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SUMMARY:
We describe a technically accessible, cost-effective protocol for imaging worm early development, written for new researchers.
 
ABSTRACT:
[bookmark: OLE_LINK3]According to the strain distribution record from the Caenorhabditis Genetics Center (CGC) presented at the 25th International Worm Meeting in 2025, approximately 8,000 laboratories across 80 countries use these animals in their research. Establishing a sustainable culture and maintenance platform is essential for generating first-hand data on worm behaviors, particularly in laboratories with limited experience or resources. Here, using Caenorhabditis elegans as an example, we present a practical protocol for new researchers to establish basic worm-handling and -imaging workflows. We then describe procedures for collecting normal and perturbed C. elegans samples at selected early developmental stages for microscopic imaging. The imaging targetsese stages include meiosis, germ cell development (mitosis and meiosis)s, prefertilization oocytes, oocyte-sperm pronuclear migration and fusion, pseudocleavage, and embryonic development (embryonic mitositic s)tages that give rise to the organism. Although embryonic and whole-organism imaging is straightforward, we provide enhanced guidelines and technical tips to facilitate precise germline and embryo dissection, rapid sample collection, mounting, timelapse imaging, and basic image processinghandling.
 
INTRODUCTION:
Nematode worms are among the most powerful model organisms in biomedical research1,2, owing to their highly reproducible developmental program and the diversity revealed through gene perturbations3-6 and related species7-10. Since its introduction by Sydney Brenner in the 1960s, Caenorhabditis elegans (C. elegans) has emerged as a representative distinguished by its small size, optical transparency, rapid three-day life cycle, fully resolved cell lineage, sequenced and annotated genome, and advanced genetic toolkits for controlling gene function11-16. Central to these investigations is the ability to visualize dynamic biological events through microscopy, particularly in the germline and embryogenesis—the continuum of development from meiosis and mitosis to the formation of a complete organism17. Throughout this process, rapid meiotic and successive mitotic divisions, and spatial multicellular reorganization proceed with remarkable spatiotemporal precision. 

Compared with the embryo, which is typically monitorobserved in vitro, the germline in vivo is an ideal system for studying both meiosis and mitosis within a single tissue, particularly for new researchers, as its spatially segregated meiotic (before fertilization) and mitotic (after fertilization) zones enable simultaneous observation of these distinct cell division modes (Figure 1)18. In the C. elegans germline, organized as a syncytium, germ cells are interconnected through a shared cytoplasmic core—the rachis1⁸ (Figure 1). Germ cell proliferation and mitotic amplification occurs through mitosis in the distal gonad arm via incomplete and asymmetric divisions of primordial germ cells (PGCs), which can only be observed in living animals. During the late larva-4 (L4) stage, syncytial pachytene spermatocytes progressively detach from the rachis and enterundergo division in a proximal-to-distal sequencemeiosis in the proximal gonad arm19. This can be imaged directly in vivo in immobilized/anesthetized animals or in vitro in dissected primary spermatocytes20,21. 

[bookmark: OLE_LINK6][bookmark: OLE_LINK12]Biological phenomena in the germline and embryo are exceptionally rich and broadly relevant across diverse scientific research areas. Following meiotic maturation, germ-cell-derived oocytes enter the spermatheca to be fertilized by sperm, triggering embryogenesis22,23. Their outstanding developmental robustness makes C. elegans embryos an excellent model for exploring the molecular mechanisms of cell division, cell polarity, cell cycle, and cell movement24,25. Young adult worms can be dissected to release newly fertilized embryos, which are then selected for timelapse imaging of key developmental milestones, including but not limited to oocyte-sperm pronuclear migration and fusion, pseudocleavage, asymmetric cell division, and gastrulation, organogenesis, etc.

Although optical access to fullwhole and partial structures in the germline and embryo is, in principle, always achievable, high-quality and, publishable-level microscopy remains notoriously challenging for newcomers. “Standard” written protocols in the literature often condense complex procedures into sparse, ambiguous descriptions that fail to capture the nuanced "feel" of the technique. Examples include the exact amount of anesthetic, the gentle handling required to avoid damaging the gonad during dissection, and the precise focal-plane selection for microscopy. Consequently, novice investigators may routinely face months of frustrating trial and error, requiring repeated mentorship, practice sessions, and extensive troubleshooting before achieving consistently satisfactory images. This inefficient knowledge transfer delays research progress and introduces undesirable technical variability that can compromise data interpretation across laboratories. 

For example, in the germline, the anatomical complexity of the gonad and obstruction from other tissues (e.g., intestine) make it difficult to observe cell morphology or division dynamics in vivo. Furthermore, the germline poses additional challenges with its delicate tubular structure and extreme sensitivity to mounting pressure. In vitro imaging is therefore favored not only for general germline and embryo observation, but also for detailed cell-resolved observation. For instance,, such that the single proximal primary spermatocytes dissected from the gonad can complete two consecutive rounds of meiosis to become four haploid spermatids, and no shadows ofthe absence of tissue structure shadows makes higher-quality images easier to capture. These observations can be extended to other tissues or the whole body26-32. Conveniently, each operation can be completed in 1 h, facilitating timelapse imaging.

Here, we present a practical, step-by-step timelapse imaging protocol across selected developmental stages from the germ cell developmentline to the embryonic development, encompassing not only imaging procedures but also preparatory steps (e.g., worm dissection) to lower the technical barrier for researchers new to worm early development imaging33. Our protocol highlights real-time visual demonstration of microscopic imaging for both germline and embryo—from optimized mounting procedures that preserve viability through multi-hour recordings, to microscope parameter configuration that balances signal-to-noise ratio with phototoxicity/photobleaching minimization, and basic image acquisition.

PROTOCOL:

[bookmark: OLE_LINK21]NOTE: Successful long-term maintenance of C. elegans populations is the foundation for subsequent experimental work and requires consistent production of high-quality nematode growth medium (NGM), reliable propagation of bacterial food sources, appropriate environmental conditions for strain growth and reproduction, and effective strategies to prevent culture loss from contamination.
 
1. Worm culture and maintenance

NOTE: We only provide some advice here; detailed procedures can be found in Wormbook34. Use NGM premixed powder to reduce the weighing and preparation steps.

1.1. Culture all animals on NGM agar seeded with food E. coli OP50 at 20 °C for wild-type (WT) and 16 °C or 25 °C for temperature-sensitive mutants (ts mutants). 
NOTE: Freshmen should verify culture temperature for CGC mutant strains upon receipt.

NOTE: WT animals grow faster in higher temperatures; ts mutants can produce embryos at 16 °C (permissive temperature) but not at 25 °C (restrictive temperature at which they show loss-of-function effects in a specific gene or protein)35-38. The strains and food can be bought from CGC [https://cgc.umn.edu] or obtained as gifts from nearby laboratories. 

1.2. Transfer animals into new plates before starvation (with significantly fewer E. coli OP50 observed under the microscope) to keep them healthy for further experiments (~2–3 days).

1.3. Store animals in freezing buffer (S buffer supplemented withand glycerol to a 15% final concentration of 15%glycerol) in -80 °C overnight and transfer them to a freezing box or liquid nitrogen for long-term storage34.
1.4.  
NOTE: Label all cryovials with oil-based, waterproof permanent markers prior to freezing. Water-based inks are incompatible with ultra-low temperature storage.

2. Agarose pad preparation

2.1. Weigh 3 g of agarose and transfer it to a 250 mL conical flask. Add 100 mL of M9 buffer, mix well, and heat it in a microwave oven for 2–3 min until the agarose is fully dissolved (hereafter referred to as agarose buffer). 

NOTE: Cover the conical opening with pan paper to prevent buffer evaporation and minimize osmotic concentration errors. The total volume can be adjusted according to the experiment requirements.

2.2. [bookmark: OLE_LINK17]Transfer the well-mixed agarose buffer into a 1.5 mL centrifuge tube, which can be stored at room temperature for up to 1 month. Melt the stored agarose in a heater block set to 90–100 °C (skip this step if using freshly prepared agarose).

2.3. [bookmark: OLE_LINK15][bookmark: OLE_LINK5]Cut off the tip of a 200 µL pipette tip, to widen the opening and prevent solidification-induced clogging, and place a drop of the melted agarose buffer on the glass slide (size: 75 x 25 mm; thickness: 0.9– to 1.10 mm; type: soda lime glass).

2.4. Immediately cover the drop with another slide. Apply additional agarose buffer around the edges of the coverslips (size: 22 x 22 mm; thickness: 0.25 mm) and gently press the agar into a thin, round circle that fully surrounds each coverslip, ensuring no air bubbles are trapped. 

NOTE: This creates a sealed microchamber for animal immobilization and prevents dehydration. Multiple slides can be processed in parallel for high-throughput experiments.

2.5. Cool Allow agar to cool for at least for 3 min for completeuntil fully solidification solidified before of agar until use. 

NOTE: Use the agarose pad for imaging as soon as it is solidified, so that the animal will not be under stress. The solid agar will absorb water from the center, eventually leading to the animal's death.
 
3. In vivo observation of spermatogenesis in hermaphrodite or male worms 

3.1. Prepare an agarose pad as described above in section 2.

3.2. Quickly transferpick 10–20 NMY-2::GFP-labeled animals20 (late L4 stage) into 5–10 µL of 0.5% tetramisole hydrochloride diluted in M9 buffer on a coverslip. 


NOTE: To prevent animal movement and dehydration, avoid adding too much or too little buffer. Select worms that have crawled away from or outside the bacterial lawn boundary (the E. coli cluster with blurred and semi-transparent region can be observed under a microscope) to avoid the unexpected unintended transfer of E. coli along with taken out, accompanied by the worm, which can interfere with imaging.

3.3. Incubate for 1 min until the animals are fully anesthetized.

3.4. Gently remove the upper slide, leaving the agarose pad on the bottom slide.

3.5. Invert the slide with the agarose pad. Gently touch and lower the pad to the worms in the buffer to avoid air bubble formation. Flip the slide with the coverslip up. 

NOTE: Avoid rapid movement of the coverslip, which can damage the worm's body.

[bookmark: OLE_LINK18]3.6. Using a 200 µL pipette tip, apply heated liquid petroleum jelly (preheated together with solid agar), quickly move the pipette tip along the boundary of the coverslip, and allow petroleum jelly to cool, securing the coverslip to the slide. wait for the coverslip to be mounted quickly with the slide after cooling down. 


[bookmark: OLE_LINK19]3.7. Place the slide on the microscope stage for imaging germ cell development (Figure 1 and Supplemental Video S1). 

3.7.1. For single images, increase the laser power and exposure time to optimize fluorescence signal (according to the strength of fluorescence expression in different strains), which can be longer and higher for better fluorescence visualization. 

3.7.2. For timelapse/Z-stacks, use lower excitation power and shorter exposure time to minimize phototoxicity/photobleaching. 

NOTE: The goal is to obtain high-quality spatial and temporal data with minimal adverse effects on worm growth.
 
4. In vivo observation of PGCs divisions 

4.1. Prepare an agarose pad as described above in section 2.

4.2. [bookmark: OLE_LINK7]Quickly tTransfer 10 NMY-2::GFP39,40-labeled animals39,40 (late L1 to young adult stage) into 5–10 µL of 0.5% tetramisole hydrochloride diluted by in M9 buffer on a coverslip. 

NOTE: Use fewer animals than for in vivo observation to minimize body debris during subsequent dissection.

4.3. Incubate for 1 min until the animals are fully immobilized.

4.4. Remove the upper slide, leaving the agarose pad on the bottom slide.

4.5. Invert the slide with the agarose pad. Gently touch the pad with worms in the buffer to avoid air bubbles. Flip the slide with the coverslip up.

4.6. Seal the boundary of the coverslip with petroleum jelly using a 200 µL pipette tip, as described in step 3.6.
 

4.7. 
4.8. 4.6. Transfer the slide to the microscope stage for imaging.

5. Dissection of the germline for in vitro observation of male spermatogenesis 

[bookmark: OLE_LINK8]NOTE: The syringe size can be adjusted according to personal preference. Males possess a complete and single germline containing one gonad, while the hermaphrodites have two gonads (both produce sperm from late L4 to young adult stage, and produce oocytes atin later stages)41.

5.1. Prepare fresh in vitro culture buffer (Leibovitz’s L-15 medium containing 15% FBS). 

[bookmark: OLE_LINK2]NOTE: The buffer should be stored in a 4 °C refrigerator for no more than a week. The serum can be split into different tubes for long-term preservation at -20 °C.

5.2. Place approximately 10 N2 worms (for DIC microscopy) or fluorescently labeled (NMY-2::GFP; mCherry::histone) male wormanimals (late L4 stage) into a 1.5 mL centrifuge tube containing 500 µL of culture buffer.

5.3. Centrifuge the tube at 1,000 × g for 2 min. Gently remove the upper 400 µL of buffer.

5.4. Add 400 µL of culture buffer and repeat steps 5.2–5.3.

5.5. [bookmark: OLE_LINK9]Transfer the remaining buffer (containing animals) onto a coverslip. Add an appropriate volume of tetramisole hydrochloride (final concentration 0.1%) or levamisole (final concentration 0.1 mM) to immobilize nematodes through nicotinic acetylcholine receptor agonism41 and local anesthetic activity42. Gently swirl the coverslip until the worms stop moving.

NOTE: To reduce costs, the M9 buffer can be used for initial washes to remove the debris or E. coli. Add culture buffer only during the final wash or before slide preparation. Steps 5.2–5.3 can be omitted to speed up the process for special requirements or if the buffer is very clean.

5.6. Attach two 28 G needles to syringes, holding one in each hand. Place the coverslip under the dissecting microscope, position the needles at a 30–45° angle over a worm. Place Make an incision near the proximal gonad to release gonadal tissue. Repeat for all animals. 

NOTE: This will release body debris. For beginners, more practice is recommended. Primary spermatocytes begin dividing within 30 min, so tThe maximum complete dissection time in paralytic buffers could lasts for <5 min for full spermatogenesis observation. Adjust timing based on experimental goals.

5.7. Swirl the coverslip and collect the debris. Gently aspirate thesuck this large debris with a pipette and leave as little of the buffer as possible while ensuring  on the premise that the small primary spermatocytes are kept fully inremain on the coverslip. 

NOTE: Avoid leaving too much buffer in the coverslip; excess causes movement during mounting.

5.8. Take a clean slide and gently cover the coverslip with dissected primary spermatocytes. Seal the boundary of the coverslip with heated liquid petroleum jelly as in step 3.6. 

[bookmark: OLE_LINK10]NOTE: Apply a small amount of liquid petroleum jelly to the four corners of the coverslip before sealing to prevent the mechanical disruption of spermatocytes. 

5.9. Transfer to the microscope for imaging (Supplemental Figure S1 and Supplemental Video S2). 

NOTE: Avoid using agarose pads. Liquid medium provides a more transparent background, offering superior optical clarity for distinguishing the primary spermatocytes.
 
6. Dissection of the worms and in vitro observation of fertilization and embryogenesis under fluorescence (Supplemental Figure S2, Supplemental Figure S3, Supplemental Video S3, and Supplemental Video S4) and brightfield (Figure 2 and Supplemental Video S5).

NOTE: Early-stage embryos were obtained by crossing back two 28 G needles near the spermatheca. The chamber was sealed to prevent the liquid from evaporating and transferred immediately to the microscope.
 
6.1. [bookmark: OLE_LINK20]To eliminate the influence of pressure from the coverslip and agarose pad exerted on embryos, machine a 10 mm central hole in a 35 mm Petri dish using a lathe. Seal the underside with a 22 mm microscope cover glass to create a reusable chamber for inverted confocal microscopy.

6.2. Add approximately 30 µL of M9 buffer into the chamber. 

NOTE: This volume is sufficient for 4 h of timelapse imaging per round. The buffer volume allows continuous imaging from nuclear fusion between sperm and oocyte to muscle twitching of the embryo before hatching.

6.3. Select hermaphrodites. Transfer approximately 20 young adult animals into the M9 buffer in the imaging chamber.

NOTE: Males produce only sperm, not embryos.

6.4. Use a syringe needle scalpel blade to make a transverse cut at the spermatheca twice to release more early-stage embryos. Use an eyelash picker to remove the animal body. 	Comment by Author: syringe neddle

NOTE: Practically, the platinum picker is too hard to remove the body debris in liquid. We also recommend a false eyelash picker (with multiple ends) to remove debris like a fork, which functions better than a standard real eyelash picker.

6.5. Lid the chamber ofCover the Petri dish with its lid to prevent liquid evaporation.
 
7. Timelapse imaging under microscopy

7.1. Place the slide onto the microscope (e.g., an inverted spinning-disk confocal microscope, equipped with a 60×/1.4 NA objective and an EMCCD camera) under the lowest magnification (10×) field, and search for animals, primary spermatocytes, or newly fertilized embryos atin the desired stage. 

7.1.1. For non-fluorescent worms, determine the developmental stage of early embryos through the location of the cell nucleus, fusion status, and the morphology of the cleavage furrow (Figure 2 and Supplemental Video S5). 

7.1.2. For in vitro dissected primary spermatocytes, look for the cells preparing for division that are detached from the rachis and are roundly dispersed in the buffer (Supplemental Figure S1 and Supplemental Video S2). 

7.1.3. For fluorescent wormsfluorescence-labeled animals, identify stages based on protein distribution and cell morphology.

NOTE: Fluorescence was detected using a 488 nm excitation line with a 525–550 nm emission filter for GFP, and a 561 nm excitation line with a 607–636 nm emission filter for RFP/mCherry.

7.2. Locate these cells or embryos and transfer switch to a higher magnification (63× or 100×).

NOTE: Because the principles of preparing and imaging cells and embryos are the same, the visualized experiment tutorial demonstrates the case of dissected embryos using both brightfield and fluorescence channels.

7.3. Start Z-stack (usually within 1 µm interval) video recording or picture snapshotcapture using the microscope acquisition software, with a scanning interval as low as 1 s, depending on Z layer number and research requirements. 

NOTE: For fluorescent strains susceptible to phototoxicity/photobleaching, lower the laser power and shorten the exposure time to reduce photobleaching/phototoxicity during long-term imaging.

7.4. Save all images in .tiff format for image output and keep the original imaging information. 

8. Image analysis

[bookmark: OLE_LINK1]NOTE: Individual .tiff images or timelapse stacks can be rotated, cropped, labeled, measured, and processed using microscope-specific software or general analysis software such as Fiji/ImageJ [https://imagej.net/software/fiji], an open-source platform for biological image analysis43.

[bookmark: OLE_LINK4]8.1. Open the acquired images in Fiji/ImageJ. Check the fluorescence signal intensity and distribution of individual fluorescent puncta or structures. For multichannel, Z-stack, or timelapse stacks, use Image | Color | Split Channels or Image | Hyperstacks | Stack to Hyperstack to separate channels, Z layers, and time points as needed.

8.2. Use Image | Transform | Rotate to rotate each image so that the worm is oriented horizontally with the head facing left. Use Image | Crop to remove unnecessary blank regions if needed.

8.3. Use Image | Stacks | Z Project to generate a Z-projection from representative frames with sufficient signal.

NOTE: For optimal visualization, high-contrast frames are recommended tocould be projected together. However, to compare relative differences within the same specific tissues or organelles across different groups, several frames containing complete information could be projected together, even if the signal is weak. 

8.4. Use File | Save As | Tiff to save the projected images for subsequent analysis.

8.5. Depending on the confocal microscope used, calibrate the image scale so that pixels are converted to micrometers (μm). After calibration, use Analyze | Tools | Scale Bar to add a scale bar.

NOTE: Image processing above is limited to visualization and figure preparation. When batch processing or automated measurements are required, use Fiji/ImageJ or other open-source tools, such as CellProfiler44 and Python-based analysis pipelines45.
 
REPRESENTATIVE RESULTS:
[bookmark: OLE_LINK11][bookmark: OLE_LINK13]Visualizing C. elegans at the cellular level for phenotypic analysis traditionally requires substantial investment in optical equipment, yet modern consumer electronics and innovative adapter systems now enable satisfactory imaging capabilities at remarkably reduced cost. To image the gonad structure of hermaphrodites in vivo by confocal microscopy or other readily available instruments, we use a strain carrying two fluorescent labels20, with NMY-2::GFP marking the overall structure of the U-shaped gonad, the rachis and cortical region of primary spermatocytes, and mCherry::Histone showing the nucleus morphology and developmental stage (Figure 1 and Supplemental Video S1). These two proteins are widely used in different studies46-48. To capture most of the 3D structural information, we imaged acquired all the entire Z-stack at 1 µm intervals from the bottom to the top of the worm gonad.s. Based on the compactnstricted mass of the chromosome and weak accumulation of NMY-2 in the equatorial region, the most proximal primary spermatocytes are atin the karyosome stage, indicating the that these cells are beginning their first division (Figure 1 and Supplemental Video S1). Additionally, mitotic divisions of primordial germ cells (PGCs) occurs in the distal region of the gonad and can also be captured with thisese protocols.
 
For in vitro observation of spermatogenesis, we first prepare the culture buffer. Worms are dissected, and germline spermatocytes are released into the buffer. It is critical to rapidly locate the primary spermatocytes preparing for their first division, identified by nuclear morphology (beginninginitiation of nuclear envelope breakdown) or by whole-cell morphology. Fluorescent strains make it easier to identify the correct developmental stage. Images are captured at 30 s intervals to balance photobleaching/phototoxicity and capture efficiency. The time for the two division rounds is ~30 min (Supplemental Figure S1 and Supplemental Video S2). 

To obtain more information on early embryogenesis, we first locate newly fertilized embryos under brightfield channel, where the paternal and maternal nuclei are positioned at opposite ends of the embryo along its major axis and move toward each other for fusion. For embryo observation with standard slides, we used a strain expressing GFP::Histone49 and mCherry::PH50 to label the cell nucleus and cell membrane dynamics, respectively. These images are captured at different Z layers to show the complete cell division (Supplemental Figure S2 and Supplemental Video S3). Note that the ability to identify the embryos at the correct stage is essential. We selected early-stage embryos and employed continuous recording to capture complete developmental progression without physical perturbation. This approach allows >500 min of timelapse recording that encompasses the entire process from fertilization through the 2-fold stagemuscle twitching (Figure 2 and Supplemental Video S5). In addition to wild-type, mutants are also available for comparative imaging studies. For example, HUM-2 is the homolog of human myosin V, which plays critical roles in the distribution of organelles, vesicles, and mRNA, and is important for animal physiology and cellular function51. As an illustrative example, the protocol was also used to capture furrow dynamics in the hum-2  (ok596) mutant for visual comparison (Supplemental Figure S3 and Supplemental Video S4). Finally, the .tiff images are processed and cropped in ImageJ/Fiji and aligned in image-editing software for direct visual comparison52. 
 
FIGURE AND TABLE LEGENDS:
Figure 1: Schematic and fluorescence image of gonad zone distribution in late L4-stage worms. Several proximal primary spermatocytes are entering the first or second division. (A) Schematic of the gonad structure of a late L4-stage worm. DTC = distal tip cell. (B) Fluorescence image showing NMY-2::GFP labeling the rachis and cortical region of proximal spermatocytes, and mCherry::Hhistone labeling nuclear morphology at different developmental stages. The most proximal primary spermatocytes are completing the first division of spermatogenesis, while the following spermatocytes are preparing for or beginning the first division. Scale bar = 10 µm.

Figure 2: C. elegans embryo development. (A-E) Fusion stage to one-cell stage, encompassing oocyte-sperm pronuclear migration and fusion, pseudocleavage, and establishment of the one-cell stage.; (F-J) Ttwo-cell stage to multicellular stage.; (K-O) Ggastrulation stage.; (P-T) Ccomma stage to muscle -twitching stage. Scale bar = 10 μm.

Supplemental Figure S1: Timelapse images recordingRepresentative demonstration of imaging complete the whole process of spermatogenesis. (A) 0 min,B time of the beginning of nucleus envelope breakdown.; (B) P5 min, prometaphase of meiosis I.; (C) F10 min, formation of contractile ring and the initiation of constriction; (D) C16 min, completion of meiosis I; (E) 20 min, Startinitiation of meiosis II.; (F) Ffurrow constriction of two secondary spermatocytes.; (G) T28 min, telophase of meiosis II.; (H) C32 min, finish ompletion of meiosis II and formation of four spermatids and one centrally localized residueal body. Scale bar = 10 μm. 

Supplemental Figure S2: Representative demonstration Series of imaging early embryogenesis events, with from pseudocleavage, oocyte-sperm pronuclear fusion, to four-cell-stage embryo. GFP::Histone labelings the cell nucleus morphology changes and cell stageand. mCherry::PH labelings the cell membrane of the embryo. (A) Ppseudocleavage.; (B) Regression of The cleavage furrow regresses back to the normal state.; (C) Mmetaphase of first cell division.; (D) Aanaphase of first cell division.; (E) Ttwo-cell stage.; (F) Aanaphase of AB cell division and prophase of P1 cell division.; (G) Aanaphase of P1 cell division.; (H) Ffour-cell stage. Scale bar = 10 μm.

[bookmark: OLE_LINK14]Supplemental Figure S3: Representative comparison of cleavage furrow formation in early embryos of N2 and hum-2 (ok596) mutant. The zoom-in panel shows furrow dynamics over time for visual comparison. The numbers indicate time after anaphase onset, defined by chromosome segregation. Scale bar = 2 μm.

Supplemental Video S1. Representative fluorescence timelapse imaging of the C. elegans late L4-stage gonad using NMY-2::GFP and mCherry::Histone; 30 s per frame.

Supplemental Video S2. Representative brightfield timelapse imaging of complete spermatogenesis in him-5 (e1490); 30 s per frame.

Supplemental Video S3. Representative fluorescence timelapse imaging of early embryogenesis using GFP::Histone and mCherry::PH; 30 s per frame.

Supplemental Video S4. Representative fluorescence timelapse imaging of cleavage furrow dynamics in early embryos of N2 and hum-2 (ok596) mutantin N2 and hum-2(ok596); 15 s per frame.

Supplemental Video S5. Representative brightfield timelapse imaging of N2 C. elegans embryonic development from oocyte-sperm pronuclear fusion to embryonic mitotic stages divisions that give rise to the organism; N2.

DISCUSSION:
For preparing and imaging worms, we streamlined two workflows, based on chambers and slides, respectively. The chamber-based approach has been used for microfluidic immobilization of worms and high-resolution live imaging, allowing long-term observation of developmental processes with limited phototoxicity/photobleaching34. The slide-based approach was adapted from standard agarose pad-mounting techniques commonly used for short-term observation of neuronal activity and subcellular structures34,53. We applied both protocols (sections 3, 4, and 6) for long-term observations across selected C. elegans early developmental stages. Regarding in vivo observation of gonad structure, PGC cell divisions, or spermatogenesis, we followed the main procedures of previously established methods and made certain modifications for quick, easy access for new researchers54. Regarding in vitro observation of spermatogenesis, we emphasize the rapid recognition of cells entering the transition from prophase to metaphase, when the nuclear envelope is breaking down55. Although agarose pads can buffer and partially stabilize embryos or worms for in vivo imaging, they reduce the contrast between primary spermatocytes and the slide. Agarose pads are therefore not recommended for in vitro observation of dissected spermatocytes; a liquid medium is preferred. Likewise, quick recognition of specific developmental stages of interest is also emphasized for in vitro observation of embryogenesis.

Combining the methods above, selected developmental events from the germline to the embryo can be imaged. These methods can also be combined with temperature-control equipment, such as fast temperature-shift systems for live-cell imaging, making experiments more convenient for temperature-sensitive mutants56. Similarly, cooling-based immobilization can enable high-throughput, submicron-resolution imaging of C. elegans populations directly on cultivation plates, reducing the need for chemical anesthesia or individual worm manipulation while maintaining physiological viability57. In addition, artificial perturbations, such as RNA interference14 and laser ablation16,58-64, can be combined with microscopy to examine developmental responses and underlying biological or physical mechanisms. In the future, microscopy workflows may be further improved by optimizing hardware, software, and user-specific operation33,65. Although specific operational details need to be adjusted, selected principles of this protocol may be adaptable to other small, motile animal models, such as fruit flies and zebrafish larvae, particularly for in vivo observations requiring immobilization and in vitro observations requiring dissection66,67.

Image datasets acquired through protocols of this type can also support downstream computational or quantitative analysis when sufficient sample numbers and standardized acquisition settings are used68,69. For example, C. elegans embryogenesis has been used in studies of cell lineage tracing70,71 and cell morphology segmentation72-74, both of which rely on high-quality imaging data. From a mechanistic perspective, imaging of nuclei, membranes, polarity-related proteins75-77, and cytoskeleton-related proteins78-80 can support analysis of cell division and morphogenesis. Quantitative systems biology can integrate these types of imaging data across molecular, cellular, and organismal scales81-84. In the present protocol, these broader applications should be viewed as potential extensions rather than outcomes directly demonstrated by the representative results.
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