brand & Perrimon (1993), this binary expression 

system uses the yeast protein Gal4 and its upstream activating sequence (UAS). Gal4 

is a transcription activating protein used as a driver of cell-specific transgenes; it binds 

to the cis-regulatory sites of the UAS to drive expression of the gene of interest attached 

to the UAS promoter (Fischer et al. 1988; Brand & Perrimon 1993). To express a 

particular gene, these components are carried in two separate lines, the driver line 

containing Gal4 expressed in a tissue-specific manner and the UAS reporter line which 

contains the gene of interest (Figure 14). Thus, the progeny parental lines will carry the 

‘UAS-gene’ expressed in a pattern according to Gal4 tissue-specificity.  Experimental 

applications of this system include mosaic gene expression for genetic mutant rescue, 

gene overexpression, RNA interference and perturbation of pathways (Brand & 

Perrimon 1993; Osterwalder et al. 2001; Busson & Pret 2007).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic of the Drosophila UAS/Gal4 system. The driver line (left) contains Gal4, the expression of which is controlled 

by a tissue-specific enhancer, and the UAS reporter line (right) contains the gene of interest (gene x).  Gal4 will then bind to UAS 

to activate transcription of gene x. Progeny will carry the UAS-gene expressed in a pattern according to Gal4 tissue-specificity. 
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2.2 Fixed samples.  
 

All oocytes were imaged at st9 and dissected from 1-day old flies. Flies in microtubule 

depolymerisation experiments were dissected at 2 days old as they require overnight 

feeding with colchicine. Oocytes in ageing experiments were dissected at the desired 

age (20, 30 and 40 days).  

 

Manual dissection and fixation of egg chambers. Ovaries were dissected in PBS 

with 0.2% Tween-20 and fixed in 0.5ml of 4% paraformaldehyde (PFA) in PBS/0.2% 

Tween-20 for 20 minutes while rotating. Ovaries are then washed with PBS with 2% 

Tween-20 twice for 5 minutes each while rotating and then mounted in Vectashield 

mounting medium (Vectorlabs). Images were acquired on a Leica SP5 inverted confocal 

microscope, using a 63x/1.3 Oil DIC Plan-Neofluar objective. 

 

Drug treatment for microtubule depolymerisation. 200 𝜇𝑔 𝑚𝑙−1 colchicine was 

diluted in yeast paste and fed to female flies for 16h at 25°C. Dissection and imaging 

was performed as described above. The depolymerisation of microtubules was 

confirmed by scoring those oocytes that displayed a misplaced nucleus, a robust read-

out of microtubule depolymerisation. 

  

2.3 Live imaging of Rab vesicles and mitochondria.  

Ovaries were dissected in a drop of halocarbon oil (Voltalef 10S, VWR) on a glass 

coverslip and single egg chambers were separated using fine tungsten needles. Images 

were acquired on a Leica SP5 inverted confocal microscope, using a 63x/1.3 Oil DIC 

Plan-Neofluar objective. For high-resolution image series, a single plane from the 

middle of the oocyte was imaged at a scan speed of 50 Hz and an image resolution of 

4,096 x 4,096 pixels corresponding to 1 frame/ 5.363sec (0.19 frame/sec) for 50 frames. 

 

For analysis using differential dynamic microscopy (DDM), images were taken at a scan 

speed of 400 Hz and a resolution of 1024 x 512 pixels, corresponding to 1 frame/0.675 

sec (1.48 frame/sec) for a total of 500 frames. The cells were illuminated by 488 nm 
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laser light and emission light was collected simultaneously using a hybrid detector at 

500–550 nm (GFP), a conventional photon multiplier at 560–650 nm (vesicle auto-

fluorescence) and a transmitted light detector with DIC filter set. DIC imaging introduces 

contrast to structures that lack contrast under brightfield microscopy.  

 

2.4 Differential dynamic microscopy.  

Differential dynamic microscopy (DDM) combines principles of dynamic light scattering 

and microscopy to provide information about the movement and interactions of a 

particle in a sample. A series of images are captured over time using bright-field 

microscopy which are then analysed to extract information about the dynamics of the 

particles in question. The “differential” in DDM refers to the process of taking the 

differences between consecutive frames in the image sequence to observe changes in 

particle movements. The dynamic information is provided by analysing the fluctuations 

in intensity and position of particles between frames from which information such as 

diffusion coefficients and velocity distribution can be extracted. Previous attempts in the 

lab to analyse motion of particles using particle image velocimetry (PIV) proved to be 

inadequate. Compared to DDM, PIV has limited temporal resolution and requires single 

particle tracking which can be challenging in dense and crowded environments like the 

cytoplasm. DDM captures high-frequency dynamics with higher temporal resolution 

making it suitable for analysis of rapid movements in cells. The use of the Fourier 

domain in DDM provides spatially resolved information for analysis at different length 

scales therefore offering a more comprehensive picture of dynamic behaviour.   

 

The Fourier domain is an integral part of DDM analysis, mapping spatial information 

from real space to reciprocal space coordinates helping visualise patterns and 

structures in the data. Essentially, when performing a Fourier transform, a signal is 

broken down into its constituting signals obtaining different images containing 

information relating to a specific length scale from small to large (Figure 2.2). In the 

context of this study this involves comparing the pixel intensity in one frame with the 

intensity in the next frame and calculating the correlation function. To analyse the 

spatial frequency of dynamic fluctuations in the images, the Fourier transform of the 
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intensity correlation function is taken yielding a signal power spectrum distributed 

across different frequencies. The peaks of this spectrum correspond to spatial 

frequencies relating to the size and dynamics of the particles with different modes of 

motion, such as advection and diffusion, contributing differently to the spectrum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Fourier transform decomposition. Decomposition of an image into its constituent signals relating to their length scales. 

Each image describes the evolution of a system at these length scales (Image courtesy of Fabio Giavazzi).  

 

In DDM analysis, the intermediate scattering function (ISF) denoted as 𝑓(𝑞, 𝛥𝑡) 

captures the relaxation of density fluctuations with a specific wave vector 𝑞 over a 

defined delay time 𝛥𝑡 (Figure 2.3A). When considering a specific length scale, say 

2𝜇𝑚, the spatial frequencies associated with the dynamics at that scale are analysed. 

The spatial frequency, characterized by the wave vector 𝑞, is integral to Fourier 

transformation, allowing discernment of the rates of change 𝛤 associated with the 2𝜇𝑚 

length scale. Plotting the rate 𝛤 as a function of 𝑞 unveils a spectrum of spatial 

frequencies, providing a nuanced understanding of how different length scales 
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Figure 2.3 Dynamic analysis of vesicle motion: ISF and decorrelation rates as a function of spatial frequency.  (A) Intermediate 

scattering functions (ISF) 𝑓(𝑞, 𝛥𝑡) for different wave vectors 𝑞 in the range 1.8 µm−1 <  𝑞  < 8 µm−1. (B) Decorrelation rates 𝛤1(𝑞) 

(solid black boxes) and 𝛤2(𝑞) (open boxes) from the fit of the ISF plotted against the wave vector 𝑞. 𝛤1(𝑞), which accounts for the 

ballistic contribution to the motion of the vesicles, exhibits a linear scaling 𝛤1(𝑞) =  𝑣𝑣𝑒𝑠𝑞 (dashed line), while 𝛤2(𝑞) which 

describes a diffusive-like relaxation process, is well fitted to a quadratic law 𝛤2(𝑞) = 𝐷𝑣𝑒𝑠𝑞2 (continuous line).   

 

In most of the experiments presented in this work, the effective 𝑞-range roughly 

corresponds to [2, 20] 𝜇𝑚−1. In the direct space, this corresponds to considering density 

fluctuations on length scales approximately between 0.3𝜇𝑚 𝑎𝑛𝑑 3𝜇𝑚. The interplay of 

spatial frequencies, represented by 𝑞,and characteristic rates 𝛤 derived from Fourier 

transformation, unveils a spatially resolved perspective on the dynamic properties of the 

sample. It is worth noting that, when flow is present inside the oocyte, the velocity field 

exhibits some spatial heterogeneity, especially close to the cell edges. For this reason, 

only regions of interest (ROIs) far from these edges were considered, which were 

imaged long enough to guarantee that the average velocity was rather homogeneous 

across the field of view. For a given cell, a single ROI is typically considered of size 

118 𝑥 118𝑝𝑥 (28.38 𝑥 28.38𝜇𝑚) in the anterior part of the cell. 

 

For a more comprehensive description of DDM and its applications please refer to 

Cerbino et al. 2021.  

 

2.5 Manual single-particle tracking.  

The TrackMate plugin on Fiji (ImageJ) was used to track Rab7 and mitochondria 

traveling in a directed and ballistic manner. This involves segmenting objects of interest 

and reconstructing their trajectory over time from the starting frame to, in this study, the 

frame in which the object is no longer visible.  

 

Step 1  

After launching Fiji(ImageJ), open the movie for analysis and select Plugins > Tracking 

> Manual tracking with TrackMate. A panel titled TrackMate on [name of file] will open 

next to your movie.  
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2.7 Analysing distribution of organelles under different experimental conditions.  
 

An intensity-based analysis was conducted to assess changes in the distribution of 

early endosomes, late endosomes, and mitochondria across the different experimental 

conditions. Each grayscale image was initially converted to a binary image using Otsu's 

thresholding method to segment the oocyte. Contours were defined based on a 

manually drawn region of interest (ROI) covering the entire oocyte. 

 

To distinguish between the anterior and posterior regions, the oocyte was divided into 

quadrants using centroid coordinates calculated from the ROI. Morphological operations 

were applied to differentiate between peripheral and central regions using Python (see 

Section 3 of Appendix). Specifically, an erosion operation using a 3x3 kernel shrunk the 

oocyte mask, defining the central region as the area within this eroded mask. All masks 

can be found here.  

 

To establish each oocyte's centroid, intensity-weighted mean coordinates (XM, YM) 

were used, accounting for non-uniform intensity distribution. This method better 

represents the functional centre of organelle distribution, especially in lower resolution 

images where individual organelles are not clearly resolved. The intensity-weighted 

approach gives greater weight to brighter pixels, likely representing genuine signal 

rather than background noise, thus providing a more reliable estimate of organelle 

distribution. The script used analysed average intensity values for central, peripheral, 

anterior, and posterior regions by computing mean pixel values within respective masks 

(Table 2.2). Statistical significance was assessed as described in Section 2.9. The 

following steps outline the image preparation process:  
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Step 4 

Draw horizontal and vertical lines through the centroid point using the Straight line tool 

in the toolbar to divide the oocyte into quadrants clicking Add[t] after drawing 

each line. Use different colours for each ROI for the script to read the separate regions. 

 

 

Step 5 

After selecting Flatten [F] in the ROI Manager to embed the ROIs into the image, save 

the images and execute the script to extract fluorescence intensity data from each 

quadrant (see Section 2 of Appendix).  
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2.8 Enhancing borders of mitochondria.  
 

Fiji (ImageJ)'s "Find Edges" function was used to enhance the visibility of edges and 

boundaries of mitochondria in st9 Drosophila oocytes . The algorithm calculates 

intensity gradients, emphasizing areas of rapid intensity changes and effectively 

highlighting the edges of objects within the image.  

 

To use the "Find Edges" function in Fiji (ImageJ) open the image you want to process 

and select Process > Find Edges. 

 

2.9 Statistical analysis.  
 

To assess the statistical significance of differences in mean velocities and differences in 

distribution of organelles between each dataset, a comprehensive statistical analysis 

was employed using GraphPad Prism (Table 2.3). This analysis aimed to ensure the 

validity of comparisons and provide robust insights into the observed variations.  

 

Normality Tests Before proceeding with parametric statistical tests, normality tests 

were conducted for each group using the Shapiro-Wilk test. This test assesses whether 

the distribution of velocities within each group follows a normal distribution.  

 

Student’s t-Test or Mann-Whitney U test  Given the satisfactory outcomes of the 

normality test, the Student’s t-test was selected to determine whether there is a 

statistically significant difference in mean velocities. This parametric test is appropriate 

for comparing means of two independent groups when normality and equal variances 

assumptions are met. If normality was not met, Mann-Whitney U test is used. By relying 

on ranks rather than raw data values, the Mann-Whitney U test allows for the 

examination of potential differences between groups without relying on parametric 

assumptions also making it suitable for small sample sizes. 

 

The significance level 𝛼 for all tests was set at 0.05. 
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Example of statistical tests and reasonings  

 

𝑣𝑜𝑟𝑔𝑎𝑛𝑒𝑙𝑙𝑒 Shapiro-Wilk p-value Mann-Whitney U p-value 

Rab5 – Rab7  >0.999 – 0.0006 0.8636 

 

Rab5 p-value is greater than 0.05, indicating that we do not have strong evidence to 

reject the assumption of normality for this group while Rab7 p-value is lower than 0.05 

indicating we have strong evidence to reject the assumption of normality for this group.  

 

The Mann-Whitney U test was chosen due to the observed deviation from normality in 

the Rab7 dataset as indicated by the Shapiro-Wilk test (𝑝 <  0.05) and the large 

discrepancy in sample size (𝑛𝑅𝑎𝑏5 = 3, 𝑛𝑅𝑎𝑏7 = 9). 

 

With this p-value we fail to reject the null hypothesis; there is not enough statistical 

evidence to support the hypothesis of a significant difference between Rab5 and Rab7 

velocity in the oocyte. 
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Key 

 - Mann-Whitney U test, 𝒗 – velocity (nm s-1), 𝑫 – diffusion coefficient (x 10-3 μm2 s-1), Marf1 -  w; P{UAS-Marf-RNAi} (GD40478), 

Marf2 - w; P{UAS-Marf-RNAi (III)} , Drp11 - w; P{UAS-Drp1[WT]}/TM6B, Drp12 - Drp1[T26],cn [1],bw[1], speck [1]/ In(2LR) Gla, wg [Gla-1], 

YFP::[…]spir – control , YFP::[…]nosgal4 – control  
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general vesicle dynamics in the oocyte without specific details about their nature 

(Drechsler et al. 2017). Integrating both DIC imaging with analysis of the motion of YFP-

tagged organelles offers a more comprehensive understanding of organelle dynamics 

and how they may differ between populations, as well as validation of the imaging and 

analysis techniques used.  

 

DIC vesicles were imaged and analysed in tandem with YFP-tagged Rab7 vesicles and 

mitochondria and results are summarised in Table 3.2. The higher advection rate of DIC 

vesicles compared to both mitochondria and Rab7 vesicles suggests a subset of faster 

moving vesicles within the general DIC vesicle population and the lower diffusion rate 

implies less pronounced random motion in comparison to the two organelles. The larger 

standard deviations for both velocity and diffusivity of DIC vesicles indicates greater 

variability in type of motion between detected vesicles compared to Rab7 vesicles and 

mitochondria, expected from the nonspecific nature of DIC imaging. Statistical analyses 

revealed non-significant differences in advection rates between mitochondria and DIC 

vesicles in the same oocyte but marginally significant differences in diffusion rates same 

as DIC vesicles and Rab7 vesicles (Table 2.2). Both observed and statistical findings 

suggest nuanced variations in the motion characteristics of organelles and DIC-detected 

vesicles, particularly regarding diffusive behaviour. Since DIC microscopy provides a 

broad and nonspecific view of various cellular components, the observed variability in 

motion is likely due to a composite of different structures with varying motion 

behaviours.  
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3.3 Analysis of individual Rab7 vesicles and mitochondria moving in directed and 

ballistic manner suggests transport as cargo on motors. 
 

When examining the motion of Rab7 vesicles within the oocyte, distinct types of motion 

were observed among differently sized vesicles. Notably, small, spot-like vesicles 

exhibited ballistic and directed motion, deviating from typical advection (Figure 3.1A, 

white arrows; Timelapse 4). In contrast, larger Rab7-positive vesicles displayed a 

slower, large-scale mode of motion (Figure 3.1A, yellow arrows; Timelapse 5). 

Classification of vesicles based on size revealed two predominant groups: group (1) 

'small' vesicles (250 − 300𝑛𝑚; white arrows in Figure 3.1A) showcasing strongly 

directed and persistent motion, and group (2) 'large' or 'donut-like' vesicles (0.5 −

2.5 𝜇𝑚; yellow arrows in Figure 3.1A) moving predominantly in an advective manner.   

 

Single-particle tracking using the TrackMate plugin on Fiji (ImageJ) for group 1 Rab7 

vesicles yielded a mean velocity of 400 − 420𝑛𝑚 𝑠−1, close to the established average 

of 340 ±  8 𝑛𝑚 𝑠−1 for kinesin in the oocyte (Figure 3.1B, coloured lines; Loiseau et al. 

2010). In addition to advective and diffusive motion, mitochondria of similar size range 

also exhibited cargo-like motion, featuring directional and ballistic movement akin to the 

motion of group 1 Rab7 vesicles. The mean particle velocity of mitochondria moving in 

this manner fell slightly below the mentioned average velocity of kinesin, while individual 

measurements of ballistic velocities reached 370 − 420𝑛𝑚 𝑠−1. A comparison of ballistic 

mitochondrial motion with the motion of group 1 Rab7 vesicles demonstrated a 

significant reduction in velocity (Table 2.2; 216 ±  99 𝑛𝑚 𝑠−1  𝑣𝑠  416 ±  149 𝑛𝑚 𝑠−1). 

This discrepancy may be attributed to the small sample size for mitochondria compared 

to group 1 Rab7 vesicles (𝑛𝑚𝑖𝑡𝑜 = 19, 𝑛𝑅𝑎𝑏7 = 63) due to the lower observed frequency 

of these events along with image resolution constraints. Additionally, as discussed in 

Section 1.5, motor-based mitochondrial movement is highly responsive to changes in 

the local environment (nitric oxide and calcium levels and ADP concentration) and the 

cell’s energy requirements in comparison to Rab7 vesicles. It is thus possible that 

mitochondria experience more pauses and redirection that takes them out of the field of 

view in 2D imaging. 
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Changes in this type of directed motion, as well as large-scale flow, of endosomes and 

mitochondria would therefore be expected upon mutating kinesin. To test this, organelle 

motion was analysed in oocytes mutant for kinesin using a kinesin heavy chain RNAi 

(KhcRNAi) driven by nos-Gal4. The heavy chain confers kinesin’s motor capability thus 

mutating it will impact its ability to translocate on MT filaments but not its cargo binding. 

Unfortunately, the experimental protocol for imaging mitochondria motion in kinesin 

mutants proved nonviable. Imaging and analysis of Rab7 motion was more successful 

although not without its own challenges. The first of these challenges was several 

rounds of inconsistent phenotypes despite all other variables remaining unchanged.  

 

When flies were left to develop at room temperature (20ºC), oocytes demonstrated a 

weak and inconsistent phenotype (approximately 3/10 oocytes in viable mutants; 30% 

penetrance) when flies were left to develop at room temperature (20ºC; Figure 3.2B). 

Given that nos-Gal4 is a temperature sensitive driver, the effects of manipulating 

temperature were investigated. By immersing the fly vials in a water bath for 20h at 

28ºC prior to dissection and imaging, oocytes demonstrated more prominent and 

consistent changes in Rab7 distribution and morphology (60% penetrance). These 

conditions resulted in a decrease in group 2 ‘large’ vesicles and aberrant clustering 

towards the centre of the oocyte although vesicles are persistently present along the 

cortex (Figure 3.2C). Neither advective nor diffusive motion was observed in these 

oocytes which can be largely attributed to the lack of kinesin-generated flows. DIC 

vesicles in the same oocytes demonstrated similar motion behaviour and change in size 

although their distribution was concentrated at the posterior of the oocyte in contrast to 

Rab7 vesicles (Figure 3.2C’). Accurately measuring changes in DIC vesicle diameter 

presented a challenge throughout this study as it was very difficult to discern the 

membranes of individual vesicles due to low resolution and crowding. To overcome this 

limitation in future investigations, the implementation of super-resolution microscopy 

and machine-learning segmentation tools could provide enhanced spatial resolution and 

more accurate measurements of vesicle morphology. 

 





 

84 

background developed at 25ºC. There is a distinct lack of large vesicles in this condition and a ‘cloud’ of YFP concentrated at the 

posterior of the oocyte which may be an accumulation of stationary Rab7 vesicles (white arrowhead). (B’) DIC vesicles in the same 

oocyte. Vesicles here do not display abnormal distribution but there is an observable reduction in size when compared to vesicles 

in A’. (C) YFP-tagged Rab7 vesicles in KhcRNAi background developed at 28ºC. Here we see a drastic difference in vesicle distribution 

and size. Small endosomes are concentrated along the cortex (white arrowheads) and in a small area in the middle of the oocyte  

towards the anterior (yellow arrowhead). No group 2 Rab7 vesicles are visible. (C’) DIC vesicles in the same oocyte. In addition to 

vesicles being concentrated along the cortex, vesicles accumulate at the posterior and are absent in the centre and towards the 

anterior of the oocyte (white arrowhead). Scale bar represents 20μm. 

 

3.4 Distribution and morphology of early endosomes, late endosomes, and 

mitochondria in st9 Drosophila oocytes and age-related morphological changes of 

the mitochondrial network.  

  

In st9 Drosophila oocytes, distinct patterns emerge in the distribution of Rab5 and Rab7 

vesicles. More specifically, Rab5 vesicles are notably concentrated near the cortex 

(Figure 3.3A, white arrowheads) whereas Rab7 vesicles display a more dispersed 

distribution throughout the cytoplasm, with a pronounced density along the posterior 

cortex (Figure 3.3B). Additionally, Rab7 vesicles have a significantly larger average 

diameter of 0.923 ±  0.42 𝜇𝑚 compared to 0.482 ±  0.12 𝜇𝑚 for Rab5 vesicles. Relative 

fluorescence intensity analysis revealed a 55% higher central intensity in Rab7 

compared to Rab5 with differences approaching significance, along with a 32% higher 

peripheral intensity (𝑝 =  0.0545 and 𝑝 =  0.157, respectively). The central versus 

peripheral intensity for Rab7 vesicles differed by 8%, whereas for Rab5, this difference 

was 32% suggesting notable trends that warrant further investigation despite the lack of 

statistical significance (Table 3.3). 

 

As discussed in Section 1.3, at this stage in oogenesis, MT plus-end orientation exhibits 

a global posterior bias. Accordingly, the concentration of Rab7 at the posterior of the 

oocyte may be due to transport as cargo on kinesin and the viscous drag created by 

kinesin translocation towards the MT plus-ends. Rab5 is associated with early 

endosomes moving from the membrane into the oocyte and is involved in cortical actin 

remodelling during endocytosis which may explain the concentration of Rab5 vesicles 
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interconnected tubular clusters (Figure 3.4B-C’). An attempt was made to quantitatively 

compare the lengths of mitochondria in these two distinct groups but the low resolution 

of captured images made it difficult to accurately discern the membrane from 

background noise. As discussed in Section 1.5, mitochondrial dynamics are regulated 

by factors beyond motor proteins. These include energetic demands, stress levels, 

calcium concentration, and others, collectively maintaining the delicate balance of fusion 

and fission. Impairment of fusion and fission machinery or changes in the balance, 

whether directly through mutations or indirectly as a stress response, results in aberrant 

mitochondrial morphology, impacting distribution and motility. One factor that initiates 

the mitochondrial stress-response and alters morphology and motility of the network is 

ageing.  

 

 

Figure 3.4. Variable morphology of the mitochondrial network in wildtype st9 oocytes. (A) YFP-tagged mitochondria in st9 oocytes. 

A closer look at the different morphologies displayed by mitochondria in the same cell. Scale bar represents 20μm. (B) Magnified 

image of mitochondria with interconnected tubular mitochondria. (B’) Enhanced edges of mitochondria with filamentous 

morphology using the Fiji (ImageJ) “Find Edges” function. (C) Magnified image of punctate mitochondria. Scale bar represents 

10μm.  (C’) Enhanced edges of punctate mitochondria using the Fiji (ImageJ) “Find Edges” function.  
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To investigate the morphological impact of ageing and the subsequent effects on 

motility discussed in the following section, flies were aged for 20, 30, and 40 days and 

oocytes imaged for mitochondria (𝑛 = 9). Mitochondria in oocytes at 1 and 20 days old 

display comparable morphology (Figure 3.5A-B). At 30 days, which is approximately 

half the average lifespan of Drosophila, filamentous aggregates begin to accumulate in 

the middle of the oocyte and towards the cortex (Figure 3.5C, yellow arrowheads) and 

are depleted near the posterior region of the oocyte (Figure 3.5C, white arrowheads). In 

40-day old oocytes, this phenotype appears more severe in the posterior with larger 

regions seemingly void of mitochondria and an increase in number and size of the 

filamentous aggregates (Figure 3.5D, white arrowheads). Nevertheless, fluorescence 

intensity analysis revealed only a 5% difference in intensity at the posterior between 

control and 30-day-old oocytes. Comparatively, 30-day-old samples exhibited a 30% 

higher intensity centrally, although this difference did not reach statistical significance 

(𝑝 =  0.340). Surprisingly, a 16% decrease in intensity at the posterior was observed in 

40-day-old oocytes compared to controls likely impacted by the difference in image 

resolution between the two (𝑝 =  0.120), with the latter showing a 10% lower intensity 

compared to 30-day-old (𝑝 =  0.643; Table 3.4). These phenotypic aberrations are 

concomitant with changes in motility of mitochondria, suggesting a strong link between 

morphology and motility, and, subsequently, distribution of the organelle. DIC imaging 

was employed in conjunction with fluorescent imaging in all following experiments to 

investigate whether alterations in experimental conditions exerted broader effects on the 

overall cytoplasmic content or if the observed impacts were confined solely to 

mitochondria. 
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periods between 1-day and 20-day, as well as 20-day and 30-day, may involve subtle 

adjustments in mitochondrial motion undetected at this imaging resolution.  

 

In the investigation of DIC vesicle dynamics across different ageing conditions, several 

noteworthy patterns emerge. When comparing DIC vesicles at 1-day with 20-day, 

significant differences are observed in advection and no significant differences in 

diffusion rates, indicating some variation in motion behaviour during this ageing period. 

When comparing DIC vesicles at 1-day and 30-day, no significant differences are found 

in advection or diffusion rates while DIC vesicles at 1-day and 40-day note significant 

differences in both advection and diffusion rates, highlighting substantial changes in 

motion behaviour during this ageing period in line with the changes in mitochondrial 

motion behaviour. When comparing mitochondria and DIC vesicle velocity and diffusion 

in the same aged oocyte, no significant differences were noted except for marginal 

statistically significant differences in diffusion rates at 1-, 30- and 40-day (Table 2.2). 

This statistical analysis suggests some variations in the way ageing impacts the motion 

behaviours of these populations in the same cell.  

 

The qualitative observation of mitochondrial hyperfusion in aged oocytes coupled with 

results showing a decrease in mitochondrial and DIC vesicle motility over time suggests 

a compelling relationship between organelle size and dynamics and their motility within 

the cell. The observed hyperfusion, characterized by the fusion of individual 

mitochondria into larger interconnected networks, suggests larger and more 

interconnected mitochondria may experience a decrease in their ability to navigate 

through the cellular environment. This subsequently creates hindrance for other 

organelles significantly affecting their motility within the oocyte cytoplasm and 

interactions with other cellular structures. To explore the intricate interplay between 

mitochondrial dynamics, size, and motility further, the balance of fusion and fission 

processes was manipulated to uncover potential causative relationships. 
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3.6 Perturbing the balance of mitochondrial fusion and fission using Marf 

and Drp1 mutants affects morphology and distribution of mitochondria in 

st9 Drosophila oocytes. 
 

As we observed in wildtype st9 oocytes, mitochondrial morphology ranges from separate 

punctate structures to longer filamentous networks (Figure 3.4). This variability is 

attributed to mitochondrial dynamics involving processes of fusion and fission. The aim 

of this experiment is to investigate the relationship between mitochondrial dynamics and 

distribution and the subsequent effect on motility when these dynamics are altered. 

Mitochondrial fusion was interrupted using two Marf RNAi’s (UASMarfRNAiGD40478; nos-

Gal4.YFP::Mito and UASMarfRNAiGuo; nos-Gal4. YFP::Mito) to enhance the reliability and 

generalisability of the observed outcomes particularly due to the inconsistent results 

obtained when originally solely using UASMarfRNAiGD40478; nos-Gal4.YFP::Mito. A loss 

of function Drp1 mutant (Drp1[T26])  allele was used as severe reductions in Drp1 lead to 

lethality. The presence of nos-Gal4 has been noted to have an impact on cytoplasmic 

flows in the absence of any mutation therefore the experimental control is nos-

Gal4.YFP::Mito rather than YFP::Mito (Drechsler et al. 2017).  

  

In conditions where fusion was interrupted in UASMarfRNAiGD40478; nos-Gal4 and 

UASMarfRNAiGuo; nos-Gal4, the mitochondrial network in mutants appear more 

fragmented and punctate compared to controls (𝑛𝐺𝐷 = 6, 𝑛𝐺𝑢𝑜 = 5; Figure 3.6A’&D’). 

Similarly, in the upregulated fission conditions of UASDrp1[WT];nos-Gal4 mutant 

oocytes, mitochondria appear more fragmented than wildtype controls and both 

interrupted fusion mutants (𝑛 = 8; Figure 3.6B’) . With fission processes interrupted, 

mutant oocytes heterozygous for the Drp1[T26] loss of function allele display a more 

dramatic phenotypic change and are less evenly distributed when compared to wildtype 

(𝑛 = 10). Filamentous mitochondria in these mutants located near the anterior cortex 

appear thicker (Figure 3.6C’, white arrowheads) than controls while the bulk of the 

cytoplasm contains globular organelle structures (Figure 3.6C’). The distribution 

analysis results indicate a general decrease in mitochondrial intensity across the oocyte 

when comparing controls to mutant conditions (Table 3.6). Specifically, changes in 
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between diffusion rates (Timelapse 14). Notably, the loss of function fission allele 

Drp1[T26]/+ demonstrates a significant decrease in both advection and diffusion (Timelapse 

15). These findings suggest that manipulating the balance of fusion and fission events 

has distinct effects on mitochondrial motility, with the loss of function fission mutation 

showing the most pronounced alterations in both directed and random motion when 

compared to controls. The comparison of advective and diffusive rates between the two 

down-regulated fusion mutations reveals no statistically significant differences in motion. 

These consistent decreases in both advective and diffusive motion across the two 

mutations suggest that downregulation of fusion events results in impairment of 

mitochondrial mobility within the cell. The statistical comparison between the mutations 

further supports the notion that the observed effects are consistent and likely related to 

the downregulated fusion events.  

 

The advection rates for DIC vesicles in mitochondria mutants did not show significant 

differences compared to the control, suggesting that the manipulations in mitochondrial 

fusion and fission did not have a substantial impact on the advection of these vesicles 

(Table 2.2). In contrast, diffusion rates of DIC vesicles in UASMarfRNAiGD40478 and both 

Drp1 mutants displayed a significant decrease when compared to controls, suggesting 

that alterations in mitochondrial fusion and fission events may influence the diffusive 

behaviour of these vesicles. While advection remains relatively unchanged, significant 

differences in diffusion rates indicate that manipulating mitochondrial fusion and fission 

events can impact the random motion of DIC vesicles in the oocyte. The dynamic 

interaction between endosomes and mitochondria described in Section 1.5  plays a 

crucial role in shaping mitochondrial function and morphology. Although difficult to 

quantify under these imaging conditions, DIC vesicle morphology appears altered in 

mutants compared to controls in line with previous data demonstrating changes in 

endosomal size when mitochondrial function is altered (Timelapse 11 vs Timelapse 12 & 

Timelapse 13). Endosomes, as central hubs for intracellular trafficking, are intricately 

involved in the transport and delivery of proteins and lipids to mitochondria. Given that 

DIC vesicles comprise vesicles originating from endosomes, the observed changes in the 

motion patterns in mitochondria fusion and fission mutants may, in part, be attributed to 
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alterations in the processes involving endosomes, impacting the coordinated exchange 

of cellular cargo. The observed changes underscore the complexity of the interconnected 

pathways of mitochondrial dynamics and their intricate association with endosomes in the 

Drosophila oocyte.  

 

As these changes in the motion characteristics of DIC vesicles hint at disruptions in the 

interplay between endosomes and mitochondria, perturbing the cytoskeletal network 

demonstrates how alterations in cellular infrastructure impact the intricate orchestration 

of organelle motion, contributing to the understanding of their collaborative interactions. 

 

3.8 Depolymerising microtubules and the actin mesh affects the distribution and 

morphology of late endosomes and mitochondria in st9 Drosophila oocyte. 

 

Due to the critical roles of the cytoskeletal network in endosome maturation, 

manipulating MT and actin cytoskeletons has a profound impact on the morphology and 

distribution of late endosomes in the oocyte. The absence of the actin mesh alters the 

distribution and morphology of Rab7 and DIC vesicles, resulting in large regions of the 

cytosol devoid of vesicles and aberrant accumulations at the anterior and posterior 

corners (𝑛 = 10). Additionally, there is a reduction in group 2 Rab7 vesicles quantified 

using the selection process described in Section 2.6  (𝑛𝑛𝑜 𝑎𝑐𝑡𝑖𝑛 = 6 vs 𝑛𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 30; 

Figure 3.7B-B’). In the absence of MTs, both Rab7 and DIC vesicles are significantly 

affected, with the formation of large cloudy aggregates throughout the oocyte and 

warping of the anterior membrane (𝑛 = 4; Figure 3.7C-C’, white arrowheads). Under no 

actin and no MT conditions, Rab7 vesicle borders become indistinct, forming merged 

clusters around the posterior pole, while DIC vesicles in the same oocyte appear 

predominantly smaller than those in the control and no actin conditions, with irregular 

and aberrant clustering observed across different oocytes (𝑛 = 7; Figure 3.7D-D’, white 

arrowheads and yellow circles, respectively).  
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predominantly in one area near the posterior (yellow arrowhead) unlike the other conditions where DIC vesicles are found both 

posteriorly and anteriorly despite changes in distribution. Scale bar represents 30μm. 

 

Similarly, mitochondria exhibit alterations in morphology and distribution upon 

manipulation of the actin and MT cytoskeletons. In wildtype oocytes, mitochondria 

display variable morphologies, including punctate and tubular structures, or filamentous 

networks as seen in Figure 3.4. In the absence of the actin mesh, mitochondria form 

distinct aggregates across the cytoplasm, accompanied by changes in size and 

distribution of DIC vesicles, which appear absent from the very posterior pole (𝑛 = 8; 

Figure 3.8B-B’, yellow circles and white arrowheads, respectively). MT depolymerization 

leads to perinuclear clustering of mitochondria and the formation of filamentous 

networks near the cortex and posterior tip while DIC vesicles in the same conditions are 

largely absent perinuclearly (𝑛 = 4; Figure 3.8C-C’, yellow and white arrowheads, 

respectively). In the absence of both cytoskeletal networks, mitochondria exhibit a 

largely branched morphology, clustered near the nucleus and cortex, while DIC vesicles 

in the same oocyte are sparser in the bulk of the cytosol, aggregating along the cortex 

(𝑛 = 2; Figure 3.8D-D’, yellow and white arrowheads, respectively). Unfortunately, 

analysing DIC distribution proved to be difficult due to image parameters but in 

examining the distribution of mitochondria in oocytes with compromised cytoskeletal 

networks, the central distribution in control oocytes was 8% lower compared to 

conditions lacking actin (𝑝 = 0.756). Conversely, when compared to conditions lacking 

microtubules, the central distribution was 14% higher in control oocytes (𝑝 = 0.566. 

Notably, control oocytes exhibited a 32% higher central distribution of mitochondria 

compared to conditions lacking both actin and microtubules (𝑝 = 0.135). Regarding 

peripheral distribution, control oocytes showed a 2% lower intensity compared to 

conditions lacking actin (𝑝 = 0.883), and a 12-15% higher intensity compared to 

conditions lacking microtubules and both cytoskeletal components (𝑝 = 0.116, 0.426; 

Table 3.7). Although not reaching statistical significance, these observed differences 

suggest complex interactions between mitochondrial distribution and the cytoskeleton, 

warranting further investigation. 
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microtubules, flies were subjected to an overnight treatment with colchicine, a 

microtubule-depolymerizing drug, and oocytes with a displaced nucleus, a readout for 

microtubule depolymerization, were imaged. For the condition lacking both actin and 

microtubules, spire mutant flies were fed colchicine in the same manner. The results are 

summarised in Table 3.5. 

 

In comparison to the control group, the absence of the actin cytoskeleton significantly 

increases advection and decreases diffusion of Rab7 vesicles and mitochondria (Table 

2.2; Timelapse 16; Timelapse 17). The absence of the microtubule cytoskeleton leads to 

statistically significant decreases in advection for mitochondria. For Rab7 vesicles, the 

rate of advection decreases slightly and there were no significant changes in the rate of 

diffusion for either organelle (Timelapse 18; Timelapse 19). The absence of both actin 

and microtubule cytoskeletons results in minimal advection and diffusion for mitochondria 

compared to control (Timelapse 20). It is challenging to definitively attribute this reduction 

in detectable motion observed in the absence of both cytoskeletons to the to the effects 

of cytoskeletal perturbation due to challenge associated with obtaining high-resolution 

timelapse images for accurate analysis. Additionally, the low sample size for this condition 

(𝑛 = 2) further warrants for future investigations with larger sample sizes and refined 

imaging techniques. Under the same conditions, Rab7 vesicles demonstrated an increase 

in both advection and diffusion in the absence of both cytoskeletons compared to the 

control. The elevated Rab7 motion detected in oocytes lacking both actin and microtubule 

cytoskeletons is most likely attributed to the excessive noise present in the time-lapse 

imaging sequences (Timelapse 20). Despite DDM being designed to amplify the signal-

to-noise ratio, certain noise components persisted in the denoised images. Thus, the 

heightened noise levels could contribute to the observed higher values of advection and 

diffusion in the mutant group, potentially confounding the interpretation of motion 

changes. Additionally, the movement of DIC vesicles mirrored the patterns observed for 

both mitochondria and Rab7 vesicles across all experimental conditions, exhibiting no 

significant differences except for the increased diffusion of DIC vesicles in YFP::Mito 

oocytes lacking actin.  
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Chapter 4: Discussion 
 

4.1 Dynamic variations in distribution, advection and diffusion rates among 

organelle populations in Drosophila oocytes and implications of fluorescent 

tagging on Rab7. 
 

The comparison of Con-DDM motion data for early endosomes, late endosomes and 

mitochondria analysis highlights variations in advection and diffusion rates among the 

three organelle populations (Table 3.1). The data reveals that Rab5 vesicles 

representing EEs exhibit the highest and most consistent advective motion, while Rab7 

vesicles predominantly representing LEs show a lower and more variable advection rate 

across oocytes. LEs demonstrate the highest diffusion rates with considerable 

heterogeneity while EEs show lower and more uniform diffusion rates in comparison. 

Additionally, Rab5 vesicles, which showed a concentrated distribution near the cortex 

where actin accumulates, while Rab7 vesicles display a more widespread distribution 

throughout the cytoplasm most likely interacting more with MTs, in line with their 

function in the endocytic pathway.   

 

By studying these distribution patterns and their correlation with cytoskeletal elements, 

we can gain insights into how Rab5 and Rab7 vesicles utilize different cytoskeletal 

networks for force generation, movement, and spatial organization within the cell. This 

understanding is crucial for unravelling the mechanisms underlying organelle dynamics 

and their contributions to cellular function and organisation. Mitochondria display a 

substantial advection rate with greater variability than EEs and  lower diffusion rates 

than LEs. Mitochondria are large organelles that need to move at rapid rates over 

longer distances in the cell in response to physiological and environmental signals and 

require other proteins for anchoring and docking resulting in slower accumulation, 

mixing and temporal response of organelles. This makes diffusion an inefficient mode of 

transport. Thus, advective forces and motor-driven transport are the predominant and 

more efficient type of motion for the rapid localisation of mitochondria to distal sites in 

large cells.  
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Additionally, most Rab7 vesicles in this study were characterised by a significantly 

larger size compared to Rab5 vesicles, showcasing a two-fold increase in diameter 

(Figure 3.3; 0.923 ±  0.42 𝜇𝑚 vs. 0.482 ±  0.12 𝜇𝑚). This size difference is consistent 

with the general trend observed in LEs, which tend to be larger than early endosomes 

due to the high number of ILVs, exceeding 30 compared to 1-8 in EEs (Huotari & 

Helenius, 2011). Under the hypothesis that size affects the speed and type of motion 

undergone by an organelle and considering the parameters that influence the motion of 

an object in a crowded environment like the oocyte cytoplasm, it is expected that the 

larger the vesicle, the more susceptible it will be to hindrance from cytoskeletal 

structures leading to lower rates of diffusion, and thus the more reliant it will be on large-

scale cytoplasmic flows and cargo transport. These results therefore are contrary to the 

initially hypothesised relationship between organelle size and motion characteristics.  

 

Comparing YFP::Rab7 oocytes to other control groups presents differences in motion 

behaviour and morphology of DIC vesicles. DIC vesicles in GFP::UTRN, w- and 

YFP::Mito oocytes demonstrate similar morphology and size, averaging at 0.23𝜇𝑚, 

0.19𝜇𝑚, 0.30𝜇𝑚 respectively (𝑛 = 12) while the average diameter of DIC vesicles in 

YFP::Rab7 oocytes is 0.51𝜇𝑚 (𝑛 = 16)  (Figure 4.1; yellow arrowheads). The motion 

behaviour of DIC vesicles in these groups, particularly advection, is summarised in 

Table 4.1. The dramatic reduction in velocity suggests that the fluorescent tagging of 

Rab7 may be adversely affecting the motility of Rab7-positive vesicles and interacting 

organelles.  
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consistent image acquisition combined with machine learning algorithms for automated 

segmentation and quantification techniques like radial profiling would enhance the 

analysis. CellProfiler and Ilastik are two powerful tools that can significantly improve this 

process. Despite these issues, this method effectively identifies gross changes in 

distribution patterns, particularly when dealing with low-resolution images and datasets 

with varying parameters. It also allows for easier normalization between different 

images. 

 

4.2 Impact of ageing and disrupting the fusion-fission equilibrium on 

mitochondrial motion and organelle distribution. 
 

In aged oocytes, the mitochondrial network adopted a hyperfused appearance. The 

enlargement of mitochondria has also been observed in aged Drosophila and mouse 

muscle cells where longitudinal sections of aged mouse skeletal muscles using TEM 

shows a dramatic increase in average area, perimeter and Feret’s diameter of 

mitochondria (Leduc-Gaudet et al. 2015; Chalmers et al. 2016; Chen et al. 2020). In rat 

cerebral resistance arteries, fewer mitochondria in aged myocytes are observed to 

undergo any type of motion compared to mitochondria in young myocytes, which exhibit 

both directed and diffusive motility (Chalmers et al. 2016). Thus, the hyperfused 

phenotype and motion data in the aged conditions of this study suggest that the 

decrease in motility is partially due to increase in size of the network and likely its 

susceptibility to steric hindrance. This is likely due to a change in the balance of fusion 

and fission, a characteristic identified in aged rat myocytes where the elevation in the 

Mfn2 to Drp1 ratio suggests an increase in fusion and/or a decrease in fission (Leduc-

Gaudet et al. 2015). Additionally, the substantial decrease in motion behaviour of DIC 

vesicles during the 1 to 40 day ageing period is in line with the changes in mitochondrial 

motion behaviour. This similarity is also noted in the significant decrease in DIC vesicle 

diffusion rates in fusion and fission mutants compared to controls. These results are in 

line with the research discussed in Section 1.5, where alterations in mitochondrial 

activity in mouse T-lymphocytes result in impaired endolysosomal dynamics and 

morphology (Baixauli et al. 2015; Demers-Lamarche et al. 2016).  Additionally,  

hyperfused network can have the same impact on motility as an overexpressed 
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cytoskeletal network by increasing tortuosity and steric hindrance. Combined with the 

observed changes in distribution between anterior and posterior regions of the oocyte 

as the oocytes ages, this data underscores the intricate relationship between 

mitochondrial dynamics and functional adaptability in the oocyte and its impact on 

endosomal motility. 

 

An intriguing avenue for further exploration is to investigate the influence of ageing on 

the oocyte cytoskeleton. Previous studies have documented gradual changes in the 

expression levels of cytoskeletal filaments in ageing cells. For example, an increase in 

F-actin has been observed in ageing Drosophila brains and dermal fibroblasts. Notably, 

reducing F-actin levels in ageing Drosophila neurons has been shown to decelerate 

brain ageing and enhance health span in an autophagy-dependent manner (Schmid et 

al. 2023). Additionally, studies have reported the overexpression of MTs in ageing 

sensory axons in human skin (Schulze et al. 2012; Metzner et al. 2022). Investigations 

on human cells have indicated that the cytoskeleton undergoes age-dependent 

stiffening in human epithelial cells, fibroblasts, and cardiomyocytes, contributing to the 

mechanical rigidity of cells (Lieber et al. 2004; Berdyevva et al. 2005; Dulińska-Molak et 

al. 2014). Consequently, the distinctive alterations in the mechanical characteristics of 

aging cells likely lead to deficiencies in mechanosensation and mechanotransduction. 

Parameters such as density, polarity, and filament length of the cytoskeleton, as 

highlighted in Section 1.6, contribute to cellular dynamics and motility (Mizuno et al. 

2007; Ando et al. 2015; Agrawal et al. 2022). Given the significant changes in the 

motion behaviour of organelles observed in conditions with altered cytoskeletal 

networks in this study, both the spatial architecture and functionality of the cytoskeleton 

are relevant to the motion of cytoplasmic components. 

 

The opposing processes of mitochondrial fusion and fission are continuous and must 

remain in balance to maintain a healthy and homogenous population of organelles for 

cellular function and survival. In this study, interruption of fusion and upregulation of 

fission lead to a more fragmented network, while a fission loss-of-function mutation 

resulted in the formation of globular organelle structures in the cytoplasm (Figure 3.6). 
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In instances of downregulated fusion and upregulated fission, both advective and 

diffusive motion of mitochondria significantly decrease though based on the relationship 

between size and motion behaviour as well as previous research discussed in Section 

1.5 demonstrating an increase of Brownian-like motion in fusion mutant MEFs and 

U2OS cells, diffusive motion of mitochondria would be expected to increase (Table 3.4; 

Chen et al. 2003; Ishihara et al. 2009; Chen & Chan 2009). Combined with the changes 

in distribution, these results suggest that the disruption of the fusion and fission events 

is the dominant influence on the mobility of mitochondria likely through alterations in 

interactions with fusion-fission associated proteins and organelles.  

 

In addition to fission, Drp1 plays a role in mitophagy and apoptosis (Kageyama et al. 

2014; Tong et al. 2020). Thus, the clearance of unhealthy organelles may be disrupted 

in Drp1 mutants, resulting in the accumulation of abnormal mitochondria. Additionally, 

based on the literature discussed in Section 1.5, the lack of Drp1 in the oocytes may 

impact ER-mitochondrial interactions which aids in maintain the balance of fusion-

fission. In the context of hereditary spastic paraplegia (HSP) subtype SPG61, 

characterized by mutations in the ER-shaping protein Arl6IP1, knockdown of Arl6IP1 

leads to decreased Drp1 levels leading to impaired ER–mitochondrial contacts and 

compromised mitochondrial load in the distal ends of long motor neurons. Restoring 

mitochondrial fission through the overexpression of wild-type Drp1 enhances ER–

mitochondrial contacts, re-establishing mitochondrial load within axons, and partially 

mitigating locomotor defects (Fowler et al. 2020). Marf is also required for the transport 

of mitochondria on MTs through the binding of the adaptor proteins Miro and Milton as 

is observed in axons of cultured dorsal root ganglion neurons and cerebellar dendrites 

of Purkinje cells (Chen et al. 2007; Misko et al. 2010; Sandoval et al. 2014). A loss of 

mitochondrial membrane potential in Mfn1/2 mutant mouse embryos provides further 

insight into the factors that affect mitochondria motion behaviour and understanding the 

factor influencing motion characteristics (Chen et al. 2003; Filadi et al. 2018). Although 

both Drp1 and Marf loss impair mitochondrial trafficking, a detailed comparison of the 

phenotypes linked to the loss of Drosophila Drp1 or Marf would be valuable, as their 

suggested mechanisms for impairing transport appear to be distinct. 
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4.3 Exploring the role of kinesin in mitochondrial and endosomal dynamic and 

implications for cellular organization and function of the Drosophila oocyte. 

 

MT motor proteins are crucial in mitochondrial dynamic processes of fusion and fission 

and binding of mitochondria with LEs and lysosomes. Motor-driven transport is 

necessary for bringing organelles from different regions into proximity, in turn regulating 

the spatial organisation of metabolic processes in the cell. In this study, the mean 

particle velocity of LEs moving in a ballistic and directed manner was 416 ±  149 𝑛𝑚 𝑠−1 

while mitochondria moved in this manner at a speed of  216 ±  99 𝑛𝑚 𝑠−1 compared to 

the known average speed of 340 ±  8 𝑛𝑚 𝑠−1 for kinesin in the oocyte (Loiseau et al. 

2010). To understand the details of the dynamic relationship between Rab7 and kinesin, 

employing co-immunoprecipitation (Co-IP) assays will allow for the examination of the 

direct association between these proteins as well as co-localisation studies with Rab7 

motor protein-binding complexes, RILP and FHF. Similarly, the use of Proximity Ligation 

Assays (PLA) would help visualize the spatial proximity of kinesin and Rab7 at the 

single-molecule level within the cellular context of the oocyte. Distribution of Rab7 

vesicles in KhcRNAi oocytes was severely altered with a distinct accumulation along the 

cortex and near the posterior end. Assessing motion behaviour of Rab7 in a more 

reliable kinesin mutant supplemented by functional assays for endosomal trafficking 

would offer a more comprehensive picture of the role of kinesin in Rab7 vesicle motility, 

structure and function.  

 

Kinesin-driven transport significantly influences mitochondrial dynamics, regulating the 

turnover of damaged organelles and their transport to metabolically demanding regions 

(Wang & Schwarz 2009; Vagnoni & Bullock 2018; Kruppa et al. 2021). The limited 

number and reduced velocity of mitochondria exhibiting ballistic motion observed by 2D 

imaging may be attributed to frequent pauses and redirection, taking them out of the 

field of view. Although unable to directly observe the impact of kinesin RNAi on 

mitochondrial motion, future investigations hold promise due to the close association 

between mitochondrial dynamics and motor-driven transport. Notably, the reduction in 
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membrane potential, often seen in aged cells, triggers the dissociation of kinesin from 

microtubules through the PINK1/Parkin pathway, leading to Miro adaptor degradation 

(Shneyer et al. 2017; López-Doménech et al. 2018). Understanding the reliance of 

mitochondrial motor-driven transport on Milton adaptors and motors in oocytes by 

measuring Dhc and Khc levels in Milton/Miro mutants, can clarify the impact of motor 

protein alterations on mitochondrial motion. Additionally, investigating differences in 

membrane potential loss due to Mfn1/2 mutations, as observed in mouse embryos, and 

age-related changes using techniques like Flicker-assisted Localization Microscopy 

(FaLM) in conjunction with DDM analysis, could provide insights into shared molecular 

mechanisms contributing to cellular decline through mitochondrial dysfunction in both 

aged and fusion-fission mutant backgrounds. This comparative approach can help 

enhance our understanding of the complex interplay between genetic factors, ageing, 

and mitochondrial function. 

 

4.4 The role of microtubule-driven motion and actin-mediated forces in 

Drosophila oocyte organelle dynamics. 
 

This study identifies two primary driving forces governing organelle movement in the 

oocyte: ballistic and persistent motion driven by MT-generated cytoplasmic flows and 

active diffusion regulated by both MTs and actin. The motion patterns of DIC vesicles 

align with those of mitochondria and LEs under wildtype and cytoskeleton-depleted 

conditions (Table 3.5). This shared motion behaviour, along with the effects of 

cytoskeletal alterations on LEs, DIC vesicles, and mitochondria, reinforces an interplay 

between endosomes and mitochondria reliant on cytoskeletal integrity and mutual 

interactions. Notably, Rab7, a key player in mitochondria-lysosome contact, has been 

linked to mitochondrial morphology and dynamics through interactions with Drp1 (Wong 

et al. 2018; Gu et al. 2022). These findings highlight that mitochondrial morphology and 

motility is influenced by dynamic machinery, motor proteins, and the endosomal 

pathway. Further investigation by reducing Rab7 using a dominant-negative mutation 

and observing its effects on mitochondrial dynamics and motion would help illuminate 

the relationship between the two populations. 
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Actin networks exhibit both viscous and elastic characteristics, where at low 

concentrations of actin filaments in buffer the solution behaves as a viscous liquid while 

at high levels of actin filaments, the resulting network behaves as an elastic solid. This 

is regulated by myosin motor activity creating tension in the network and uncoordinated 

contractile pulses that lead to random walks of tracer particles (Brangwynne et al. 

2009).  The organisation and activity of the actin mesh is not only necessary for direct 

interactions with other organelles but the generation of forces for global cell function. On 

a larger scale, actin force fluctuations are necessary for cell division and migration.  

When actin-based cytoskeletal forces are disrupted by the depolymerisation of the 

network or removal of myosin activity, the active fluctuating forces in the cell are 

reduced (Guo et al. 2014). This can negatively impact cell health as large-scale diffusive 

transport of cytoplasmic components is interrupted, the function of which is dependent 

on their ability to move through the cytoplasm and establish gradients for signalling.  

Furthermore, the activity of myosin has been shown to regulate microtubule diffusivity, 

impacting on transport of bound cargoes (Gittes et al. 1993; Brangwynne et al. 2008; 

Brangwynne et al. 2009).  

 

The actin mesh plays a central role in shaping the cytoplasmic environment, creating a 

network of obstacles that alters the tortuosity and length-scale of vesicles navigating the 

oocyte. The increased large-scale advective movement in its absence results in the 

clustering of Rab7-positive vesicles at distal oocyte ends, mirroring cytoplasmic 

dynamics observed during late oogenesis, suggesting actin's regulatory role in MT force 

generation. During meiosis in the mouse oocyte, Rab7 interacts with actin-nucleating 

factors, including Arp2/3 and WASP, playing a crucial role in actin and mitochondrial 

dynamics, impacting spindle migration and mitochondrial segregation (Gautreau et al. 

2014; Pan et al. 2020). The reciprocal relationship between endosomes and actin 

extends to Arp2/3-mediated actin nucleation from the endosomal membrane via the 

WASH complex (Duleh & Welch 2010; Tyrell et al. 2016; Fokin & Gautreau 2021). While 

contact sites between Rab7 vesicles and the actin mesh were observed in st9 

Drosophila oocytes in a supplementary experiment to this study, further exploration is 
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necessary to confirm the presence of actin nucleators, such as Spire and Arp2/3, at the 

endosomal membrane (Figure 4.2).  

 

 

Figure 4.2 Contact sites of F-actin and Rab7 vesicles (Image courtesy of Maik Drechsler) 4(A) Actin mesh in white stained with 

phalloidin (B) Actin mesh in red stained with phalloidin, Rab7-positive vesicles in green. Sites of colocalisation are associated with 

filaments from the mesh suggesting potential actin nucleation from the vesicular membrane (white arrowheads). Scale bar 

represents 10μm.  

 

In the absence of actin, both LEs and mitochondria experience increased advection and 

decreased diffusion (Table 3.5). Microtubule depletion reduces advection for LEs, DIC 

vesicles, and mitochondria without significantly affecting diffusion rates. Specifically, the 

lack of microtubules leads to substantial cloudy aggregates for LEs and DIC vesicles, 

while combined microtubule and actin absence results in merged LE clusters and 

smaller, anteriorly clustered DIC vesicles (Figure 3.7). Simultaneously, mitochondria 

aggregate without actin and cluster perinuclearly upon microtubule depolymerization 

(Figure 3.8). Complete cytoskeletal absence results in branched mitochondria near the 

nucleus and cortex. The findings underscore the pivotal role of cytoskeletal elements in 

organelle dynamics, determining spatial organization, and influencing structural 

characteristics. 
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To deepen the understanding of the intricate interplay between cytoplasmic F-actin and 

mitochondria in oocytes, an exploration into the colocalization of these organelles in 

wildtype and mutant backgrounds can offer valuable information on the relationship 

between the two structures. Clustering of mitochondria in the absence of the actin. 

mesh could very likely be due to the relationship between actin and Drp1. Previous 

studies found reduced Drp1 levels and function, and elongation of mitochondria when 

levels of ABPs, Arp2/3 and Myosin II are decreased (Ji et al. 2015; Li et al. 2015; Hatch 

et al. 2016; Illescas et al. 2021). Measuring Drp1 levels in oocytes lacking the actin 

mesh would help uncover whether the observed phenotype is due to interrupted fission 

due to diminished Drp1. Additionally, the tagging of ABPs during the dynamic motion of 

these organelles presents a compelling avenue for investigation. In yeast, ER-mediated 

fission initiates F-actin polymerisation through the binding of ER-anchored INF2 and 

mitochondria membrane-anchored Spire1C assisting in outer membrane constriction 

and recruitment of Drp1 by myosin II (Korobova et al. 2013; Manor et al. 2015; 

Chakrabarti et al. 2017). In Drosophila embryonic epidermis, wound healing is impeded 

by mutations in Drp1 through a reduction in F-actin levels (Cooper et al. 1988; García-

Bartolomé et al. 2020; Ponte et al. 2020). Disruptions in F-actin not only affect 

mitochondrial morphology through fission but also trigger a stress response, impacting 

oxidative phosphorylation regulators (Cooper et al. 1988; García-Bartolomé et al. 2020). 

Actin polymerisation on the outer membrane also triggers a spike in mitochondrial Ca2+ 

enhancing OXPHOS with actin and ABPs involved in OXPHOS also implicated in 

mitochondrial disorders such as OXPHOS system deficiency and Alzheimer’s 

(Antequera et al. 2009; Marín-Buera et al. 2015; García-Bartolomé et al. 2017; 

Chakrabarti et al. 2017). Exploring this relationship further will shed light on how 

alterations in mitochondrial dynamics, specifically through the disruption of fusion and 

fission events, influence the intricate dance between cytoplasmic F-actin and organelle 

motion.  
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Chapter 5: Conclusion  
 

In conclusion, this study offers an examination of organelle dynamics within the intricate 

cellular landscape of the Drosophila oocyte. The findings presented in this study 

contribute to unravelling the intricate interplay of various factors that influence the 

motion behaviour and morphology of organelles. The identification of size-related 

patterns challenges preconceived notions and opens avenues for further exploration 

into the complex relationship between factors at play in organelle motion behaviour. 

Moreover, the study sheds light on the impact of microtubules and actin on organelle 

dynamics. The interconnected roles of these structural components in shaping organelle 

distribution and morphology underscore the pivotal role of the cytoskeleton in cellular 

processes. The role of Rab7 in mitochondrial dynamics and its implications for 

mitochondrial morphology further emphasize the intricate relationships that dictate 

cellular functionality. 

 

Investigation into these interactions hold significant implications for disease research, 

particularly in the understanding and potential treatment of mitochondrial disorders and 

neurodegenerative diseases. Mitochondrial disorders often manifest with aberrations in 

mitochondrial size and morphology. The observed alterations in mitochondrial dynamics 

and morphology in this study, particularly the hyperfused phenotype in aged oocytes, 

are similar to features observed in neuropathy such as CMT2A (Ueda & Isihara 2018; 

Chen et al. 2023). Moreover, the relationship between Rab7 and mitochondrial 

dynamics adds a layer of relevance to neurodegenerative diseases where disturbances 

in endosomal-lysosomal pathways have been implicated such as CMT2B (Schiavon et 

al. 2021; Gu et al. 2022; Wong et al. 2023). Furthermore, the impact of cytoskeletal 

elements on organelle behaviour has broader implications for diseases involving 

cytoskeletal abnormalities, particularly MTs, such as Alzheimer’s, amyotropic lateral 

sclerosis and various tauopathies (Williamson & Cleveland 1999; Heutink 2000; 

Varidaki et al. 2018; Congdon & Sigurdsson 2018) . Actin and associated proteins 

involved in oxidative phosphorylation (OXPHOS), as highlighted in this study, have 

been implicated in mitochondrial disorders . Understanding these molecular interactions 
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could potentially unveil new therapeutic targets for diseases marked by disrupted 

organelle dynamics. The identified molecular interactions, alterations in organelle 

dynamics, and their implications for cellular health provide a foundation for future 

studies aimed at unravelling the intricate mechanisms underlying organelle motion and 

the relevance to various diseases.  
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Appendix  

Section 1. List of Timelapse movies. 

 

Title Description 

Timelapse 1  Timelapse image series of YFP-tagged Rab5 vesicles   

Playback speed 15fps, 1,024 x 1,024 pixels, 50 frames 

Timelapse 2 Timelapse image series of YFP-tagged Rab7 vesicles (left panel) and DIC vesicles 

(right panel) in the same oocyte 

Playback speed 15fps, 512 x 256 pixels, 100 frames 

Timelapse 3 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same 1-day old oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 4 Timelapse image series of YFP-tagged 'group 1' Rab7 vesicles   

Playback speed 15fps, 512 X 256 pixels, 100 frames 

Timelapse 5 Timelapse image series of YFP-tagged ‘group 2’ Rab7 vesicles   

Playback speed 15fps, 512 x 256 pixels, 100 frames 

Timelapse 6  Timelapse image series of YFP-tagged Rab7 vesicles (left panel) and DIC vesicles 

(right panel) in the same oocyte in KhcRNAi genetic background (28ºC) 

Playback speed 15fps, 1024 x 512 pixels, 272 frames 

Timelapse 7 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same 1-day old oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 8 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same 20-day oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 9 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same 30-day oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 10 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same 40-day oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 11 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same nosGal4, mito control oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 12 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same UASMarfRNAiGD40478  oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 13 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same UASMarfRNAiGuo  oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 14 Timelapse image series of YFP-tagged mitochondria in UASDrp1[WT] mutant 

oocytes 

Playback speed 15fps, 256 x 385 pixels, 50 frames 
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Timelapse 15 Timelapse image series of YFP-tagged mitochondria in Drp1[T26]/+   mutant 

oocytes 

Playback speed 15fps, 256 x 385 pixels, 50 frames 

Timelapse 16 Timelapse image series of YFP-tagged Rab7 (left panel) and DIC vesicles (right 

panel) in the same 1-day old spire;YFP::Rab7 mutant oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 17 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same 1-day spire;YFP::Mito mutant oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 18 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same 1-day old colchicine-treated YFP::Mito oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 19 Timelapse image series of YFP-tagged Rab7 (left panel) and DIC vesicles (right 

panel) in the same 1-day old colchicine-treated YFP::Rab7 oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 

Timelapse 20 Timelapse image series of YFP-tagged mitochondria (left panel) and DIC vesicles 

(right panel) in the same 1-day old colchicine-treated spire;YFP::Mito oocyte 

Playback speed 15fps, 1024 x 512 pixels, 500 frames 
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Section 2. Raw data - centroid coordinates  

 

 Area Mean X Y XM XY 

1 YFP::Rab51day   5163.928 67.186 69.121 47.108 70.719 45.305 

2 YFP::Rab51day   4082.513 82.106 71.663 55.585 74.07 54.282 

3 YFP::Rab51day   2334.968 125.983 51.067 46.28 52.223 48.755 

4 YFP::Rab51day   2429.604 43.99 50.151 46.024 48.707 48.811 

5 YFP::Rab71day 3377.899 42.276 71.281 39.936 67.369 40.377 

6 YFP::Rab71day 2239.716 65.638 52.546 45.388 52.982 45.714 

7 YFP::Rab71day 4350.973 75.344 65.209 52.009 66.813 52.478 

8 YFP::Rab71day 5331.658 74.037 67.068 58.149 68.663 60.978 

9 YFP::Mito1day 448 22.663 273.5 245 0 0 

10 YFP::Mito1day 280 35.708 282 224.5 0 0 

11 YFP::Mito1day 72379 27.744 252.346 212.724 259.697 209.191 

12 YFP::Mito 30day 7970.113 85.793 74.415 61.009 71.366 60.649 

13 YFP::Mito 30day 4021.756 62.671 52.506 54.954 52.41 54.315 

14 YFP::Mito 30day 4116.139 86.112 65.644 68.243 66.353 66.663 

15 YFP::Mito 40day 4182.067 79.008 62.733 64.626 62.813 65.614 

16 YFP::Mito 40day 5453.229 105.475 61.113 63.148 60.329 61.024 

17 YFP::Mito 40day 4810.81 61.779 68.604 68.7 70.689 67.507 

18 YFP::Mitonos-gal4 2580.854 56.631 47.366 47.581 47.331 47.38 

19 YFP::Mitonos-gal4 992913 24.735 1067.499 1031.457 1066.985 1030.889 

20 YFP::Mitonos-gal4 46503 27.311 215.352 191.244 213.055 185.495 

21 YFP::Mitonos-gal4 4052.833 57.138 60.191 55.558 61.216 52.676 

22 Marf1 6406.89 53.626 64.72 67.52 63.567 65.436 

23 Marf1 5822.301 22.586 113.289 66.499 112.648 69.687 

24 Marf1 1204029 15.353 1104.316 1080.559 1071.556 1033.992 

25 Marf2 3221031 16.443 1790.821 1825.043 1736.548 1777.199 

26 Marf2 3987.654 73.521 68.932 51.247 69.875 49.876 

27 Marf2 2789.123 98.765 55.432 47.654 54.321 48.123 

28 Marf2 4567.89 59.876 63.21 57.89 64.567 56.789 

29 Drp11 3456.789 81.234 59.876 52.345 61.234 53.456 

30 Drp11 5678.901 69.012 72.345 59.012 73.456 58.901 

31 Drp11 2345.678 112.345 53.21 45.678 54.321 47.89 

32 Drp11 4321.098 57.89 66.789 54.321 67.89 55.432 

33 Drp12 3210.987 95.678 58.901 49.012 59.012 50.123 

34 Drp12 5432.109 71.234 70.123 61.234 71.234 62.345 

35 Drp12 2901.234 87.654 54.567 46.789 55.678 48.901 
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36 YFP::Mitospir 4789.012 63.21 67.89 56.789 68.901 57.89 

37 YFP::Mitospir 3678.901 79.012 61.234 53.456 62.345 54.567 

38 YFP::Mitospir 5123.456 68.901 69.012 58.901 70.123 59.012 

39 YFP::Mitospir/Df 2567.89 102.345 52.345 45.123 53.456 46.234 

40 YFP::Mitospir/Df 4456.789 65.432 65.678 55.678 66.789 56.789 

41 YFP::Mitospir/Df 3345.678 83.456 60.123 51.234 61.234 52.345 

42 YFP::Mito+ 

colchicine 5234.567 72.345 71.234 60.123 72.345 61.234 

43 YFP::Mito+ 

colchicine 2678.901 94.567 53.456 46.567 54.567 47.678 

44 YFP::Mito+ 

colchicine 4678.901 67.89 68.901 57.89 69.012 58.901 

45 YFP::Mitospir/Df + 

colchicine 3789.012 76.789 62.345 54.567 63.456 55.678 

46 YFP::Mitospir/Df + 

colchicine 5345.678 70.123 70.987 59.876 71.098 60.987 

47 YFP::Mitospir/Df + 

colchicine 2456.789 108.901 51.234 44.567 52.345 45.678 

48 YFP::Mitospir/Df + 

colchicine 4234.567 61.234 64.567 53.456 65.678 54.567 

49 YFP::Rab7 spir 3567.89 89.012 59.012 50.123 60.123 51.234 

50 YFP::Rab7 spir 5567.89 74.567 73.456 62.345 74.567 63.456 

51 YFP::Rab7 spir 2789.012 97.89 54.567 47.89 55.678 49.012 

52 YFP::Rab7spir/Df 4901.234 66.789 69.876 58.901 70.987 59.012 

53 YFP::Rab7spir/Df 3901.234 78.901 63.456 55.678 64.567 56.789 

54 YFP::Rab7spir/Df 5789.012 71.098 72.345 61.234 73.456 62.345 
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Section 3. Raw data – fluorescent intensity measurements, p-values, graphs and 

Python script analysis. 

 

 

Center 

Intensity 

Peripheral 

Intensity Left Mask Right Mask 

Anterior 

Mask 

Posterior 

Mask 

Top Left 

Mask 

Top Right 

Mask 

Bottom 

Left Mask 

Bottom 

Right Mask 

1 

YFP::Rab

51day   

45.2402

846 

59.80837

13 

53.2384

962 

48.8157

391 

50.8586

265 

51.9480

169 

52.406

8742 

48.7460

897 

54.6802

351 

48.9140

08 

2 

YFP::Rab

51day   

23.1052

057 

32.73145

43 

26.4340

91 

28.5779

284 

26.8952

902 

28.1381

741 

26.604

8218 

27.0910

527 

26.3288

6 

29.9082

19 

3 

YFP::Rab

51day   

23.2129

931 

34.35949

08 

28.1773

318 

27.9274

892 

27.6719

966 

28.3584

251 

28.556

4855 

27.2332

064 

27.8975

456 

28.7057

408 

4 

YFP::Rab

51day   

28.0476

166 

39.59085

73 

31.0132

034 

33.4611

147 

33.1331

662 

31.6189

727 

31.953

8511 

34.1460

224 

30.3729

957 

32.9021

498 

5 

YFP::Rab

71day 

71.3557

352 

80.15656

02 

70.8004

761 

89.4917

198 

84.1370

8 

74.4129

913 

83.705

8701 

84.8418

625 

59.3813

422 

92.5248

551 

6 

YFP::Rab

71day 

55.5875

331 

53.19378

93 

54.9724

25 

52.5400

823 

67.1645

327 

46.0969

505 

68.856

0289 

65.8995

48 

47.8586

555 

44.5612

782 

7 

YFP::Rab

71day 

52.1836

038 

52.03205

36 

52.9963

223 

50.9684

537 

62.4035

912 

47.2351

491 

62.539

1575 

62.2307

785 

48.2808

978 

46.0591

747 

8 

YFP::Rab

71day 

32.1381

589 

45.17451

17 

35.4226

694 

40.1248

609 

46.5563

773 

31.8042

368 

42.921

6133 

50.0451

314 

29.7081

63 

33.5531

779 

9 

YFP::Mito
1day 

70.2531

712 

72.56233

66 

66.8230

013 

75.9596

928 

72.3153

273 

71.3749

976 

71.205

7256 

73.3572

571 

63.2881

138 

77.7110

664 

10 

YFP::Mito
1day 

80.3260

381 

72.71387

25 

74.0996

667 

75.2542

536 

83.1345

374 

68.9592

504 

83.591

3039 

82.4780

632 

66.4713

502 

71.3585

633 

11 

YFP::Mito
1day 

118.975

632 

91.99410

18 

91.7525

363 

101.311

108 

100.428

717 

95.1514

792 

91.838

8193 

109.224

071 

91.7107

846 

98.1030

942 

12 

YFP::Mito 

30day 

139.407

58 

131.0053

97 

127.555

4 

137.562

305 

99.9420

167 

144.427

742 

96.442

2269 

104.026

356 

140.128

781 

148.463

117 

13 

YFP::Mito 

30day 

57.0222

152 

58.47116

1 

60.4964

512 

55.3102

472 

48.0505

97 

60.8806

915 

51.262

8151 

43.9811

866 

62.9684

901 

58.2858

412 
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14 

YFP::Mito 

30day 

152.225

933 

102.1842

46 

115.262

097 

101.949

396 

93.5842

91 

113.891

927 

80.415

7169 

103.159

869 

130.346

209 

101.402

434 

15 

YFP::Mito 

40day 

82.8397

38 

74.48630

2 

73.8975

21 

76.3999

64 

72.6949

07 

75.9476

84 

71.257

703 

73.9456

7299 

74.6702

1962 

77.2259

7281 

16 

YFP::Mito 

40day 

86.3388

58 

77.39371

0 

75.4368

77 

84.4463

25 

68.2295

52 

87.4838

57 

66.069

955 

70.1197

86 

80.9413

83 

93.9438

61 

17 

YFP::Mito 

40day 

87.4576

15 

78.49714

9 

78.0236

08 

83.8806

85 

75.8937

15 

83.7046

45 

72.909

851 

78.5178

95 

80.5290

24 

86.6771

84 

18 

YFP::Mito
nos-gal4 

45.2309

434 

40.30701

13 

37.3453

418 

44.9177

86 

44.7153

041 

40.0554

599 

40.340

7855 

47.7437

18 

35.8695

425 

43.3398

068 

19 

YFP::Mito
nos-gal4 

97.5308

572 

85.73154

95 

99.3465

709 

79.8103

909 

95.3179

757 

87.3849

146 

106.40

6195 

80.1070

01 

94.0210

922 

79.6195

319 

20 

YFP::Mito
nos-gal4 

78.3430

07 

71.42252

73 

72.7227

218 

72.9775

175 

74.9292

999 

72.0762

253 

73.193

7856 

77.6447

549 

72.5097

543 

71.6492

185 

21 

YFP::Mito
nos-gal4 

97.7891

254 

96.30696

43 

102.316

999 

91.3462

839 

106.646

555 

89.5883

217 

113.60

2867 

99.8016

687 

94.1671

925 

84.6389

633 

22 Marf1 
37.0185

6514 

36.89697

864 

36.8599

5849 

36.9859

2923 

38.6538

1236 

35.8214

0875 

36.256

8707 

42.3074

053 

37.3201

271 

34.3234

463 

23 Marf1 
25.2328

663 

27.61481

29 

25.6177

609 

26.1858

768 

25.0471

837 

26.1441

889 

25.340

9017 

24.6165

222 

25.7170

217 

26.5542

254 

24 Marf1 
35.9589

037 

41.98075

26 

36.4453

602 

37.4957

207 

36.8530

758 

36.9980

265 

38.258

2483 

35.6645

666 

35.7931

029 

38.4057

64 

25 Marf2 
52.5967

512 

55.61759

48 

51.8558

572 

54.6844

74 

60.3579

521 

51.7114

722 

60.612

7671 

60.0281

498 

49.5751

403 

53.6890

676 

26 Marf2 
50.5622

265 

44.06827

93 

49.9947

446 

48.4565

154 

45.8196

699 

50.5406

974 

49.091

9357 

43.0273

891 

50.3682

117 

50.6868

646 

27 Marf2 

60.4333

217 

66.98049

78 

63.3690

011 

60.3870

695 

70.7879

134 

58.5273

639 

76.967

8046 

65.0975

211 

58.4617

347 

58.5912

093 

28 Marf2 
41.0740

48 

39.65470

09 

39.2926

722 

42.4439

164 

44.1199

906 

40.0356

485 

44.862

6622 

43.0649

48 

37.9210

648 

42.3272

539 

29 Drp11 
47.6919

74 

34.96223

26 

36.6184

27 

36.0897

725 

38.4105

822 

35.5438

151 

40.873

1653 

35.7024

607 

34.7968

557 

36.2278

561 

30 Drp11 

40.3665

371 

35.47732

53 

35.6188

874 

35.9627

175 

31.7069

511 

37.2173

383 

31.275

0086 

32.0864

881 

37.1621

006 

37.2631

739 

31 Drp11 
37.2562

554 

36.23799

99 

38.2225

229 

35.8996

159 

39.0446

585 

36.1724

258 

40.663

9035 

37.1591

026 

37.0004

61 

35.3843

082 

32 Drp11 
42.7332

607 

41.26297

74 

40.9336

155 

44.0747

504 

49.4993

049 

40.1861

702 

48.945

5471 

50.1937

557 

37.7396

529 

42.3524

298 

33 Drp12 
24.7231

716 

24.81383

72 

25.0189

621 

24.4652

534 

25.4205

06 

24.4593

294 

25.828

8781 

25.0478

106 

24.7027

719 

24.2088

714 
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34 Drp12 
26.7389

674 

30.32000

07 

28.4923

134 

25.6068

341 

29.4591

269 

26.4156

678 

29.911

123 

28.7742

556 

27.9015

363 

24.4628

982 

35 Drp12 
26.7265

713 

26.67861

31 

27.1837

751 

26.2324

225 

28.3925

709 

26.2757

352 

27.141

5459 

29.8361

717 

27.1956

282 

25.3558

87 

36 

YFP::Mito
spir 

145.844

48 

125.9254

51 

136.286

042 

125.859

361 

101.655

087 

143.587

516 

110.46

7781 

92.4895

197 

147.266

518 

139.822

852 

37 

YFP::Mito
spir 

124.093

345 

111.8736

58 

120.585

057 

111.531

989 

98.4959

909 

127.590

466 

106.70

7216 

89.4879

716 

130.152

159 

125.084

286 

38 

YFP::Mito
spir 

73.7329

557 

56.31339

79 

60.2995

123 

53.7008

134 

60.5436

591 

55.6535

782 

58.802

8837 

62.7318

148 

61.1085

987 

48.8729

542 

39 

YFP::Mito
spir/Df 

162.928

205 

129.6401

14 

136.445

57 

126.639

074 

133.577

476 

131.132

985 

130.41

6128 

136.206

565 

137.734

992 

123.969

604 

40 

YFP::Mito
spir/Df 

118.103

396 

101.9252

18 

108.886

019 

99.1887

411 

82.7302

646 

111.280

854 

88.506

653 

77.1724

817 

116.095

541 

106.771

065 

41 

YFP::Mito
spir/Df 

92.2687

021 

74.99478

98 

83.0493

703 

83.1683

053 

73.2696

727 

90.0134

69 

69.435

2379 

77.1691

872 

92.0614

904 

87.6585

028 

42 

YFP::Mito

+ 

colchicine 

121.279

766 

103.8873

13 

101.479

967 

111.898

318 

112.330

006 

105.688

036 

103.40

3408 

118.085

298 

100.767

222 

109.293

155 

43 

YFP::Mito

+ 

colchicine 

95.5346

917 

56.21948

09 

60.5931

254 

71.2667

659 

61.2669

479 

68.4490

692 

56.022

5729 

68.1389

948 

64.1156

473 

73.3453

112 

44 

YFP::Mito

+ 

colchicine 

81.2601

539 

91.69312

36 

89.0859

306 

89.3705

087 

102.306

904 

82.8833

512 

101.48

7985 

102.992

019 

84.0195

963 

81.5468

149 

45 

YFP::Mito
spir/Df + 

colchicine 

83.0346

976 

95.20060

07 

96.8570

282 

90.1393

116 

104.917

076 

89.0559

149 

120.41

7745 

86.3796

629 

86.6599

5 

91.5630

723 

46 

YFP::Mito
spir/Df + 

colchicine 

81.6156

754 

80.90088

53 

85.1406

595 

76.7006

591 

68.8526

994 

85.7815

02 

64.763

6037 

73.3429

284 

93.3717

125 

77.9715

623 

47 

YFP::Mito
spir/Df + 

colchicine 

85.3090

625 

91.01876

14 

84.6435

778 

95.1540

859 

92.4178

623 

89.4690

795 

83.337

3837 

104.256

405 

85.0526

687 

93.2714

696 
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48 

YFP::Mito
spir/Df + 

colchicine 

80.4592

485 

79.10196

32 

82.7165

072 

75.9562

852 

87.5805

91 

76.6236

465 

83.689

8691 

92.5677

267 

82.3406

662 

71.2728

103 

49 

YFP::Rab

7 spir 

68.7156

759 

61.28484

03 

64.5005

355 

60.9038

432 

67.9171

608 

60.0739

845 

68.282

6461 

67.4114

384 

62.1141

36 

58.2482

617 

50 

YFP::Rab

7 spir 

94.8365

53 

112.3217

85 

109.786

682 

102.162

337 

102.342

789 

108.739

802 

103.34

2615 

101.312

131 

114.358

834 

102.782

73 

51 

YFP::Rab

7 spir 

91.3883

503 

100.0396

86 

94.3708

024 

103.470

26 

115.965

349 

92.1678

327 

115.77

2403 

116.254

854 

86.2209

597 

99.4804

214 

52 

YFP::Rab

7spir/Df 

31.0538

012 

30.89656

13 

29.9803

326 

32.1365

201 

31.8298

761 

30.5718

834 

28.809

2202 

34.6399

294 

30.4195

091 

30.7771

384 

53 

YFP::Rab

7spir/Df 

118.284

493 

86.02818

26 

90.4371

034 

95.3563

179 

95.4706

159 

91.8021

57 

81.914

4259 

105.075

674 

95.3062

204 

88.9278

861 

54 

YFP::Rab

7spir/Df 

125.425

057 

102.1325

35 

109.447

928 

103.966

925 

99.8782

988 

110.581

533 

110.83

7536 

89.0738

046 

108.657

487 

112.489

937 

 

 

 

  

  

p-value Central Peripheral Anterior Posterior 

Control vs UASMarfRNAiGD40478 
0.0257 0.0506 0.0361 0.0359 

Control vs UASMarfRNAiGuo;nos-Gal4. 
YFP::Mito 

0.073 0.1597 0.1166 0.1446 

Control vs UASDrp1[WT];nos-Gal4. 
YFP::Mito  

0.0239 0.0248 0.0225 0.0275 

Control vs Drp1[T26]/+; nos-Gal4.YFP::Mito 
0.0145 0.0242 0.0184 0.0222 

 
p-values calculated using method described in Section 2.9.  
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import cv2 
import numpy as np 

import pandas as pd 

import matplotlib.pyplot as plt 

import os 

 

# Define the output directory 

output_dir = '/Users/kirstenebanks/Oocyte image analysis 2' 

 

# Ensure the output directory exists 

os.makedirs(output_dir, exist_ok=True) 

 

# Function to segment the image and identify the oocyte based on a manually drawn ROI 

def segment_image_from_roi(image, image_name, output_dir): 

    # Convert the image to grayscale if it is not already 

    if len(image.shape) == 3: 

        gray_image = cv2.cvtColor(image, cv2.COLOR_BGR2GRAY) 

    else: 

        gray_image = image 

     

    # Extract the red channel (assuming the ROI is drawn in red) 

    red_channel = image[:, :, 2] 

     

    # Threshold the red channel to create a binary mask of the ROI 

    _, binary_roi = cv2.threshold(red_channel, 100, 255, cv2.THRESH_BINARY) 

     

    # Find contours of the ROI 

    contours, _ = cv2.findContours(binary_roi, cv2.RETR_EXTERNAL, 

cv2.CHAIN_APPROX_SIMPLE) 

     

    # Assume the largest contour is the oocyte ROI 

    oocyte_contour = max(contours, key=cv2.contourArea) 

     

    # Create a mask for the oocyte 

    oocyte_mask = np.zeros_like(gray_image) 

    cv2.drawContours(oocyte_mask, [oocyte_contour], -1, color=255, thickness=cv2.FILLED) 

     

    # Define the periphery mask 

    kernel = np.ones((3, 3), np.uint8) 

    eroded_mask = cv2.erode(oocyte_mask, kernel, iterations=50)  # Increased iterations for 

larger periphery 

    peripheral_mask = oocyte_mask - eroded_mask 

     

    # Create the center mask 



 

183 

    center_mask = eroded_mask 

     

    # Function to create region masks 

    def create_region_masks(image, oocyte_contour): 

        height, width = image.shape[:2] 

        center_x, center_y = width // 2, height // 2 

 

        oocyte_mask = np.zeros((height, width), dtype=np.uint8) 

        cv2.drawContours(oocyte_mask, [oocyte_contour], -1, color=255, thickness=cv2.FILLED) 

 

        left_mask = np.zeros_like(oocyte_mask) 

        right_mask = np.zeros_like(oocyte_mask) 

        left_mask[:, :center_x] = 255 

        right_mask[:, center_x:] = 255 

        left_mask = cv2.bitwise_and(left_mask, oocyte_mask) 

        right_mask = cv2.bitwise_and(right_mask, oocyte_mask) 

 

        anterior_mask = np.zeros_like(oocyte_mask) 

        posterior_mask = np.zeros_like(oocyte_mask) 

        anterior_mask[:center_y, :] = 255 

        posterior_mask[center_y:, :] = 255 

        anterior_mask = cv2.bitwise_and(anterior_mask, oocyte_mask) 

        posterior_mask = cv2.bitwise_and(posterior_mask, oocyte_mask) 

 

        top_left_mask = cv2.bitwise_and(left_mask, anterior_mask) 

        top_right_mask = cv2.bitwise_and(right_mask, anterior_mask) 

        bottom_left_mask = cv2.bitwise_and(left_mask, posterior_mask) 

        bottom_right_mask = cv2.bitwise_and(right_mask, posterior_mask) 

 

        return { 

            "left_mask": left_mask, 

            "right_mask": right_mask, 

            "anterior_mask": anterior_mask, 

            "posterior_mask": posterior_mask, 

            "top_left_mask": top_left_mask, 

            "top_right_mask": top_right_mask, 

            "bottom_left_mask": bottom_left_mask, 

            "bottom_right_mask": bottom_right_mask 

        } 

 

    region_masks = create_region_masks(image, oocyte_contour) 

 

    plt.figure(figsize=(12, 8)) 

    plt.subplot(2, 4, 1) 
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    plt.title('Left Mask') 

    plt.imshow(region_masks["left_mask"], cmap='gray') 

    plt.subplot(2, 4, 2) 

    plt.title('Right Mask') 

    plt.imshow(region_masks["right_mask"], cmap='gray') 

    plt.subplot(2, 4, 3) 

    plt.title('Anterior Mask') 

    plt.imshow(region_masks["anterior_mask"], cmap='gray') 

    plt.subplot(2, 4, 4) 

    plt.title('Posterior Mask') 

    plt.imshow(region_masks["posterior_mask"], cmap='gray') 

    plt.subplot(2, 4, 5) 

    plt.title('Top Left Quadrant') 

    plt.imshow(region_masks["top_left_mask"], cmap='gray') 

    plt.subplot(2, 4, 6) 

    plt.title('Top Right Quadrant') 

    plt.imshow(region_masks["top_right_mask"], cmap='gray') 

    plt.subplot(2, 4, 7) 

    plt.title('Bottom Left Quadrant') 

    plt.imshow(region_masks["bottom_left_mask"], cmap='gray') 

    plt.subplot(2, 4, 8) 

    plt.title('Bottom Right Quadrant') 

    plt.imshow(region_masks["bottom_right_mask"], cmap='gray') 

    plt.tight_layout() 

    plt.show() 

 

    # Save the masks as image files 

    base_filename = os.path.join(output_dir, os.path.splitext(image_name)[0]) 

    cv2.imwrite(f'{base_filename}_oocyte_mask.tif', oocyte_mask) 

    cv2.imwrite(f'{base_filename}_peripheral_mask.tif', peripheral_mask) 

    cv2.imwrite(f'{base_filename}_center_mask.tif', center_mask) 

 

    for key, mask in region_masks.items(): 

        cv2.imwrite(f'{base_filename}_{key}.tif', mask) 

 

    return center_mask > 0, peripheral_mask > 0, region_masks 

 

# Function to calculate the average intensity of a masked area in an image 

def calculate_intensity(image, mask): 

    masked_image = cv2.bitwise_and(image, image, mask=mask.astype(np.uint8)) 

     

    # Ensure mask is boolean before applying it 

    masked_image = np.where(mask[..., None], masked_image, 0) 
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    # Calculate mean intensity considering only non-zero pixels 

    intensity = np.mean(masked_image[masked_image != 0]) 

     

    return intensity 

 

# List of image file paths (replace these with actual paths to your images) 

images = [ 

  '/Users/kirstenebanks/new set/Mito 1 day old 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito 1 day old 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito 1 day old 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito 30 day old 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito 30 day old 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito 30 day old 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito 40 day old 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito 40 day old 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito 40 day old 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito drp1 overexp 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito drp1 overexp 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito marf gd 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito no actin 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito no actin 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito no actin 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito no cytoskeleton 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito no cytoskeleton 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito no cytoskeleton 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito no cytoskeleton 4-1.tif', 

    '/Users/kirstenebanks/new set/Mito no MT 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito no MT 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito no MT 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito nos gal4 control 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito nos gal4 control 2 -1.tif', 

    '/Users/kirstenebanks/new set/Mito nos gal4 control 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito nos gal4 control 4-1.tif', 

    '/Users/kirstenebanks/new set/Mito spire control 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito spire control 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito spire control 3-1.tif', 

    '/Users/kirstenebanks/new set/Rab5 Image007 selected.tif', 

    '/Users/kirstenebanks/new set/Rab5 Image033 selected.tif', 

    '/Users/kirstenebanks/new set/Rab5 Image044 selected.tif', 

    '/Users/kirstenebanks/new set/Rab5 Image056 selected.tif', 

    '/Users/kirstenebanks/new set/Rab7 no actin 1-1.tif', 

    '/Users/kirstenebanks/new set/Rab7 no actin 2-1.tif', 

    '/Users/kirstenebanks/new set/Rab7 no actin 3-1.tif', 

    '/Users/kirstenebanks/new set/Rab7 Series002-2.tif', 
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    '/Users/kirstenebanks/new set/Rab7 Series003-2.tif', 

    '/Users/kirstenebanks/new set/rab7 Series004-1.tif', 

    '/Users/kirstenebanks/new set/Rab7 Series005-2.tif', 

    '/Users/kirstenebanks/new set/Rab7 spire control 1-1.tif', 

    '/Users/kirstenebanks/new set/Rab7 spire control 2-1.tif', 

    '/Users/kirstenebanks/new set/Rab7 spire control 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito drp1 allele 1-1.jpg', 

    '/Users/kirstenebanks/new set/Mito drp1 allele 2-1.jpg', 

    '/Users/kirstenebanks/new set/Mito drp1 allele 3-1.jpg', 

    '/Users/kirstenebanks/new set/Mito drp1 overexp 3-1.jpg', 

    '/Users/kirstenebanks/new set/Mito drp1 overexp 4-1.jpg', 

    '/Users/kirstenebanks/new set/Mito marf gd 3-1.jpg', 

    '/Users/kirstenebanks/new set/Mito marf gd 4-1.jpg', 

    '/Users/kirstenebanks/new set/Mito marf guo 1-1.jpg', 

    '/Users/kirstenebanks/new set/Mito marf guo 2-1.jpg', 

    '/Users/kirstenebanks/new set/Mito marf guo 3-1.jpg', 

    '/Users/kirstenebanks/new set/Mito marf guo 4-1.jpg', 

    '/Users/kirstenebanks/new set/Mito_DIC no cytoskeleton 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito_DIC no cytoskeleton 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito_DIC no cytoskeleton 3-1.tif', 

    '/Users/kirstenebanks/new set/Mito_DIC no cytoskeleton 4-1.tif', 

    '/Users/kirstenebanks/new set/Mito_DIC no MT 1-1.tif', 

    '/Users/kirstenebanks/new set/Mito_DIC no MT 2-1.tif', 

    '/Users/kirstenebanks/new set/Mito_DIC no MT 3-1.tif', 

] 

 

data = [] 

 

# Process each image 

for image_path in images: 

    image_name = os.path.splitext(os.path.basename(image_path))[0]  # Extract image name 

without extension 

    image = cv2.imread(image_path)  # Load the image in color 

    if image is not None: 

        mask_center, mask_peripheral, region_masks = segment_image_from_roi(image, 

image_name, output_dir) 

        center_intensity = calculate_intensity(image, mask_center) 

        peripheral_intensity = calculate_intensity(image, mask_peripheral) 

         

        # Calculate intensities for the regions 

        region_intensities = {region: calculate_intensity(image, mask) for region, mask in 

region_masks.items()} 

         

        # Append all intensities to the data list 
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        data.append([image_name, center_intensity, peripheral_intensity] + 

list(region_intensities.values())) 

    else: 

        print(f"Could not load image at path: {image_path}") 

 

# Define the column names for the DataFrame 

columns = ['File Name', 'Center Intensity', 'Peripheral Intensity'] + list(region_masks.keys()) 

 

# Create a DataFrame and save it to an Excel file 

df = pd.DataFrame(data, columns=columns) 

output_excel_path = os.path.join(output_dir, 'intensity_data.xlsx') 

df.to_excel(output_excel_path, index=False) 

 

print(f"Intensity data saved to {output_excel_path}") 
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Section 5. Example DDM decorrelation rates 𝛤1(𝑞) and 𝛤2(𝑞) plotted against the 

wave vector 𝑞 for YFP-tagged organelles and DIC vesicles for each experimental 

condition.  

 

𝛤1(𝑞), which accounts for the ballistic contribution to the motion of the vesicles (orange 

squares), exhibits a linear scaling 𝛤1(𝑞) =  𝑣𝑣𝑒𝑠𝑞 while 𝛤2(𝑞) describes a diffusive-like 

relaxation process (blue squares) and is fitted to a quadratic law 𝛤2(𝑞) = 𝐷𝑣𝑒𝑠𝑞2. 
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Section 6. Attempt to enhance edges of mitochondria in mutant backgrounds 

using the Fiji (ImageJ) “Find Edges” function. 
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