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Mitochondrial organelles need to be replicated during cell division. Many aspects of this process have
been studied in great detail, however the actual size increase and the position of organelle growth

are less well understood. We use the protozoan parasite Trypanosoma bruceithat contains a single
mitochondrion to study organelle biogenesis by fluorescence microscopy. From the analysis of more
than 1000 T. brucei bloodstream form cells of a nonsynchronous population we conclude that the
mitochondrial network mostly grows from two areas along the main organelle axis, posterior and
anterior of the nucleus. Loops and branches from these two areas eventually fuse to build a complex
network. Together with the appearance of the division fold in the posterior part of the cell, pruning of
the mitochondrial network and finally separation into the two daughter cells occurs. Overall organelle
biogenesis is not continuous during cell growth and occurs mostly in the last part of the cell cycle.
Furthermore, using 3D STED super resolution microscopy we reconstruct the volume of the organelle
and characterize the region where the mitochondrial genome is positioned by serial block face scanning
electron microscopy.

Mitochondria are essential organelles in eukaryotes for energy generation through oxidative phosphorylation.
Aside from their function as the “power house” of the cell they are also involved in signalling, cell death and
cell proliferation'. Mitochondria contain their own genome as well as their own transcription-, replication- and
translation machinery?-. While the vast majority of mitochondrial proteins are nuclear encoded, translated on
cytoplasmic ribosomes and then imported into the organelle’, a few essential components of the respiratory
chain, ribosomal proteins as well as ribosomal RNAs are encoded on most mitochondrial genomes®. During the
cell cycle the mitochondrial organelles including their genomes have to be replicated and segregated to ensure
faithful propagation to the daughter cell. In many organisms mitochondria display a dynamic behaviour of con-
stant fission and fusion that responds to the energy demand of the cell® and are involved in developmental and
regulatory processes including apoptosis®. Key factors for the membrane fusion events are large GTPases in the
outer and inner mitochondrial membrane (OM, IM)!-!2. The master regulator of mitochondrial division is
the soluble dynamin-related protein Dnm1 in yeast (Drpl in mammals). Dnm1 is recruited and stimulated to
oligomerise by Mdv1, which is bound to the OM via the membrane protein Fis18.

Recent studies have identified endoplasmic reticulum (ER) mitochondrial contact sites as hot spots for mito-
chondrial division'*'. The ER mitochondrial encounter structure (ERMES) seems responsible for these contact
sites and might also be involved in lipid exchange between the two organelles!.

Mitochondrial growth depends on the proper coordination of nuclear and mitochondrial gene expression
Furthermore, correct import of the nuclear encoded proteins into the different sub-compartments of the organelle
is essential. While there is a wealth of data on the components and mechanism of the protein import machinery”*2,
the actual growth/mass increase of the organelle is not well understood. Early studies in human HeLa cells, green
algae and the yeast Candida albicans showed that mitochondrial mass increase occurs continuously during the
cell cycle and is well correlated with the increase in cell volume?'-?. In human HeLa and C. albicans cells the
mitochondrial volume makes up about 10% of the total cell volume at any time during the cell cycle, while in
Chlorella this value is much lower (3%) but also constant throughout cell division?.
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T. brucei belongs to a group of protozoa that only contain one mitochondrial organelle with one mitochon-
drial nucleoid. The nucleoid consists of 25 identical maxicircles encoding the genes for the respiratory chain, two
ribosomal RNAs and a ribosomal protein as well as about 5000 minicircles encoding guide RNAs required for
RNA editing of the mitochondrial mRNA transcripts®*-¢. Shape and size of the organelle varies depending on the
life cycle stage of the parasite’>?. In the bloodstream form (BSF) the mitochondrial organelle lacks cristae and
most of the complexes responsible for oxidative phosphorylation?” and thus does not produce energy. In this life
cycle stage the organelle is a single tube stretching throughout the cell body from anterior to posterior, potentially
replicating via several loop- and branch structures that are finally separated during cytokinesis?. In the insect
form of the parasite the mitochondrial inner membrane is strongly enlarged to form cristae harbouring the oxi-
dative phosphorylation complexes for energy production. Furthermore, the entire organelle is enlarged and now
forms a complex network throughout the cell?’”. The T. brucei genome encodes a single dynamin-like protein
TbDLP, which is involved in organelle division as well as endocytosis?**’. However, no fission-fusion dynamics
have been demonstrated in trypanosomes although they require at least one fission event prior to cytokinesis.
Also experiments inducing fission through the expression of the human Bax protein in insect form mitochondria
demonstrate that once the mitochondrial network is vesiculated it can fuse to build a singular network when Bax
is no longer expressed®!. Since the parasite cells only contain a single mitochondrion its biogenesis is expected to
be tightly integrated in the cell cycle®. The replication of the mitochondrial genome (kinetoplast DNA or kDNA)
is initiated in G1 prior to nuclear replication, while the cells contain one kinetoplast and one nucleus (1IK1N)*.
During the nuclear S-phase the replicated mitochondrial genomes are segregated leading to cells with two kine-
toplasts and one nucleus (2K1N). Driving force of the kDNA segregation are the basal bodies that are connected
to the kDNA via the tripartite attachment complex (TAC)%. After mitosis and just prior to cytokinesis the cells
contain two kinetoplasts and two nuclei (2K2N)*.

Here we describe mitochondrial growth and morphology during the cell cycle of T. brucei BSF and charac-
terize the region around the kinetoplast DNA using quantitative imaging approaches including super resolution
microscopy and serial block face scanning electron microscopy (SBESEM).

Materials and Methods
Cell culture. BSF T. brucei (NYsm; New York Single marker®®) were cultured at 37 °C and 5% CO, in HMI-9
medium containing 10% fetal bovine serum.

Fluorescence light microscopy. 10° cells were spread on slides, air-dried, and fixed with 4% PFA in PBS
for 4 min. Cells were then permeabilised for 5min with PBS containing 0.2% Triton-X 100. After each treatment
the cells were washed with PBS 0.1% Tween-20. Blocking was achieved with PBS containing 4% BSA for 30 min.
Primary and secondary antibodies were added for 1 h each at room temperature. After the second antibody incu-
bation, cells were additionally washed with PBS. The cells were then covered by a film of PBS and HCS CellMask
Green (ThermoFisher Scientific). Cells were mounted with ProLong® Gold Antifade Mountant with DAPI
(ThermoFisher Scientific). Primary and secondary antibodies were diluted in PBS containing 4% BSA as fol-
lows: anti-mtHSP70 (mouse, 1:4000)* and Alexa Fluor® 594 goat anti-mouse IgG (H + L) (1:1000, ThermoFisher
Scientific). Images were acquired with a fluorescent microscope (Leica DM5500 B, 100x oil immersion phase
contrast objective). Image analyses were performed in Image].

Stimulated emission depletion (STED) microscopy. For stimulated emission depletion (STED)
microscopy?’, cells were fixed on a slide with 4% PFA in PBS, permeabilised for 5 min with 0.2% TritonX-100 in
PBS and blocked for 30 min with 4% BSA in PBS. As a primary antibody, mouse anti-mtHSP70 (1:4000)% and
as a secondary antibody Alexa Fluor® 594 Goat-antiMouse IgG (H+L) (1:1000, ThermoFisher Scientific) in 4%
BSA PBS were used. Cells were mounted with ProLong® Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific). The images were acquired with a 100x objective on a Leica SP8 Confocal Microscope System with
STED and de-convolved with Huygens professional software.

Image enhancement-cell cycle montages. Montages were assembled in Adobe Photoshop. Single cells
were cropped from the original images using a polygon selection. In order to align the cells in a posterior-anterior
alignment, the cropped cells were tilted and/or mirrored. In order to emphasise the signal, median filters
were applied and the local contrasts was enhanced using contrast limited adaptive histogramme equalisation
(CLAHE). Linear brightness and contrast were adjusted.

Feature extraction. Image hyperstacks were projected along the z-axis. Single cell segmentation was done
using image tessellations based on local intensity maxima or Voronoi tessellation. The particles within the tes-
sellation boundaries were then filtered according to their size and other properties. Topological skeletons of the
mitochondria were assigned by retracing the course of the tubes manually from the pre-processed images. For
each mitochondrion a main branch was determined, which was defined by the longest-shortest-path of the most
parallel branch to the centerline of the cell body having its endpoints in close proximity to the endpoints of the
pruned cell body.

Serial block face scanning electron microscopy (SBFSEM).  Blocks staining, dehydration and embed-
ding were performed as previously described®® with following modification: post-fixation was done in 0.15M
cacodylate buffer, 1.5% potassium ferrocyanide and 2% osmium tetroxide. Sample blocks were mounted on alu-
minum specimen pins (Gatan, Pleasonton, CA, USA) with a conductive silver epoxy glue. After a minimum
drying time of 4 hours the blocks were imaged at the SBFSEM using a Quanta FEG 250 (FEI, Eindhoven, The
Netherlands), equipped with a Gatan 3View2XP in-situ ultramicrotome (Gatan, Pleasonton, CA, USA). Pixel size
was set to 6 nm and the slice thickness was set to 50 nm. Data processing, measurements and analysis were done
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Figure 1. Area of the kDNA and the nuclei. (a) Scatter plot of average fluorescence intensity and area size of
the DNA organelles. The red line defines the separation value that distinguishes KDNA and nuclei by area.
(b) Boxplot showing the K/N Area Ratio on a single cell basis.

using IMOD?. The kinetoplast area of the mitochondrion was boxed and moved into plane with the basal bodies
by rotating the SFBSEM stack in three dimensions.

Results and Discussion

Automatic detection of kDNA and nuclear DNA. In this study we aimed to analyse how mitochon-
drial organelle growth is integrated in the cell cycle of T. brucei. We imaged 1381 bloodstream form (BSF) cells
stained for (i) DNA by DAPI (ii) the mitochondrion using an antibody against the mitochondrial matrix pro-
tein mtHSP70 and (iii) the cell body using HCS CellMask, a dye staining the whole cell (Fig. S1). From each
microscopic image stack individual cells were identified and features based on the area/intensity were measured
(Fig. 1a). To determine the cell cycle stage we used the replication stage of the kDNA and the nuclear DNA. Both
DNA particles were separated based on size (Fig. 1a). Since the KDNA particles never exceeded 50% of the nuclear
size and the median ratio of KNDA/nucleus was below 0.2 (Fig. 1b) we considered any DNA particle smaller than
1.7 pm? to be kKDNA and any larger one to be a nucleus (red line in Fig. 1a).

Definition of five distinct cell cycle stages. In order to refine the cell cycle stages we used binary shape
descriptors of the DNA organelles, the mitochondrion and the cell body. The descriptors that displayed the
strongest bimodal characteristics, indicating distinct subpopulations, were chosen to define separation values
for early and late replication stages of the respective organelle (Fig. 2). The separation values were defined by the
quartile closest to the bimodal characteristic (arrows in Fig. 2). In the case of 1KIN cells, the area of the kineto-
plast was used to distinguish an early and a late stage. The cut-off was chosen at its 75%-quartile (Fig. 2a). For
2KIN cells, the median of the longest axis (maximum feret diameter) of the nucleus was chosen to distinguish the
early and late stage (Fig. 2b). These measurements allowed us to subdivide the 1381 randomly chosen cells into
901 early 1K1N, 296 late 1K1N, 59 early 2K1N, 60 late 2K1N and 65 2K2N cells corresponding to ~86% 1K1N, 9%
2KIN and 5% 2K2N cells and thus representing roughly an exponentially growing BSF population®.

Measurement of the mitochondrial network and cell body size including area and length.
Two-dimensional topological skeletons of the mitochondria were manually assigned from the o HSP70 immu-
nofluorescence signal of maximum projected image stacks (Fig. 3a). We evaluated a number of algorithms that
potentially allow for automated skeletonisation but were never satisfied with the performance, especially in the
recognition of smaller structures. In each individual skeleton we defined the mitochondrial main branch with its
orientation from posterior to anterior, junctions, branches, endpoints and loops including their position along
the main branch (Fig. 3b). The mitochondrial network size was defined as the sum of the length of all segments
of the mitochondrial skeleton in a single cell and ranged from 8.6 to 24.2 um (Fig. 4a). In order to determine
how mitochondrial growth is coordinated with the cell cycle and the cell body size in T. brucei BSE, we used the
above described refined cell cycle stages and ordered mitochondria by rank according to increasing size (Fig. 4a).
For this, each cell was assigned a normalised rank according to the overall mitochondrial network length
(Fig. 4b). The cell with the shortest mitochondrion obtained the value 0 and the cell with the longest was assigned
the value 1 (Fig. 4b). During the cell cycle the median of the mitochondrial network size increased from 13.8 to
18.5pum (Fig. 4a). The largest increase was detected during the 2K2N phase of the cell cycle after the mitochon-
drial genome has been replicated and segregated. We also measured the increase in cell body size during cell
cycle using the area as a proxy for overall cell size, which ranged from 18.2+3.4pm? in G1 to 28.7 4.8 um? in
G2/M (Fig. 4c,d). Assuming an ellipsoid shape with an average diameter of 1 to 1.5 um in T. brucei, this data is
in agreement with previous studies where the volume of long slender cells has been estimated to be 28.4 um>4!.
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Figure 2. Clustering of 1KIN and 2KIN cells into “early” and “late”. The three horizontal lines on the bean
plots depict the quartile-separators. The arrow heads point to the observed notch indicating bimodality. The
lower part of the bean plots (red) show the cells assigned to the “early” stages and the upper part (green) show
the “late” stages. Examples of cells stained with DAPI (cyan) from each cluster are shown on the right-hand
side of the plots. The white squares in (a) indicate the area of the KDNA, the white bars in (b) indicate the
longest axis (maximal feret diameter) of the nucleus. (a) Subdividing of 1K1N cells according to the area of the
kinetoplast. (b) Subdivision of 2K1N cells according to the maximal feret diameter of the nuclei. Scale bar 5pm.

Plotting cell body size versus the mitochondrial network size showed a positive correlation with a R? value of
0.38 (Fig. 4c). When we analysed the normalised progression of mitochondrial network and the cell body size
relative to the cell cycle progression we found that cell body size increased faster than the mitochondrial network
size (Fig. 4d). While the cell body size increased by almost 50% during G1 of the cell cycle, the mitochondrial
network developed very little during this time and showed the majority of size increase during the last quarter of
the cell cycle starting in 2K2N cells. Thus cell body growth precedes organelle growth, and mitochondrial growth
in T. brucei BSF is not continuous throughout the cell cycle as it has been proposed in other Eukaryotes including
human cells, budding yeast or Chlorella®'-%. Aside from the network size, we also tested other features including
the number of endpoints, junctions, loop perimeter, loop area and loop number for any statistically significant
correlation to the cell cycle progression in BSF cells (Fig. 5, for feature definition see Fig. 3b,c). Besides the net-
work size, the number of junctions, endpoints and loop perimeter also showed at least partial correlation with the
cell cycle progression (Fig. 5). On the other hand, the loop area and the number of loops did not correlate with
the cell cycle progression (Fig. 5).

Positions of mitochondrial growth. The mitochondrion of BSF trypanosomes consists of the main
branch that spans the posterior-anterior axis (PA-axis) of the cell body. This tube, which is distributed asym-
metrically in the cell body, mostly close to the plasma membrane opposing the flagellum, is present at any
time and outgrowth emanates from this structure. In order to test if outgrowth from the main branch occurs
randomly along the PA-axis or if particular sites are preferred, we first analysed the presence of branches and
loops along the main branch in 901 early 1K1N cells. For this, the mitochondrial main branch was assigned
and mathematically straightened (Fig. S2). The centre of mass of each the nucleus and kDNA was projected
onto the main branch according to the minimal Euclidean distance (Fig. S2b,c) and were then used as reference
points along the mitochondrial main branch. Loops and branches were assigned to the main branch and the
distance from the posterior end of the mitochondrion to the junction or bifurcation points were measured
along the mitochondrial main branch. The cumulative data of these junction points was used to calculate
kernel density estimators (KDE) (Fig. 6). Peaks in the graphs indicate hotspots of mitochondrial organelle
outgrowth. Isolated branches were mainly found in the posterior part of the cell, most prominently either close
to the kinetoplast or slightly anterior of the nucleus (Fig. 6a,b). A third less-pronounced hotspot of isolated
branches was identified between the nucleus and the anterior tip of the mitochondrion (Fig. 6¢). Loops, on
the other hand were more frequently detected in the anterior region. For each individual loop we identified
the position of both intersections with the main branch and termed them posterior or anterior junctions
(Fig. 6d-f). The most frequent intersection with the main branch was an anterior junction, which was located
between the nucleus and the anterior tip of the mitochondrion. Two posterior junction points were found to be
similar in abundance on either side of the nucleus. Thus the corresponding loops either surround or are found
posterior to the nucleus (Fig. 6e,f). These results were also supported by manual evaluation of loops in the cell
(Fig. 6g). Another junction-pair of a posterior and an anterior peak building a loop surrounding the KkDNA was
found in the posterior part of the cell (Fig. 6d).

Mitochondrial growth patterns during the cell cycle. Based on the absence or presence of branches
and loops the mitochondria were grouped into seven subclasses of distinct complexity (Fig. 7a,b) and the
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Figure 3. Schematic representation of a skeletonised mitochondrial network. (a) The mitochondrion
(magenta) is shown as acquired by epifluorescence microscopy. The cell outlines as detected by CellMask are
depicted by the dashed, green line. (b) A topological skeleton was extracted from (a). The mitochondrial main
branch is depicted in red and the outgrowths are shown in blue. The white squares indicate endpoints, and the
yellow circles indicate junctions. Outgrowth can be assigned into three major types: Shown here are (i) isolated
branches, (ii) isolated loops, and (iii) complex structures, which can either be nested loops (multiple loops without
endpoints) or complexes containing both, loops and branches (one or more loops with one or more endpoints).
(c) Loops (blue, red, and green) are treated as shapes and can be measured accordingly. Scale bar 5pum.

subclasses were correlated with the refined cell cycle stages. We found single tubes to be most abundant in early
IKIN cells, while these cells only rarely contained one big- or multiple complex(es). Subclasses with complex
mitochondrial morphologies were most frequently found in cells just prior to cell division (2K2N), while these
cells only rarely contained a single tube or single tube with just one loop. Thus in general increasing complexity of
the organelle was clearly correlated with the cell cycle progression (Fig. 7b).

Identification of a specialized area around the kDNA-the kDNA pocket. Based on the distribution
of mtHSP70 a majority of the observed mitochondria (~75%) showed an enlarged structure in form of a branch or
in some orientations of the cell a small loop in the region where the KDNA is localised (Fig. 7c,d). Quantification
showed that there is a decrease in HSP70 signal intensity at the position where the DNA stain DAPI shows the
strongest intensity (Fig. S3a—e). Thus apparent loop structure might be explained by the lack of mtHSP70 in the
kDNA disk. In some imagery there is an increase of mtHSP70 signal in the middle of the kDNA disk, although
it does not reach the intensities of the signal outside the kDNA disk area. The reason for the increase of the
HSP70 intensity remains unknown (Fig. S3¢,e). In order to further investigate this region of the organelle we used
serial block face scanning electron microscopy*>. This technique allowed us to measure the diameter of the mito-
chondrial organelle around the position of the kDNA relative to random positions along the posterior anterior
axis. We analysed 19 cells and found that the average of the largest diameter of the mitochondrion at the kDNA
was 215nm +24nm (Fig. 7e,f), while at random positions outside the area of the KDNA the average maximum
diameter of the mitochondrial tube was 148 nm £25nm (Table S1). Interestingly, between the KDNA pocket
and the remaining mitochondrion we found a constriction of the organelle to an average maximum diameter
of 110nm + 25 nm (Fig. 7e,f) that seems to “separate” the KDNA pocket from the rest of the mitochondrion. We
also looked at the orientation of the organelle. While the main branch of the mitochondrion is generally oriented
alongside the posterior anterior axis (PA-axis) it changes its orientation in the region of the kDNA. We measured
the angle between the PA-axis oriented organelle and its positioning at the kDNA and found it to be tilted by
115°+ 14° (Fig. S4). Using 3D reconstructions from the individual SBFSEM slices we calculated the volume of
the elliptically shaped enlarged organelle region to be around 0.07 pm? (Fig. S5). This volume would be sufficient
to house the kDNA disc that is around 0.024 um? based on the assumption of disc like structure with a diameter
of 450 nm and a height of about 150 nm in the 1K1N conformation (T. brucei kDNA disk size taken from ref. 43).
Thus the posterior part of the mitochondrial organelle is enlarged in the region juxtaposed the basal body, tilted
relative to the overall orientation of the organelle and constricted on both ends. It forms an elliptical cylinder
reminiscent of a golf club head, that houses the mitochondrial genome (kDNA) which, we suggest to name kDNA
pocket. The kDNA pocket is also the region of the mitochondrion where the kDNA is replicated* and connected
to the base of the flagellum via the tripartite attachment complex (TAC)**. The mitochondrial membranes in this
region have been shown to resist detergent extraction likely as a consequence of the TAC structure®. Thus, the
kDNA pocket clearly differs in morphology from the remaining mitochondrial organelle and houses specific
functions related to organelle replication and segregation.

STED microscopy. In order to achieve better resolution of the mitochondrial shape and size we also applied
STED super-resolution microscopy technology that allows a lateral resolution of about 30 nm. Based on these
analyses the interquartile range of the diameter of the mitochondrial tubule in the BSF parasites was between
169 nm and 219 nm with an average of 206 nm £ 46 nm (Fig. 8a). This value is larger than the value measured with
SBFSEM (148 nm), which might be due to the different resolution of the techniques and or the manual threshold-
ing required in STED imaging. Overall the diameter of T. brucei BSF mitochondria appear similar in size to yeast
mitochondria from exponentially growing cells analysed by electron microscopy (average diameter 200 nm*®);
however, they seem thinner than mitochondria from stationary yeast cells from the same study that had an aver-
age diameter of about 400 nm or mitochondrial organelles isolated from rat liver that showed a mean diameter of
382 nm 102 nm*. More recent life cell imaging of exponentially growing yeast cells by 4Pi-confocal microscopy
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Figure 4. Mitochondrial network size during the cell cycle. The refined cell cycle stages are depicted in
different colours, gradually changing from light blue (early 1K1N) to black (2K2N). (a) Boxplots of the total
measured length of the mitochondrial skeleton for each refined cell cycle stage. The displayed numbers

inside the boxes represent the median values. (b) The upper part shows a ranked statistic, each bin represents
the mitochondrion of a single cell. The rank for each mitochondrion was normalised such that the shortest
mitochondrion was assigned the value is 0 and the longest 1. The lower part depicts boxplots of the normalised
ranks for each stage. Wilcoxon rank-signed tests were performed from one to the subsequent cell cycle stage.
(c) Scatter plot of the cell body area against the total length of the mitochondrial skeleton. Each symbol on the
plot represents a single cell. The cells from the refined cell cycle stages were grouped and are depicted in distinct
colours and with distinct symbols. A quadratic regression coefficient (R?) for the overall data is shown.

(d) Normalised median-values for cell area and mitochondrial network skeleton for the refined cell cycle stages
on the y-axis. The values were normalised such that the lowest median value for each of the both measured
properties is 0 and the highest is 1. The distances on the x-axis represent the cell cycle progression. The stacked,
horizontal bar in the lower part of the plot shows the estimated duration of each cell cycle stage. The midpoints
of the calculated cell cycle stages were chosen to place the median values on the y-axis. (***p-value < 0.0001,
**0.001 < p-value < 0.01). We also added an estimation of the more conventional cell cycle stage nomenclature
(G1, S, G2/M).

estimated the organelle diameter to be 339 nm + 35 nm and 360 nm + 28 nm in glucose and glycerol containing
media, respectively?’. That the discrepancy between the two studies is caused by fixed vs. life cell imaging or
the different imaging techniques (4Pi-confocal vs. transmission electron microscopy) is not clear. Interestingly
the diameter of the parasite organelle appeared significantly smaller (p value < 0.001) in 2K2N (G2/M) cells
(mean =+s.d. 184 436 nm) when compared to 1K1N (206 =46 nm; G1) and 2K1N (204 £ 37 nm; S). The decrease
in the diameter thus correlates with the strong increase in network size during the later parts of the cell cycle
(Fig. 4d) and one could speculate that stretching of the organelle might contribute to the fast increase in length
during G2/M. This is comparable to the exponential vs. stationary growing yeast where during the exponential
phase the mitochondrion is thinner than during stationary phase®.

In order to evaluate the volume and overall three dimensional morphology of the mitochondrion we
acquired images using the 3D STED acquisition mode of the TCS SP8 STED 3X. The resolution after Huygens
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Figure 5. Heatmap matrix of mitochondrial growth during the cell cycle. Features including mitochondrial
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(2-tailed unpaired student’s t-test). Each row represents one feature and each column represents two consecutive
cell cycle stages (a—e). The colour code and the asterisks (***p-value < 0.0001, ***0.0001 < p-value < 0.001,
**0.001 < p-value < 0.01, *=0.01 < p-value < 0.05, ns = p-value > 0.05) represent the obtained p-value and the
significance level respectively. The tested features were arranged in descending order according to their average
p-value. The dashed lines in the matrix show the trend of the calculated median values for each cell cycle stage-
the corresponding axis (left or right of the matrix) show the range of these values.
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Figure 6. Initial branches and loops. (a-f) Depiction of hotspots of mitochondrial outgrowth in early 1KIN
cells (n=901). (a-c) Isolated branches can be grouped into three major classes: (a) posterior branches that

are found close to the kinetoplast, (b) branches that are found close to the nuclei but slightly posterior to their
centre point, and (c) branches emerging from the anterior part of the cell. (d-f) Isolated loops. (d) Loops on the
posterior end of the cell that likely include the kinetoplast, (e) loops that are found anterior to the nuclear centre
points, (f) and loops that include the centre points of the nuclei. Graphs show the calculated kernel density
estimators (KDE) of isolated branches (left) and posterior- and anterior junction points emerging from the
mitochondrial main branch (right). The blue vertical bars depict the interquartile ranges (IQR) of the projected
centre points of the kinetoplasts (left bar) and the nuclei (right bar). (g) Pie chart shows manual evaluation of
the isolated loops relative to the centroids of the nuclei.

deconvolution was 70 nm in xy and 100 nm in z, compared to about 30 nm in xy when using 2D STED. We
acquired data from 19 cells of which the majority showed the 1K1N confirmation. Using the Imaris software
package we reconstructed the 3D volume of the mitochondrial organelle from these cells (see example in Fig. 8b).
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Figure 7. Classification and quantification of mitochondrial morphology subtypes and kDNA.
Mitochondria were grouped into seven distinct classes based on their morphology. (a) Schematic representation
of the subtypes. (b) The plots show the relative occurrence within the refined cell cycle stages. (c) Different
shapes of the mitochondrion in the region of the kDNA. (d) Bar plot of the occurrence of the different shapes
in the distinct cell cycle stages. (e) Serial block face scanning electron microscopy images of BSF trypanosomes.
Section of the posterior end of the cell with the KDNA (star) and the basal body (triangle) are shown. Top row
shows three successive sections of the KDNA pocket and the constrictions (arrows). Bottom row, two successive
sections of the KDNA pocket and the constrictions. (f) Quantification of the average maximum diameter of

the kDNA pocket (n=19, 215nm =+ 23.76 nm), the constrictions (n =19, 110.15nm =+ 29.32 nm), and random
positions in the mitochondrion outside the KDNA pocket (n =19, 147.63 nm - 24.64 nm). T-test ***p < 0.005,
*#4*p < 0.0005. Scale bar 500 nm.
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Figure 8. Mitochondrial diameter and size measurements. (a) The diameter of BSF trypanosome
mitochondria measured by 2D STED: 1K1N cells (n =102, 205.64 nm + 45.86 nm), 2K1N cells
(n=104, 204.02nm =+ 36.81 nm) and 2K2N cells (n =107, 184.29 nm = 36.17 nm); (ns = p-value > 0.05,
*#%0.0001 < p-value < 0.001; students’ t-test, two-tailed, unpaired). (b) Surface rendering of the mitochondrial
volume from a representative 1K1N cell posterior to anterior, left to right. The grey surface is partially
transparent to display the maximum intensity projection (red). The 3D reconstruction is turned 45 degrees
around the horizontal axis to show the reconstruction in the z axis. Stars mark the kDNA pocket; arrow heads
point to mitochondrial branches. Scale bar 1.5 pm. (¢) Average mitochondrial volumes calculated from 3D
reconstructions (1KIN, n=13, 2.82 pm?®+0.82 um? 2K1N, n=3,4.21 pm®+ 0.76 pm? and 2K2N n=3,
5.74pm?®+ 1.35pum?).
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Figure 9. Comparison of epifluorescence microscopy and STED. Comparison of the skeletonised
mitochondrial structure based on epifluorescence and super-resolution (STED) microscopic imagery.

(a) STED resolves small loop structures that are not, or barely visible in epifluorescence microscopy. The
magnified regions show two small loops of comparable size and spatial orientation. (b) Intensity profiles
passing the centre of the loops. The affected pixels are indicated as the orange dashed lines in (a). Scale bar
5pm. (c) Log,-fold changes of the median ratios (mean + standard deviation) for each cell cycle stage.

The reconstructed 3D volumes show a continuous tubular structure with the kDNA pocket and several small
branch points along the PA-axis. Compared to confocal or epifluorescence microscopy, where the gaps between
the individual z-stacks often become quite evident the 3D STED shows very little distortion (Fig. 8b).

From thirteen 1K1N cells we calculated the average of the mitochondrial volume to be 2.8 um® 4 0.8 pm?
(Fig. 8¢, Table S3). In a much smaller number of 2K1N (S) and 2K2N (G2/M) cells we calculated the volume
to increase to 4.2 pm?® £ 0.8 pm® and 5.7 pm® + 1.3 pm?, respectively. The volume measurements by 3D STED
are much larger than the theoretical volumes calculated from the 2D STED or the SBFSEM measurements
of the organelle diameter and length. Based on the diameter of the mitochondrial tube measured by 2D
STED the organelle should have a volume of 0.4 pm? and 0.6 pm?® in 1KIN and 2K2N cells, respectively. We
hypothesize that this large difference in volume can be attributed to the loss of resolution especially in the
z-axis when using the 3D acquisition mode compared to 2D STED or SBFSEM. The blur then translates dur-
ing reconstruction into an increased diameter of the organelle mostly in z, but also in xy. If this explanation
is true then the 3D STED reconstructed organelle should show a biased diameter distribution with longer
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Figure 10. Model of mitochondrial replication and segregation cycle in BSF T. brucei. Model (upper part):
Model of mitochondrial growth during the cell cycle (a-i). Cells including the flagella are depicted in gray,
nuclei are shown as blue circles inside the cell, kinetoplasts are shown as blue ovals inside the mitochondrion
(red). Two alternative pathways are shown; the direct pathway follows the black arrows; the indirect pathway
diverts from (d) to (i) and follows the gray dotted arrows. Supporting images (lower part): representative
epifluorescence images (a-g) for the support of the model. Green, cell contents stained by CellMask: cyan DNA
stained by DAPI and magenta, mitochondrial matrix stained using anti-HSP70 antibodies. Scale bar 5pm.

diameters in z than in xy. We tested this and measured the average diameter of the tube when viewed from the
xy axis and the z axis at more than 20 positions in one example mitochondrion. In xy, the average diameter was
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315nm = 65nm, while in z the diameter was 422 & 115 when using the 3D STED acquisition mode (Table S2). A
two-sided unpaired students t-test showed significance of the difference with a p value of p < 0.001. Although the
3D STED reconstructions offer a very large improvement over reconstructions from regular confocal microscopy,
the calculations based on these reconstructions likely overestimate the volume of the organelle substantially. In
the near future SBFSEM reconstructions will probably solve this issue.

The morphological comparison between mitochondria from BSF trypanosomes and yeast or mammalian
organelles have to be viewed in the light of the functional differences of these organelles. Trypanosome mitochon-
dria, for example, only contain one mitochondrial nucleoid per organelle while yeast and mammalian mitochon-
dria harbor tens of nucleoids with different numbers of genomes organized in these structures. Furthermore, the
trypanosome BSF organelles almost completely lack the components of the oxidative phosphorylation machinery
in the inner mitochondrial membrane and consequently are devoid of cristae whereas the yeast and mammalian
organelles contain a large number of cristae even in stationary growth conditions. None the less the comparison
indicates the range of mitochondrial organelle morphologies in evolutionary very distant systems.

We then compared the median value of several features of the mitochondrial skeletons derived from STED
and epifluorescence microscopy (Fig. 9a). The manual comparison of the images revealed that smaller structures,
mostly loops, became visible in STED microscopy, while they remained undetected in regular epifluorescence
microscopy (Fig. 9a,b). In the measurements from STED images the average number of loops increased by more
than fourfold when compared to epifluorescence microscopy (Fig. 9¢c). Consequently, also the number of junc-
tions and branches increased. On the other hand, the average loop area decreased by approximately twofold. The
higher resolution in STED microscopy led to ~50% increase of the overall network length. The apparent increase
in size was most clearly seen in the 2K2N population that showed a strong fenestration of the mitochondrial
network just prior to cell division (Fig. S6). The strong fenestration is rather surprising since cells in G1 just
after cytokinesis basically lack fenestration and instead mostly contain a single mitochondrial tube. This suggests
extensive pruning of the organelle just prior or during cell division.

Model of mitochondrial growth and separation during the cell cycle. Based on our data we pro-
pose a model of mitochondrial growth in the BSF parasite that includes growth of a major branch posterior of
the nucleus as well as loop formations in the anterior part of the cell (Fig. 10a,b). In the next step, the anterior
and posterior network parts fuse to one large network (Fig. 10c). Although fusion events have not been directly
demonstrated in T. brucei, the expression and subsequent repression of the human pro apoptotic factor Bax
strongly suggests that the cells are capable of organelle fusion®'. We propose two alternative pathways of how the
duplicated organelle is separated into two daughter cells after the fused network has formed (Fig. 10e,f). In both
pathways the pruning of the network occurs simultaneous with the appearance of the division fold that asym-
metrically bisects the two daughter cells*®. The division fold either leads to (i) fission of the organelle between the
two replicated kinetoplasts resulting in two daughter cells with clearly separated kinetoplasts or (ii) the network
fission occurs such that the kinetoplasts reside in a connected tubular structure (Fig. 10h). The latter leading to
a short stretch of continuous organelle, which in the daughter cell is separated anterior to the kinetoplast. In a
subsequent step the organelle is re-fused and then finally separated during or just prior to the abscission process
(Fig. 10i). Thus the alternative scenario requires the fusion of the fragmented organelle in the cell containing the
new basal body/flagellum and a second fission step to finally separate the organelles in both daughter cells.

Although we have presented evidence for mitochondrial fusion and fission events in T. brucei, formal confir-
mation of these processes in the future will require single cell live imaging techniques that should also reveal how
frequently these events occur in the parasite.
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