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SUMMARY:
Here, protocols for performing microfocus X-ray computed tomography (microCT) imaging of three marine invertebrate animals are explained in detail. This study describes steps such as sample fixation, staining, mounting, scanning, image reconstruction, and data analyses. Suggestions on how the protocol can be adjusted for different samples are also provided.

[bookmark: Long_Abstract]ABSTRACT:
Traditionally, biologists have had to rely on destructive methods such as sectioning in order to investigate the internal structures of opaque organisms. Non-destructive microfocus X-ray computed tomography (microCT) imaging has become a powerful and emerging protocol in biology, due to technological advancements in sample staining methods and innovations in microCT hardware, processing computers, and data analysis software. However, this protocol is not commonly used, as it is in the medical and industrial fields. One of the reasons for this limited use is the lack of a simple and comprehensible manual that covers all of the necessary steps: sample collection, fixation, staining, mounting, scanning, and data analyses. Another reason is the vast diversity of metazoans, particularly marine invertebrates. Because of marine invertebrates’ diverse sizes, morphologies, and physiologies, it is crucial to adjust experimental conditions and hardware configurations at each step, depending on the sample. Here, microCT imaging methods are explained in detail using three phylogenetically diverse marine invertebrates: Actinia equina (Anthozoa, Cnidaria), Harmothoe sp. (Polychaeta, Annelida), and Xenoturbella japonica (Xenoturbellida, Xenacoelomorpha). Suggestions on performing microCT imaging on various animals are also provided.

INTRODUCTION:
Biological researchers generally have had to make thin sections and perform observations by light or electron microscopy in order to investigate the internal structures of opaque organisms. However, these methods are destructive and problematic when applied to rare or valuable specimens. Furthermore, several steps in the method, such as embedding and sectioning, are time consuming, and it can take several days to observe a sample, depending on the protocol. Moreover, when handling numerous sections, there is always a possibility of damaging or losing some sections. Tissue-clearing techniques are available for some specimens1-5 but are not yet applicable for many animal species.

To overcome these problems, some biologists have started using microfocus X-ray computed tomography (microCT) imaging6-15. In X-ray CT, the specimen is irradiated with X-rays from various angles that are generated from an X-ray source moving around the sample, and the transmitted X-rays are monitored by a detector that also moves around the sample. The X-ray transmission data obtained are analyzed to reconstruct cross-sectional images of the specimen. This method enables the observation of internal structures without destruction of the sample. Because of its safety and ease, it is commonly used in medical and dental applications, and CT systems can be found in hospitals and dental centers worldwide. Moreover, industrial X-ray CT is frequently used for observing non-medical samples for inspection and metrology in the industrial field. In contrast to medical CT, in which the X-ray source and the detectors are mobile, the two parts are fixed in industrial CT, with the sample rotating during scanning. Industrial CT generally produces higher resolution images than medical CT and is referred to as microCT (micrometer-level resolution) or nanoCT (nanometer-level resolution). Recently, research using microCT has rapidly increased in various fields of biology14-34.

Biological studies using CT initially targeted internal structures that mainly consist of hard tissue, such as bone. Advances in staining techniques using various chemical agents enabled the visualization of soft tissues in various organisms6-9,14-34. Of these reagents, iodine-based contrast agents are relatively safe, inexpensive, and can be used for the visualization of soft tissues in various organisms7,14. Concerning marine invertebrates, microCT has been widely used on such animals as molluscs6,25,32,33, annelids18-20,28, and arthoropods21,23,29,31. However, there have been few reports on other animal phyla, such as bryozoans6, xenacoelomorphs26, and cnidarians24,30. In general, there have been fewer studies using microCT on marine invertebrates than those on vertebrates. One major reason for this limited use on marine invertebrates is the vast diversity observed in these animals. Because of their diverse sizes, morphologies, and physiologies, each species reacts differently to different experimental procedures. Therefore, it is crucial during sample preparation to choose the most appropriate fixation and staining reagent, and to set conditions at each step, adjusted for each species. Similarly, it is also necessary to set the scanning configurations, such as the mounting method, voltage, current, mechanical magnifying rate, and the space resolution power, appropriately for each sample. To overcome this problem, a simple and comprehensible manual that covers all of the necessary steps, explains how each step can be adjusted depending on the specimen, and shows detailed examples from multiple samples is essential.

In the present study, we describe the microCT imaging protocol step-by-step, from sample fixation to data analysis, using three marine invertebrate species. Specimens of the sea anemone Actinia equina (Anthozoa, Cnidaria) were collected near the Misaki Marine Biological Station, University of Tokyo. They had a spherical, soft body that was about 2 cm in diameter (Figure 1A-C). Harmothoe sp. (Polychaeta, Annelida) samples were also collected near Misaki Marine Biological Station. They were slender worms that were about 1.5 cm in length, with tough chaetae present along the whole body (Fig. 1D). A Xenoturbella japonica35 (Xenoturbellida, Xenacoelomorpha) specimen was collected near Shimoda Marine Research Center, University of Tsukuba. It was a soft-bodied worm that was about 0.8 cm in length (Figure 1E). Adjustments made for the conditions and configurations of each sample are explained in detail. Our study provides several suggestions on how to perform microCT imaging on marine invertebrates, and we hope that it will inspire biologists to utilize this protocol for their research.

PROTOCOL:

1. Fixation

1.1. For Actinia equina, relax the animals in 10% MgCl2 seawater for about 15 min at room temperature. Transfer to 70% ethanol and store at room temperature. 

1.2. For Harmothoe sp., anesthetize the animals by placing them in ice-cold seawater for about 15 min. Transfer to 10% (v/v) formalin solution with seawater and store at room temperature. 

1.3. For Xenoturbella japonica, relax the animal using 7% MgCl2 in freshwater. Fix in 4% paraformaldehyde (PFA) in filtered seawater overnight. Place in 70% ethanol and store at 4 °C.

CAUTION: PFA is hazardous and must be handled with care.

2. Staining

2.1. Transfer the samples to 50% ethanol and store at room temperature for 15 h. Replace the 50% ethanol with 25% ethanol and store at room temperature for 2 h. 

NOTE: This is not necessary for the Harmothoe sp. sample in 10% (v/v) formalin solution with seawater.

2.2. Replace the solution with distilled water (DW) and store the samples in DW at room temperature for 2 h. Repeat this step three times. 

2.3. Prepare 25% Lugol solution by diluting the stock solution (below) to 25% with DW. Stock solution (100% Lugol solution) contains 10 g of KI and 5 g of I2, adjusted to 100 mL with DW. 

NOTE: Lugol solution is light-sensitive, so store and handle the solution protected from light. Follow the regulations of each country and institution for iodine handling and waste disposal.

2.4. Decant the DW from the samples and pour in the 25% Lugol solution. Stain for 24 h at room temperature. 

3. Stage Mounting

3.1. Prepare 0.5% agarose by dissolving 500 mg agarose in 100 mL of DW in a 250 mL conical flask in a microwave (800 W, about 1–3 min). Cool to about 30–40 °C by keeping at room temperature.
 
CAUTION: Do not overheat or completely seal the flask when heating to prevent the agarose from boiling over.

3.2. Mount large (>2 cm) samples using a 50 mL tube.

3.2.1. Place the stained sample in a 60-mm dish with DW to wash off excessive staining solution from the surface.

3.2.2. Gently pour 5 mL of 0.5% agarose into a 50 mL tube and harden the agarose on ice. Be careful not to make bubbles in the agarose.

3.2.3. Gently add 20 mL of 0.5% agarose to the 50-mL tube and place the specimen within the 0.5% agarose using forceps. Be careful not to make bubbles in the agarose. 

3.2.4. Adjust the position and orientation of the sample with forceps and harden the agarose on ice.

3.2.5. Place clay on the microCT mounting stage and set the 50 mL tube on the clay (Figure 2A).

3.3. Mount small (<2 cm) samples using a 1000 µL micropipette ‘blue’ tip.

3.3.1. Draw up 100 µL of 0.5% agarose into a 1000 µL micropipette ‘blue’ tip and harden the agarose on ice, making a plug in the tip (Figure 2B-a).

3.3.2. Decant the stained sample into a 60 mm dish without using forceps. 

3.3.3. Gently transfer the sample using ring tweezers into another 60-mm dish with DW to wash off excessive staining solution from the surface.

3.3.4. Add 1000 µL of either DW or 0.5% agarose into the plugged tip (step 3.3.1) using a micropipette. 

3.3.5. Gently transfer the sample from the 60-mm dish into the DW or agarose in the plugged tip using ring tweezers. 

3.3.6. Gently adjust the position and orientation of the sample with a petiolate needle or precision tweezers so that the sample is stable between the walls of the tip. Be careful not to make bubbles in the agarose. Harden the agarose on ice.

3.3.7. Cut the tip off a new 1000 µL micropipette ‘blue’ tip (Figure 2B-b,c) and insert the tip of the plugged tip into the new tip.

3.3.8. Place clay on the microCT mounting stage and set the tips with the sample inside on the clay (Figure 2C,D). 

NOTE: The staining solution will start to wash off the sample once it is placed in DW, so proceed to the next scanning step promptly.

4. MicroCT scanning

4.1. Turn on the X-ray beam at 80 kV, 100 µA.

4.2. While observing the X-ray transmission image at the center of the screen (Figure 3A), move the stage so that the whole sample can be seen by clicking on the X and Z axis buttons (Figure 3A). Set the contrast of the image so that the internal structures can be observed by adjusting the contrast conditions (Figure 3A: Image contrast).

4.3. Adjust the orientation of the sample by changing the angle of the tube/tip in the clay (Figure 2B). Rotate the stage 90° by setting the rotation axis (Figure 3A) to 90 and clicking on the relative movement button (Figure 3A). Perform the same maneuver four times to complete a full rotation. 

NOTE: Manually turn off the X-ray beam each time the sample door is opened, unless the system turns it off automatically.

4.4. Move the stage so that the sample is at the center of the view by clicking on the Z axis button (Figure 3A) and by manually adjusting the Y axis knob on the mounting stage (Figure 3B). Turn the stage by 90° and do the same. Turn the stage 360° and check that the sample is at the center of the view from all directions. 

4.5. Move the stage along the x-axis toward the X-ray beam source by clicking on the X axis button (Figure 3A) to enlarge the sample so that it just fits in the view (Figure 3C). 

4.6. Turn the stage 360° and check that the sample fits within view from all directions.

4.7. Adjust the scanning conditions as shown in Table 1.

4.8. Start scanning; it takes about 10 min.

5. Image reconstruction

5.1. Start up the microCT system’s accessory software (see the Table of Materials) and open the scanned data. 

5.2. Adjust differences in the rotation axis of the sample during scanning by clicking on the automatic shift value calculation button (Figure 4A: green box).

5.3. Adjust the orientation of the image by rotating the orange arrows (Figure 4B). If the orientation was changed, repeat step 5.2.

5.4. Click on the area tab (Figure 4C: magenta box) and trim areas where samples are not present (Figure 4C: yellow box).

5.5. Click on the reconfiguration tab (Figure 4D: magenta box) and set the filters as follows to remove noise. Ring artifact reduce filter: Median filter -3; Noise elimination filter: Average filter-1.

5.6. Perform reconfiguration by clicking on the reconfiguration button (Figure 4D: green box).

5.7. Adjust image brightness and contrast by setting the black and white values as black value 0, white value 250 (Figure 4D: blue box).

5.8. Save the reconstructed TIFF image dataset as an 8-bit TIFF by clicking on the save button. Rename TIFF files as following: Date_sample_resolution (µm)_number.tiff. 

NOTE: The original microCT datasets from this study are available in the Figshare repository, doi:10.6084/m9.figshare.767083736.

6. Data analyses 

6.1. Start up the data analysis software (see the Table of Materials) and enable importing of TIFF files by clicking on the Database icon (Figure 5A: magenta box) and turning off the box shown in Figure 5B.

6.2. Click on the import icon (Figure 5C: magenta box), select the dataset saved in section 5, and click open.

6.3. Click on the copy links button (Figure 5D) to import the data.

6.4. Display the 2D cross-section by clicking on the 2D viewer icon (Figure 5C: blue box). 

6.5. Calibrate the dataset by clicking on the 3D viewer tab (Figure 5E: magenta box) and entering the resolution value at scanning (which was 0.018 in this study [Figure 5F]). 

6.6. Click on the brightness/contrast icon (Figure 5E green box). Adjust the brightness and contrast by moving the cursor inside the displayed 2D image and changing the window level and window width (Figure 5G).

6.7. Check other cross-section images by moving the scrollbar (Figure 5G: box).

6.8. Change the orientation of the cross-section by clicking on the orientation icon (Figure 5E: blue box) and check images at all orientations (Figure 5H). 

6.9. Click on the export icon to store cross-section images to save. 

REPRESENTATIVE RESULTS:
We performed microCT imaging on A. equina (Anthozoa, Cnidaria), Harmothoe sp. (Polychaeta, Annelida), and X. japonica (Xenoturbellida, Xenacoelomorpha) after staining the samples with 25% Lugol solution. The staining successfully enhanced the contrast of the internal structures in all specimens, enabling observations of internal soft tissues (Figure 6). Together with past reports6,7,16,19,22-26,28,30-33, this shows that microCT can be used on various marine invertebrates for visualizing their morphology, including soft internal tissues. Clear images were obtained even with the X. japonica specimen, whose epidermis was badly damaged (Figure 6F,G), showing that this method is applicable to fragile specimens with external damage.

Scanning only the region of interest, in contrast to a wider area, greatly increased the clarity and resolution of the image (compare Figure 6F and Figure 6G). However, a single high-resolution dataset of a whole specimen was reconstructed for Harmothoe sp. (Figure 6C) and X. japonica (Figure 6F) from multiple scans performed on different (but overlapping) parts of the specimen. The seams between each scan were inconspicuous in the reconstructed images. Our study shows that single high-resolution images can be obtained with cone-beam microCT systems. By scanning a larger area at high resolution, there is a smaller risk of overlooking small structures. Another advantage is that it is easier to locate the relative positions of structures that are situated far apart, such as the anterior and posterior tips of an elongated annelid. 

FIGURE AND TABLE LEGENDS: 

Figure 1: Marine invertebrate animals observed in this study. (A–C) Actinia equina (Anthozoa, Cnidaria). (A) Distal end of a live animal relaxed in 10% MgCl2 seawater. Distal (B) and proximal (C) ends after fixation in 70% ethanol. (D) Live anesthetized Harmothoe sp. (Polychaeta, Annelida), dorsal view with anterior to the left. Most of the elytra were already missing at this stage, with only four remaining near the posterior end. (E) Xenoturbella japonica (Xenoturbellida, Xenacoelomorpha) fixed in 70% ethanol. Right view, with anterior to the top. Because of circumstances at collection, its epidermis was starting to come off. Scale bars = 3 mm.

Figure 2: Mounting samples on the microfocus X-ray computed tomography system. (A) Mounting samples in a 50 mL tube using clay. The orientation of the sample could be adjusted using the clay. (B) Preparation of a 1000 µL micropipette ‘blue’ tip for mounting small samples. a: Tip with its end plugged with 100 µL of 0.5% agarose (diagonal lines). The samples were placed in this tip. The tip with the sample was inserted into another 1000 µL micropipette ‘blue’ tip (b, c) for mounting. b was used for Xenoturbella japonica, and c was used for Harmothoe sp. (C) Mounted X. japonica sample, overview (left) and close up (right). X-ray source can be seen to the right of the sample. (D) Diagrams for mounting samples in a 1000 µL micropipette ‘blue’ tip. a: X. japonica sample in distilled water. b: the sample was in contact with the tip wall (arrows), so that it does not move while scanning. c: Harmothoe sp. sample in 0.5% agarose.

Figure 3: Scanning samples on the microfocus X-ray computed tomography system. (A) Operating screen during scanning of the microfocus X-ray computed tomography system showing an X-ray transmission image of an Actinia equina specimen. Adjust the contrast and brightness with the ‘Image contrast’ at the lower left. (B) View of the mounting stage showing the Y axis knob. (C) X-ray transmission image of the A. equina specimen after the mounting stage was moved closer to the X-ray beam source. Notice it is enlarged when compared to the image at the center of (A).

Figure 4: Operating screen of the image reconstruction system. (A) Screen for adjusting differences in the rotation axis of the sample during scanning, showing an Actinia equina specimen. Magenta box: shift tab; green box: automatic shift value calculation button. (B) Screen for adjusting the orientation of the image, with Harmothoe sp. shown. (C) Screen during the image reconstruction of A. equina, trimming the area outside the yellow box where no samples are present. Magenta box: area tab. (D) Screen during image reconstruction, showing the reconstructed image of A. equina. Magenta box: reconfiguration tab; green box: reconfiguration button; blue box: black and white value adjustment.

Figure 5: Operating screen of the image analysis system. (A) Preference window. The Database icon (magenta circle) was clicked to open the database file management window. (B) Database file management window. In this software, the box shown with an arrow needs to be off to enable importing TIFF files. (C) Menu and tool bars of the Database screen. Magenta box = import icon; blue box = 2D viewer icon. (D) Dataset import window. Magenta circle = copy links button. (E) Menu and tool bars of the 2D viewer screen. Magenta box = 3D viewer tab; green box = brightness/contrast icon; blue box = orientation icon. (F) Calibration setting window. Enter the desired resolution values within the columns in the magenta box. (G) Cross-section of an Actinia equina specimen displayed in the 2D viewer window for adjusting brightness and contrast. Magenta box: scrollbar for checking other cross-sections. (H) Cross-section of A. equina displayed in the 2D viewer window with a different orientation to (G).

Figure 6: Scanned and reconstructed images of marine invertebrates. (A) Transverse and (B) longitudinal sections of Actinia equina. The area inside the dotted yellow box in (B) is enlarged in the inset. Abbreviations: dm, pair of directive mesenteries; m, pair of perfect mesenteries; mf, mesenterial filament; p, pharynx; si, siphonoglyphs; t, tentacle; arrows, oral disc; white arrowheads, pedal disc; black arrowheads, sphincter muscle. Scale bars in A, B = 3 mm. (C–E) Harmothoe sp. (C) Sagittal section of the anterior part. (D, E) Transverse section at the dotted lines d and e in (C). Abbreviations: aci = aciculum; acim = acicular muscle; coe = coelom; dlm = dorsal longitudinal muscle; elp = elytrophore; eye = eye; int = intestine; jaw = jaw; mant = median antenna; mo = mouth; mp = muscles of proboscis; palp = palp; pha = pharynx; prob = proboscis; vlm = ventral longitudinal muscle; vnc = ventral nerve cord. Scale bars: C = 1 mm; D, E = 0.3 mm. (F, G) Xenoturbella japonica. (F) Sagittal section of the whole sample. (G) Sagittal section of the anterior part. bl = basal lamina; int = intestine; ml = muscle layer; mo = mouth; nn = intraepidermal nerve net; white arrow = statocyst; black arrow = frontal pore; white arrowheads = ventral glandular network; black arrowheads = oocytes. Scale bars: F = 1 mm, G = 0.5 mm.

Table 1: Sample preparation and scanning protocol for each specimen.

DISCUSSION:
Fixatives using formalin, such as the 10% (v/v) formalin solution in seawater used in this study, are known to preserve the morphology of diverse marine invertebrates and are often used for microCT imaging18,24-26,28,30,33. However, restrictions on the use of this chemical have become strict in some countries in recent years, and substitutes such as paraformaldehyde or glutaraldehyde may be used. If there are plans to extract DNA after scanning, it is better to avoid using formalin as a fixative, because it is known to fragment DNA. In this case, the use of fixatives that preserve DNA, such as 70% ethanol, is recommended. In this study, the cnidarian A. equina was fixed using 70% ethanol, and clear microCT images were obtained from the 70% ethanol-fixed samples (Figure 6A, B).

In a previous study that performed microCT scanning of various cnidarian taxa, many samples were dehydrated in 100% ethanol, and some were critical-point-dried prior to scanning24. Although soft internal organs such as tentacle clusters, muscles, and gonads were successfully observed in their study, dehydration and drying processes are known to result in major artefacts such as the deformation and contraction of soft tissues11,21. In the present study, we were able to observe the internal structures of the cnidarian A. equina fixed in 70% ethanol and stained with 25% Lugol solution (Figure 6A,B). Our protocol, without any dehydration or drying steps, is preferable, and should be performed whenever possible to reduce the risk of damage to the specimens and artefacts during scanning.

Lugol solution, iodine solution, and phosphotungstic acid (PTA) are staining solutions that are often used on biological samples in microCT imaging6,7,9,14,16,17,20,26,27,38. From our experience of using various biological samples, Lugol solution provided the best results for many samples, with dark staining in a relatively short amount of time. Iodine solution yielded only very weak stains, and PTA required a long time for sufficient staining and the stained specimens showed strong contractions. Therefore, all specimens were stained with Lugol solution in this study. However, although Lugol solution is recommended, the appropriate staining solution differs between specimens, and we suggest that trials using other staining solutions be performed if there are enough specimens. Irrespective of the staining solution, samples do contract during staining37,38, so it is important to keep the staining time short.

A critical step in microCT scanning is to mount the sample so as to prevent it from moving. In this study, this was performed in two steps, first using agarose as the direct mounting medium, and then using clay to mount the tube that contained the sample to the stage. For the first step, various low-density mounting media have been used in previous studies, including ethanol6,17,20,25,30, agarose9,29, and floral foam15,22,31. Agarose was selected in this study as it is a low-cost chemical that is accessible worldwide. A disadvantage of agarose is that it may be difficult to retrieve the sample from the hardened agarose after scanning but using low-melting-point agarose makes this retrieval step easier. For the second step, jaw clamps or screws are often used6,9,17. Clay was selected in this study as it enables fine adjustments in the orientation and angle of the sample. Caution is needed for experiments with long scanning times, as the possibility of the sample moving is higher when using clay rather than jaw clamps or screws.

A previous study conducted microCT scanning on seven polychaete species with body lengths of 2–8 mm, smaller than the Harmothoe sp. used in this study16. They were able to generate high-resolution images, and showed organs such as vascular systems and individual chaeta clearer than in the present study. The main cause of this difference was not the protocol, but the specifications of the microCT systems used. The system used in the previous study was equipped with an 11-megapixel charge-coupled device camera (4000 x 2672 pixels) with a maximum resolution of <0.8 µm/pixel16. The active image matrix size of the system used in this study was 992 x 992 pixels, with a maximum resolution of >5 µm/pixel. Therefore, the spatial resolution of the microCT system used in this study was inferior to the high performance microCT system used in Faulwetter et al.16. This difference was particularly noticeable when scanning specimens smaller than 8 mm, in which we experienced a lack of resolution (data not shown). However, because fewer data were obtained during scanning in this study, the scanning time was much shorter than in the previous study16 (data: 992 x 992 and 4000 x 2672 pixels, respectively; scanning time: 10 to 26 min and 30 min to several hours, respectively). A short scanning time reduces the discoloration of the iodine staining, allowing the use of Lugol solution, which is a good staining solution with a high penetration rate, but easily diffuses in DW34. A short scanning time also decreases the possibility of the sample moving during scanning, which enabled the use of a simple mounting method using agarose or DW (Figure 2). Longer scanning times also have the disadvantage of possible sample shrinkage blur in images. Several other mechanical and hardware problems that can occur during long scans have also been reported39. Therefore, when using microCT systems, it is important to accurately understand the specification of each system, and to choose the right system in terms of specimen size or research aim. In some cases, a microCT system with low resolution may be sufficient.
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