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SUMMARY:  16 
A protocol is presented that allows for the visualization of intact Drosophila melanogaster at any 17 
stage of development using microcomputed tomography.  18 
 19 
ABSTRACT:  20 
Biomedical imaging tools permit investigation of molecular mechanisms across spatial scales, 21 
from genes to organisms. Drosophila melanogaster, a well-characterized model organism, has 22 
benefited from the use of light and electron microscopy to understand gene function at the level 23 
of cells and tissues. The application of imaging platforms that allow for an understanding of gene 24 
function at the level of the entire intact organism would further enhance our knowledge of 25 
genetic mechanisms. Here a whole animal imaging method is presented that outlines the steps 26 
needed to visualize Drosophila at any developmental stage using microcomputed tomography 27 
(µ-CT). The advantages of µ-CT include commercially available instrumentation and minimal 28 
hands-on time to produce accurate 3D information at micron-level resolution without the need 29 
for tissue dissection or clearing methods. Paired with software that accelerate image analysis and 30 
3D rendering, detailed morphometric analysis of any tissue or organ system can be performed to 31 
better understand mechanisms of development, physiology, and anatomy for both descriptive 32 
and hypothesis testing studies. By utilizing an imaging workflow that incorporates the use of 33 
electron microscopy, light microscopy, and µ-CT, a thorough evaluation of gene function can be 34 
performed, thus furthering the usefulness of this powerful model organism.   35 
 36 
INTRODUCTION:  37 
Imaging methods that allow for the detailed investigation of interior structures of an object 38 
without destroying its overall 3D architecture have proven to be widely beneficial to a number 39 
of different disciplines, including physics, engineering, materials science, archaeology, 40 
paleontology, geology, and biology1–9. Among these nondestructive imaging methods, X-ray 41 
based platforms are especially useful due to the ability of high energy X-rays to penetrate many 42 
different sample types and materials with minimal scattering compared to visible light waves. 43 
Computed Tomography (CT), Microcomputed Tomography (µ-CT), Nanocomputed Tomography 44 
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(Nano-CT), and Synchrotron Microtomography have, therefore, emerged as the primary 45 
technologies for X-ray based imaging of samples ranging from meters to microns, with millimeter 46 
to sub-micron resolution capabilities10–14.  47 
 48 
While these platforms differ in their design, X-ray geometry, and components in order to balance 49 
sample size and resolution, they all rely on the same basic principle for image capture: a source 50 
of X-rays that travel through the object and are captured by a detector. Differential attenuation 51 
of the X-ray beam as it passes through varying densities within the object generates image 52 
contrast. 3D data is obtained by rotating either the sample or the detector, collecting a series of 53 
2D projection images that are then reconstructed using algorithms into tomograms containing 54 
3D information whose resolution is isotropic in x,y,z15. For many benchtop µ-CT scanners that 55 
utilize a cone-beam X-ray geometry to project X-rays at the object being imaged, the Feldkamp 56 
algorithm is used to accurately reconstruct the object with minimal errors16.     57 
 58 
Resolution of a given platform is determined primarily by system parameters such as the size of 59 
the X-ray beam (spot size), scanner geometry (distance from object to X-ray source), size of the 60 
pixels on the detector, and the reconstruction algorithm employed. Additional factors, such as 61 
scanner vibrations, X-ray beam fluctuations, sample movement, and material type or chemical 62 
stain used to visualize the object can also significantly influence spatial resolution under real 63 
world imaging condidtions15.   64 
 65 
For biomedical applications, CT and µ-CT have played a key role in advancing our understanding 66 
of anatomy, physiology, development, and disease mechanisms, serving as a tool for both human 67 
patient diagnoses and as a preclinical imaging platform for model organisms17,18. For example, 68 
the Mouse International Phenotyping Consortium, whose goal is to identify the function of every 69 
gene in the mouse genome, utilizes μ-CT as part of their phenotyping pipeline19. Their results 70 
have been critical for understanding genes involved in development and disease processes, while 71 
also serving as an atlas for mouse anatomy and development20. Other model organisms, such as 72 
zebrafish and rats, have also fully embraced the use of μ-CT for performing whole animal 73 
phenotyping of a number of gene mutants17,21–23.  74 
 75 
The advantage of combining whole animal imaging with model organisms is that a mechanistic 76 
understanding of gene function for a given biological process can be fully explored. This is 77 
possible because of the well-characterized genomes and many genetic tools available in model 78 
organisms that allow for precise manipulation of gene function at distinct developmental 79 
timepoints, specific tissues, individual cells, and even subcellular organelles. These include binary 80 
expression systems such as the UAS/GAL4 system (and its many derivatives), CRISPR/Cas9, and 81 
RNAi24–26. When these genetic tools are used in conjunction with a powerful imaging pipeline 82 
consisting of electron microscopy, light microscopy (fluorescent and non-fluorescent), and whole 83 
animal imaging such as μ-CT, a thorough  evaluation of molecules, cells, tissues, organs, and the 84 
entire organism can be achieved, allowing for a much deeper understanding of gene function. 85 
 86 
This protocol focuses on the use of µ-CT in the non-mammalian model organism Drosophila 87 
melanogaster, whose myriad genetic tools have helped elucidate numerous molecular 88 
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mechanisms26,27. It was adopted from previous protocols in non-model insects1,28–32, and builds 89 
off of previous µ-CT studies in Drosophila to establish a standardized protocol for its use in this 90 
animal33–41. The steps for successful sample preparation, imaging and analysis of fly μ-CT datasets 91 
using commercially available scanners are outlined. With this protocol, all developmental stages 92 
of the fly can be visualized at high resolution for both descriptive and hypothesis-testing studies, 93 
including taxonomy, anatomy, development, physiology, and disease27. This protocol will also be 94 
useful for imaging virtually any insect and even non-living materials that require chemical staining 95 
for image contrast to enhance visualization by μ-CT.   96 
 97 
PROTOCOL:  98 
 99 
1. Sample selection and cuticle preparation 100 
 101 
1.1. Choose the appropriate developmental timepoint (embryo, larva, pupa, or adult) for 102 
imaging.  103 
 104 
1.1.1. For embryonic stages, cage females on grape juice agar plates smeared with yeast paste 105 
and collect eggs every 30-60 min. Leave these embryos to develop at 25 °C until the proper stage 106 
is reached. 107 
 108 
1.1.2. For larval stages, collect first and second instars from timed embryo collection 109 
experiments. Directly pick wandering 3rd instars from the side of the food vial under non-110 
crowding conditions. 111 
 112 
1.1.3. For pupal timing, collect white pre-pupae (inverted spiracles) and make note of the time 113 
when the cuticle starts to brown. Animals will progress through 15 stages of pupal development 114 
at defined timepoints following cuticle browning and can be collected accordingly42. 115 
 116 
1.1.4. Collect adults as virgins following eclosion and allow to age in a food vial for a required 117 
amount of time (e.g., 5 days for complete gut development).  118 
 119 
1.2. Transfer 5-50 animals to a 1.5 mL microcentrifuge tube containing 1 mL of 0.5% Triton X-100 120 
in 1x Phosphate Buffered Saline (0.5% PBST). While tapping the tube periodically on the 121 
benchtop, incubate for 5 min at room temperature (RT) to assist in the removal of the 122 
hydrophobic coating and allow animals to become fully submerged.  123 
 124 
1.2.1. For embryonic, larval, and pupal stages, arrest further development by placing the tube in 125 
a heat block set to 100 °C for 20 s followed by cooling at RT for 5 min.  126 
 127 
NOTE: Animals can also be flash frozen in liquid nitrogen37.  128 
 129 
2. Fixation and staining 130 
 131 
2.1. Remove 0.5% PBST and add 1 mL of Bouin’s Solution. Tap tube to ensure animals are fully 132 
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submerged.  133 
 134 
CAUTION: Bouin’s Solution contains formaldehyde. It may cause acute toxicity to skin and eyes if 135 
spilled and can be fatal if swallowed. Wear gloves, safety glasses and a lab coat when handling.  136 
 137 
NOTE: Additional fixation techniques can also be employed, such as the use of ethanol. The 138 
merits of other fixatives are described in detail in ref.1,30. 139 
 140 
2.1.1. For embryo and adult samples, incubate on the benchtop for 16-20 h at RT. 141 
 142 
2.1.2. For larval and pupal samples, fix animals for 2 h at RT. Discard Bouin’s solution and wash 143 
with 1x PBS for 5 min thrice. Transfer to a multi-well dissecting dish containing 1x PBS and use a 144 
small minutien pin attached to a holder to poke a hole in the anterior and posterior cuticle being 145 
careful to not disrupt any underlying soft tissue.  146 
 147 
2.1.3. Transfer larval and pupal samples back to a microfuge tube and add 1 mL of fresh Bouin’s 148 
solution. Incubate on benchtop for 24 h at RT.  149 
 150 
2.2. Remove Bouin’s Solution and wash sample for 30 min with 1 mL of μ-CT Wash Buffer (0.1 M 151 
Na2HPO4, 1.8% Sucrose) or 1x PBS thrice. 152 
 153 
2.3. Add 1 mL of the appropriate staining solution and incubate on benchtop for 2-7 days.  154 
 155 
NOTE: Stain choice will depend on many factors, but is generally a balance between penetration, 156 
incubation time, and resolution. In general, phosphotungstic acid (PTA) provides superior 157 
contrast and resolution of soft tissue but requires mechanical disruption of the cuticle and longer 158 
incubation times. The merits of different stain types are described in detail in ref.1. 159 
 160 
2.3.1. For iodine staining, use 1 mL of 0.1 N I2KI (Lugol Solution). Incubate for 2 days. No further 161 
disruption of the adult cuticle is necessary.  162 
 163 
2.3.2. For phosphotungstic acid (PTA) staining, use 1 mL of a 0.5% (w/v) solution diluted in water. 164 
Disrupt the adult cuticle, either by removing the mouthparts or poking holes in the thorax or 165 
abdominal cuticle with a small minutien pin attached to a holder. Incubate for 5-7 days, or longer 166 
if tissue staining appears non-homogenous.  167 
 168 
2.4. Wash with 1 mL of ultrapure water or 1x PBS for 30 min. Repeat wash step. Store animals at 169 
RT in ultrapure water or 1x PBS for up to one month.  170 
 171 
2.5. If animals are to be scanned while hydrated, proceed directly to section 4. If longer 172 
preservation of the sample is needed, proceed to section 3 of the protocol.  173 
 174 
3. Critical point drying (Optional) 175 
 176 
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3.1. Perform an ethanol (EtOH) dehydration series on the sample: 10%, 25%, 50%, 75%, 100%, 177 
100%. Add 1 mL of the EtOH solution and incubate on the benchtop for 1 h for each concentration 178 
in the order stated.  179 
 180 
3.2. After the final 100% EtOH soak, replace with fresh 100% EtOH and let sample incubate on 181 
the benchtop overnight.  182 
 183 
3.3. Perform critical point drying of samples following the manufacturer’s instructions.   184 
 185 
NOTE: Electron microscopy facilities generally have a critical point drying machine (see Table of 186 
Materials) that will perform the drying of the sample following EtOH dehydration.  187 
 188 
4. Sample mounting 189 
 190 
4.1. For critically point dried samples, hot glue samples to an insect pin or other holder designed 191 
to fit within the chuck of the rotating stage or placed it in a plastic or glass capillary tubes (~1.0-192 
1.25 mm inner diameter). 193 
 194 
4.2. For hydrated samples, fill a P10 pipette tip with water and secure the narrow end by either 195 
heat sealing or paraffin film to prevent leakage.  196 
 197 
CAUTION: Be sure to wrap any connections tightly so that water does not leak into the scanner 198 
and cause damage. 199 
 200 
4.2.1. Transfer a single specimen to the pipette tip using forceps. Using a long, slender object, 201 
such as a dulled 20 G needle or another pipette tip, carefully push the specimen down the tip 202 
until it just contacts the wall of the pipet tip to hold it in place.  203 
 204 
4.2.2. Cover the opening of the pipette tip with paraffin film to prevent evaporation of water 205 
during long scans.  206 
 207 
4.2.3. Mount the P10 pipette using a holder designed to fit within the chuck of the rotating stage 208 
(Figure 1A-C). 209 
 210 
5. Scanning 211 
 212 
5.1. Perform any necessary calibrations of the machine prior to imaging for the day. 213 
 214 
NOTE: These will vary by manufacturer and it is recommended to consult with an application 215 
specialist to determine the proper steps. Please see the Table of Materials for specific 216 
information on the setup and software used in this protocol. Generally, calibrations such as a 217 
stage axis alignment to remove any ‘wobble’ associated with the chuck being off-axis relative to 218 
the rotating stage and performing flat-field corrections to ensure uniform background pixel 219 
intensities on the camera provide optimal imaging conditions for the best resolution and datasets 220 
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that are comparable across multiple scans.  221 
 222 
5.2 Open the scanner door to gain access to the rotating stage chuck by clicking on the ‘Open 223 
Door’ icon in the upper left corner of the software. Attach the sample by tightening the collar 224 
around the base of the sample holder.  225 
 226 
NOTE: Use gentle pressure when attaching the sample to the rotating chuck to maintain scanner 227 
alignment.  228 
 229 
5.3. Set scanning parameters in the software controlling the scanner for optimal resolution and 230 
contrast.  231 
 232 
NOTE: These will need to be determined empirically as the X-ray source, camera/detector, and 233 
geometry of each scanner will vary by manufacturer. Additional information for selecting the best 234 
parameters can also be found here43, as well as from the manufacturer’s application specialist.   235 
 236 
5.3.1. Open the X-Ray source power control (Options | X-ray Source). Use the slider bars to set 237 
X-ray voltage to 30-40 kV and current to 100-110 μA to produce an X-ray beam with 3-4W of 238 
power and a small spot size for enhanced resolution.  239 
 240 
5.3.2. Use the Acquisition Modes dialog (Options | Acquisition Modes) to set camera exposure 241 
time to 500-800 ms.  242 
 243 
5.3.3. Use the slider bar located next to the magnifying glass icon at the bottom of the software 244 
to set the desired image pixel size (~700 nm to 4 μm), depending on camera settings and position. 245 
This determines the number of projection images that are acquired during the scan, with more 246 
projections leading to enhanced resolution but longer scan times (see Representative Results).  247 
 248 
5.3.4. Click and drag the slider bar located next to the rotating arrow at the bottom of the 249 
software to move the sample along its 360˚ rotation path. Ensure that the sample stays within 250 
the field of view. 251 
 252 
5.4. Click on the ‘Start Acquisition’ icon (blue circle arrow icon) at the top of the software. A 253 
dialog box appears that allows to set additional scanning parameters and name the file and 254 
output folder where the scan will be saved.   255 
 256 
5.4.1. Set the random movement to 10 and average 4-6 frames. The rotation step is automatically 257 
calculated depending on the camera settings used.   258 
 259 
5.5. Begin scan by clicking ‘OK’ on the Acquisition dialog box. A second progress bar dialog 260 
appears that shows the scan time. The scanner will now acquire a series of projection images 261 
(Figure 1D) of the specimen along the rotation path and does not need to be monitored.  262 
 263 
6. Reconstruction 264 
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 265 
6.1 To generate the tomograms, perform image reconstruction using the projection images.  266 
 267 
NOTE: While almost all reconstruction of images from cone beam geometry scanners rely on the 268 
Feldkamp algorithm16, individual parameters will vary depending on the software 269 
implementation and should be determined empirically. The following settings, specific for a 270 
commercially available software (see Table of Materials) can be used as a guide. Parameters such 271 
as misalignment compensation, ring artifact reduction, and beam hardening correction (0% for 272 
most fly samples) are performed in an iterative fashion to choose the best values for the final 273 
reconstruction. For advanced users who would like more control over the reconstruction process, 274 
see the MATLAB interface here44. 275 
 276 
6.2. Perform an initial image alignment by utilizing a shift-correction algorithm based on 277 
reference scans45 (Actions | X/Y alignment with a reference scan).   278 
 279 
6.3. Fine tune each reconstruction parameter (Start | Fine tuning). This activates a ‘Parameter 280 
fine-tuning’ dialog box.  281 
 282 
6.3.1. Fine tune the alignment by clicking ‘Next’ to ‘Post-Alignment’. Set the number of iterations 283 
to five and the parameter step to 1.0. Click the Start button to generate a series of previews. 284 
Select the image that is properly aligned.  285 
 286 
NOTE: A properly aligned image will not be blurry or display ‘shearing’ artifacts where an 287 
otherwise continuous structure (such as the cuticle) appears split.  288 
 289 
6.3.2. Fine tune the ring artifact reduction by clicking next to it. Set the number of iterations to 290 
five and the parameter step to 1.0. Click the Start button to generate a series of previews. Select 291 
the image that contains the fewest number of rings.  292 
 293 
6.4. Once the above parameters have been optimized to give the best image, ensure that the 294 
selected values are properly represented in the Settings tab (Settings).    295 
 296 
6.5. Adjust any final brightness and contrast values using the histogram, file parameters such as 297 
bit depth and type, and utilize a Region of Interest (ROI) encompassing only the structures of 298 
interest (e.g., whole fly or head only) to reduce computational time (Output).  299 
 300 
6.6. Begin the reconstruction (Start | Start). If multiple reconstructions are required, add the 301 
current image to the batch manager (Start | Add to batch) and repeat steps 6.2-6.5 for the 302 
remaining images.  303 
 304 
7. Image analysis 305 
 306 
7.1. Visualize tomograms in two and three dimensions and perform further morphometric 307 
analysis with freeware or commercial software.  308 
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 309 
NOTE: Details of the software used in this protocol is available in the Table of Materials. Other 310 
software packages that are capable of evaluating µ-CT datasets include freeware options such as 311 
FIJI46, Seg3D (www.seg3D.org)47, and ITK-SNAP48, plus commercial software (e.g., AMIRA). Other 312 
applications that employ machine-learning based algorithms to semi-automate the 313 
segmentation process can help speed workflows and reduce human bias (e.g., Biomedisa49).  314 
 315 
7.2. Import the tomogram file into the software (File | Import Image Files). The metadata 316 
associated with the file should automatically load into the window but can also be set manually 317 
to match the image properties.  318 
 319 
7.3. To segment a structure of interest, click on the Segment tab on the left-hand side of the 320 
screen. Create a new Region of Interest (ROI) (Basic | New), give it a name and select an 321 
appropriate color. 322 
 323 
7.4. Define the threshold range that encompasses the structure of interest (Range | Define 324 
Range) using the slider bar.  325 
 326 
7.5. Select an appropriate 2D or 3D ROI painter tool mode (ROI Painter | Paintbrush option).  327 
 328 
7.6. To paint an area defined by the threshold; press and hold the Ctrl key while holding the left 329 
mouse key. To remove an area, press and hold the Shift key while holding the left mouse key.  330 
 331 
NOTE: To change the size of circular or square paintbrush, simply scroll the mouse wheel while 332 
holding either the Ctrl or Shift keys.  333 
 334 
7.7. Continue to paint the structure of interest throughout its entire Z-volume. 335 
 336 
7.8. Convert the ROI into a Mesh (Export | To a Mesh | Normal). 337 
 338 
7.9. Highlight the mesh overlay by clicking on it in the Data Properties and Settings panel in the 339 
upper right-hand corner.  340 
 341 
7.10. Smooth the mesh using an appropriate number of iterations (Smooth Mesh | Iterations). 342 
 343 
NOTE: Use the same mesh smoothing iteration value for all images that are to be compared.  344 
 345 
7.11. Ensure that the measurements of the mesh ROI (Surface Area, Volume and Feret Diameter) 346 
are displayed in the Information panel on the right-hand side of the screen for basic 347 
morphometric analysis. Additional analysis can be performed using the Object Analysis Module.   348 
 349 
7.12. Render the mesh object and the entire tomogram image and visualize in 3D. Use the built-350 
in Movie Maker to generate a video of the object (Right Mouse Click | Show Movie Maker) using 351 
individual frames from the viewer (Add Key). 352 
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 353 
NOTE: Several visual enhancements can also be applied to the movie using the visual effects tab 354 
in the right-hand panel to highlight certain features, etc.   355 
 356 
7.13. Export the video for viewing using the Export Animation button in the Movie Maker.   357 
 358 
REPRESENTATIVE RESULTS:  359 
Figure 2 shows images of an embryo, 3rd instar larvae, pupae at the pharate adult stage (P7), and 360 
an adult female fly stained with iodine and imaged hydrated in water using a commercial 361 
benchtop scanner. Excellent preservation and even staining of delicate tissue are apparent, 362 
allowing all major organs to be readily identified and used for morphometric analysis and 3D 363 
visualization.  364 
 365 
Typically, scans that acquire fewer projection images of the specimen provide lower resolution 366 
than scans that acquire more projection images, with the tradeoff being time spent scanning. 367 
Although scan times will vary by instrument and other scanning parameters, scans that acquire 368 
a few hundred projections (~3 µm image pixel size) takes roughly 30 min per specimen, whereas 369 
scans consisting of thousands of projection images (700 nm-1.25 µm image pixel size) can take 370 
8-16 h. A comparison of the same adult fly headcase taken in both ‘slow’ (thousands of 371 
projections) and ‘fast’ (hundreds of projections) scan mode is shown in Figure 3. Importantly, 372 
morphometric analyses do not differ between ‘slow’ and ‘fast’ scans (Figure 3C)40. Our imaging 373 
pipeline, therefore, utilizes fast scans to generate a sufficiently large sample size for 374 
morphometric analysis, and slow scans to visualize any morphological or anatomical defects at 375 
higher resolution. Using the software (Step 7), any tissue or organ system of interest can be 376 
segmented and used for morphometric analysis and visualized in 3D using the movie maker 377 
(Movie 1).  378 
 379 
Figure 4 shows an example of the fly abdomen stained with PTA and imaged hydrated (water) or 380 
following critical point drying (CPD) on an X-ray microscope (Table of Materials). The detail 381 
afforded by a combination of the PTA and the capabilities of this platform is readily evident in 382 
these images, such that individual epithelia cells of the midgut and sperm bundles within the 383 
testes are easily resolved. While the CPD image shows marginally increased resolution compared 384 
to the hydrated sample, better preservation of the ultrastructure of delicate tissues (such as the 385 
fat cells near the cuticle) is achieved with hydrated samples (Movie 2).    386 
 387 
FIGURE AND TABLE LEGENDS:  388 
Figure 1: Overview of scanner design and sample mounting for µ-CT. (A) A commercial benchtop 389 
µ-CT scanner. (B) View inside the scanner. The X-ray source (right) emits X-Rays that pass through 390 
the sample located on a rotating stage (yellow arrow). Attenuation of these X-rays generate 391 
image contrast as they pass through the sample and onto the detector, which consists of a 392 
scintillation screen that converts X-rays to photons and a standard CCD camera (left). (C) 393 
Mounting an adult fruit fly for hydrated imaging in water. The connection points between the 394 
pipette tip and the brass holder are wrapped in paraffin film to prevent leakage and potential 395 
damage to the scanner. The stage chuck is also highlighted. Note that the pipette tip was 396 
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positioned slightly off-axis, which led to a longer scan time and reduced resolution in the final 397 
reconstruction. (D) A single 2D projection image of an adult female fly; hundreds to thousands of 398 
these projections are acquired during a scan along the rotation axis and are used for 399 
reconstruction to generate tomograms containing isotropic resolution and accurate 3D 400 
information. Scale Bars (C) = 2 mm. P, Posterior; V, Ventral. This figure has been modified from 401 
Schoborg et al.40.  402 
 403 
Figure 2: All Drosophila melanogaster life cycle stages, imaged by µ-CT. Samples stained with 404 
iodine and imaged hydrated in water. Shown is a single 2D slice. (A) An embryo that has 405 
completed the early stages of gastrulation (asterisk). (B) A third instar larva. (C) A P7 pharate 406 
adult during metamorphosis. (D) An adult female. Various organs are highlighted: BWM, body 407 
wall muscles; Br, brain; Cd, cardia; Cr, crop; DLMs, dorsal longitudinal muscles; DVM, dorsal 408 
ventral muscles; E-AD, eye-antennal disc; Em, embryo; FB, fat bodies; FBCs, fat body cells; H, 409 
heart; Hg, hindgut; La, lamina; L, leg; Mg, midgut; OL, brain optic lobe; Ov, ovipositor; PC, pupal 410 
cuticle; SG, salivary glands; VNC, ventral nerve cord; W, wing; WD, wing disc. Scale Bars (A) = 100 411 
µm; (B)-(D) = 500 µm. D, Dorsal; A, Anterior; L, Left. Scanning parameters: Source to Sample 412 
Distance (mm): (A, D) 36.5, (B) 48.8, (C) 40.3.  Source to Camera Distance (mm): (A, D) 350, (B, C) 413 
285. Camera Pixel Size (µm): (A-D) 11.6.  Image Pixel Size (µm): (A, D) 1.2, (B) 1.9, (C) 1.7.        414 
 415 
Figure 3: Scanning parameters and image resolution do not alter morphometric analyses. An 416 
adult head scanned using both (A, A’) ‘fast’ scanner settings (hundreds of projections) and (B, B’) 417 
‘slow’ scanner settings (thousands of projections). The brain is outlined in yellow. (C) Brain 418 
volume measurements from slow and fast scans. Highlighted structures: AL; antennal lobe; CB, 419 
central brain; FB, fan shaped body; FCs, fat cells; La, lamina; Lo, lobula; LoP, lobula plate; Me, 420 
medulla; Re, retina.  n = 5, Welch’s t-test. ns = not significant. Scale bars = 100 µm. Scanning 421 
parameters: Source to Sample Distance (mm): (A) 44.4, (B) 36.5. Source to Camera Distance 422 
(mm): (A) 348 (B) 350. Camera Pixel Size (µm): (A-B) 11.6.  Image Pixel Size (µm): (A) 2.95, (B) 1.2. 423 
This figure has been modified from Schoborg et al.40. 424 
 425 
Figure 4: Drosophila melanogaster abdomen imaged by X-ray Microscopy. Abdomens were 426 
stained with 0.5% PTA and imaged hydrated (water) or following critical point drying (CPD). (A) 427 
Critical Point Dried abdomen, shown from the YZ perspective and (A’) XZ perspective. (B) 428 
Hydrated abdomen, shown from the YZ perspective and (B’) XZ perspective. Various organs are 429 
highlighted: FC, fat cells; Hg, hindgut; Mg, Midgut; SP, Sperm Pump; Te, Testes. Scale Bars (A) = 430 
250 µm. D, Dorsal; A, Anterior; L, Left. Scanning parameters: Source to Sample Distance (mm): 431 
(A) 6.7, (B) 7. Source to Camera Distance (mm): (A) 28 (B) 29.5. Objective: (A-B) 4X.  Image Pixel 432 
Size (µm): (A-B) 0.65.   433 
 434 
Movie 1: A third instar larva, rendered in 3D using the Movie Maker in Dragonfly. Highlighted 435 
organs include the brain (yellow), eye-antennal imaginal discs (red), fat body (blue) and the body 436 
wall muscles (green).  437 
 438 
Movie 2: Comparison of samples imaged in water or follow critical point drying. Abdomens 439 
stained with 0.5% PTA are shown. Both abdomens were scanned with identical image pixel size 440 
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settings (0.65 µm).  A series of 2D slices are shown in a ‘Z-stack’ format (YZ) starting at the dorsal 441 
surface and ending at the ventral surface of the abdomen. Organs highlighted: FC, fat cells; Mg, 442 
Midgut; SP, Sperm Pump; Te, Testes. Scanning parameters: Source to Sample Distance (mm): (A) 443 
6.7, (B) 7. Source to Camera Distance (mm): (A) 28 (B) 29.5. Objective: (A-B) 4X.  Image Pixel Size 444 
(µm): (A-B) 0.65. 445 
 446 
DISCUSSION:  447 
Visualizing intact Drosophila melanogaster at all developmental stages has remained a challenge, 448 
primarily due to the incompatibility of light microscopy with the thick, pigmented cuticle found 449 
in this animal. While other whole animal imaging methods, such as Magnetic Resonance Imaging 450 
(MRI), Optical Coherence Tomography (OCT), and ultramicroscopy coupled with tissue clearing 451 
have been used with success in flies50–54, μ-CT presents a number of advantages that make it ideal 452 
for whole animal imaging of this organism13,15,30. X-rays easily penetrate the pigmented cuticle 453 
and their small wavelength allows for sub-micron imaging. Labeling requires minimal investment 454 
in widely available chemicals and no specialized bench skills13. μ-CT scanners are also 455 
commercially available, and costs are comparable to light microscopy platforms, while also being 456 
more attractive to wider range of disciplines (Geology, Paleontology, Engineering, etc.) that can 457 
also benefit from its availability at an institution. Synchrotron X-Ray sources can also be used for 458 
high resolution μ-CT imaging of fixed and living insects31,55,56, but are less accessible than 459 
commercial benchtop scanners.  460 
 461 
This protocol provides an efficient way to obtain μ-CT images of fly adults, pupa, larva and 462 
cellularized embryos. Note that for many of the steps outlined above, alternative methods can 463 
also be applied to prepare samples for imaging. Other studies have provided a detailed 464 
comparison of different fixation, labeling, and drying steps for use in insects and those interested 465 
in adopting this technique are encouraged to evaluate the merits of each approach1,4,13,29,30,57.   466 
While this protocol is relatively straightforward, a few helpful suggestions are presented.  467 
 468 
First, care should be taken when disrupting the cuticle of intact specimens such that underlying 469 
soft tissues are not significantly disrupted. It is important to let larval and early pupal stages 470 
undergo fixation for 2 hours in Bouin’s solution before poking. This will stiffen the tissue and limit 471 
the amount of hemolymph that will ooze out of the cuticle holes, which can alter organ 472 
architecture. Individual body segments (head, thorax and abdomen) of the adult can be 473 
separated if the structure(s) of interest are located there. It is recommended to use a scalpel to 474 
cleanly slice through these segments rather than pulling them apart with forceps, which could 475 
disrupt the 3D architecture of the gut or central nervous system, for example. As for timing, 476 
adults generally need only 16 hrs. for complete fixation, whereas larval and pupal stages need 24 477 
h. Also, if iodine or PTA staining appears uneven, the sample can be placed back in solution to 478 
incubate longer until even staining is achieved. Finally, hydrated samples should not be placed at 479 
4 °C, as this seems to induce the formation of air bubbles within the body cavity after warming 480 
to room temperature. 481 
 482 
Second, sample mounting will vary by instrument, stage type and whether the sample needs to 483 
remain hydrated or has been critical point dried. If hydrated, ensure the sample does not leak 484 
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and possibly destroy the scanner. When mounting the sample inside a pipette tip, be sure to push 485 
gently with a dulled object until the specimens encounters slight resistance and can’t move. 486 
Pushing too hard can lead to cuticle deformation and underlying structural defects.  Also, be sure 487 
that the sample is aligned in the holder as close to the axis of rotation as possible. Any wobble 488 
will increase scan times due to the larger field of view and reduce the resolution of the final 489 
tomogram following reconstruction.  490 
 491 
Third, scanner settings for acquiring projection images will also vary by instrument. To maximize 492 
the resolution capabilities of the scanner, the X-ray beam spot size should be as small as possible 493 
(5-10 μm). This can be achieved by balancing X-Ray voltage and current settings such that the 494 
total power is 3-4 W. With these settings and the appropriate exposure time on the camera, 495 
proper X-ray beam attenuation by the sample and optimal image contrast can be achieved. The 496 
use of aluminum or copper filters between the object and the X-ray source can be used to fine-497 
tune the optimal X-ray energy settings for the best image contrast or attenuate the beam 498 
sufficiently for higher powered sources to be used. As for image resolution, this will depend on 499 
many different variables, including stain type, number of projection images, image pixel size, 500 
camera position, sample movement, scanner vibrations and reconstruction parameters. A bar 501 
pattern phantom (QRM GmbH) containing known size markers can help evaluate spatial 502 
resolution for a given scanner and camera setting.  503 
 504 
It is also worth evaluating the merits of imaging critical point dried or hydrated samples. Sombke 505 
et al. performed a comparative assessment of the two methods and found critical point drying 506 
to be superior for μ-CT applications involving arthropods30. However, benefits of hydrated 507 
samples are that animals are subjected to less chemical and mechanical exposure that could lead 508 
to both quantitative and morphological artifacts. This also tends to preserve delicate tissues 509 
better than CPD. However, hydrated samples have a much shorter shelf life and should be imaged 510 
no later than one month after fixation since tissue degradation and reduced image quality 511 
becomes obvious at that point. Also, the resolution of hydrated samples will be slightly less than 512 
a critical point dried sample, because X-rays must also penetrate through both a plastic pipette 513 
tip and the surrounding liquid (water or buffer). Critical Point Dried samples can be preserved for 514 
much longer periods of time, especially when kept on Drierite. They also can be placed directly 515 
in the X-ray beam path by simply gluing the wings or legs to an insect pin and placing it in the 516 
stage chuck, simplifying the mounting process. However, the extensive ethanol dehydration of 517 
these samples can lead to tissue shrinkage and loss of delicate tissue architecture, which is why 518 
it is important to perform a range of increasing EtOH concentrations to minimize these effects. 519 
Nonetheless, it should be noted that all forms of chemical treatment, including 520 
paraformaldehyde fixation and even iodine staining can cause tissue shrinkage58,59. While neither 521 
method will provide measurements of ‘actual organ size’ in a living fly, morphometric 522 
measurements are still valid when comparing mutant and wildtype animals so long as the 523 
fixation, staining, and drying steps are carried out identically for both sets of samples—preferably 524 
in parallel.  525 
 526 
 In conclusion, μ-CT provides a useful whole animal imaging tool for Drosophila33–41. Many other 527 
studies have showcased the power of this technology for understanding various aspects of insect 528 
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taxonomy, ecology, physiology, development, and anatomy that can help inform future studies 529 
in flies1,28,30–32,55–57. Combined with the genetic and light microscopy tools already widely used in 530 
this organism, μ-CT can position itself within an experimental pipeline that allows for a deeper 531 
understanding between genotype and phenotype.          532 
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NRecon Image Reconstruction Software Bruker

P10 pipet tips Genesee Scientific 24-120

Phosphate Buffered Saline Resarch Products International P32060-4000.0

Phosphotungstic Acid Hydrate Sigma-Aldrich 79690-25g

Pin Holder Fine Science Tools 26018-17

Triton X-100 Research Products International 111036
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Comments/Description

For critical point drying

For animal fixation

Dries samples using the critical point method; multiple options available (Balzers CPD 020 or Leica EMCPD300)

For visualization and segmentation of micro-CT datasets;  https://www.theobjects.com/dragonfly/index.html

For microfuge tubes

Should contain sufficient RAM and quality graphics card for 3D rendering

For staining

Cone-beam X-Ray geometry; detector is a Hamamatsu 10 MP camera with 11.54 µm pixel size.
For controling the scanner itself (e.g., performing flat field corrections, X-ray tube power, camera expsoure times, 

acquisition, etc.)

For poking hole in cuticle

Used to reconstruct cross-section images from 2D projection images taken with cone-beam X-Ray geometry

Sample mounting

Dilute to 1X with water before use

For staining

For Minutien Pins

To remove waxy coating from adult flies (as 0.5% PBST)

Cone-beam X-Ray geometry featuring Fresnel zone plate objective lenses for Resoluton at a Distance (RaaD™)



Author’s Response to Dr. Bajaj’s Comments 

Thanks to Dr. Bajaj for examining the manuscript and providing additional clarifications and 

corrections. I have now made all suggested corrections, with the biggest changes outlined 

below: 

1. I have changed the wording in the title from ‘phenotyping’ to ‘imaging’ as requested.  

 

2. I have now updated the Table of Materials for all equipment reagents and removed 

any mention of commercial scanner/software names from the main text.  

 

3. Included all ‘button clicks’ in the software for Steps 5 & 6.  

 

4. For the Discussion, I have paired down this section to 7 paragraphs, close to the limit 

of 6. The biggest change involved removing the 2-3 additional paragraphs I added 

following the Reviewer’s Comments, which involved evaluating the merits of various 

automated and semi-automated segmentation procedures. Part of this decision was 

made because we have just recently trained a neural network to accurately segment the 

fly brain with only a limited number of datasets; that manuscript is now in preparation 

and should alleviate Reviewer’s 2 concerns that it simply isn’t possible to do with 

limited datasets. 

 

5. I have now made the correct formatting changes to the References section.  

 

6. I will also be sure to upload the movies (forgot to do this last time) and high-resolution 

versions of the figures as supplementary files.  
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RE: Request to reproduce material for another publication

permissions <permissions@biologists.com>
Sun 6/28/2020 5:40 AM
To:  Todd Andrew Schoborg <Todd.Schoborg@uwyo.edu>; permissions <permissions@biologists.com>

◆ This message was sent from a non-UWYO address. Please exercise caution when clicking links or
opening attachments from external sources.

Dear Todd,
 
Since authors retain copyright of their articles, they are free to reproduce material from
their own work in other publications, without the need to obtain permission from us
separately. We would always recommend however that as a courteous measure you inform all
your co-authors of your intentions.
 
The acknowledgement is very important and should state "reproduced/adapted with
permission" and give the source journal name - the acknowledgement should either provide
full citation details or refer to the relevant citation in the article reference list - the full
citation details should include authors, journal, year, volume, issue and page citation. 

Where appearing online or in other electronic media, a link should be provided to the original
article (e.g. via DOI).

Development: http://www.biologists.com/development
 
I hope that this helps but please don’t hesitate to contact us if we can be of any further
assistance.
 
Kind regards
 
Richard
 
Richard Grove
Commercial Manager
The Company of Biologists Ltd
Bidder Building, Station Road, Histon, Cambridge, CB24 9LF, UK
T: +44 (0) 1223 632 850 |permissions@biologists.com | www.biologists.com
 
 

Registered office: The Company Of Biologists Ltd, Bidder Building, Station Road, Histon, Cambridge CB24 9LF,
United Kingdom, Registered in England and Wales. Company Limited by Guarantee No 514735. Registered Charity
No 277992 The information contained in this message and any attachment is confidential, legally privileged and
is intended for the addressee only. Any dissemination, distribution, copying, disclosure or use of this
message/attachment or its contents is strictly prohibited and may be unlawful. No contract is intended or
implied, unless confirmed by hard copy. If you have received this message in error, please inform the sender and
delete it from your mailbox or any other storage mechanism. The Company of Biologists Ltd cannot accept

Permission to Reproduce Material Click here to access/download;Supplemental File (Figures,
Permissions,
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liability for any statements made which are clearly the senders' own and not expressly made on behalf of The
Company of Biologists Ltd or one of their agents.

From: Todd Andrew Schoborg <Todd.Schoborg@uwyo.edu> 
Sent: 25 June 2020 17:50
To: permissions <permissions@biologists.com>
Subject: Request to reproduce material for another publica�on
 
Hi;
 
I am wri�ng to ask permission to reproduce two figures for another paper. The paper in ques�on is for
JoVE, and I am the original author of the Development paper from which the figures were originally
published. 
 
The Development paper in ques�on is this one: h�ps://dev.biologists.org/content/146/23/dev176685
 
I am asking for permission to reproduce Supplementary Figure 1 A-C, and Supplementary Figure 2. I
have also a�ached the JoVE version of these figures to this email for your review.
 
The JoVE instruc�ons state: "Explicit permission can be expressed in the form of a letter from the
editor or a link to the editorial policy that allows re-prints. Please upload this information as a .doc
or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the Figure
Legend, i.e. “This figure has been modified from [citation].”
 
If you could provide a letter for upload or point me in the direction of the editorial policy, I would
greatly appreciated it. Thanks for your time and consideration.
 
Todd
 
________________________________
Assistant Professor
University of Wyoming
Department of Molecular Biology, 3944
1000 E. University Ave
Laramie, WY 82071
 
Office: (307) 766-3527
Lab: (307) 766-3518
Fax: (307) 766-5098
todd.schoborg@uwyo.edu
SchoborgLab.org
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