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Cell sorting in Hydra vulgaris arises from differing capacities for 
epithelialization between cell types
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Summary

Hydra vulgaris exhibits a remarkable capacity to reassemble its body plan from a disordered 

aggregate of cells. Reassembly begins by sorting two epithelial cell types, endoderm and 

ectoderm, into inner and outer layers, respectively. The cellular features and behaviors that 

distinguish ectodermal and endodermal lineages to drive sorting have not been fully elucidated. To 

dissect this process, we use micromanipulation to position single cells of diverse lineages on the 

surface of defined multicellular aggregates and monitor sorting outcomes by live imaging. 

Although sorting has previously been attributed to intrinsic differences between the epithelial 

lineages, we find that single cells of all lineages sort to the interior of ectodermal aggregates, 

including single ectodermal cells. This reveals that cells of the same lineage can adopt opposing 

positions when sorting as individuals or a collective. Ectodermal cell collectives adopt their 

position at the aggregate exterior by rapidly reforming an epithelium that engulfs cells adhered to 

its surface through a collective spreading behavior. In contrast, aggregated endodermal cells 

persistently lose epithelial features. These non-epithelialized aggregates, like isolated cells of all 

lineages, are adherent passengers for engulfment by the ectodermal epithelium. We find that 

collective spreading of the ectoderm and persistent de-epithelialization in the endoderm also arise 

during local wounding in Hydra, suggesting that Hydra’s wound-healing and self-organization 

capabilities may employ similar mechanisms. Together, our data suggest that differing propensities 

for epithelialization can sort cell types into distinct compartments to build and restore complex 

tissue architecture.
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ETOC Blurb

Skokan et al. dissect the cellular behaviors underlying cell sorting in Hydra. Cells that rapidly 

restore an epithelial monolayer adopt exterior positions by engulfing non-epithelialized aggregates 

and single cells. Similar responses to local damage suggest common mechanisms for restoring 

compartmentalization in wound healing and self-organization.

Introduction

Defining the mechanisms that organize cells into distinct compartments in the body is 

critical for understanding development and regeneration, and has facilitated the development 

of synthetic models of complex biological tissues and structures [1]. Pioneering work by 

Townes and Holtfreter showed that dissociated cells from the amphibian embryo 

spontaneously sort from one another when recombined, reforming distinct layers 

reminiscent of their native organization [2]. Mechanistic dissection of this sorting 

phenomenon can provide fundamental insights into how cellular properties give rise to tissue 

organization across diverse systems.

Previous studies in a variety of experimental models point to cell-intrinsic differences as 

crucial drivers of cell sorting (reviewed in [3]). In particular, differences in adhesion strength 

or biophysical properties between cell types can affect sorting outcomes, lending support to 

models like the differential adhesion hypothesis (DAH) and differential interfacial tension 

hypothesis (DITH) [4-9]. These models broadly attribute sorting to differences among cell 

types that affect the areas of cell contacts until energetically favorable configurations are 

achieved (Brodland, 2002; Steinberg, 1962a, 1962b). In addition to the contributions of cell-

intrinsic differences, cell positioning can also be affected by features of a cell’s 

surroundings. For example, neighboring cells locally modulate cell behaviors and properties 
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at compartment boundaries in the Drosophila wing disc and Xenopus embryo [10-12]. How 

cell-intrinsic and -extrinsic factors intersect to govern cell position remains unclear.

The freshwater cnidarian Hydra vulgaris is a particularly powerful model of cellular self-

organization, as Hydra can reassemble its entire body plan from a collection of dissociated 

cells within days [13]. The Hydra body plan is largely defined by two epithelial 

compartments—an inner layer termed the endoderm and an outer layer termed the ectoderm

—organized as concentric monolayers separated by an extracellular matrix (Figure 1A). A 

third, interstitial cell lineage includes neurons, gland cells, and specialized stinging cells 

(nematocytes) scattered throughout the body [14]. Following dissociation and reaggregation, 

the endodermal and ectodermal compartments are rapidly reestablished as the first major 

step toward rebuilding the animal [13,15,16]. Cell proliferation and trans-differentiation are 

minimal or absent during these early stages, underscoring the central role for cell sorting in 

rebuilding the Hydra body plan [13,16]. Hydra represents a unique model in which rapid cell 

sorting gives rise to functional tissues.

In Hydra, cell-intrinsic differences in biophysical properties and motility have been 

proposed as key drivers of endodermal/ectodermal cell sorting. Specifically, endodermal and 

ectodermal lineages exhibit different interfacial tensions and adhesive properties largely 

consistent with the requirements of the DAH and DITH described above [16-19]. 

Differences in endodermal and ectodermal cell motility have also been proposed to drive 

sorting [20,21]. However, attempts to track large numbers of cells during this process failed 

to show lineage-specific differences in the speed or directionality of migration [17,22,23]. 

Thus, despite evidence for biophysical properties contributing to sorting, previous 

approaches have left many unanswered questions regarding the cellular interactions 

underlying rapid compartmentalization in Hydra.

Here, we combine cellular micromanipulation and live microscopy to dissect the 

mechanisms of cell sorting in Hydra. Surprisingly, we find that single cells of all lineages, 

including ectodermal cells, sort to the interior of ectodermal aggregates. We find that 

aggregated ectodermal cells rapidly reform a polarized epithelial monolayer, which 

indiscriminately engulfs cells adhered to its surface by a wound healing-like process. Cells 

that are unable to rapidly reform an epithelium, such as endodermal aggregates and isolated 

ectodermal cells, readily adhere to the ectodermal epithelium and are positioned at the 

aggregate interior during engulfment. Together, our data suggest that a key feature 

distinguishing epithelial lineages and driving their sorting is their capacity for rapid 

multicellular organization. We find that differences in the maintenance and restoration of 

epithelial organization in ectodermal and endodermal tissues occur during both self-

organization and local wound healing, suggesting that common mechanisms may underlie 

regeneration at cellular and organismal scales. Overall, our data support a model in which 

cell sorting can be driven by differences in re-epithelialization among distinct cell 

populations.
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Results

Ectodermal aggregates internalize diverse Hydra cell types, including isolated ectodermal 
cells

The predominant models for cell sorting in Hydra propose that intrinsic differences in the 

properties of endodermal and ectodermal cells direct them to sort into interior and exterior 

compartments, respectively. We sought to directly test this role for cell identity in directing 

sorting, as well as to identify cellular behaviors that may not be reflected in existing models. 

To this end, we first developed a method that rendered the sorting process amenable to 

physical manipulation and high-resolution microscopy. Historically, sorting in Hydra has 

been analyzed by combining dissociated cells by centrifugation, which generates aggregates 

approximately 300-800 μm in diameter or larger [13,15-17,24]. These aggregate preparation 

methods preclude study of the initial minutes of sorting, restrict physical control over the 

process, and generate limited cellular and subcellular resolution due to light scattering. 

Therefore, we developed an approach that allowed us to isolate aggregates of relatively small 

sizes to facilitate high-resolution imaging (approximately 60 μm; Figure S1A, Methods). We 

combined this method with a microscope-mounted micropipette aspirator to allow us to 

initiate interactions between specific lineages at precisely defined positions (Figure 1B).

As a proof of principle, we first tested how ectodermal aggregates expressing a lineage-

specific DsRed2 interacted with single GFP-expressing endodermal cells. As expected, 

isolated endodermal cells placed in contact with the surface of ectodermal aggregates were 

rapidly internalized and subsequently remained at the aggregate interior (Figure 1C; Video 

S1A). In contrast, ectodermal cells placed in contact with endodermal aggregates were not 

internalized; instead, ectodermal cells adhered to and spread over the endoderm, as 

previously described for single cells and larger aggregates [20,21] (Figure 1D; Video S1B). 

Thus, this micromanipulation approach facilitates controlled induction of cell sorting.

We employed our assay to directly test the role of cell identity in determining cell 

positioning by manually combining cells and aggregates of specific lineages (Figure 1B). To 

this end, we placed DsRed2-expressing ectodermal aggregates in contact with GFP-

expressing cells of all Hydra lineages, including interstitial stem cells, neurons, nematocytes, 

and ectodermal epithelial cells. We found that all cell types placed in contact with 

ectodermal aggregates were efficiently internalized and, like endodermal cells, remained 

within the aggregate for the duration of our experiments (Figures 1E, S1B; Video S1C-F). 

Most surprisingly, ectodermal aggregates even internalized isolated ectodermal cells at high 

frequency (Figure 1E, 1F; Video S1C). Thus, the ectoderm can robustly internalize a wide 

array of Hydra cell types, including cells of its own lineage, revealing that (1) cell sorting in 

Hydra does not depend on unique features of the endodermal lineage, and (2) the same 

lineage can experience opposing sorting outcomes when present as single cells as opposed to 

multicellular aggregates. Together, these findings demonstrate that cell lineage alone cannot 

be the determinant of whether cells adopt inner or outer positions during sorting.
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Differences in epithelialization generate distinct adhesive properties between and within 
lineages

As ectodermal aggregates internalized all cells independently of their identity, we sought to 

determine what distinguishes the ectodermal aggregate from the entities that it internalizes. 

During the development of the micromanipulation assay, we found that endodermal and 

ectodermal cells and aggregates exhibited striking differences in their capacity to establish 

stable contacts with other cells. The ectodermal aggregate was broadly unable to adhere to 

cells placed in contact with its surface (Figure 2A, 2B). Instead, adhesion and subsequent 

internalization were restricted to morphologically distinct sites on the aggregate surface, 

which we term “hotspots” (Figure 2A, 2B). These sites could be identified prior to 

manipulation by the presence of local membrane ruffling (Figure 2A). Positioning cells in 

contact with these pre-identified sites was predictive of successful internalization (Figure 

2B). In contrast to the ectodermal aggregates, the entire surface of endodermal aggregates 

readily adhered when placed in contact with other cells (Figure 1D). Importantly, both single 

endodermal cells and single ectodermal cells were also adherent (Figure 1C, 1D). Together, 

these findings reveal that all entities that are internalized exhibit uniform adhesion, whereas 

adhesion is spatially restricted in ectodermal aggregates.

The data described above demonstrated that ectodermal aggregates differ from both 

endodermal aggregates and, crucially, single ectodermal cells in their adhesive properties 

and the positions they adopt during sorting. To determine what gives rise to these 

differences, we compared aggregates and single cells of the ectodermal and endodermal 

lineages expressing LifeAct-GFP or myosin regulatory light chain-GFP (MRLC-GFP). 

Actomyosin localization functions as a reporter of tissue organization and polarity by 

labeling apical cell junctions in both the endoderm and ectoderm in intact Hydra [25,26], as 

in other epithelial tissues [27]. Although LifeAct expression has been reported to affect actin 

in some systems [28,29], prior characterization in Hydra reported LifeAct localization 

consistent with endogenous actin organization at cell junctions, and no defects in major 

developmental or physiological processes [25]. Single cells of both epithelial lineages 

exhibited diffuse cortical actin localization (Figure 2C; Video S2), as expected for isolated 

cells in suspension [30]. Similar actin localization was observed in endodermal aggregates 

(Figure 2C; Video S2). Endodermal aggregates and isolated cells of both epithelial lineages 

also exhibited constitutive membrane blebbing (S2A; Video S2), consistent with endodermal 

“pseudopods” previously suggested to drive sorting [21]. However, inhibiting endodermal 

blebbing with the myosin II inhibitor (S)-nitro-Blebbistatin had no effect on internalization, 

suggesting that this behavior is nonessential for sorting (Figure S2B, S2C; Video S3). The 

disordered and dynamic nature of the endoderm and isolated ectodermal cells contrasted 

starkly with the architecture of ectodermal aggregates, which retained the characteristic 

junctional actomyosin organization observed in intact Hydra epithelia, with relatively 

smooth and stable aggregate surfaces (Figures 2C, S3A; Video S2). Thus, the epithelial 

entities that are internalized share common dynamics and actin architecture, despite their 

differing lineages.

Notably, the adhesion-permissive “hotspots” we identified on the surface of ectodermal 

aggregates were marked by local disorganization of the otherwise robust junctional 
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actomyosin network (Figures 2D, S3A). We found that hotspots arose either in response to 

local aggregate remodeling, for example at sites of spontaneous cell ingression (Figure 2D; 

Video S4A), or where the edges of newly sheared ectodermal tissue fragments met to form 

spherical aggregates (Figure S3B; Video S4B). These surface irregularities were frequently 

resolved over time as new cell-cell contacts were formed (Figures 2D, S3B; Video S4). 

Altogether, these findings suggest that hotspots reflect sites of local epithelial discontinuity. 

Thus, in contrast to their endodermal counterparts, ectodermal aggregates maintain and 

restore epithelium-like architecture, which restricts cell adhesion to sites of epithelial 

discontinuity.

Restoration of ectodermal epithelial continuity positions cells in aggregate interiors

We next sought to determine the cellular mechanisms by which ectodermal aggregates 

internalize cells following their adhesion to hotspots. To this end, we visualized ectodermal 

aggregates expressing LifeAct-GFP internalizing unlabeled endodermal aggregates. We 

observed a striking spreading and enveloping behavior of ectodermal cells surrounding 

captured endodermal aggregates. This process was characterized by the extension of 

dynamic, actin-rich protrusions from cells bordering sites of internalization. As the 

protrusive fronts of adjacent ectodermal cells met following internalization, new cell 

junctions formed to reestablish epithelial continuity (Figure 3A; Video S5A). The protrusive 

and zippering behaviors were reminiscent of epithelial wound healing reported in other 

systems [31,32]. These data suggest that the ectodermal cell dynamics associated with 

restoring epithelial continuity drive the internalization of cells adhered to the aggregate 

surface.

Having identified these new ectodermal cell behaviors associated with sorting in our small 

aggregate system, we next asked how these processes play out in large aggregates 

comparable to those used in previous sorting analyses (≥300-800 μm diameter) [17,24]. We 

generated large aggregates containing both unlabeled endoderm and LifeAct-GFP-labeled 

ectoderm by centrifuging suspensions of dissociated cells, and used live microscopy to 

visualize cells in the most superficial layers of the resulting aggregates (Figure 3B). Using 

this approach, we observed ectodermal cells spreading via actin-rich protrusions and 

gradually reintegrating into continuous epithelial patches. As with cell internalization 

(Figure 3A), LifeAct-GFP accumulated at cell junctions as new cell-cell contacts were 

established (Figure 3B; Video S5B). These findings suggest that the ectodermal behaviors 

underlying cell sorting in small aggregates also restore ectodermal epithelial continuity on 

larger length scales.

Ectodermal epithelial architecture is rapidly reestablished following disruption

Our observations above suggested that the conditions necessary for sorting arise as a 

consequence of the ectoderm’s propensity to maintain and locally reestablish epithelial 

continuity. However, both large and small aggregates exhibited some degree of ectodermal 

epithelial architecture at the onset of these experiments. We, therefore, directly tested 

whether single ectodermal cells can reestablish epithelial architecture de novo. To this end, 

we used micromanipulation to manually reassemble ectodermal aggregates (~40-80 μm 

diameter) from single cells expressing MRLC-GFP by iteratively adhering cells to one 
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another (Figure 3C). Despite their initial lobed appearance and diffuse myosin localization, 

manually assembled ectodermal aggregates gradually matured into roughly spherical 

structures, with myosin accumulating at newly formed cell junctions (Figure 3C, 3D; Video 

S5C). Single endodermal cells also readily adhered to one another and could be manually 

reassembled into aggregates. However, we observed no indications of re-epithelialization in 

these aggregates (Figures 3D, S4; Video S5D), consistent with the stable, but non-

epithelialized, endodermal aggregates that arise from partial dissociation (Figure 2C). These 

experiments confirm that the ectodermal lineage is not only predisposed to maintain and 

repair its epithelial architecture, but also to rapidly reestablish it following complete cellular 

dissociation.

Differential maintenance of epithelial architecture is recapitulated in local wounding

In light of our observations that ectodermal continuity during sorting was restored through a 

wound healing-like process, we considered whether the lineage-specific epithelialization 

behaviors that we identified contributed to the response to other forms of epithelial 

disruption in the animal. To this end, we analyzed the cellular response of ectodermal and 

endodermal tissues to wounding. We excised living fragments from the Hydra body column 

and sequentially imaged these fragments near their center, to assess the properties of the 

intact monolayer, and at their edges, to monitor the properties of the wound front, where 

tissue continuity was locally disrupted (Figure 4A). In the central regions, LifeAct-GFP 

localized to all cell-cell contacts in both the ectoderm and endoderm (Figure 4B, 4C), as 

previously reported in the intact animal [25]. However, the epithelial lineages exhibited 

strikingly different behaviors at tissue boundaries. At the ectodermal wound front, LifeAct-

GFP labeled both cell-cell contacts and a protrusive front at fragment edges (Figure 4B’; 

Video S6), analogous to the actin organization that we observed at sites of cell 

internalization in small aggregates (Figure 3A). In contrast, at the endodermal wound front, 

LifeAct-GFP was no longer enriched at cell-cell contacts, but instead diffusely localized in 

wound-adjacent endodermal cells (Figure 4C’). Additionally, endodermal cells at the wound 

front exhibited constitutive membrane blebbing (Figure 4C’; Video S6) analogous to that 

observed in endodermal small aggregates (Figures 2C, S2A). Together, these findings reveal 

close parallels between cell sorting and wound healing in Hydra, and raise the possibility 

that lineage-specific differences in the maintenance and restoration of epithelial organization 

may factor more broadly into healing and regeneration in the animal.

Discussion

Hydra’s ability to self-organize a viable organism from a disordered aggregate of cells 

provides a unique opportunity to study the mechanisms by which cells establish and 

maintain positioning to generate precisely patterned, functional tissues. Here, we 

recapitulated sorting in small aggregates to facilitate high-resolution live imaging and 

physical manipulation of the process. We found that, following dissociation, ectodermal 

cells rapidly reestablish epithelial architecture, in contrast to endodermal cells, which remain 

disordered. The epithelial architecture of the ectoderm restricts cell adhesion to sites of local 

discontinuity, where non-epithelialized cells are captured. Finally, ectodermal cell spreading 

restores epithelial continuity, thereby engulfing captured cells and positioning them to the 
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aggregate interior. Based on these findings, we propose a model in which tissue-specific 

differences in epithelialization drive cell sorting (Figure 5).

Previous investigations of cell sorting in Hydra have largely focused on distinguishing two 

competing models. One frequently evoked model proposes that ectodermal and endodermal 

cells sort based on their distinct biophysical properties [16,17]. In support of this model, 

previous work revealed a higher tissue surface tension in endodermal explants when 

compared to ectodermal explants, as predicted by common biophysical models of sorting 

like the differential adhesion hypothesis and the differential interfacial tension hypothesis 

[16,17]. An alternative model ascribes sorting to lineage-specific differences in the rate or 

direction of cell migration [20,21]. Broadly, both models emphasize cell-intrinsic differences 

between endodermal and ectodermal lineages that promote their partitioning to the interior 

and exterior of a cell aggregate, respectively. Our micromanipulation approach allowed us to 

directly test the role of cell identity in sorting. We found that ectodermal cells do not 

intrinsically adopt outer positions during sorting in all contexts, but can instead adopt inner 

or outer positions depending on whether they are presented as single cells or multicellular 

aggregates (Figure 1C, 1E). This discovery revealed that, to identify the determinants of 

sorting, the relevant comparison is not 1) ectodermal versus endodermal cells, but rather 2) 

ectodermal aggregates versus single cells of both lineages and endodermal aggregates.

Our data suggest that what distinguishes the ectodermal aggregate from internalized entities 

is the emergence of a polarized adhesive interface. All internalized entities, including single 

ectodermal cells and endodermal aggregates, are uniformly adhesive (Figures 1D, 1E, S2B). 

In contrast, mature ectodermal aggregates fail to establish stable cell contacts with any cell 

type placed in contact with their intact apical interfaces (Figure 2A, 2B). This is consistent 

with prior observations made in larger ectodermal explants, which resist fusion except at 

freshly cut interfaces [17]. These unique adhesive properties may arise as a result of the 

ectodermal aggregate’s ability to rapidly reconstruct a polarized epithelial monolayer 

(Figure 3A-C). One mechanism by which this could occur is through the redistribution of 

adhesion molecules as polarity is established, as in ectodermal explants of Xenopus 
embryos, in which C-cadherin molecules redistribute exclusively to basolateral membranes 

and away from free apical interfaces following tissue condensation [33]. Due to the 

formation of a non-adherent ectodermal surface, cell adhesion is permitted exclusively 

where the ectodermal epithelium is transiently disrupted (hotspots), and adhered cells are 

subsequently internalized as these discontinuities are resolved (Figures 2A, 2B, 3A). These 

results shed light on previous observations that Hydra aggregates transition from homotypic 

(comprised of a single epithelial cell type) to heterotypic (consisting of both ectodermal and 

endodermal cells) as aggregates expand in size in rotary culture [15]. We speculate that the 

increase in heterotypic interactions with size may result from an increase in hotspots as 

aggregate surface area increases.

Our findings support a relatively simple model through which a mixed aggregate can sort if 

one cell type is predisposed to generate and maintain a polarized monolayer. Under this 

model, hotspots, which we speculate arise from exposed membranes of the aggregate 

interior, are returned to the aggregate interior, along with any adhered entities, as ectodermal 

epithelial continuity and polarity are restored (Figure 5). Intriguingly, this model, arising 
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from our studies in adult Hydra, is consistent with frequently overlooked observations from 

Holtfreter’s classic self-organization studies in the amphibian embryo. In particular, he 

reported that an epithelial sheet of superficial blastomeres (formerly known as the “surface 

coat”) formed an apical barrier to adhesion that promoted its localization to the aggregate 

exterior in recombined explants [2,34,35]. Thus, selective epithelialization may play a role 

in determining cell positioning during sorting in diverse systems. Interestingly, while this 

mechanism can account for a bias toward lineage-specific cell sorting, the absence of 

explicit mechanisms to prevent the internalization of non-epithelialized ectodermal cells 

may also explain topological defects observed in prior studies of Hydra reaggregation, such 

as the presence of internalized ectodermal compartments that resolve over time [24]. We did 

not observe internalized cells, including ectodermal cells, reemerging to the aggregate 

surface in our experiments, suggesting that sorting error correction may occur over longer 

timescales or involve alternative mechanisms, such as cell death. Understanding the fate of 

internalized ectodermal cells and how topological defects within aggregates are resolved is 

an exciting direction for future study.

We found that the endoderm and ectoderm exhibit differing propensities to maintain and 

reestablish epithelial organization in a variety of contexts, including after disruption by 

wounding (Figure 4B, 4C) or dissociation (Figures 2C, 3C, S4). Importantly, we note that 

this selective epithelialization may not only restrict polarized adhesion to one lineage, as we 

describe here for the ectoderm, but likely also influences interfacial tensions, and thus may 

impact sorting in multiple ways. The mechanisms that underlie these differing propensities 

for re-epithelialization remain unknown. We did not observe the restoration of epithelial 

architecture in endodermal aggregates following manual reassembly (Figure S4) or partial 

dissociation (Figure 2C), even when following these aggregates for several hours. While the 

small aggregates used in this study recapitulate the sorting behaviors seen in larger 

aggregates, small aggregates ultimately dissociate prior to luminogenesis, precluding more 

prolonged studies of endodermal re-epithelialization, as well as the study of later aspects of 

the Hydra regeneration process. For example, restoration of the extracellular matrix, which 

normally separates endodermal and ectodermal monolayers, is first observed almost a full 

day after reaggregation [36], which is beyond the lifetime of our small aggregates. Thus, it is 

intriguing to consider that endodermal epithelialization may depend on the restoration of the 

ECM or other features not present in the early stages of regeneration. Together, our data 

suggest that the capacity to polarize may be intrinsic to the ectoderm, whereas polarization 

of the endoderm may require inductive cues.

Hydra’s capacity to self-assemble an intact animal following complete dissociation raises an 

intriguing question: How does such a remarkable ability evolve, despite the unlikelihood of 

such catastrophic tissue damage in nature? We found that differences in the preservation of 

epithelial architecture also occur during wounding of the Hydra body column (Figure 4B, 

4C). This raises the possibility that the same mechanisms underlying cell sorting may be 

broadly elicited for wound healing in Hydra and that it may be possible to consider a self-

organizing aggregate as a collection of wounds. Notably, the simple sorting mechanism that 

we describe here facilitates the rapid restoration of ectodermal epithelial integrity, while 

simultaneously capturing and internalizing any exposed tissues. It is, therefore, tempting to 

speculate that induction of an efficient yet simple mechanism for restoring barrier function 
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after wounding may underlie the self-organization of epithelia at the organismal scale in 

Hydra.

STAR Methods

Resource Availability

Lead Contact—Further information and requests and requests for resources and reagents 

should be directed to and will be fulfilled by the Lead Contact, Ronald D. Vale 

(valer@janelia.hhmi.org).

Materials Availability—Materials generated in this study, including plasmids encoding 

EB1-GFP and MRLC-GFP, and transgenic Hydra expressing MRLC-GFP(ectoderm), are 

available upon request. The transgenic Hydra strain expressing MRLC-GFP(nematocyte) 

was lost during the course of this study and is, therefore, no longer available.

Data and Code Availability—No unique code was generated during this study. Source 

data are available upon request.

Experimental Model and Subject Details

Hydra culturing and strains—Hydra were maintained at 18 °C and fed 2-3 times per 

week with Artemia nauplii (Brine Shrimp Direct). Animals were fed > 24h prior to 

dissociation or imaging. Non-budding animals were chosen for experimentation. The 

following transgenic lines were used for reaggregation and internalization experiments:

DsRed2(ectoderm)/GFP(endoderm) [37]

GFP(ectoderm)/DsRed2(endoderm) [37]

LifeAct-GFP(ectoderm) [25]

LifeAct-GFP(endoderm) [25]

pCnnos1∷eGFP (interstitial stem cell reporter) [38]

pActin∷GFP(interstitial lineage) (“nGreen,” neuronal reporter) [39]

AEP SS1 (courtesy of Rob Steele)

pActin∷EB1-GFP(interstitial lineage) (this manuscript)

pActin∷MRLC-GFP(ectoderm) (this manuscript)

Generation of transgenic strains—New transgenic Hydra strains were generated as 

described [40,41]. Predicted homologues of EB1 (t4232aep) and MRLC (t34427aep) were 

identified by comparing known sequences obtained from UniProt [42] against the Hydra 2.0 

Genome Project and Juliano aepLRv2 nucleotide databases (https://research.nhgri.nih.gov/

hydra/) using BLAST (https://blast.ncbi.nlm.nih.gov). Coding sequences were cloned from 

Hydra cDNA using primers containing the following sequences:

EB1 Forward: ATGGCAGTAAATGTTTTTAATACTGGTGTC

EB1 Reverse: ATATTCATCAGCCTCTCCAGAAATTTCTTCTC
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MRLC Forward: ATGTCTTCGAGTAAGAAAACCAAGAAGGG

MRLC Reverse: TTCCTCTTTGGATCCGTGTTTAATGATTC

Coding sequences were subcloned into expression vector pHyVec4 (Addgene ID 34791), 

between Nhe1 and Xma1 restriction enzyme sites. The resulting plasmids (phTS4, phTS5) 

were injected into 1-4-cell stage Hydra embryos of the AEP SS1 strain using a FemtoJet 4i 

microinjector (Eppendorf), TransferMan 4r micromanipulator (Eppendorf), and dissecting 

microscope.

Method Details

Dissociation and reaggregation—Dissociation and reaggregation were performed 

broadly as described [24,43], with some modifications. In brief, ~10-30 animals were 

incubated at 4 °C for 30-60 min in a filter-sterilized hyperosmotic dissociation medium 

(DM) pH 6.9-7.0: CaCl2•2H2O (5 mM), MgSO4•7H2O (1 mM), KCl (2.8 mM), HEPES (11 

mM), Na2HPO4 (0.67 mM), KH2PO4 (0.44 mM), Na Pyruvate (5 mM), Na3 Citrate•2H2O 

(5 mM), Rifampicin (50 μg/mL). Animals were then dissociated by shear stress by passing 

through the opening of a glass pipette against the bottom of a 1.5 mL microcentrifuge tube. 

Animals were sheared in two rounds, first by pipetting ~10 times and discarding the 

supernatant, adding fresh 4 °C DM, then pipetting ~20-30 times to generate the final cell 

suspension. After incubating the tube on ice for ~1 min to allow large tissue fragments to 

settle out of suspension, the supernatant containing single cells and small aggregates was 

collected. Internalization and adhesion experiments were performed within 3 h of 

dissociation of a given sample. For internalization assays, single cells and small aggregates 

of particular cell types were identified by cell type- or lineage-specific fluorescence 

reporters, isolated by pipette, transferred to imaging chambers, and positioned using the 

micropipette aspirator (described below). Notably, small aggregates consisted of a single 

epithelial cell type but maintained some interactions with cells of the interstitial lineage, 

which are non-fluorescent but can be detected by nuclear staining. To generate large mixed-

lineage aggregates, cell suspensions were divided into 150-300 μL volumes (depending on 

desired aggregate size) and centrifuged at 800 x g for 6 min to pellet. Pelleted samples were 

incubated on ice for ~5 min to allow aggregates to detach from the tube wall, and aggregates 

were collected by pipette and transferred to imaging chambers or coverslips.

Microscopy and micromanipulation—Images were acquired on a Yokogawa CSU-X 

spinning disk confocal attached to an inverted Nikon Ti-E microscope, and Andor iXon 

Ultra 897 EM-CCD camera (Figures 2C, S2B single cell ectodermal panel), or a Yokogawa 

CSU100 spinning disk confocal attached to an inverted Nikon Ti-E microscope, a 

Hamamatsu C9100-13 EMCCD camera (all other images), all using Micro-Manager 

software [44]. Z-stacks were acquired at 2-10 μm step sizes for a total depth of 50-100 μm, 

at 15, 30, or 60 s time intervals, except where higher z-resolution was desired. For higher z-

resolution, stacks were acquired at 0.2-1 μm step sizes. All z-stacks were acquired with a 

60XA 1.20 NA Plan Apo water immersion objective, with the exception of Figure S1A, 

which was acquired with a 20X Plan Apo VC objective. Maximum intensity projections of 

50–100 μm Z-stacks are shown throughout, unless otherwise specified.
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Imaging chambers were custom assembled from laser cut, rectangular acrylic frames to 

which coverslips were adhered with vacuum grease (Dow Corning). Micromanipulation 

experiments used a suction pipette mounted to a Narishige motor-driven micro-manipulator 

(MM-94) via Narishige microscope mounting adaptor, injection holder, and universal joint 

(NN-H-4, HI-9, UT-2, respectively). Pipettes were pulled from Sutter Instrument capillary 

tubes (#B150-110-10) on a Sutter Instrument micropipette puller (P-1000). To achieve the 

desired opening diameter of 5-10 μm, pulled pipettes were forged on a microforge 

(MicroData Instruments, Inc. MFG-3). Suction was controlled by adjusting the elevation of a 

water column or syringe attached to the suction pipette. Single cells of a particular cell type 

were brought into contact and held until adhesion occurred and then released. Where 

necessary, LifeAct-GFP-expressing ectodermal cells were distinguished from GFP-

expressing endodermal cells by the cell-cortex specific localization of LifeAct-GFP, and the 

natural pigmentation of endodermal cells visible by transmitted light. To minimize cell 

sticking for internalization experiments involving interstitial lineage cell types, coverslips 

were passivated prior to experimentation by incubation for 1 h in 5% Hellmanex III 

(Hellma) heated to boiling then maintained at 50 °C. Following Hellmanex treatment, 

coverslips were washed 10x in deionized water, blocked for 1 h in 4% bovine serum albumin 

at room temperature, and washed to remove excess BSA.

Drug perturbations—(S)-nitro-Blebbistatin (Cayman Chemical, Cat #13891) stock 

solution was prepared in DMSO and diluted directly into imaging chamber dissociation 

medium to a final concentration of 2.5 μM during or immediately preceding acquisition.

Quantification and Statistical Analysis

Measurements of aggregate sizes were performed in FIJI using the built-in measure function 

for a line segment drawn along the long axis of aggregates. Measures reflect aggregates that 

were isolated following small aggregate preparation and do not reflect the complete size 

distributions for entities found in suspensions, which also contain small cell clusters, single 

cells, and debris. Successful internalization, as quantified in Figures 1, S1 (figure legend), 

was defined as the complete envelopment of an isolated cell within 1 h after cells adhered to 

pre-identified hotspots. Successful adhesion, as quantified in Figure 2, was defined by 

persistent, unassisted contact between aggregates and isolated cells and their coordinated 

movement when manipulated by pipette. Aggregates and cells were continuously 

repositioned to maintain contact for at least 15 min or until adhesion occurred, whichever 

arose first. “Epithelialized” cells, as quantified in Figure 3, were defined by the adoption of a 

flattened and persistent morphology, lack of blebbing, and local enrichment of actin or 

myosin at cell junctions. Unless noted, all other images/videos are representative of 

observations made over all replicates specified in figure legends. Independent preparations 

specified in figure legends indicate completely independent dissociations and aggregate 

isolations performed on healthy animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. All cell lineages can sort to the interior of ectodermal aggregates.

2. Reaggregated ectodermal cells reform an epithelium; endodermal aggregates 

do not.

3. The ectodermal epithelium engulfs cells and aggregates adhered to its surface.

4. Local wounding elicits sorting-associated cell behaviors.
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Figure 1. Ectodermal aggregates internalize single cells of both epithelial cell types.
A) Schematic of the Hydra body plan depicting the organization of ectodermal and 

endodermal lineages in concentric monolayers. B) Schematic of cell internalization assay 

using micromanipulation. C) Representative time-course of an ectodermal aggregate 

expressing DsRed2 (magenta) internalizing a single endodermal cell expressing GFP 

(green). Quantification is shown in part (F). D) Representative time-course of an ectodermal 

cell expressing LifeAct-GFP (magenta) adhered to the surface of an endodermal aggregate 

expressing DsRed2 (green) (n = 10 from 7 independent sample preparations). E) 

Representative time-course of an ectodermal aggregate expressing DsRed2 (magenta) 

internalizing a single ectodermal cell expressing LifeAct-GFP (white). Quantification is 

shown in part (F). (C-E) All frames depict maximum intensity projections of 50–100 μm z-

stacks. Timestamps, hh:mm:ss. Scalebars, 20 μm. See also Video S1. F) Quantification of 

the frequency at which single endodermal cells or single ectodermal cells were internalized 

by ectodermal aggregates (endoderm: n = 11 from 5 independent sample preparations; 

ectoderm: n = 11 from 10 independent sample preparations). Note that for these 

experiments, all cells were positioned in contact with hotspots on ectodermal aggregates, as 

characterized in Figure 2. See also Figure S1.

Skokan et al. Page 17

Curr Biol. Author manuscript; available in PMC 2021 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Ectodermal aggregates and internalized entities differ in adhesive properties and 
multicellular organization.
A) Representative time-courses of ectodermal aggregates expressing DsRed2 (magenta) 

placed in contact with isolated endodermal cells expressing GFP (green) at either random 

positions (top) or at hotspots (bottom). Arrowheads denote hotspots. Due to a lack of 

adhesion following random placement, aggregates were repeatedly repositioned via 

micropipette to remain in contact with the endodermal cell. B) Quantification of the 

frequency of successful adhesion between ectodermal aggregates and endodermal cells 

within 15 min of placement at either random positions or at hotspots on the ectodermal 

aggregate surface (Random: n = 12 from 4 independent sample preparations; Hotspot: n = 

12 from 5 independent sample preparations). These experiments were performed in parallel 

with internalization experiments in Figure 1, such that hotspot data here include the 

endodermal internalization data graphed in Figure 1F. C) Left: Schematic depicting the 

structures present in dissociated cell suspensions. Right: Representative stills of actin 

organization in aggregates or single cells expressing LifeAct-GFP (n ≥ 10 for all entities 

depicted). See also Video S2. D) Time-course of hotspot formation as a result of epithelial 

remodeling in a small ectodermal aggregate expressing LifeAct-GFP. Arrowhead denotes a 

hotspot forming at a site of cell ingression. Bottom panels depict an optical section from the 
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same aggregate. mpl-inferno LUT (FIJI) was applied to aid in visualizing graded LifeAct-

GFP signal. Temporal color-coded time-series (right) depicts actin organization and 

dynamics in the same aggregate. Hotspot (arrowhead) coincides with locally disrupted actin 

architecture and membrane blebbing. Image registration was used to correct for translation 

of the aggregate. Images were recorded at 15 s time points. See also Video S4. (A-D) All 

frames depict maximum intensity projections of 50–100 μm z-stacks. Timestamps, 

hh:mm:ss. Scalebars, 20 μm. See also Figures S2, S3, Video S3.
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Figure 3. Ectoderm and endoderm differ in the maintenance and restoration of epithelial 
architecture.
A) Representative time-course of an ectodermal aggregate expressing LifeAct-GFP 

internalizing an unlabeled endodermal aggregate. Dashed line indicates the position of the 

endodermal aggregate (n = 20 from 14 independent sample preparations). B) Left: 

Schematic of the large aggregate preparation used in Figure 3B. A suspension of ectodermal 

and endodermal small aggregates and single cells was pelleted by centrifugation to form 

large, mixed-lineage aggregates that undergo sorting. Right: Representative time-course of 

re-epithelialization in a large aggregate generated from animals expressing ectodermal 

LifeAct-GFP. Dashed line depicts the boundary of a superficial layer of ectodermal cells 

spreading and fusing to form a continuous epithelium (n = 5 from 4 independent sample 

preparations). C) Left: Schematic of aggregate manual assembly from isolated cells using 

micromanipulation. Right: Representative before and after stills of the epithelialization of a 

manually assembled ectodermal aggregate expressing MRLC-GFP. Acquisition begins after 

releasing the assembled aggregate from the micropipette (n = 11 from 11 independent 

sample preparations). D). (A-C) All frames depict maximum intensity projections of 50–100 

μm z-stacks. See also Video S5, Figure S4. D) Quantification of the number of cells showing 

epithelial-like morphology and junctional actomyosin localization in manually reassembled 

ectodermal and endodermal aggregates. Each datapoint represents an individual manually 
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assembled aggregate (ectoderm: n = 11 from 11 independent sample preparations; 

endoderm: n = 7 from 7 independent sample preparations). The number of epithelialized 

cells was scored 60 min after manual reassembly. Timestamps, hh:mm:ss. Scalebars, 20 μm.
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Figure 4. Differential preservation of epithelial architecture occurs upon local wounding.
A) Schematic of wounding assay sample preparation. A living fragment of the body column 

was excised from the intact animal and sandwiched between coverslips with a 100 μm 

spacer. Arrows indicate regions of interest for each tissue and region shown in Figure 4B, 

4C. B) Representative stills from live imaging of dissected body column fragments 

expressing LifeAct-GFP in the ectoderm. Imaging was performed at the interior (intact, B) 

and tissue edge (wound front, B’) of the same fragment (n = 3 from 3 independent sample 

preparations). C) Representative stills from live imaging of dissected body column 

fragments expressing LifeAct-GFP in the endoderm at the interior (intact, C) and tissue edge 

(wound front, C’) of the same fragment (n = 3 from 3 independent sample preparations). (B-

C) Dashed lines indicate the leading edge of the wound front. Intact and wound front images 

are scaled differently to improve visualization of features. All frames depict maximum 

intensity projections of 50–100 μm z-stacks. Scalebars, 20 μm. See also Video S6.
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Figure 5. Model of epithelialization-mediated cell sorting in Hydra.
Tissue dissociation results in loss of epithelial architecture in both ectodermal and 

endodermal lineages, rendering them uniformly adherent. Ectodermal aggregates rapidly 

restore epithelial architecture, generating nonadherent apical surfaces, but preserving 

adherent interior interfaces. Epithelial discontinuities expose adhesive surfaces from the 

aggregate interior, allowing them to capture adhesive cells. Adhered cells, along with 

exposed adhesive interfaces, are internalized as ectodermal cells spread to restore epithelial 

continuity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Hydra vulgaris cDNA Celina Juliano, UC Davis N/A

Chemicals, Peptides, and Recombinant Proteins

(S)-nitro-Blebbistatin Cayman Chemical Cat#13891

CaCl2•2H2O Sigma-Aldrich SKU: C5080

MgSO4•7H2O Sigma-Aldrich SKU: M1880

KCl Sigma-Aldrich SKU: P3911

HEPES, sodium salt Research Products International SKU: H75050

Na2HPO4•2H2O Sigma-Aldrich SKU: 71643

KH2PO4 Sigma-Aldrich SKU: P9791

Na Pyruvate Sigma-Aldrich SKU: P5280

Na3 Citrate•2H2O Sigma-Aldrich SKU: C8532

Rifampicin Sigma-Aldrich SKU: R3501

Deposited Data

EB1 predicted homologue Juliano aepLRv2, Hydra 2.0 Genome 
Project Portal, NHGRI, NIH

t4232aep

MRLC predicted homologue Juliano aepLRv2, Hydra 2.0 Genome 
Project Portal, NHGRI, NIH

t34427aep

Experimental Models: Organisms/Strains

Hydra vulgaris: DsRed2(ectoderm)/GFP(endoderm), "Inverse Watermelon" Celina Juliano, UC Davis; [37] N/A

Hydra vulgaris: GFP(ectoderm)/DsRed2(endoderm), "Watermelon" Rob Steele, UC Irvine; [37] N/A

Hydra vulgaris: LifeAct-GFP(ectoderm) Bert Hobmayer, University of Innsbruck; 
[25]

N/A

Hydra vulgaris: LifeAct-GFP(endoderm) Bert Hobmayer, University of Innsbruck; 
[25]

N/A

Hydra vulgaris: GFP(interstitial stem cell): pCnnos1∷eGFP Celina Juliano, UC Davis; [38] N/A

Hydra vulgaris: GFP(neuron), "nGreen": pActin∷GFP(interstitial lineage) Rob Steele, UC Irvine; [39] N/A

Hydra vulgaris: pActin∷EB1-GFP(interstitial lineage) This manuscript N/A

Hydra vulgaris: pActin∷MRLC-GFP(ectoderm) This manuscript. N/A

Hydra vulgaris: AEP SS1 Rob Steele, UC Irvine N/A

Oligonucleotides

EB1 Forward: ATGGCAGTAAATGTTTTTAATACTGGTGTC Integrated DNA Technologies N/A

EB1 Reverse: ATATTCATCAGCCTCTCCAGAAATTTCTTCTC Integrated DNA Technologies N/A

MRLC Forward: ATGTCTTCGAGTAAGAAAACCAAGAAGGG Integrated DNA Technologies N/A

MRLC Reverse: TTCCTCTTTGGATCCGTGTTTAATGATTC Integrated DNA Technologies N/A

Recombinant DNA

pHyVec4 Rob Steele, UC Irvine Addgene ID: 34791

phTS4: plasmid encoding MRLC-GFP This manuscript N/A

phTS5: plasmid encoding EB1-GFP This manuscript N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Micro-Manager v.2.0 https://micro-manager.org; [44] N/A
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