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Abstract

Mitochondria are relatively small, fragmented, and abundant in the large embryos of Drosophila, Xenopus and
zebrafish. It is essential to study their distribution and dynamics in these embryos to understand the mechanistic role
of mitochondrial function in early morphogenesis events. Photoactivation of mitochondrially tagged GFP (mito-PA-
GFP) is an attractive method to highlight a specific population of mitochondria in living embryos and track their
distribution during development. Drosophila embryos contain large numbers of maternally inherited mitochondria,
which distribute differently at specific stages of early embryogenesis. They are enriched basally in the syncytial
division cycles and move apically during cellularization. Here, we outline a method for highlighting a population of
mitochondria in discrete locations using mito-PA-GFP in the Drosophila blastoderm embryo, to follow their
distribution across syncytial division cycles and cellularization. Photoactivation uses fluorophores, such as PA-GFP,
that can change their fluorescence state upon exposure to ultraviolet light. This enables marking a precise population
of fluorescently tagged molecules of organelles at selected regions, to visualize and systematically follow their
dynamics and movements. Photoactivation followed by live imaging provides an effective way to pulse label a
population of mitochondria and follow them through the dynamic morphogenetic events during Drosophila
embryogenesis.
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Background

Drosophila melanogaster embryogenesis is a well-developed model system for studying mechanisms that drive
plasma membrane shape changes during development. The Drosophila embryo is maternally loaded with machinery
in the form of subcellular organelles, proteins, and mRNA, to drive the early stages of development. It is of interest
to elucidate the function of organelle dynamics during early morphogenesis events in embryogenesis.

Drosophila embryogenesis begins as a syncytial cell, where nuclear cycles 1-13 occur in a common cytoplasm
(Foe and Alberts, 1983). Nuclear division cycles 10—13 occur at the cortex. Complete cells that are epithelial in
nature form in the interphase of syncytial division cycle 14. The plasma membrane extends around each nucleus
and closes off at the bottom. Subcellular organelles, such as the endoplasmic reticulum (ER) and Golgi complex,
are associated with each nuclear-cytoplasmic domain in the cortical syncytial division cycles (Frescas et al., 2006).
Mitochondria are also present, interspersed within the ER and Golgi network (Chowdhary et al., 2017).
Mitochondria are small, fragmented, and abundant in the syncytial blastoderm embryo (Chowdhary et al., 2017).
Microtubule motors regulate their distribution in the syncytial division cycles and cellularization (Chowdhary et al.,
2017 and 2020).

Genetically encoded fluorescently tagged transgenes distributed to the ER, Golgi complex, and mitochondria
have helped ascertain their distribution in living embryos (Cox and Spradling, 2003; Frescas et al., 2006; Chowdhary
et al., 2017). Diffusion dynamics of such fluorescently tagged molecules and organelles have been described using
live imaging and photobleaching techniques, such as fluorescence recovery after photobleaching (FRAP) and
fluorescence loss in photobleaching (FLIP). These techniques depend on bleaching of existing fluorescence and
enable an analysis of local exchange rates of tagged molecules, at given regions of interest in cells (Frescas et al.,
2006). Photoactivation involves the use of photo-convertible fluorophores that can switch their fluorescence
properties upon photoactivation (Patterson, 2011). PA-GFP needs to be activated with a high-power light of
approximately 400 nm wavelength, to show fluorescence at approximately 520 nm. Thus, photoactivation allows
highlighting subcellular organelles during distinct stages of development in a relatively non-invasive manner, by
activation of PA-GFP at a very specific location using the 400 nm light and tracking this marked population against
the non-activated, non-fluorescent background (Patterson and Lippincott-Schwartz, 2002). Mito-PA-GFP has been
used to study mitochondria dynamics in distinct stages of Drosophila oogenesis and embryogenesis (Chowdhary et
al., 2017 and 2020; Lieber et al., 2019).

Cell shape change seen in cell migration, cytokinesis, and embryo development is accompanied by the
mitochondrial movement to the location of shape transition (Denisenko ef al., 2019). The presence of mitochondria
locally in the Drosophila embryo is necessary for driving morphogenesis in embryo development (Chowdhary et
al., 2017 and 2020). Visualization of mitochondria in Drosophila embryos using mito-GFP shows that they are
abundant, and that their movements cannot be ascertained with precision due to their density (Chowdhary et al.,
2017 and 2020). Highlighting mitochondria in specific regions via photoactivation, and then imaging their
movement, is a powerful method to follow their dynamics during distinct morphogenetic transitions in embryo
development. In this protocol, we describe photoactivation as a method for highlighting mitochondria in distinct
regions in Drosophila embryo development. We provide a stepwise description of the photoactivation procedure
followed by image analysis, to decipher the distribution of mitochondria during syncytial division cycles and
cellularization. Using this protocol, we observed that photoactivation of mitochondria in mito-PA-GFP expressing
embryos in one nuclear-cytoplasmic domain shows a lack of movement into adjacent domains (Chowdhary et al.,
2017). Photoactivation of mitochondria basally during cellularization shows translocation to apical locations
(Chowdhary et al., 2020).

Materials and Reagents

1. Drosophila melanogaster stocks - nanos-Gald [w!''8; P{w[+mC]=GAL4::VP16-nos.UTR}CG6325M'P!,
https:/flybase.org/reports/FBti0012410 Bloomington Stock Center, #4937, https://bdsc.indiana.edu/ (Larkin et
al., 2021)] and UASp-mito-PA-GFP (mito-PA-GFP) generated in the lab (Chowdhary et al., 2017). The mito-
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PA-GFP flies contain a transgene with the mitochondrial targeting sequence from human cytochrome oxidase
VIII fused with PA-GFP.

Embryo collection cages (59-100, Flystuff.com)

Petri plates (60 mm, Tarsons, India)

Sucrose (non-molecular biology grade, local purchase)

Agar-agar (non-molecular biology grade, local purchase)

Sodium hypochlorite (Bleach) (Sigma, catalog number: 1056142500)

Cell strainer (Corning, catalog number: CLS431751)

Yeast (non-molecular biology grade, local purchase)

Malt (non-molecular biology grade, local purchase)

. Cornflour (non-molecular biology grade, local purchase)

. Propionic Acid (non-molecular biology grade, local purchase)

. Orthophosphoric acid (non-molecular biology grade, local purchase)
. Ethanol (non-molecular biology grade, local purchase)

. NaCl (non-molecular biology grade, local purchase)

KCI (non-molecular biology grade, local purchase)

. Na,HPOy4 (non-molecular biology grade, local purchase)

. KH,PO4 (non-molecular biology grade, local purchase)

. 2 chambered coverslip bottom dishes (Lab-Tek, chambered coverglass, no 1, Thermo 155380)
. 00 number paintbrush (Camlin, India)

. Cornmeal agar Drosophila medium in vials (see Recipes)

. Sucrose agar plate (see Recipes)

. Phosphate buffered saline (PBS) (see Recipes)

Note: During Drosophila oogenesis, mitochondria are transported from the nurse cells to the oocyte. To drive

the expression of UASp-Mito-PA-GFP in the Drosophila ovarioles, nanos-Gal4 was used and, thus, tagged

mitochondria were inherited into the embryos. nanos-Gal4 can be replaced by another tissue-specific driver of

choice for expression of tagged mitochondria in other tissues.

Equipment

1. Incubator at 25°C for Drosophila stocks and crosses (Panasonic)
2. Stereo microscope (Olympus SZX10)

3. Confocal microscope (Carl Zeiss LSM 780)

4. Carl Zeiss stage stop incubator built-in with LSM 780 microscope

Software

Imagel/Fiji - Bio-Formats plugin https://imagej.nih.gov/, https://imagej.net/software/fiji/ (Schindelin et al.,
2012; Rueden et al., 2017)

Microsoft Excel https://www.microsoft.com/en-in/microsoft-365/excel

GraphPad Prism https://www.graphpad.com/scientific-software/prism/
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Procedure

A. Fly culture and embryo preparation

Notes:

Cross nanos-Gal4 and mito-PA-GFP flies, and maintain them at 25°C on standard cornmeal-agar
Drosophila medium containing yeast granules (Figure 1A, 1B-1).

Collect the F1 generation of nanos-Gal4 and mito-PA-GFP (nanosGal4/mito-PA-GFP) containing female
and male flies, and add them to embryo collection cages containing 3% sucrose-agar plates supplemented
with yeast paste (Figure 1B-1). Discard the egg collection from the first 30 min, since they are often of
varied ages, and add fresh plates.

Collect embryos from nanos-Gal4/mito-PA-GFP flies 1.5 h after adding a fresh collection plate to the cages.
This collection will contain embryos with a maximum age of 1.5 h in the syncytial blastoderm stage.
Collect embryos after 2.5 h for imaging cellularization. Add water to the embryo collection plates. Gently
dislodge the embryos from the agar using a fine brush and pour them into a cell strainer. Wash them with
water in the cell strainer, until all the yeast paste is washed off (Figure 1B-2, 3).

Dip the cell strainer containing the embryos in a slightly larger plate containing 100% bleach for 1 min to
remove the embryonic chorion. You may observe the loss of the chorion with a stereomicroscope (Figure
1B-4).

Carefully wash the embryos with water, to remove any residual bleach (Figure 1B-5).

Using a stereo light microscope and brush, place the dechorionated embryos on a 2 chambered coverglass
dish (Figure 1B-6).

Carefully add 2 mL of PBS to the 2 chambered coverglass bottom chamber (Figure 1B-6).

Add oil to the 63%/1.4NA objective in an available confocal microscope. We used the Zeiss LSM780
confocal microscope. Place the coverslip bottom chambers containing the embryos in an incubator stage
at 25°C, to perform photoactivation (PA) experiments (Figure 1B-7).

Mito-PA-GFP is photoactivated and imaged using the 405 nm and 488 nm lasers, respectively (Figure 1C),
as described further.

1. The mito-PA-GFP fluorescence is faintly visible without photoactivation. The weak fluorescence can be

used to decipher whether the transgene is present in the desired tissue and correctly targeted to
mitochondria.

Immunostaining with anti-GFP antibodies can also be carried out to test the expression and distribution of
the transgene in mitochondria.

Choose the objective magnification most suitable for the tissue of interest.

The temperature of the incubator chamber depends on the tissue being processed. It is typically 25°C for
Drosophila embryos and tissues, and 37°C for mammalian cells.
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Figure 1. Obtaining Drosophila embryos on coverslip bottom chambers for photoactivation experiments.

(A) Representation of the Drosophila cross scheme. (B) Schematic showing embryo preparation for photoactivation.
Female and male mito-PA-GFP flies are incubated in embryo collection cages containing agar plates supplemented
with yeast paste (1). The embryos laid on the plate are collected in a strainer, by squirting water on the yeast agar
plate (2, 3). Embryos are dechorionated by dipping the strainer in 100% bleach for 1 min (4). The chorion is removed
in the bleach (outermost layer, shown as a black line in 2). Dechorionated embryos are thoroughly washed using
distilled water (5). They are aligned in 2 chamber coverslip dishes (6), and 2 mL of PBS is added to the dish (6).
The dish is placed in the incubation chamber on an inverted confocal microscope (7) and imaged using an oil (golden
droplet) immersion lens (7). (C). PA in the desired ROI (red) is performed using the 405 nm laser (C1), and images
are acquired using the 488 nm laser for excitation and a bandpass filter containing 520 nm for the emission (C2).

(D) Screenshot of Carl Zeiss Zen Image Acquisition software associated with Zeiss LSM confocal microscopes,
showing an appropriate selection of settings for photoactivation (zoomed-in inset).
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B. Image acquisition

The plasma membrane in Drosophila syncytial blastoderm embryos partially covers the nuclei on the
apical side (Figure 2A). Mitochondria are asymmetrically distributed, with increased intensity in the basal
regions of the syncytial blastoderm embryo (Figure 2A and 2B). Mitochondria are present around nuclei
in optical sections across the nuclei (Figure 2B, 5 um). Drosophila embryos in cellularization contain
mitochondria enriched at the basal side during early stages (Figure 3A and 3B). Mitochondria are less
intense in apical sections in early cellularization, but are present at a higher intensity in late stages (Figure
3B). In late stages, this increase in fluorescence suggests that mitochondria move to apical sections from
basal regions during cellularization.

Observe the embryos in bright light with the 63x objective, to discern the stage of the embryos. The
anterior end of the embryos contains the micropyle. Search for embryos where the pole cells are visible at
the posterior. Embryos in the syncytial blastoderm stage contain bulges in the apical regions, where nuclei
are present.

Even before PA, mitochondrial and background cytoplasmic fluorescence is visible using 488 nm
excitation at 2% laser power and emission with a bandpass filter at 520 nm. Zoom into the image to obtain
a 2x magnification (2x optical zoom) of 512 x 512 pixels (Figure 1A, 7) and set the software to obtain
images with an average of 2 for each pixel (2 averaging). The background fluorescence can be further used
to locate the syncytial regions where PA will be performed (Figure 2C and 2D).

Select time series, photobleaching, and regions tabs in the software, which enables setting the parameters
for time-lapse imaging and photobleaching (Figure 1D).

Select the regions of interest (ROI) using a suitable line drawing tool, to mark a region where
photoactivation is desired. In Figure 2C, the ROI is drawn with a segmented line and encompasses the
region containing mitochondria in one nucleo-cytoplasmic domain on the apical side. In Figure 3C, the
ROI is drawn with a rectangular line tool at the base of cells. The ROI size covers the basal region of
approximately three cells.

After marking the regions for PA, select the 405 nm laser at 100% power and 30 iterations for PA.

Set the software to acquire 3 pre-PA images and post-PA images, using the 488 nm excitation laser at 2%
power at 1 min intervals for 2 min in the syncytial division cycle, and 40 min in cellularization experiments
(Figure 2C and 2D, Figure 3C and 3D, Video 1 and Video 2).

Start the experiment and save the movie files to the computer. Save one image containing the details of the
ROI drawn for PA as well, for further calculations.

Video T.avi

00:00:01 / 00:00:04.25.. 53

Video 1. Photoactivation experiment in the Drosophila syncytial embryo, to ascertain the extent of

mitochondrial translocation between neighboring nuclear-cytoplasmic domains.
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Mitochondria are photoactivated in a red region, and the neighboring green region is quantified for fluorescence
gain. The movie is shown in a 16-color look up table, where blue is the lowest fluorescence and red is the highest.
Scale bar is 10 um.

Video 2favi ' !

00:00:01 / 00:00:05mgmtmm

Video 2. Photoactivation experiment for cellularization in Drosophila embryos, to assess the translocation of
mitochondria from basal to apical directions.

Mitochondria are photoactivated in basal regions (red region) and fluorescence is monitored in apical regions (green
region) over time. The movie is shown in a 16-color look up table, where blue is the lowest fluorescence and red is
the highest. Scale bar is 10 pm.

Notes:

1. Photoactivation with mito-PA-GFP containing embryos can also be carried out in dechorionated embryos,
which are fixed embryos mounted in antifade on a slide with a coverslip. PA experiments on these fixed
embryos enable a preliminary analysis of the photoactivation protocol in any tissue of interest. There should
be no movement of fluorescence signal in fixed embryos.

2. The PA ROI may move during the PA step if fast developmental processes are being investigated, activating
an ROI larger than the one drawn.

3. Minimal photobleaching of the PA-GFP fluorescence intensity was seen over the 60 min time duration of
these experiments. The extent of photobleaching may increase for experiments carried out for longer than
60 min.
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Figure 2. Photoactivation experiment to ascertain the distribution of mitochondria across neighboring
syncytial nuclear-cytoplasmic domains in Drosophila embryos.

(A) The DIC image on the left shows the Drosophila embryo in the syncytial blastoderm embryo stage. The pole
cells are visible at the posterior of the embryo. The schematic in the middle shows the organization of nuclei at the
periphery of the embryo in the syncytial blastoderm embryo. Nuclei (light blue) are present cortically near the outer
surface and partially covered with an apical plasma membrane (brown). A, anterior, V ventral, D, dorsal, P, posterior.
A sagittal view of two adjacent nuclear-cytoplasmic domains in the syncytial Drosophila embryo is on the right.
The schematic shows mitochondrial organization (green dots) in the syncytial blastoderm embryo. Mitochondria
are enriched at the base in the syncytial division cycles (green) (Chowdhary et al., 2017). Scale bar is 50 um. (B)
Mitochondria labeled with mito-GFP are enriched at the base of nuclei labeled with histone-RFP. The depth for each
image is indicated from the surface of the embryo. Scale bar is 5 pm. (C) The schematic shows the strategy for the
photoactivation experiment. Mitochondria in one nuclear-cytoplasmic domain (red ROI) are highlighted by the 405
nm laser and fluorescence change is monitored in adjacent domains (green ROI). (D) Mitochondria in the red region
in mito-PA-GFP containing embryos are highlighted by photoactivation with the 405 nm laser. Imaging is carried
out by excitation with the 488 nm laser and emission at 520 nm for 2 min. The optical sections pre-PA, post-PA, and
at 105 sec after PA are shown. The 16-color rainbow lookup table (blue is lowest and red is the highest) in ImageJ
is used to show snapshots of the data. Scale bar is 10 um.
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C. Image processing

Open the acquired raw images using ImagelJ software. Import the images and the respective ROIs into
ImagelJ, using the Bio-Formats plugin (https://imagej.net/formats/bio-formats).

Add the PA ROIs shown by the Bio-Formats plugin to the ROI manager in ImageJ. Manually add an ROI
in the adjacent non-PA region, to compare the PA ROI in the experiment in Figure 2, to monitor

fluorescence transfer between adjacent nuclear-cytoplasmic domains. Draw an ROI in the region above
the PA ROI in the experiment in Figure 3, to monitor the transfer of fluorescence from basal regions of
cells to apical regions during cellularization. Draw one ROI in the entire imaging field. Add all the
manually drawn ROIs to the ROI manager.

Depending upon the cell cycle stage at which PA is carried out, the syncytial domains may move due to
embryo development. In such cases, the ROIs need to be manually re-drawn to estimate the fluorescence
in the desired regions. In the case of cell movements in the lateral direction or stage drifts, adjust the ROIs
before obtaining the mean, minimum, and maximum measurements.

For the experiment in Figure 2C and 2D, obtain the mean and minimum (min) fluorescence intensities of
all ROIs, by using the “Multi-measure” function of the ROI manager. Alternatively, obtain these values
using the “Time series analyzer” plugin in Image] (https://imagej.nih.gov/ij/plugins/time-series.html).
Obtain the mean, min, and background fluorescence intensities for the cellularization experiment in Figure

3. Obtain the background fluorescence intensity from the region outside the embryo in Figure 3C and 3D.

Notes:

1.

The ROIs need to be drawn manually for quantification in subsequent time frames, if the PA region moves
away from the original location due to movement within the tissue or stage drifis.

Photobleaching of the mito-PA-GFP fluorescence may occur during the acquisition phase of the
experiment. To estimate the extent of photobleaching, photoactivate the entire imaging field and image this
across the duration of the experiment, to estimate the change in PA-mito-GFP fluorescence over time.

Data analysis

1. Export the fluorescence intensity values obtained from ImageJ into Microsoft Excel (Figure 4A, 5A).

2. Normalize the fluorescence values to express the data on a 0—1 scale using the formula: F-Fy/Fo-Fy,, where F is
the mean fluorescence intensity of a given PA ROI at a given time point, Fy or background fluorescence is
subtracted from F; (the minimum intensity value of the entire imaging field was used as F, for the experiment
in Figure 2D, and the background intensity value was used as Fy, for the experiment in Figure 3D), and Fy is the
mean fluorescence intensity of the ROI at the first time point after PA. If three pre-PA sections are acquired in
the experiment, take a mean of the intensities from these three sections to compute for the pre-PA time points

(Figures 4, 5).
3. Perform the same normalization for the non-PA ROIs in Figures 4 and 5.

Plot the normalized data from multiple experiments (at least three to five experiments at the same stage) for

similar ROIs as average = SEM in Excel or GraphPad Prism (Figures 4B, 5B).
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Figure 3. Photoactivation experiment to ascertain the movement of mitochondria from basal to apical regions
during cellularization in Drosophila embryos.

(A) The DIC image on the left shows the Drosophila embryo in the cellularization stage. Note the presence of a
transparent cortical region in the image. The schematic in the middle shows the organization of cells at the periphery
of the embryo at the end of cellularization. Nuclei (light blue in the schematic) present cortically are completely
covered by the plasma membrane at the end of cellularization (brown). A, anterior, V ventral, D, dorsal, P, posterior.
The sagittal view of two adjacent nuclear-cytoplasmic domains in cellularization is on the right. Mitochondria are
enriched at the base in early stages (green) and in apical regions at late stages (Chowdhary et al., 2020). Scale bar
is 50 um. (B) Mitochondria labeled with mito-GFP are enriched at the base of nuclei labeled with histone-RFP in
early stages of cellularization. The apical intensity of mito-GFP increases during cellularization. It is seen as
increased GFP fluorescence in apical sections at late stages. The depth for each image is indicated from the surface
of the embryo. Scale bar is 5 um. (C) The schematic shows the strategy of the photoactivation experiment.
Mitochondria in the basal region (red ROI) are highlighted on photoactivation by the 405 nm laser, and fluorescence
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change is monitored in apical regions (green ROI). The fluorescence will increase in apical regions if movement
occurs. (D) Mitochondria in the red region in mito-PA-GFP containing embryos are highlighted by photoactivation
with the 405 nm laser, and imaging is carried out by excitation with the 488 nm laser and emission at 520 nm for 30
min. The optical sections pre-activation, post-activation, and at 30 min after activation are shown. The orange ROI
is used to compute the background fluorescence. The 16-color rainbow lookup table (blue is lowest and red is the
highest) in Imagel is used to show snapshots of the data. Scale bar is 10 pm.
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Figure 4. Plot of mitochondrial fluorescence in adjacent nuclear-cytoplasmic domains of syncytial divisions.
(A) The Excel sheet shows the computation of fluorescence intensities and calculation of fluorescence in the
photoactivated ROI and neighboring ROI in the experiment shown in Figure 2C, D. Mean fluorescence from the
photoactivated ROI F; is obtained using ImagelJ, along with the mean fluorescence from the non-activated region
belonging to the adjacent nucleo-cytoplasmic domain. The minimum fluorescence in the embryo is obtained from
the whole field (min). The first time point after photoactivation is marked as Fo (yellow highlighted row).
Normalization on a 0—1 scale is carried out by using the following formula: F-Fy/Fo-Fp. (B) The estimates in (A) are
obtained across multiple embryos, and an average + SEM is plotted for the PA-ROI (red) and the adjacent ROI
(green). n =3 embryos.
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Figure 5. Plots of mitochondrial distribution across the apico-basal axis in cellularizing Drosophila embryos.
(A) The computation of fluorescence intensities and calculation of fluorescence in the photoactivated ROI in basal
regions and apical ROI in the experiment shown in Figure 3C, D. Mean fluorescence from the PA-ROI F, is obtained
using ImageJ, along with the mean fluorescence from the apical region above the photoactivated ROI. The
background is obtained from an ROI outside the embryo shown in Figure 3. The background intensity is subtracted
from the fluorescence intensities for correction (F = F-F},). The first time point after photoactivation is marked as
Fo (yellow highlighted row). Normalization on a 0—1 scale is carried out using the following formula: F-Fy/Fo-Fb.
(B) The estimates in (A) are obtained across multiple embryos, and an average = SEM is plotted for the PA-ROI
(red) in basal regions and the apical ROI (green). n = 3 embryos.

Recipes

1. PBS (10x) (1,000 mL)
NaCl: 1.37 M (Formula weight (FW)177.99)
KCI: 27 mM (FW 136.09)
Na,HPO4: 100 mM (FW 58.44)
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KH,PO4: 18 mM (FW 74.55)

To make a 10% stock of PBS, add 17.8 g of NaCl, 2.4 g of KCl, 80 g of Na,HPO4 and 2 g of KH,POj4 to a beaker
and complete the volume up to 900 mL. The pH of the 10x solution should be 6.8, so add HCI or NaOH to
adjust the pH, if required. Make up the volume to 1,000 mL after pH adjustment.

Note: 10x PBS can be prepared and stored at 4°C. 1 x PBS is freshly prepared by diluting the 10x PBS
stock solution.

2. Fly media (1 L)
Agar: 10 g
Yeast: 15 g
Malt: 30 g
Cornflour: 75 g
Sugar: 80 g
Water: 900 mL
Propionic acid: 5 mL
Orthophosphoric acid: 1 mL
Ethanol: 5 mL
5% methyl-para-hydroxybenzoate (in ethanol): 0.25 g in 5 mL in ethanol

3. Sucrose-agar for embryo collection
Sucrose: 3%
Agar: 2.5%
Add the ingredients to distilled water and boil in a microwave oven until the agar is dissolved. Pour the medium
into Petri plates. Cover the plates with lids and store at 4°C, after solidification and cooling at RT.
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