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Placozoa are small disc-shaped animals representing one of the early branching metazoan lineages with only a dozen cell types, fast effector reactions, and complex behaviors. The simplest organization and small cell sizes limit standard microscopy applications. Here, we implement a new methodology and protocol for expansion microscopy, improving both the resolution and preservation of fragile placozoans and kin. As a result, the proposed approaches can be applicable to a diversity of microscopic animals and their larvae with broad applicability for both laboratory and cross-disciplinary field research during long-term marine expeditions.
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1 Introduction

The origin and early evolution of animals and their cell diversity are unclear (Mikhailov et al., 2009; Nielsen, 2012; 2019; Ruiz-Trillo et al., 2023). In this direction, representatives of the phylum Placozoa are essential for all reconstructions of metazoan evolution (Schierwater et al., 2009; Romanova and Moroz, 2024). These are the simplest known free-living metazoans with a relatively small set of cell types that are organized in three layers (Schulze, 1883; Grell, 1971; Rassat and Ruthmann, 1979; Smith et al., 2014; Romanova et al., 2021): the lower epithelium (lipophil, gland, epithelial cells), the middle (fiber, neural-like, crystal cells) and the upper (shiny spheres, epithelium). One of the features of the placozoan cell architecture is their relatively small size - on average 4-7 microns, with the disk-like animal thickness of 20-25 microns, and difficulty in the preservation of ultrastructural features, which provide limitations in the broad applicability of methods for convenient microscopy.

Currently, many studies in Placozoa targeting cell-type physiology include fluorescent in situ hybridization (FISH), immunohistochemical staining, and the use of highly selective cell organelle markers (Sebé-Pedrós et al., 2018; Smith et al., 2021; Najle et al., 2023). However, convenient microscopy is primarily achieving cell-type-specific resolution, often with a limited visualization of subcellular structures. This conceptual problem has been resolved by methods of expansion microscopy (ExM) (Chen et al., 2015; Cho et al., 2018; Nakamoto et al., 2022) as promising tools for increasing the dimensions of a studied object from 2x to 20x (Wassie et al., 2019; Wen et al., 2023). The ExM methods include six successive stages: 1) fixation of animals, 2) staining, 3) placing samples in a monomer solution with an initiator and a catalyst, 4) polymerization, 5) processing the polymer with digestion buffer, 6) washing the hydrogel with deionized water (Chozinski et al., 2016; Sun et al., 2021; M’Saad et al., 2022).

Here, we extend the ExM methodology to the enigmatic placozoans, enabling a reliable 2- to 5-fold increase in their body sizes and, therefore, a detailed examination of subcellular organization. Importantly, we show for the first time that stained samples can be stored in hydrogel for a extended time (2-9 weeks) till the digestion buffer stage and subsequent expansion of the sample at the final stage of preparation. This significantly expands the scope of applications of expansion microscopy since there are numerous fragile species, often collected at remote locations of the world ocean, that require cost-efficient methods of storage and fixation in the field conditions of marine expeditions. Thus, we also present a modified ExM protocol as a system for storage (at +4°С) of samples until microscopy.




2 Material and methods



2.1 Clonal animal line

We used axenic clonal cultures of the major placozoan reference species: Trichoplax adhaerens (Grell’s strain Н1, from the Red Sea). We maintained T. adhaerens culture for 11 years (2014-2024), allowing long-term observations and adjustments of culture conditions (Romanova et al., 2022; 2024).

A suspension of the green alga Tetraselmis marina (WoRMS Aphia, ID 376158) was added to the culture dishes. When the biofilm of microalgae became thinner or depleted, freshly prepared 1-2 mL suspension of T. marina could be added to the culture dishes weekly. H1 haplotype was maintained at the constant temperature of 24°С in climate chambers with 6:18 h D/N light period.




2.2 Expansion microscopy pipeline

In all tests, animals were placed in 35 mm Petry dishes (n=50 specimens total) and examined under stereo microscopy (Zeiss). For experiments, we used animals ranging from 300 to 400 μm in size. Before staining, animals were maintained for 30 minutes in sterile Petri dishes with artificial seawater (ASW) and washed two to three times to remove any remains of algae. For the current study, we used 1 mM DAPI (#996-1mL, LumiProbe, RF) and 1 mM acridine orange (#O050, Paneco, RF). The samples were examined using a laser confocal Cerna-based microscope (Thorlabs, USA). Image processing was carried out using ImageJ software.





3 Results

The chemistry of the protocol is based on (Chozinski et al., 2016; Sun et al., 2021; M’Saad et al., 2022), with our modifications summarized in Figure 1 and below. For staining we used such dyes as DAPI and the acridine orange, which labels nuclei and organelles, respectively.




Figure 1 | Principal chemical scheme of mechanism for obtaining copolymer. I) Free radical formation using the initiator persulfate anion and the initiation catalyst TEMED (Shirangi et al., 2015). II) A chain propagation involving the first monomer, acrylamide, where R• - is all possible radicals formed in the initiation stage. III) A chain propagation involving the second monomer, sodium acrylate, where R• - is all possible radicals formed in the initiation stage. IV) Cross-linking of radicals produced in the chain propagation step using N’N’-methylenebisacrylamide with an example of regular copolymer production (Menter, 2000). V) Termination with disappearance and recombination of free radicals and formation of low-active radicals. The chemical formula editor of the Department of Inorganic, Physical, and Colloidal Chemistry, Pyatigorsk Medical and Pharmaceutical Institute created the formulas. (https://physcolloid.ru/?page_id=343).





3.1 Detailed and modified protocol for ExM of placozoans

Placozoans are fragile marine animals, so we used vital staining of 30 mL DAPI and 30 mL acridine orange during 1 h incubation in 35 mm Petri dishes with 3 mL of artificial seawater or ASW (pH=8.0, RT). Then, we fixed animals with 0.25% glutaraldehyde for 10 minutes at room temperature. Gently washed with phosphate buffer solution (PBS) (0.1 M, pH=7.4) three times for 5 minutes. The monomer solution (1x PBS, 2M NaCl, 2.5% acrylamide, 0.15% methylenebisacrylamide, 8,625% sodium acrylate) and freshly prepared polymerization initiator (10% ammonium persulfate) and the catalyst (10% TEMED) we added as (Chozinski et al., 2016; Sun et al., 2021; M’Saad et al., 2022).

For mounting samples, we used 35 mm Petri dish with cover glass (22x22 mm) on the bottom. After mounting samples of placozoans: we 1) placed the half volume of monomer solution (50 µL) at the cover glass, then 2) transferred individuals (separately) with a minimum of liquid PBS (3-5 µL), and 3) covered with 50 µL of monomer solution (MS). Gently mixed MS and placed animals in the thickness of MS. All steps for mounting samples were performed on cold blue ice (+4°С); then we placed the Petri dish at +4° С, for 5 min to impregnate the sample with MS. Next, we transferred the Petri dish to the heater chamber at +37° С for 1 hour to polymerization progress.

After polymerization, we had a hardened polymer, which we incubated in 3 mL digestion buffer (50 mM Tris, 1 mM EDTA, 0.1% Triton, and 0.8 M guanidine HCl, pH=8.0) with 16 µL proteinase K at +37° С for 2 hours. The next step is replacing the solution with deionized water: we added 1 mL of deionized water, waited for 20 minutes (3 times), then repeated it for 2-3 hours, gradually reducing time intervals (Figure 2). Store hydrogel at +4° С in a refrigerator.




Figure 2 | Expansion process during dialysis. (A) Scheme of dialysis of a biological object (Trichoplax) during dialysis. The animal was incorporated in a thin polymer (white color) with the buffer. At the start of dialysis individual has a control size. At the limit of hydrogel saturation and replacement of buffer with water molecules, the animal increases in size due to the stretching of cells. (B–D) Successive stages of hydrogel expansion: the start of washingpolymer (50 µL) with animal (B) to the intermediate stage with expansion sample (C). (B, C) – the same magnification. (D) The animal in the hydrogelis outlined in purple in a 35 mm Petri dish.






3.2 Storage system of fragile marine samples

We tested the possibility of long-term storage of samples in hydrogel for 1-2 weeks (n=20) and 8-9 weeks (n=4). This is feasible due to the stop reaction at the end of polymer incubation at +37°C: after sample polymerization, the gel was placed in a phosphate buffer solution (0.1 M, pH = 8.0) for storage of the sample at +4°C. At this stage, the dialysis process is started due to a certain amount of water in the PBS solution, but the polymer expands slightly. After storage, the phosphate buffer solution must be removed from the Petri dish without exposure samples to air (or drying), and the hydrogel must be placed in a digestion buffer, where guanidine HCl and proteinase K trigger weak protein denaturation and purification of the sample from protein impurities, as well as inactivation of nucleases. Incubation is carried out according to the standard protocol for two hours, after which the buffer is replaced with deionized water for 2-3 hours. In our hands, all samples were preserved prior to subsequent microscopy.




3.3 Staining

The important reference point of the sample preparation is that after the hydrogel expansion process, we did not find any detectable morphological damage in animals. There was no separation of nuclei from the cytoplasm nor any abnormal and uncharacteristic cell structures. This indicates the sufficient preservation of membrane and cell structure during stretching the sample preparation process for ExM (Figure 3).




Figure 3 | Confocal microscopy of ExM samples of T. adhaerens with a comparison of normal animal size. (A) Regular images on confocal microscopy with 60x objective focused on the rim area of epithelium. Staining with DAPI (blue), phalloidin (green) and mitotracker (red). (B, C) expansion microscopy with DAPI and acridine orange (blue and green channels with 40x objective) for the rim area of epithelial cells. Scale bar: (A–C) - 30 μm.



DAPI staining showed the preservation of native microscopic morphology of nuclei and their localization in the apical part for cells of both lower and upper epithelium layers as in electron microscopic studies. The middle layer fiber and crystal cells (Figure 4) also preserved their localization and microscopic morphology.




Figure 4 | Confocal microscopy of ExM samples of T. adhaerens using acridine orange. (A) Two fiber cells with lysosomes in a red channel. (B) The same sample (as A section) in a green channel at different intracellular locations. (C) Colocalization of labeling (from green and red channels). AO in a green channel marked double-stranded DNA. In the red channel it revealed acidic lysosomes. (D) Colocalization of green and red channel signals for fiber cells: lysosomes have shown in green and red channels. Scale bar: (A) – 20 μm, (B–D) – 30 μm.



We used acridine orange as a vital dye at pH=8 in seawater. A lower pH level can induce injury and placozoan body compression, which can negatively affect microscopic anatomy. After fixing the animals with glutaraldehyde, we used PBS with a lower pH of 7.4 to wash the samples. The localization of acridine orange in placozoan cells was studied with emission in the green (488 nm) and red (633 nm) spectrum to assess the differences for cell population. It was shown that emission in the green spectrum detects colocalization of the signal from some cell nuclei in the lower epithelium, as well as multiple signals from the cell cytoplasm in all cells of the animal (Figure 4). With emission in the red spectrum, we localized granular structures similar to lysosomes in the cells (Figure 4A). It has been previously shown that during intravital staining with acridine orange (AO), metachromatically fluorescent granules are detected in the cytoplasm in the red region of the spectrum since AO monomers accumulate in acidic lysosomes due to the proton gradient across the membrane (Millot et al., 1997).

We show that fiber cells contain many (n>10) lysosomes in the cytoplasm (Figures 4A, B (Smith et al., 2014; Romanova et al., 2021)). It is important to note that the somas of fiber cells contain a mega cluster of mitochondria, and between them are small acidophilic structures that have not been previously identified. We suggest that the mitochondrial cluster may be associated with lysosomes due to the presumed functions of fiber cells, namely their involvement in immunity and digestion, as well as housing endosymbiotic bacteria.





4 Discussion

The expansion microscopy significantly broadens the opportunities for detailed microscopic examinations coupled with physiological studies on the emerging model species. Although standard staining methods with a diversity of dyes, antibodies or RNA probes were used to analyze cytological structural differences between cell types (Smith et al., 2017; Ruthmann et al., 1986; Syed and Schierwater, 2002), only transmission electron microscopy provided the sufficient subcellular resolution for Trichoplax and kin (Smith et al., 2014; Romanova et al., 2021) due to relatively small cell sizes. Thus, there are growing needs for a simpler methodology, such as expansion microscopy, to monitor subcellular architecture in the context of labeling signal molecules or low-expressed mRNA (Sebé-Pedrós et al., 2018; Smith et al., 2021; Najle et al., 2023) at subcellular resolution. Here, the expansion microscopy (ExM) method was adapted for Placozoa for the first time based on the formation of a polymer hydrogel and its subsequent expansion while maintaining the morphological integrity of the samples for confocal microscopy. Specifically, we optimized conditions for Trichoplax to increase their body dimensions without observable morphological or structural disarrays.

As the second outcome, the use of similar polymerization embedding for potential long-term preserving samples in the field during expedition conditions (Moroz, 2015) is an effective solution applicable to many marine organisms and their developmental states collected in the field. For example, some species of comb jellies [e.g., representatives of Lobata or deepwater species or their larvae/juvenile (Moroz et al., 2024)] are super fragile. It would be reasonable to test whether the proposed protocol can work for other reference species in the field. We anticipate it would be possible to incubate animals in a container with a dye for 1-2 hours and gently fix the animal with manipulations in a monomer solution, following its polymerization, expansion, and preservation for weeks. If proven, the ExM protocol can be helpful for long-term land and oceanic expeditions, saving samples with subcellular resolution for months if needed. Finally, we should be careful in all 3D morphological interpretations of ExM since it was noted that expansion is not entirely uniform for different cellular components (Büttner et al., 2021); and additional control tests would be required to compare preservations of intracellular architecture using complementary methods.
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