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SUMMARY
Development is a highly dynamic process in which organisms often experience changes in both form
and behavior, which are typically coupled to each other. However, little is known about how organ-
ismal-scale behaviors such as body contractility and motility impact morphogenesis. Here, we use the
cnidarian Nematostella vectensis as a developmental model to uncover a mechanistic link between
organismal size, shape, and behavior. Using quantitative live imaging in a large population of developing
animals, combined with molecular and biophysical experiments, we demonstrate that the muscular-hy-
draulic machinery that controls body movement also drives larva-polyp morphogenesis. We show that
organismal size largely depends on cavity inflation through fluid uptake, whereas body shape is
constrained by the organization of the muscular system. The generation of ethograms identifies different
trajectories of size and shape development in sessile and motile animals, which display distinct patterns
of body contractions. With a simple theoretical model, we conceptualize how pressures generated by
muscular hydraulics can act as a global mechanical regulator that coordinates tissue remodeling.
Altogether, our findings illustrate how organismal contractility and motility behaviors can influence
morphogenesis.
INTRODUCTION

During development, animals not only undergo morphological

changes but also acquire a complex repertoire of organismal-

scale behaviors such as contractility and motility. Although

these behaviors drive body movement and are crucial for

animal survival in their natural habitats, the physical forces un-

derlying these processes can also generate mechanical

stresses on developing tissues.1,2 Force generation through

actomyosin-mediated contractility is a highly conserved

mechanism that drives muscle contraction, cell deformation,

and tissue morphogenesis.3 However, understanding how

large-scale active deformations in a freely developing organ-

ism impact morphogenesis remains a challenge.4 Most lead-

ing morphogenesis studies provide in-depth, high spatial res-

olution views of early development, yielding insights into how

embryonic mechanisms drive development at the single-cell

resolution and a wide range of timescales.5–9 By contrast,

behavioral studies commonly track whole-body actions in

the environment over finer timescales.10,11 These differences
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This is an open access article und
preclude understanding how whole-organism coordination of

morphogenesis is achieved in a freely developing animal and

reflect limitations of technologies and model systems used in

development and behavior research. Therefore, studying

the potential relationship between morphogenesis and

intrinsic organismal behaviors requires a system in which

both processes can be studied simultaneously, ideally with

minimal environmental complexity.

Cnidarians have a relatively simple diploblastic architecture

composed of two epithelial layers surrounding a single fluid-filled

cavity with an oral opening and are organized along a polarized

oral-aboral body axis.12–15 Larva-polyp morphogenesis is a key

morphogenetic process that transforms a free-swimming stage

into a sedentary formwith oral tentacles.15,16 In some cnidarians,

including coral and hydrozoan species, transforming larvae un-

dergo a cue-driven metamorphosis that involves drastic tissue

remodeling with extensive cell proliferation and apoptosis.17–20

By contrast, in the sea anemone Nematostella vectensis, this

transformation is a smooth transition that progressively elon-

gates the initial ovoid morphology into a tubular polyp and
vember 7, 2022 ª 2022 The Author(s). Published by Elsevier Inc. 1
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Figure 1. High-throughput live imaging of larva-polyp transition

(A) Schematic of Nematostella development.

(B) Experimental setup.

(C) Smoothed curves for body column length ([), shifted in time by t0, which marks the start of larva-polyp transition (n = 145 animals from a single experiment).

(D) Left: measurements in morphospace for a single animal. Right: morphospace plot for indicated developmental stages (n = 707 animals).

(E) Morphodynamics based on normalized changes in body column volume and aspect ratio (n = 707 animals).

(F) Left: measurements in morphospace with overlaid morphodynamics, indicated by color (purple: isotropic expansion; yellow: axial stretching; green: aniso-

tropic expansion; and gray: no elongation). Right: smoothed larva-polyp transition trajectories in relative size-shape morphospace for five animals.

Scale bars, 100 mm.

See also Figure S1 and Video S1.
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does not appear to require any environmental stimuli.21,22

Despite these differences among cnidarian species, they all

exhibit discrete behaviors such as swimming, settlement,

and body contractions,16,23 offering a developmental context

to map connections between dynamic behavioral modes and

morphogenetic processes. However, a significant bottleneck in

the field is the lack of live imaging strategies that capture the

dynamics of this life-history transition. Given the gradual

morphological transformation, genetic tractability and optical

accessibility of Nematostella vectensis,12,24–26 we used this

sea anemone as a developmental system to examine the

mechanical drivers of larva-polyp morphogenesis and how this

dynamic process copes with organismal behaviors in an open

aquatic environment (Figure 1A).
2 Current Biology 32, 1–12, November 7, 2022
RESULTS

Larva-polyp morphogenesis shows variability in
morphodynamics
We established a high-throughput live imaging method that mon-

itors larva-polypmorphogenesis in a controlledmicroenvironment

for�7 days at 5-min time resolution (Video S1; Figure 1B, n = 707

animals). Due to the asynchronous development between individ-

uals, we used changes in circularity (a perfect circle is 1) of

the whole-organism shape contours as a geometrical feature to

classify the developmental stages into larva (circularity >0.8),

larva-polyp transition (circularity of 0.3–0.8), or polyp (circularity

<0.3) (Figures S1A and S1B). We found that animal circularity

decreases dramatically during larva-polyp transition, which is
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attributed to a 3- to 4-fold change in the length of the body and the

development of oral tentacles (Figures 1C, S1A, and S1B). The

population scale dynamics of larva-polyp transition were highly

variable, and the overall time for development ranged from 16 to

30 h inmost cases (Figures 1C andS1C). This variability was inde-

pendent of the disparity in body lengths (Figure S1D).

To quantify morphological changes, we used the estimated

body column volume and length/diameter body aspect ratio as

features to monitor the changes in organismal size and shape,

respectively (see STAR Methods). Mapping these two features

together reveals a morphospace that animals explore during

larva-polyp morphogenesis (Figure 1D). Although larvae gener-

ally have a smaller body column volume and aspect ratio

compared with primary polyps, transitioning animals explore a

wide range of combinations of different volumes and aspect ra-

tios (Figure 1D). To investigate whether animals change their size

and shape simultaneously or separately, we defined four cate-

gories of morphodynamics that reflect different phases during

larva-polyp transition: (1) a change in size without a major aspect

ratio increase, termed ‘‘isotropic expansion’’ (IE), (2) an increase

in aspect ratio without major volume increase, termed ‘‘axial

stretching’’ (AS), (3) a combined increase of both body column

volume and aspect ratio, termed ‘‘anisotropic expansion’’ (AE),

and (4) no substantial positive change in neither volume nor

aspect ratio, termed ‘‘no elongation’’ (NE) (Figures 1E and 1F).

Mapping morphodynamics over time shows that all four cate-

gories are deployed but that AE and AS are most frequently de-

ployed during elongation (Figure 1E). However, the sequence

and duration of different morphodynamics varied across devel-

oping animals (Figure 1F). Together, these data suggest that

larva-polyp morphogenesis is guided by a relatively plastic

developmental program.

Coordination of larva-polyp morphogenesis with
behavioral modes
Marine invertebrate larvae typically undergo settlement that

marks a shift from a free-swimming to a sessile form that can

adhere to a substrate.27,28 To study this behavioral change and

link it to developmental dynamics, we tracked motility by

measuring body displacement during all time points of the tran-

sition stage (n = 707 animals). We defined a low motility state

when displacement is %130 mm per 5-min time interval and a

high motility state if displacement is >130 mm (Figure S1E). Inter-

estingly, the rate of body elongation was significantly higher in

the low motility state compared with the high motility state

(Figures S1F and S1G). To investigate motility behavior at the

level of individual animals, wemapped their displacement during

the transition stage and classified each animal as sessile (n = 517

out of 707;median displacement%130 mm) ormotile (n = 190 out

of 707;median displacement >130 mm). In addition to differences

in the elongation rate (Figures 2A and 2B; Video S1), sessile and

motile animals weremarkedly different in their morphospace and

morphodynamics (Figures 2C–2E). Sessile animals showed a

developmental period dominated by initial AE followed by AS

(Figure 2D). This sequential pattern was absent in motile animals

(Figure 2D). As a result, sessile animals typically had a higher

aspect ratio at the same body column volume compared with

motile animals, which led to noticeable differences in polyp

shape (Figure 2C).
Wenext imaged animals at 5 seconds time resolution to distin-

guish between body deformations stemming from contractility

behaviors versus morphogenesis (Figure S1H). On short time-

scales (seconds to minutes), reversible body deformation can

be observed, resulting from contractility behavior, whereas irre-

versible changes underlying the morphogenetic transition take

place over long timescales (hours). We generated kymographs

to visualize body contractions along the oral-aboral axis

(Figures 2F and S1I) and link patterns of body contractility with

morphodynamics. We observed three qualitatively different con-

tractions: (1) longitudinal contractions along the body length, (2)

circumferential contractions that lead to peristaltic waves, and

(3) a third type that corresponds to squeezing deformations

that involve simultaneous local and/or global circumferential de-

formations. In sessile animals, early peristaltic waves co-

occurred with both AE and IE (Figure 2F; Video S1), whereas

the following AS phase typically involved ‘‘squeezing’’ behaviors

(Figure 2F; Video S1). The low motility state in sessile animals

often coincided with the onset of AS (Figures 2D and 2F), com-

bined with aboral pole attachment (Figure S1G). As development

progresses, peristaltic waves appear to become more frequent

and coincide with further AS and/or AE of the body column (Fig-

ure 2F; Video S1, n = 25 sessile animals). In motile animals,

squeezing and peristaltic waves were subtle and seemingly in-

terrupted by longitudinal contractions that contribute to animal

displacement (Figure S2A; Video S1, n = 2motile animals), which

most likely disrupted the dynamics of body elongation. Alto-

gether, these ethograms show a robust correlation of morphody-

namics with behavioral modes.

Larva-polyp morphogenesis requires muscular
hydraulics
Cnidarian polyps are characterized by a muscular body wall sur-

rounding a fluid-filled cavity, forming a hydrostatic skeleton. This

muscular-hydraulic system uses internal fluid to transmit

muscular forces required for body support and movement.29–31

Typically, muscle contractions modulate cavity pressure and

lead to reversible body deformations at short timescales.29–31

To test the effect of muscle contraction on cavity pressure, we

used a micropressure probe32,33 to directly measure the luminal

pressure in primary polyps. The static luminal pressure was

approximately 1,000 Pa, which increased to about 6,000 Pa dur-

ing the peristaltic wave (Figure 3A; Video S2).When animals were

treated with the anesthetic MgCl2, this dynamic pressure in-

crease was abolished (Figure 3A; Video S2). Some primary

polyps showed a static luminal pressure close to a null value

(Video S2), which most likely reflects an open mouth state of

the polyp. In this case, the peristaltic wave did not impact the

pressure. This suggests that intrinsic behavioral patterns during

the larva-polyp transition may result in a series of hydraulically

driven body deformations that gradually lead to long-term

morphogenetic change. Larvae already possess a primordial hy-

drostatic skeleton that further expands its luminal cavity during

development (Figure S2B). To measure the relative contributions

of tissue and luminal volume increase to body size, we acquired

3D morphological data in live larvae and their corresponding

polyps using a custom-made dual-view optical coherence mi-

croscope (Figure S2C). The strong, label-free contrast between

the tissue and the water-filled cavity permitted quantitative 3D
Current Biology 32, 1–12, November 7, 2022 3



Figure 2. The dynamics of larva-polyp transition depend on behavioral modes

(A) Axial elongation dynamics for a sessile and motile animal. The positions of the oral (green dot) and aboral (red triangle) poles are shown for each behavior.

(B) Average axial elongation rate in sessile and motile animals (two-sided unpaired Wilcoxon test; ****p < 0.0001).

(C) Morphospace plot showing the averaged trajectory of sessile and motile animals in pseudotime. Insets show the averaged reconstructed body column

shapes.

(D) Time-shifted distribution of morphodynamics for sessile and motile animals. AE, anisotropic expansion; AS, axial stretching; IE, isotropic expansion; NE, no

elongation.

(E) Bar plot showing the percentage of transition stage time spent in the different categories of morphodynamics (n = 517 sessile and n = 190 motile animals).

(F) Ethograms showing examples of contractile and motile behaviors. Left: images of the beginning and end points for plotted time segments. Middle: kymo-

graphs showing body column diameter (color gradient) along the oral-aboral axis and animal displacement plots over time. Right: corresponding morphody-

namics.

Scale bars, 100 mm.

See also Figures S1 and S2 and Video S1.
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imaging at a high and near-isotropic spatial resolution, even in

more light scattering larval stages, due to the dual-view geome-

try (see STAR Methods). The body cavity volume increased

approximately 9-fold, whereas total tissue volume changed

only around 1.5-fold (Figures 3B and S2D). Therefore, fluid up-

take through inflation of the body cavity is a major contributor

to final polyp size.

Toexamine the roleofmuscular hydraulicsduringdevelopment,

wefirst testeddifferent anesthetics onbodycontractility in primary

polyps.34,35 Although all anesthetics dramatically reduced body

contractions (Figure S2E; Video S3), treatment with linalool re-

sulted in a shape change in which the body column reverted to a

wider and shorter morphologywhile the total volume of the animal

remained largely unaffected (Figure S2F; Video S3). This suggests
4 Current Biology 32, 1–12, November 7, 2022
that the shape maintenance of primary polyps requires the basal

tonus of the body wall to keep the tubular morphology. However,

unlike linalool, MgCl2-treated polyps largelymaintained their over-

all shape but decreased in volume (Video S3), suggesting that

different anesthetics distinctly affect the properties of the body

wall andcavity.Nevertheless, exposing larvae to theseanesthetics

blocked body elongation and cavity inflation (Figure S2G). To

directly link larva-polyp morphogenesis to hydraulic stresses, we

inserted an either perforated or non-perforated hollow glass capil-

lary through themouth and the body column (Figure 3C). Although

thisdoesnotdisruptbodycontractions (VideoS4),perforatedcap-

illaries facilitate water exchange between the cavity and the

external environment and thereby prevent the buildup of pressure

inside the cavity. Control animals pierced with a non-perforated



Figure 3. Muscular hydraulics is required

for larva-polyp morphogenesis

(A) Cavity pressure in a contracting and a MgCl2-

treated animal.

(B) Left: mid-plane sections of 3D views of OCM

images of the same animal at larva and polyp

stage, segmented into tissue (red) and cavity

(blue). Right: the quantification of tissue and cavity

volume at larva and polyp stage (n = 8 animals).

(C) Mechanical perturbation of cavity pressure by

insertion of a non-perforated capillary (control) or a

perforated capillary (two-tailed unpaired t test,

***p < 0.001; ns p > 0.05). hpp, hours post perfo-

ration. The data are means ± SD. For non-perfo-

rated capillary, n = 4 biologically independent

replicates. For perforated capillary, n = 3 biologi-

cally independent replicates.

Scale bars, 100 mm.

See also Figure S2 and Videos S1, S2, S3, and S4.
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capillary successfully underwent larva-polyp transformation. By

contrast, larvaepuncturedwithaperforatedcapillary failed toelon-

gate, arresting their development at the budded stage, thus

mimicking the developmental phenotype caused by anesthetics

(Figures 3C and S2G). Together, these findings indicate that a

functional muscular-hydraulic system with a closed, pressurized

cavity is essential for larva-polyp morphogenesis.

A physical model of larva-polyp morphogenesis
To connect larva-polyp morphogenesis to the dynamics of

muscular hydraulics, we introduce a minimal biophysical frame-

work that treats the larva as a soft cylindrical shell capable of

ingesting fluid to increase cavity volume (Figure 4A). Consistent

with observations of tissue organization and musculature, we

assume that the bodywall is anisotropic andmuch stiffer circum-

ferentially than axially (see STAR Methods). Furthermore, for the

passive rheology of the body wall, we assume a Zener-Kelvin-

Voigt-like constitutive relation, with an elastic-plastic element

(Young’s modulus Ep and yield stress sy ) attached in parallel to

a viscous dashpot (viscosity h). Body wall activity is modeled

using a muscular spring (Ea) attached in series with the passive

elements as well as an active contractile element (sA) attached

in parallel (Figure 4A). This configuration leads to an elastic

response at short timescales and slow creep at long timescales

that can be driven by a combination of intrinsic activity

(e.g., muscular forces) and external loading (e.g., via the bound-

aries and hydraulic pressure). The assumed rheology is consis-

tent with the published literature36 and our own observations

that the shape relaxation of the polyps upon exposure to linalool

is viscoelastic in nature (Video S3).

For a thin cylindrical shell with length [ðtÞ, radius rðtÞ, wall

thickness hðtÞ, the axial and azimuthal stresses are described

by: sz = Pr=ð2hÞ and sq = Pr=h, where PðtÞis the intra-luminal

pressure. At the simplest level, we can write this pressure as

PðtÞ = pT +p0 cosð2putÞ where pT is the base (static) pressure

and p0 is the amplitude of the oscillatory (dynamic) pressure

termwithubeing the contractile frequency.We refer to the static

pressure as the priming component due to the steady active

muscle tone that pressurizes the body cavity and to the oscilla-

tory component as the pumping term that leads to a dynamic

increase of pressure in the body cavity driven by muscular
contractility. In Figure 4B, we show how cycles of priming and

pumping lead to loading and unloading associated with the

oscillations of pressure. The static (priming) pressure brings

the axial wall stress close to the yield stress sy and the dynamic

(pumping) oscillatory pressure term causes the wall to yield

irreversibly. If the yield stress satisfies the inequality

pT < 2syh=r0 <pT +p0, the body wall follows an oscillatory elon-

gation profile consistent with the correlation between axial

length increase and body contractility (Figures 2F and S1I), via

cycles of irreversible yielding and elastic recovery (Figure 4B).

This then leads to a reduction of the polyp radius and an increase

in its length, until eventually, the stress does not rise up to the

level of yielding, leading to a remodeled bodywall that reversibly

contracts and expands due to periodic muscular contraction

(see STARMethods). A qualitative view of the larva-polyp trans-

formation follows from the dynamic trajectories of body length

[ðtÞ=[0 and radius rðtÞ=r0 as a function of time as shown in

Figure 4C and Video S5. Collectively, these results show that a

combination of static and dynamic luminal pressure can cause

the body wall to yield irreversibly, linking behavioral dynamics

and larva-polyp morphogenesis.

Disruption of muscle organization affects size and
shape
A key assumption of the model is that stiffness anisotropy of the

body wall determines the direction of tissue expansion. Since

themost natural potential source of anisotropy stems frommuscle

fiber orientation, we investigated the role ofmuscle organization in

larva-polyp morphogenesis. The muscle system of the body wall

consists of azimuthally oriented circularmuscles (CMs) and axially

oriented longitudinal parietal and retractor muscles (RMs)37 (Fig-

ure 5A). The quantitative analysis of endodermal actin-rich fila-

ments showed thatmuscle differentiation was visible at mid-larval

stages. The circular and longitudinal orientations were progres-

sively established over time, forming a well-organized muscular

system prior to body elongation (Figures 5B and S3A). To reduce

the complexity of the muscular system, we took advantage of

the BMP2/4 knockdown (KD) animals that maintain CM organiza-

tion while lacking the secondary body axis, including the mesen-

teries and their associated longitudinal muscles (parietal

and retractor).38,39 Despite this dramatic change in body plan
Current Biology 32, 1–12, November 7, 2022 5



Figure 4. A biomechanical model of larva-polyp morphogenesis

(A) Nematostella modeled as a cylindrical shell.

(B) Left: loading-unloading cycle depicted in stress-strain space (see STARMethods). Right: as the pressure oscillates about the mean tonus, the shell responds

elastically before it yields and flows irreversibly until the pressure-induced stress falls below the yield point. The same process repeats itself in every cycle.

(C) Length and radius of the shell as a function of time with loading frequency u=u� = 0:01 and yielding parameter a = 0:1 obtained by solving (Equations 1, 2, 3, 4

and 5) (see STAR Methods for further details).

See also Video S5.
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organization andmorphodynamics (Figures 5C–5E; Video S6), the

settlement behavior was largely unaffected, as we identified both

populations of sessile andmotile animals in theBMP2/4KDcondi-

tion (Figures 5F and 5G). However, the repertoire of body contrac-

tions inBMP2/4KDwasmainly reduced to the squeezingbehavior

(Figure S4A; VideoS7), which resulted in AS the dominant driver of

the elongated noodle-like shape (Figures 5D and 5H; Video S7).

The rapid expulsion of fluid through the oral pole suggests that

BMP2/4KDanimals can pressurize their cavity (Figure S3C; Video

S6). In addition, the treatment of BMP2/4 KD larvae with anes-

thetics blocked this extremeshapechange (FigureS3D). These re-

sults suggest that muscular hydraulics in this reduced system can

drive shape change but not cavity inflation.

We performed an shRNA KD screen that targets transcription

factors associated with muscle development,14,40 and we found

that the orthogonal organization of the parietal and circular epithe-

liomuscular cells is severely disrupted in the double KD of Tbx20

paralogs (NvTbx20.1 and NvTbx20.2) (Figures 5C, S3B, and

S3E–S3G). These Tbx20 KD animals with a disorganized body

wallmusculature had awider and shorter bodycolumn, displaying

abulky sac-like polypmorphology (Figures5CandS3G).We inde-

pendentlyvalidated thedevelopmental functionofTbx20bysimul-

taneously disruptingbothparalogswith theCRISPR-Cas9 system

(Figure S3H). F0 Tbx20 double knockout animals exhibited a

nearly spherical morphology resulting from a global disruption of

parietal and circular epitheliomuscular cells (Figures S3I–S3K).

During development, Tbx20 KD animals showed normal settle-

ment behaviors (Figures 5F and 5G) and displayed peristaltic

waves that correlate with cavity inflation (Figure S4A; Video S7).

In agreement with this, the development of Tbx20 KD larvae was
6 Current Biology 32, 1–12, November 7, 2022
dominated by IE and AE, leading to organismal size increase

with a limited increase in aspect ratio (Figures 5D, 5E, and 5H;

Video S6). These experiments demonstrate key roles for the

Tbx20 family in controlling parietal and CM patterning and reveal

a previously unknown link between the spatial organization of epi-

theliomuscular cells and organismal shape.

To mimic the passive effects of the constraining parietal (axial)

and circular (azimuthal) musculature, we realized simple physical

experiments with elastomeric balloons, with and without bands

and tapes. By varying the protocols for inflation and reinforce-

ment (Figure S5), we reproduced the morphological patterns of

Tbx20 KD, BMP2/4 KD, and wild-type animals using balloon

mimics (Figure 5E). This further supports that our quantitative

physical model, which incorporates static and dynamic pressure

components, as well as directionality of the stress (axial versus

azimuthal), accurately recapitulates observed changes that

accompany larva-polyp morphogenesis. Taken together with

earlier results, these findings suggest that the developmental or-

ganization of the muscular system is critical for organismal size

and shape.

Muscular hydraulics impact tissue remodeling
Next, we examined the relationship between muscular-hydrau-

lics and tissue dynamics. Particularly, we analyzed the response

of ectodermal and endodermal cells in the body wall to three

distinct muscular-hydraulic pertubations: (1) lack of hydraulic

stress in depressurized animals, (2) inflation with defective

anisotropy in Tbx20 KD animals, and (3) AS with minimal inflation

inBMP2/4 KD animals (Figure 6A). At a cellular level, three motifs

are distinguished during axial elongation: oriented cell division,



Figure 5. Targeting muscle organization affects body shape and size

(A) Left: the schematic representation of muscle organization. The dotted box shows the cross-sectional view. CM, circular muscle; PM, parietal muscle; RM,

retractor muscle. Right: F-actin staining showing parietal (black arrowhead) and circular (white arrowhead) muscles.

(B) Top: muscle organization at different developmental stages. Bottom: distribution of muscle orientations. An angle close to 0� typically indicates circular

muscles, and an angle close to 90� indicates longitudinal muscles.

(C) Top: bright-field images of control, Tbx20 KD, and BMP2/4 KD animals. Middle: representative confocal images showing muscle organization in each

condition. Bottom: the distribution of muscle orientations.

(D) Trajectories in morphospace.

(E) Morphospace plots for body column aspect ratio ([/d) as a function of cavity volume changes (Vf/V0) for KD animals (left) and balloon (right) experiments.

(F) Quantification of motility.

(legend continued on next page)
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cell shape change, and oriented cell rearrangements. Blocking

cell proliferation with hydroxyurea during larva-polyp transition

had minimal effect on body elongation and tissue volume

(Figures S4B–S4E), suggesting that larva-polyp morphogenesis

occurs primarily by tissue remodeling.21 Indeed, a change in

cell shape in both tissue layers reduced body wall tissue thick-

ness and increased the cell apical surface area (Figures 6B–

6E), leading to an expansion of the entire animal’s surface. This

decrease in epithelial thickness was blocked in depressurized

larvae, reinforcing the importance of muscular hydraulics in the

remodeling of the body wall tissue. Interestingly, ectodermal

cells in depressurized larvae also did not differentiate the apical

actin-enriched rings that typically surround cilia,41 which sug-

gests that the disruption of cavity pressure delays or arrests

epidermal cell differentiation (Figure S4F). BMP2/4 KD animals

also showed a moderate reduction in body wall thickness

compared with controls and Tbx20 KD (Figure 6D). This could

be explained by the direct involvement of BMP2/4 signaling in

this process and/or theminimal cavity inflation inBMP2/4KD an-

imals. Although cell shape changes increase the surface area of

the animals, oriented cell rearrangements accounted for the

directional expansion along the oral-aboral axis, as visualized

by tracking the remodeling of photo-converted Kaede-positive

ectodermal stripes along the main body axis (Figure 6F). In

BMP2/4 KD animals, we observed extensive oriented cell rear-

rangements along the main axis (Figure 6F). By contrast,

Tbx20 KD animals showed reduced cell rearrangements along

the main axis (Figure 6F). These patterns of tissue remodeling

mirrored the anisotropic and isotropic stresses in BMP2/4 KD

and Tbx20 KD animals, respectively. Therefore, these findings

show a strong link between the developmental behavior of

muscular hydraulics and the morphogenetic responses of the

body wall.

DISCUSSION

Understanding morphogenesis requires integrating molecular

and cellular processes with large-scale active deformations at

the organismal level. In particular, hydraulic forces have

recently been implicated in a number of early morphogenetic

events in cellular cysts,44 otic vesicles,45 and whole embryos.32

In parallel, local muscle contractility is emerging as a key devel-

opmental player for many biological systems, including the

gut,46–48 heart,49 bone,50,51 lung,52 whole embryos,53,54 and

wound healing and regeneration.34,55 Here, we established

the critical role of muscular hydraulics in larva-polyp transition

in a sea anemone. During development, larvae acquire a pri-

mordial hydrostatic skeleton. This hydraulic system generates

reversible body deformations through peristaltic waves,

squeezing, and longitudinal contractions. Although it remains

very difficult to make predictions for long timescale changes

based on these short-lived behaviors, mapping body deforma-

tions helps to qualitatively link contractions to morphogenesis.

As peristaltic waves correlate with volume increase and
(G) Positions of the oral (green dot) and aboral (red triangle) pole.

(H) Bar plot showing the percentage of transition stage time spent in the differen

Scale bars: 50 mm in (A), 10 mm in (B), 100 mm in (C, top), and 20 mm in (C, middl

See also Figures S3, S4, and S5 and Videos S6 and S7.
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blocking body contractions prevented cavity inflation, we pro-

pose that these coordinated body wall deformations can drive

fluid uptake via the oral opening due to suction.30,56 This sce-

nario would depend on the coordination of mouth opening

and closing, which requires further investigation. Based on

the perforated capillary experiment, larvae require a pressur-

ized cavity for body elongation. Thus, over longer times, muscle

organization in concert with the luminal pressure changes body

size and shape by imposing mechanical stress on the body wall

leading to large-scale tissue remodeling. However, the molec-

ular mechanisms that translate muscular hydraulics into tissue

remodeling through cell shape change and rearrangement are

still unknown and require further studies to integrate the dy-

namics of cell-cell and cell-extracellular matrix interactions in

larva-polyp morphogenesis.

We described an unexpected variability in motility behavior

and elongation dynamics. Although the genetic and/or develop-

mental origins of this variability are still unknown, a high varia-

tion in behavior may provide an advantage to a species under

unpredictable environmental conditions, since it increases the

chance that some individuals will be well-matched to survive.57

Under natural conditions, the advantage of early settlement and

fast larva-polyp transition would be that the animal might gain

the ability to feed earlier. However, prolonged motility might

be advantageous under conditions where the local environment

is sub-optimal for polyp life, and a better environment might be

found elsewhere. As Nematostella is a burrowing sea anem-

one,58 an alternative hypothesis is that the primary function of

peristalsis during larva-polyp transition is predator avoidance

by burrowing while secondarily leading to body elongation. In

this context, the high motility behavior in a group of settled

larvae might be due to the lack of adequate burrowing sub-

strate during imaging. However, our work also showed that a

stable sessile adhesion at the aboral pole coincides with a mor-

phodynamical shift from AE to AS. This pattern was not

observed in motile animals, which exhibited frequent longitudi-

nal contractions. We identified a clear distinction in contraction

behavior between sessile and motile animals, coinciding with

different elongation dynamics and shape changes. However,

differences in fluid uptake rates and wall mechanical properties

might also contribute to the variability in the morphodynamics

of body elongation.

The ubiquity of hydrostatic skeletons in the animal kingdom29

and especially in marine invertebrates suggests a broad role for

activemuscular hydraulics on their developmental dynamics and

sets the stage for the study of the neuro-mechanical control of

morphogenesis in organisms and mapping the behavioral dy-

namics and morphologies across species. In many engineered

systems, hydraulics is defined by the ability to harness pressure

and flow into mechanical work, with long-range effects in space-

time. As animal multicellularity evolved in an aquatic environ-

ment, we propose that early animals likely exploited the same

physics, with hydraulics underlying both developmental and

behavioral decisions.
t categories of morphodynamics for each KD condition.

e).



Figure 6. The cellular dynamics in the body wall depend on muscular hydraulics

(A) Schematic representation of muscle organization and animal shape-size relationship for all perturbations.

(B) Mid-plane slices of animals stained for F-actin. Insets show larvae.

(C) Ectodermal and endodermal surface view for animals stained for cadherin3 (panels for the larva of Tbx20KD andBMP2/4KD) or cadherin1 (all other panels).42

Colors indicate cell segmentation (Cellpose43).

(D) Quantification of tissue thickness for the ectoderm and endoderm epithelial layers.

(E) Quantification of mean cell apical surface area for ectoderm and endoderm at larval and terminal stage.

(F) Photo-converted horizontal tissue stripes in larvae expressing Kaede (cyan: not converted; red: photo-converted) and their corresponding topological

changes in each KD condition. The plot on the right shows the stripe length/width aspect ratio versus the animal body column aspect ratio at the terminal stage.

n = 5 (GFP KD), n = 4 (Tbx20 KD), and n = 4 (BMP2/4 KD).

Scale bars: 100 mm in (B), 50 mm in (C, overview), 10 mm in (C, zoom), and 50 mm in (F).

See also Figure S4.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti cadherin3 antibody Technau lab Pukhlyakova et al.42

Mouse anti phosphorylated histone

3 antibody

Sigma Cat#05-806; RRID:AB_310016

Donkey-anti-mouse Alexa Fluor 488 ThermoFisher Cat#A21202; RRID:AB_141607

Goat-anti-mouse Alexa Fluor 488 ThermoFisher Cat#A11001; RRID:AB_2534069

Chemicals, peptides, and recombinant proteins

Hydroxy Urea Sigma h8627

Linalool Sigma L2602

Menthol Sigma M2772

Rocuronium bromide Sigma R5155

Recombinant Cas9 protein PNA bio CP01-20

FITC ThermoFisher 46425

Texas Red-labelled Dextran ThermoFisher D3328

Hoechst 34580 Sigma 63493

phalloidin Alexa Fluor 546 ThermoFisher A22283

Critical commercial assays

T7 MegaShortScript kit Invitrogen AM1354

HiScribe� T7 ARCA mRNA

Kit (with tailing)

NEB E2060S

Experimental models: Organisms/strains

Nematostella vectensis Martindale lab Putnam et al.59

Oligonucleotides

Primer GFP shRNA (forward)

TAATACGACTCACTATAG

GGGCACAAGCTGGAGTAC

AATTCAAGAGATTGTACTC

CAGCTTGTGCCCTT

This paper N/A

Primer GFP shRNA (reverse)

AAGGGCACAAGCTGGAGT

ACAATCTCTTGAATTGTAC

TCCAGCTTGTGCCCCTAT

AGTGAGTCGTATTA

This paper N/A

Primer Tbx20 shRNA (forward)

TAATACGACTCACTATAGGG

AACAGCTGCTTAAACATTCAA

GAGATGTTTAAGCAGCTGTTC

CCTT

This paper N/A

Primer Tbx20 shRNA (reverse)

AAGGGAACAGCTGCTTAAAC

ATCTCTTGAATGTTTAAGCAG

CTGTTCCCTATAGTGAGTCG

TATTA

This paper N/A

Primer BMP shRNA (forward)

TAATACGACTCACTATAGGA

CTGGATATTCAAGTGATTCA

AGAGATCACTTGAATATCCA

GTCCTT

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer BMP shRNA (reverse)

AAGGACTGGATATTCAAGT

GATCTCTTGAATCACTTGA

ATATCCAGTCCTATAGTGA

GTCGTATTA

This paper N/A

Tbx20 sgRNA-1: ACGTTGC

GGATCTCCGTGAGTGG

This paper N/A

Tbx20 sgRNA-2: CCCTGACT

CACCGTTCACGGGGG

This paper N/A

PCR amplification of Kaede

(forward) TAATACGACTCA

CTATAGGGCCACCATGGT

GAGTCTG

This paper N/A

PCR amplification of Kaede

(reverse) TAAGATACATTGAT

GAGTTTGGACAAACCACAAC

TAGAAT

This paper N/A

Recombinant DNA

Kaede-NLS plasmid Gift from Michael Davidson addgene, 57319

Software and algorithms

FIJI Schindelin et al.60 https://imagej.net/software/fiji/

FIJI plugins:

AnalyzeSkeleton plugin

MorpholibJ

BioFormats plugin

VolumeViewer

Minimum Cost Z surface Projection

Fijiyama

Weka segmentation

Arganda-Carreras et al.61

Legland et al.62

Linkertet al.63

Kai Uwe Barthel

Li et al.64

Fernandez and Moisy65

Arganda-Carreras et al.66

https://imagej.net/plugins/analyze-skeleton/

https://imagej.net/plugins/morpholibj

https://www.openmicroscopy.org/bio-formats/

https://imagej.nih.gov/ij/plugins/volume-viewer.html

https://imagej.net/plugins/minimum-cost-z-

surface-projection

https://imagej.net/plugins/fijiyama

https://imagej.net/plugins/tws/

siRNA Wizard Invivogen https://www.invivogen.com/sirnawizard/

design_advanced.php

Chopchop Labun et al.67 http://chopchop.cbu.uib.no

PyBOAT (v0.9.8) Mönke et al.68 https://github.com/tensionhead/pyBOAT

Cellpose (cyto model) Ando et al.69 https://github.com/MouseLand/cellpose

RStudio version 1.1.442 R Core Team70 and

RStudio Team71

https://www.rstudio.com/

R packages:

tidyverse

ggplot2

ggpubr

gtable

ggrastr

forecast

Wickham et al.72

Wickham73

Kassambara74

Wickham and Pedersen75

Petukhov et al.76

Hyndman et al.77 and

Hyndman and Khandakar78

https://cran.r-project.org/web/packages/

Prism8 Graphpad https://www.graphpad.com/scientific-software/prism/

Other

Latex balloons Celebrate It� 10108443

elastic braided bands Loops & Threads� 10187887

inextensible electrical tapes Gardner Bender GTW-667P

stretchable adhesive Loctite vinyl fabric &

plastic flexible adhesive

1360694
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Aissam

Ikmi (aissam.ikmi@embl.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d The authors declare that all data supporting the findings of this study are available within the manuscript and its supplementary

files. Raw data will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Nematostella adults59 were spawned every 3 weeks, and were maintained in a circulating system with 12 parts per thousand (ppt)

artificial seawater (ASW) (sea salt; instant ocean) at 17 �C in the dark. Spawning was induced in a light box using a temperature

of 28 �C and light intensity of 250–300 lumen per square foot for about approximately 6 hours.79 Spawning occurred within 3–4 h

after a cold-water change (17 �C).

METHOD DETAILS

High-throughput live imaging
Larvaewere placed in a 384well plate (Corning, 3540) using a glassmouth pipet, and eachwell contained a single larva in 25 ml 12 ppt

ASW. The plate was imaged using an Acquifer screeningmicroscope with a 4xmagnification objective, with brightfield channel (20%

intensity), at 5-minute time resolution at 27 �C for 3-7 days. For high-time resolution recordings, the time interval was 5 seconds.

Image analysis of live animals
All image analyses were performed in FIJI (https://imagej.net/software/fiji/).60 Development of live animals was analyzed using a Jy-

thon script written to run in FIJI. The script segments the animal and identifies themain body axis and secondary branches (tentacles),

using the AnalyzeSkeleton plugin.61 Body length is defined by the main skeleton branch, plus a correction at the oral and aboral ex-

tremities based on the Euclidean distance map of the segmented animal. Animal body column diameter is calculated from the dis-

tance from each point along the main body axis to the boundary of the animal using FIJI’s Euclidean distance map function (body

column diameter = distance from skeleton midline to boundary * 2). The volume is estimated by taking the sum of the volumes of

1-pixel tall cylinders with a diameter determined by the local body column diameter, plus two half-spheres to account for the two

poles. The script also makes use of the MorphoLibJ package62 and the BioFormats plugin.63 The windowed sinc-filter from the py-

BOAT package (v0.9.8),68 with cut-off periods of 500 and 1000 minutes was used to smooth the 5-minute time resolution data. This

removes all high frequency components and leaves only the main trend intact. Staging of the animals was based on the decrease in

circularity of the segmented 2D shape of the animal, due to elongation of the body column and outgrowth of tentacles. Circularity is

defined as 4p(area/perimeter2), where a value of 1 corresponds to a perfect circle. A threshold of 0.8 for smoothed circularity, using a

cut-off period of 1000 minutes, was used to mark the boundary between larva and the larva-polyp transition. Similarly, a threshold of

0.3 marked the boundary between animals undergoing larva-polyp transition and polyps. For shRNA-injected animals, this staging

method was refined to include body column volume and aspect ratio using the following thresholds: larva – transition: circularity: 0.8,

aspect ratio: 1.8, body column volume: 0.75*107 mm3; transition – polyp: circularity: 0.3. aspect ratio: 7, body column volume 1.8*107

mm3.

To define different morphodynamics, the derivatives of the smoothed aspect ratio and estimated body column volume (cut-off

period of 500 minutes for 5-minute time resolution data) were used. The values were truncated and normalized to the 95th percentile

for aspect ratio and volume change. This way, all values are scored between -1 and 1, where 0 means no change and 1 corresponds

to the value of the 95th percentile. Negative scores indicate a decrease in aspect ratio or volume. To define the different morphody-

namics, a cut-off value of +0.2 was used, such that axial stretching is defined by a normalized aspect ratio change R 0.2 and body

column volume change < 0.2, isotropic expansion is defined by normalized aspect ratio change < 0.2 and body column volume

change R 0.2, and anisotropic expansion is defined by normalized aspect ratio change and body column volume change R 0.2.

If none of these criteria are met, the morphodynamics at that given time point is labeled ‘no elongation’ to indicate that the animal

either decreased or did not substantially increase in aspect ratio and/or volume.
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To visualize contraction dynamics in kymographs, the measurements for body column diameter along the oral-aboral axis

(excluding the caps at the extremities) were plotted over time, where the color represents the diameter and the y-location reflects

the location along the oral-aboral axis. Here the data was stretched to fit to the actual body column length (including the correction

for the extremities). The morphodynamics for 5-second resolution data (Figure 2F) were calculated using a cut-off period of 83 mi-

nutes, in order to see the dynamics in a narrower but more densely sampled time window.

Optical coherence microscopy and data processing
Optical Coherence Microscopy (OCM) has emerged as a promising modality for three-dimensional morphological imaging of small,

behaving animals because of its high volumetric speed, label-free contrast and non-phototoxicity.80 Here we developed a bespoke

OCM platform optimized for in-vivo imaging and biometry of non-anesthetized Nematostella. Because light scattering, absorption,

and shadowing artefacts, especially at the larval stage, did not permit whole animal imaging, we engineered a tailored, dual-view

spectral-domain Optical Coherence Microscopy (DV-OCM) system that permitted quantitative 3D mapping at a high and near-

isotropic spatial resolution (2.3/2.0 mm laterally/axially). The dual-view geometry was essential to obtain accurate and reliable tis-

sue/cavity volumemeasurements across the whole animal. Figure S2C shows the schematic diagram of the DV-OCM system, which

incorporates two identical illumination/detection arms that are symmetric with respect to the intermediate plane between the two

objective lenses. The collimated illumination was first focused by a scanning lens (f = 50 mm, Plossl lens build from two f =

100 mm achromats, EdmundOptics, 47-317). Then a knife-edge right angle prism mirror (Thorlabs, MRAK25-P01) was used to

equally split the probe beams into the two scanning arms. Each optical arm contained a tube lens (Thorlabs, TTL200-S8) and an

objective lens (Nikon, Plan Fluor 4x, NA 0.13) both of which were carefully co-aligned to focus the light on the same spot on the sam-

ple plane. The laser source for OCM imaging was a supercontinuum laser (YSL Supercontinuum Source SC-PRO 7), of which the

spectrum was custom-filtered to cover the band 760-920nm (center wavelength 832 nm), and fed into a 20/80 fiber-coupler based

interferometer. A custom-built k-wave spectrometer81 recorded the interference signals on a 2048 pixels, 28 kHz line camera (AViiVA

SM2CL, e2v, Cedex, France). Themeasured lateral and axial resolution in tissue (n=1.35) was�2.3 and 2.0mm, respectively. A profile

of depth scan (A-line) was reconstructed from the interference spectral signal following a regular OCT postprocessing procedure

including dispersion compensation, background subtraction, spectrum reshaping and inverse fast Fourier transformation82 and

was saved as individual TIFF files using a custom Matlab (v2019b) script. Each cross-sectional image (B-scan) contained 512

A-lines and was split into two images obtained from the different views. In order to record a single 3D image stack, 256 B-scans

were performed which took � 4.7s in total. The image acquisition was controlled by a custom-written Labview program which syn-

chronized the galvo scanners (Cambridge, VM500+) and read-out the spectrometer via an FPGA card (NI, NI PCIe-7841R).

For imaging, live non-anesthetized larvae and polyps were sandwiched between two coverslips with spacers and mounted on a

stage with manual x,y,z movement.

The raw OCM images were post-processed using FIJI60 (v1.53c) by median filtering with 2 pixel width to remove speckle noise

followed by a re-scale operation to correct for the difference between the axial and lateral voxel dimensions. Alignment was per-

formed using Fijiyama (automatic registration, block matching, default settings).65 The two views were combined into one volume

and then segmented into tissue and cavity using the trainable WEKA segmentation FIJI plugin66 and ilastik,83 followed by manual

correction and clean-up. Tissue volume and cavity were calculated from the segmented masks using the IntrinsicVolumes3D func-

tion from the MorpholibJ package.62 3D views were created with VolumeViewer (2.01) in FIJI (https://imagej.nih.gov/ij/plugins/

volume-viewer.html).

Pressure measurements
The 900A micropressure system (World Precision Instruments, SYS-900A) was used to perform direct measurements of body cavity

pressure according to themanufacturer’s instructions and adapted frompreviouswork.32,33 A pre-pulledmicropipette of tip diameter

1mm (WPI, TIP1TW1) was filledwith 1MKCl solution using aMicroFil flexible needle (WPI, MF34G-5), placed in amicroelectrode hold-

er half-cell (WPI, MEH6SF) and connected to a pressure source regulated by the 900A system (WPI, 900APP). Prior to making a

pressure measurement, each new microelectrode was calibrated using a calibration chamber (WPI, CAL900A) filled with 0.1M

KCl solution. The microelectrode and a reference electrode (WPI, DRIREF-2) were then mounted onto the micromanipulator (Narish-

ige MO-202D) within an inverted Zeiss Axio Observer microscope.

To prepare the animals for pressure measurement, polyps were first placed onto 6-cm Petri dishes in ASW with or without phar-

macological inhibitors, and allowed to adhere to the bottom surface. The dish was mounted on the microscope with the reference

electrode immersed in the medium, and the microelectrode was then lowered into the sample dish and inserted into the cavity of

the animal by piercing through the muscular body wall. The microelectrode was then maintained in place to record the pressure

reading for up to 8-10 minutes, ensuring that the tip was visible. A time-lapse video of the animal was recorded simultaneously

with the measurement of pressure to capture contractions. Data that showed a very rapid increase or decrease in pressure within

10s of probe insertion were discarded, as these indicate blockage of the micropipette during insertion or substantial leakage through

rupture, respectively. The change in cavity pressure was then plotted as a function of time, overlaid with the time-lapse video to iden-

tify the period of muscle contractions.
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Pharmacological treatments
To test the short-term effect of muscle anesthetics on body contractions, animals were directly incubated in a 384-well plate with one

of the following drugs: 1 mM linalool35 (Sigma, L2602) with 0.03% DMSO, 400 mM menthol30,34 (Sigma, M2772) with 0.1% DMSO,

3.5% or 0.5% MgCl2, or 0.5 mM rocuronium bromide84 with 0.2% DMSO (Sigma, R5155). Animals were imaged at 5-second or

30-second interval for up to one hour using the Acquifer microscope and analyzed using the described image analysis pipeline.

To test theeffectofmuscleanestheticsondevelopment, animalswere incubated in1mMlinalool35 (Sigma,L2602)with0.03%DMSO,

400mMmenthol30,34 (Sigma,M2772)with0.1%DMSO,0.5%MgCl2, or 0.5mMrocuroniumbromide84with0.2%DMSO (Sigma,R5155)

in glassdishes for threedays. Asa control, animalswere incubated in either 12ppt ASWor 12pptASWwith0.2%DMSO.For theBMP2/

4 KD experiment in combination with inhibition of muscle contraction, we injected fertilized eggs with BMP2/4 shRNA (550 ng/ml). An-

imals were either fixed after 2 days (t0) or incubated in 0.1% DMSO (control), 400 mMmenthol with 0.1% DMSO, or 1 mM linalool with

0.03% DMSO for 4 days. All dishes were sealed with parafilm without refreshing the drug solutions. Fixed samples were stained with

phalloidin Alexa Fluor 546 (Thermo Fisher, A22283, 1:100), andmounted in glycerol onmicroscope slides. All samples were imaged us-

ing a Zeiss LSM 780 NLO or LSM 880 confocal inverted microscope with Plan-Apochromat 20x/0.8 objective. Body length was

measured by drawing a segmented line from the oral to the aboral pole in the midplane of the animal. Area of body cavity and internal

tissues in the mid-plane section was measured in FIJI by manual segmentation.

To test the role of cell proliferation during development, budded larvae were treated with 5 mM hydroxyurea (HU) (Sigma, h8627) in

ASW while controls were incubated in 12 ppt ASW. For high-throughput imaging, animals were transferred in a 384-well plate con-

taining 25 ml 5 mM HU or 25 ml 12 ppt ASW for controls. Animals were imaged at 5-minute time resolution for up to 80 hours at 27 �C
using the Acquifer microscope with the brightfield channel. For immunostaining, animals were kept in glass dishes at 27 �C and were

fixed after 3 and 24 hours of incubation.

Fixation and immunostaining
Animals were anesthetized in 7%MgCl2 prior to fixation. Fixation was performed for 1 hour at room temperature either with 4% para-

formaldehyde (EMS, E15710) in PBS with 0.1% Tween (PTw 0.1%, Sigma, P1379) for phosphorylated histone 3 antibody staining85

(pH3, Sigma # 05-806, 1:100), or with Lavdovsky’s fixative following the described protocol42 (3.7% formaldehyde, 50% ethanol, 4%

acetic acid) for Cadherin3 antibody detection (gift from Technau lab,42 1:500). Animals were permeabilized in 10% DMSO (Thermo

Fisher, 85190) in PBS for 20 minutes and washed with PBS with 0.2% Triton (Sigma, T8787) (PTx 0.2%), followed by 1-hour incuba-

tion in blocking buffer containing PTx 0.1%, 0.1% DMSO, 1% BSA (Sigma, A2153), and 5% Goat serum (Sigma, G9023). Samples

were incubated with the primary antibody in blocking solution overnight at 4 �C. After washing with PTw 0.1%, animals were incu-

bated with the secondary antibody goat-anti-mouse Alexa-488 (Thermo Fisher, A-11001, 1:500) or donkey-anti-mouse Alexa-488

(Thermo Fisher A21202, 1:500) in PTx 0.1% overnight at 4 �C. For (additional) staining for F-actin and nuclei, phalloidin Alexa Fluor

546 (Thermo Fisher, A22283, 1:100) and Hoechst 34580 (Sigma, 63493, 1:1000) were used, in PTx 0.1% overnight at 4 �C. Finally,
animals were washed in PTw 0.1% and cleared in 80% glycerol (Merck).

Confocal imaging
Samples were imaged using a Zeiss LSM 780 confocal inverted microscope with Plan-Apochromat 20x/0.8 objective, or using a Zeiss

LSM880 point scanning confocalmicroscope controlledwith the Zeiss Zen 2.3 (black edition) software, with Plan-Apochromat 20x/0.8

air objective. To image epidermal cells, we used a Plan-Apochromat 40x/1.4 Oil DIC objective, AiryFast mode and tile scans, at 0.5 mm

z-resolution. Depending on the staining, we used laser lines diode 405 nm, argon multi-line 458/488/514 nm and/or HeNe 561 nm.

Quantification of cellular properties
The number of pH3-positive mitotic cells was countedmanually in FIJI and normalized to the imaged tissue volume. Epidermal thick-

ness was measured manually in images of the mid-plane of the animal at multiple locations along the body axis using FIJI. The mea-

surement was taken in the mid-body region between 30% and 70% of the total length of the oral-aboral axis. Quantifications of the

cell apical surface area were based on the images taken with the 40x magnification objective. To correct for the typical uneven sur-

face of the animals and the body column deflation upon addition of glycerol, the Minimum cost Z surface projection FIJI plugin

(https://imagej.net/plugins/minimum-cost-z-surface-projection)64 was used to obtain separate, flattened layers for the ectoderm tis-

sue and the underlying muscular tissue (shown in Figures 5A–5C, 6C, and S3J). Next, one or more flattened slices showing cell

boundaries were selected and used as input for detection of cells by Cellpose43 (v1.0, 2D mode, model-type cytoplasm). The

mask produced by Cellpose was converted to a label image and was manually corrected. For phalloidin staining in polyps, correctly

segmented cells were manually selected. Cell area was obtained using the MorphoLibJ package.62 Muscle fiber orientation was

measured using the Directionality plugin in FIJI (https://github.com/fiji/Directionality).

shRNA design and synthesis
shRNAs were designed based on previous work26 and using the siRNA Wizard from Invivogen (available at https://www.invivogen.

com/sirnawizard/design_advanced.php). Primers were synthesized by Sigma and IDT.

Primers were annealed at 98 �C for 5 min in the PCRmachine or heat block and allowed to cool down to room temperature. shRNA

was synthesized using the T7 MegaShortScript kit (Invitrogen, AM1354) with an incubation time of 6 hours, followed by a purification

step using magnetic SPRISelect beads (Beckman Coulter B23319) in the presence of 46% isopropanol.86 Samples were incubated
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for 15 minutes at room temperature, and were then placed in magnetic stands for 5 minutes, until the solution appeared clear. The

samples were washed twice using 80% freshly prepared ethanol, after which they were shortly dried and resuspended in RNase free

water. The solution was aliquoted and stored at -80 �C.

Microinjection of shRNAs
Unfertilized eggs were dejellied in 4% cysteine solution (Sigma, 168149) in ASW for 9minutes and washedwith ASW. Eggs were then

fertilized and injected with shRNA targeting GFP, Tbx20 or BMP (500–1500 ng/ml), combined with Texas Red-labelled Dextran

(ThermoFisher, D3328) using a Femtojet Express (Eppendorf). Injected eggs were kept at room temperature and transferred to 27
�C the following day.

Quantification of Tbx20 expression after shRNA knockdown
Animals were injected with either Tbx20 or GFP shRNA. At 4 DPF, pools of 40 larvae were collected in TRI reagent (Zymo Research)

for total RNA isolation using a phenol-chloroform based extraction. Isolated RNA was treated with DNase I (NEB) and the concen-

tration measured using the Qubit RNA BR kit (Thermo Fisher Scientific). For cDNA synthesis (ImPromII RT kit, Promega), 50 ng total

RNA of each sample was used. A cDNA standard curve was generated by using 200, 100, 50, 25, 12.5, 6.3 and 0 ng cDNA. Quan-

tification of expression was done by qPCR using the SYBR Green PCRMaster Mix kit (Thermo Fisher Scientific) according the man-

ufacturer’s instructions. For normalization gene selection, expression levels of the housekeeping genes Actin, Gapdh and Atp5f1b

during development were used as input for RefFinder software.87 Atp5f1b showed the most stable expression during development

and was selected for this study. Sequences of qPCR primers used were:

Tbx20.1F: 5’-GGACCACACAGCGTCAGTAA-3’;

Tbx20.1R: 5’-AAGGTTGTCGAGGGGAAAGT-3’;

Tbx20.2F: 5’-CGCTGAGATGTGTCTGGAAG-3’;

Tbx20.2R: 5’-CGCCTCCCTGACTTTGTTAT-3’

Atp5f1b-F: 5’-CGTTATTGGAGAGCCTATTGATG-3’;

Atp5f1b-R: 5’-CCTGCTCTGTGCTCATTTC-3’.
CRISPR/Cas9
Single guide RNAs (sgRNAs) were designed using the online web interface http://chopchop.cbu.uib.no.67 To perform an F0 pheno-

typic analysis of the double KO of Tbx20 paralogs, a total of two sgRNAs targeting both genes were used. The two gRNAs were

commercially synthesized (Sigma aldrich). The sequence targets were: sgRNA-1: ACGTTGCGGATCTCCGTGAGTGG and

sgRNA-2: CCCTGACTCACCGTTCACGGGGG. These sequences are identical in both Tbx20 paralogs. Recombinant Cas9 protein

(900 ng ml�1; PNA Bio, #CP01-20) was co-injected with both sgRNAs (20mM each) into unfertilized Nematostella oocytes. Injected

oocytes were then fertilized and raised at room temperature for imaging and sequencing.

Genotyping of Tbx20 F0 animals
F0 adults were left undisturbed until they were fully relaxed and 7%MgCl2 was carefully added to the dish to immobilize them. After

taking images using a Leica stereoscope, a small piece of tentacle (�2-3 mm) was collected for genotyping. Genomic DNA isolation

was performed by incubation of the tissue for 2 hours at 65�C inQuickExtract DNAExtraction Solution (Lucigen) and subsequent heat

inactivation. A standard PCR using Phusion polymerase (Thermo Fisher Scientific) was used to amplify fragments for Sanger

sequencing of the Tbx20-1 and Tbx20-2 genes. The following primers were used:

Tbx20.1F: 5’-TTGGCATTTCATTTTTAAAGCA-3’;

Tbx20.1R: 5’-CCTCTTGTATTCACTGATGCAAAT-3’;

Tbx20.2F: 5’-TGAAGTTTCTTGTGTGATTAATTTTGC-3’;

Tbx20.2R: 5’-TCATCAATAGACGAGTTCAATTTTAGC-3’.
Photoconversion of Kaede
mRNA was synthesized using the HiScribe� T7 ARCA mRNA Kit (with tailing) (NEB, E2060S) and a PCR product amplified from the

Kaede-NLS plasmid (addgene, 57319) (primers are shown in key resources table). Following mRNA purification with magnetic

SPRISelect beads (Beckman Coulter B23319), fertilized eggs were co-injected with a solution mix containing Kaede-NLS mRNA

(200 ng/ml), shRNA targeting BMP (430 ng/ml) or Tbx20 (560 ng/ml), and FITC (ThermoFisher, 46425). Control embryos were only in-

jected with Kaede-NLS mRNA and FITC. Photoconversion of Kaede69 was performed on anesthetized larvae on a Zeiss LSM 780

microscope with Plan-Apochromat 20x/0.8 objective, using the ‘bleaching’ and ‘regions’ option, and using the 405 laser at 0.6%

laser power, with 80 iterations. Imaging of developed animals after photoconversion was performed on a Zeiss LSM 780 or 880,

with Plan-Apochromat 20x/0.8 objective.
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Biophysical manipulation
Glass capillaries (TW100F-4, World Precision Instruments) were pulled using a micropipette puller to obtain approximately 10mm

diameter tubes. To create openings across the tube length, pulled capillaries were mounted in an imaging slide with double-side

tape, and laser-cut holes were created using the 355 nm laser of the Olympus FV1200 microscope. During the piercing of the larvae,

open and closed capillaries were handled with a joystick for micro-injection (MO-202U, Narishige-group). For open capillaries, the

pressure was equalized using the compensation pressure function of the Eppendorf electronic microinjector, the FemtoJet�.

Biophysical model
Geometry

For a thin cylindrical shell with length [ðtÞ, radius rðtÞ, wall thickness hðtÞ, the changes of cylindrical shell thickness are neglectable,

i.e., hðtÞzh. The conservation of the cavity volume VC is given as

dVC

dt
=

d

dt

�
r2[

�
= Qwater; (Equation 1)

where the water flux is further assumed asQwaterz0, and thus the cavity volume is constant during the shape evolution of the larva to

polyp. This constant cavity volume condition indicates that when the length of the shell keeps increasing, its radius is decreasing. To

understand the basic conceptual model underlyingmechanical morphogenesis driven by the hydraulic stresses due to fluid pressure,

we limit ourselves to the case of small strains, so that the axial and azimuthal strains can be written as

εz = ε
a
z + ε

p
z = ð[ � [ 0Þ

�
[ 0 > 0 and εq = ε

a
q + ε

p
q = ðr � r0Þ

�
r0 < 0: (Equation 2)

Hereafter, the superscript ‘a’ and ‘p’ represent the active and passive elements, respectively. A geometrically nonlinear model that

might be written in terms of the logarithmic strain measures and more complex constitutive models, but will only change our results

quantitatively.

Mechanical equilibrium and active morphogenesis of body wall

All asymmetries in the relative stiffnesses in the principal directions can be ascribed to the difference in the densities of the azimuthal

muscle fibers versus the axial muscle fibers. Since the bodywall is capable of irreversible deformations over developmental times, we

assume that it can be modeled as an orthotropic active elastic visco-plastic material, with Ep
z being the passive axial elastic modulus

and Ep
q being the passive azimuthal elastic modulus of the wall, and h the effective viscosity of the wall. For simplicity, we assume that

the active moduli of the muscles in the axial and azimuthal directions are Ea
z and Ea

q , respectively, so that the stresses of the axial and

azimuthal muscular springs can be modeled as saz = Ea
z ε

a
z and saq = Ea

q ε
a
q .
88 The active contractile element can be activated by the

biological signals such as calcium ion and electrical stimulation, and external mechanical stimulation.88 When the action potential

exceeds a threshold, the contractile element is activated and can generate active contraction sA which compresses the passive

element. Considering a linear elastic orthotropic shell with two main directions in x1 and x2, the general constitutive relation is

s11 = E1ε11=ð1 � n12n21Þ+ n21E2ε22=ð1 � n12n21Þ and s22 = E2ε22=ð1 � n12n21Þ+ n12E1ε11=ð1 � n12n21Þ with n21E2 = n12E1. For

simplicity, we assume the Poisson’s ratios in both directions vanishing, i.e., n12 = n21 = 0. This assumption implies the tissue vol-

ume VT = 2prhl is not constant.

The shell is subject to a combination of a static basal muscle tonus and a dynamic muscular contractile stress which leads to a

hydraulic pressure that we write as PðtÞ = pT +p0 cosð2putÞ. The equations of axial and azimuthal mechanical equilibrium read

sz = sa
z = sp

z + sA
z =

Pr

2h
and sq = sa

q = s
p
q + sA

q =
Pr

h
: (Equation 3)

Combining Equations 2 and 3, we see that the shell is always stretched along the axial direction, indicating that the axial contractile

element is not activated (sAz = 0). Due to the dynamic changes of hydraulic pressure, the shell experiences several axial loading and

unloading cycles during which the axial passive element accumulates plastic and viscous axial strains, as shown in Figure 4B. How-

ever, in azimuthal direction, the total strain εq remains negative, indicating that the azimuthal contractile element is activated (sAq > 0),

and the azimuthal passive element is always under compression. Considering this scenario where the passive element is axially

stretched and azimuthally compressed, we adopt a minimal model corresponding to perfect elastic viscoplasticity for the passive

element, and write the corresponding constitutive relation as

sp
z =

(
Ep
z ε

p
z

�
sp
z < sy

�
sy + h _εpz

�
sp
z R sy

� ; and s
p
q = Ep

q ε
p
q ; (Equation 4)

where the yield stress is assumed to satisfy the inequality pT < 2syh=r0 <pT +p0 ensuring the basal (static) pressure does not lead to

irreversible axial yielding but the dynamic pressure can and does lead to yielding cycles. Therefore, the yield stress can be assumed as

sy =
ðpT +ap0Þr0

2h
with 0<a< 1: (Equation 5)

Figure 4B shows the stress-strain curves during the loading-unloading cycles driven by the hydraulic pressure oscillations. At the

beginning, the axial stress sz = s
p
z increases with pressure during the first oscillation period (inclined red line), and the system be-

haves elastically until the axial strain reaches εz = εc0 = sy=Ea
z + sy=Ep

z . As the pressure continues to increase, the shell yields axially
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and starts to flow following the relation sz = s
p
z = sy + h _εpz , beginning to accumulate irreversible axial plastic strain (horizontal red

line). When the oscillating pressure starts to decrease, the axial stress sz = PðtÞrðtÞ=ð2hÞ = PðtÞ=ð2h ffiffiffiffiffiffiffiffiffiffiffiffi
1+ εz

p Þ also decreases for a

while while the axial strain continues to increase (horizontal blue line). This viscoplastic response lasts until the pressure-induced axial

stress becomes lower than the yield stress, and corresponds to the case when the strain is εz = εc1. Then the system unloads elas-

tically. The next loading cycle (inclined blue and red lines) follows a similar pattern as the pressure-induced axial stress reaches the

yield stress again, leading to irreversible viscoplastic flow, followed by elastic unloading. As these cycles are repeated, the maximum

pressure-induced axial stress keeps decreasing (because the radius of the shell decreases) until eventually the stress equals to the

yield stress, corresponding to a critical radius rcr satisfying ðpT +p0Þrcr=ð2hÞ = syand the critical axial strain εcr = ðr0=rcrÞ2 � 1. After

this critical point is reached, the system responds to the pressure oscillations via periodic and reversible elastic deformations about a

new equilibrium length and raidus.

CombiningEquations1, 2, 3, and4,wecansolve for thevariationsof the lengthand radiusof thepolypasa functionof time (Figure4C),

with the initial conditions [ð0Þ = [0 and rð0Þ = r0, and typical parameter values:36Ea
z = Ep

z = 500kPa,pT = 5Pa,p0 = 1Pa,a = 0:5,

h = 10Pa,s, r0 = 100mm, [0 = 300mm,h0 = 10mm.Thecharacteristic time is t� = h=Ep
z and thecharacteristic frequency isu

� = 1=t�.
To understand the results qualitatively, we show below the results of multiple loading cycles as the stress varies dynamically – the shell

yieldsperiodically in the longitudinal direction (seealsoVideoS5) andeventually reachesanewequilibrium lengthand radius (Figure4C).

At steady state, the strain rates vanish, and the bodywall tissue volume remains conservedwhich implies that rh[ = const: In Tbx20

KD animals, we expect that the elastic stiffness resulting from the disorganized parietal and circular muscles becomes negligible, so

that the axial and azimuthal stiffnesses are similar, i.e, Ep
zzEp

q .With these assumptions, Equations 3 and 4 yield εq = εz, i.e. Tbx20KD

larvaewill isotropically inflate via fluid uptake to form a spherical polypmorphology. In contrast,BMP2/4KD animals onlymaintain the

circular muscles, implying that effective stiffness in the azimuthal direction is greater than the stiffness in axial direction, Eq [ Ez.

Then the equilibrium relationship (Equation 3) simplifies to: Eqεq = 2Ezεz and furthermore the cavity volume is conserved, i.e.

r2[ = const: These simple relations explain the origin of a thin and elongated morphology with a conserved cavity volume

(2 _r[+ r _[z0) and large aspect ratio ([=2r[ 1) while having negligible changes in body wall thickness hðtÞzh0. Finally, wild type an-

imals inflate their cavity through fluid uptake (2 _r[+ r _[> 0), while the bodywall tissue volume does not change rh[ = const: As a conse-

quence, a similar situation to theBMP2/4KD animals is obtained, i.e. the aspect ratio [=2r can be larger than unity if the axial stiffness

is lower than the azimuthal stiffness, i.e. Ez=Eq < 1 since then the body geometry will imply that the axial strain will be larger than the

azimuthal strain, i.e. εz=εq > 1.

Physical balloon experiments
For the physical simulacrum experiments, we used latex balloons (12" Balloons, red, Celebrate It�, Item No: 10108443), elastic

braided bands (1/4" Braided Elastic Hank, Loops & Threads�, Item No: 10187887), inextensible electrical tapes (3/4’’, pressure sen-

sitive vinyl tape, red, Gardner Bender) and stretchable adhesive (Loctite vinyl fabric & plastic flexible adhesive, Item No: 1360694). To

mimic the variousNematostella phenotypes, our initial starting point is identical, the uninflated latex balloon (Figure S5A), which when

inflated using compressed air, expands isotropically with aspect ratios 1, serving as a control for the following mimic experiments

(Figure S57B). To obtain the Tbx20KD phenotype, we first inflate the balloon such that it extends basally (volume� V0). We then stick

small pieces of extensible tapes in randomized orientation (here, tapes serve as proxy for muscles on the elastic wall of the balloons),

following further inflation (volume � Vf), thereby obtaining close to spherical shapes (aspect ratios in the range of [/d�1.1-1.3 and

volume change ratios in the range of Vf/ V0 �2.5-5.5) (Figure S5C). Wildtype mimics are obtained using two methods: (I) the balloon

is inflated basally, followed by attaching thin elastic bands azimuthally with the stretchable adhesive. The elastic bands make the

azimuthal stiffness of the balloon larger than its axial stiffness. When this balloon is inflated, it elongates longitudinally, mimicking

the shape changes in wild type polyps with aspect ratios [/d�2 and volume changes Vf/ V0�2-4 (Figure S5D). The second method

(II) to obtain wildtype mimics employs a slightly different approach wherein the balloon is inflated more at the beginning, sealed, and

then stretched longitudinally while attaching inextensible tapes helically. This determines the volume change at the beginning and is

followed by remodeling of the balloon wall to yield slender shapes ([/d�4.2-5 and Vf/ V0�2.5-4, here Vf/ V0 is obtained by comparing

the inflated balloon stage before remodeling with the basally inflated stage) (Figure S5E). To obtain theBMP2/4KDmimic, we needed

to obtain much larger aspect ratios, and it is known from experiments that the cavity volume remains constant during the transfor-

mation of polyps. We first inflated the balloons to a basally distended shape and sealed the opening of the balloon. The inflated

balloon mimicking the larval stage was then stretched axially and taped with inextensible pressure sensitive vinyl tapes (electric

tapes) to constrain the azimuthal direction while elongating in the axial direction. This led to high aspect ratios [/d�7.5 while keeping

the cavity volume constant (Vf/V0=1) (Figure S5F). Using the simple toolbox of balloons, elastic bands, electrical tapes and adhesives,

we are able to recapture the steady state phenotypes and the phase space of Nematostella animals.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and generation of plots was performed in RStudio version 1.1.442,70,71 making use of the tidyverse,72 ggplot2,73

ggpubr,74 gtable,75 and ggrastr76 packages, and Prism 8. Wilcoxon rank sum tests were used for significance testing, unless

mentioned otherwise. The forecast package77,78 was used to remove outliers in time sequence data.
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