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Motility-induced fracture reveals a
ductile-to-brittle crossover in a simple animal’s

epithelia
Vivek N. Prakash

Epithelial tissues provide an important barrier function in
animals, but these tissues are subjected to extreme strains
during day-to-day activities such as feeding and locomotion.
Understanding tissue mechanics and the adaptive response
in dynamic force landscapes remains an important area of
research. Here we carry out a multi-modal study of a simple yet
highly dynamic organism, Trichoplax adhaerens, and report the
discovery of abrupt, bulk epithelial tissue fractures induced by
the organism’'s own motility. Coupled with rapid healing, this
discovery accounts for dramatic shape change and physiologi-
cal asexual division in this early-divergent metazoan. We gen-
eralize our understanding of this phenomenon by codifying it
in a heuristic model focusing on the debonding-bonding crite-
rion in a soft, active living material. Using a suite of quantita-
tive experimental and numerical techniques, we demonstrate
a force-driven ductile-to-brittle material transition governing
the morphodynamics of tissues pushed to the edge of rupture.

Animals are characterized by their movement, and their tis-
sues are continuously subjected to dynamic force loading while
they crawl, walk, run or swim'. Tissue mechanics fundamentally
determine the ecological niches that can be endured by a living
organism’. Epithelial tissues are subjected to dynamic force load-
ing and strain during several physiological processes'’. However,
an inability to withstand these extreme strains can result in epithe-
lial fractures™ and associated diseases’. From a materials science
perspective, how the properties of living cells and their interactions
determine larger-scale tissue rheology in dynamic force landscapes
is an area of active study’. Tissues are the embodiment of a ‘smart
material’ Cells within a tissue may dynamically reconfigure under
stress®, exhibit superelastic responses by localizing strain’, contract
to actively avoid rupture'’, locally reinforce regions of tissue through
recruitment'’ and exhibit other forms of mechanically regulated
feedback’’. Harnessing these properties holds promise for synthetic
adaptable materials'>'". Many of these phenomena illustrate the role
of mechanical feedback in the maintenance of tissue integrity under
large strains. Here we investigate how cellular tissues behave on the
threshold of failure and what determines whether a tissue fractures
or flows. To this end, we examine a ‘minimal tissue system’ that is
capable of rapid and highly adaptive plastic deformation.

We experimentally study the dynamic epithelial tissues in a
marine animal, Trichoplax adhaerens. From a biological perspec-
tive, these early-divergent animals have a simple, flat body plan
(only 25 um in thickness but several millimetres in width), and lack
a basement membrane and visible extracellular matrix'®'*-"". Their
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body plan architecture consists of two distinct epithelial tissue lay-
ers (the top or upper ‘dorsal’ epithelium, and the bottom or lower
‘ventral’ epithelium, coupled at the edges'®) which enclose a layer
of fibre cells'>'*. These animals glide on substrates using ciliary
traction'®". The epithelial tissues consist of millions of cells bound
together solely by adherens junctions®. We leverage the simplicity
of these animals and their flat body plan to carry out in toto imaging
experiments that span many orders of magnitude in length and time
scales, to gain a fundamental understanding of the plastic defor-
mations of epithelial tissue sheets subjected to motility-induced
dynamic force landscapes.

The T. adhaerens in our laboratory culture conditions exhibit
a wide distribution of amorphous shapes and sizes (Fig. la and
Methods). Unlike other metazoans, T. adhaerens does not have a
fixed stereotypical adult shape. Using long-duration (about 10 h)
large-field-of-view live imaging experiments, we observe that ani-
mals undergo time-dependent shape-change dynamics from more
radially symmetric (circular) shapes to elongated string-like shapes
(Fig. 1 and Extended Data Fig. 1). These morphological changes
are essential for asexual (or ‘vegetative’) reproduction by fission
(Fig. 1b and Supplementary Video 1), which often occurs under cul-
ture conditions'*",

Surprisingly, in our imaging experiments, we observe holes in
both ventral and dorsal epithelial tissues, under native culture condi-
tions. These holes are small in the beginning, grow in size and either
heal completely or grow further to the size of an animal (Fig. 1c,d
and Supplementary Videos 2 and 3). Sequential observation of ani-
mals reveal a continuous path from flat disk-like sheets to animals
with holes (toroidal), which further break into thin, long strings
(Fig. 1d and Supplementary Video 3). A contiguous tissue separat-
ing into multiple parts requires a topological transformation from a
single domain to two or more isolated domains. Even for an elastic
sheet this fundamentally requires plastic deformations and neigh-
bourhood changes. Hence, we investigate these plastic deformations
at both short and long timescales at cellular resolution.

We carried out live cellular-scale imaging of the ventral and dor-
sal tissues in open dish configurations matching native culture con-
ditions (Fig. 2, Extended Data Fig. 2, Supplementary Video 4 and
Methods). Time lapse imaging over hours reveals that the origins of
these plastic events are spontaneous, localized microfractures that
appear in the ventral tissue (Fig. 2a,b). These microfractures coalesce
to form holes with visible cellular debris (Fig. 2b). In this context
of a dissipative tissue, we observe a suppression of fracture propa-
gation with the holes reaching a self-limiting size (Extended Data
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Fig. 1] Elastic-plastic shape-change phenomena in Trichoplax adhaerens. a, Laboratory cultures show a remarkable diversity of amorphous shapes with
an extreme variation in size (about 100 pm to 10 mm). b, Asexual reproduction by fission. Time-lapse imaging over long timescales reveals the dynamics
of this shape-change process, eventually leading to asexual fission. The animal forms two regions that pull apart, resulting in a plastic shape deformation
(Extended Data Fig. 1a) to produce a thin thread that is reminiscent of ductile necking. This thin thread ruptures to give rise to two daughter animals in
about an hour. ¢, Ventral fracture hole initiation, propagation and healing. In the ventral epithelium, holes appear and disappear (heal) in approximately an
hour (f). Growth via cell division takes much longer (Extended Data Fig. 1b). d, Dorsal fractures, threads and ruptures. In addition to ventral holes, we also
observe holes in the dorsal epithelium. These dorsal holes do not heal, and lead to through holes inside the animals (f), which expand in cross-sectional
area over time. Over time, these torodial animals further break by thread rupture and give rise to long string-like animals. A digital zoom inset is bounded by
a green box to aid reader visualization. e, Cartoon illustrating the cross-section of the Trichoplax body plan and the labels we use to distinguish the

dorsal and ventral epithelium (Methods). f, Schematic highlighting the difference between ventral fractures (left) and dorsal + ventral fractures (right).

g, Statistics of fracture events reveal that dorsal fractures are rarer than ventral fractures (Methods).

Fig. 2a). This observation is consistent with energy arguments of tissue mechanics*. Although almost bi-disperse in size distribution,
fracture mechanics in plastic materials*>*. Individual cell mechani-  the ventral tissue does not phase-separate into the two cell types
cal heterogeneity can have a strong influence on the collective  (ventral epithelial cells and lipophil cells) but instead remains well
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Fig. 2 | Physiological epithelial tissue fractures in the T. adhaerens at a cellular resolution. a, Ventral fracture hole initiation, propagation and healing.

b, Confocal microscopy reveals that ventral layer fractures initiate as microfractures (dark regions; N =19, see Methods). These coalesce to form holes
with rough edges and broken fragments and further propagate to form a self-limiting larger circular hole with smooth boundaries (N = 11). Subsequently,
the hole edges come into contact with each other, and ‘healing’ progresses in a zippering process to completely close the hole. ¢, Dorsal fracture hole
propagation with no healing. d, After a ventral fracture, sometimes the dorsal layer can also sustain holes. Dorsal fractures begin as a small, smooth
circular hole (white arrow) and expand in size up to the area of the ventral hole below (N = 4). These dorsal holes do not heal and lead to a permanent

through hole inside the animal.

mixed (Supplementary Information). Remarkably, some of these
fracture holes can heal completely by a zippering process at the
interface of ventral epithelial cells, leaving behind a localized lipo-
phil cell exclusion zone (Fig. 2b and Supplementary Video 5). This
distribution of two cell types in the ventral tissue has a resemblance
to traditional alloys in material science”. Borrowing from this ter-
minology, we define an ‘epithelial alloy’ as a tissue characterized by
multiple populations of mechanically distinct cells, and the consti-
tutive behaviour of this epithelial alloy can be tuned by the percent-
age of distinct cells present.

Focusing on the dorsal epithelium reveals a entirely different
phenomenon. Ventral fractures that do not heal can induce a frac-
ture in dorsal layer (Fig. 2¢). These dorsal fractures can only initiate
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after a corresponding ventral fracture. Unlike in the ventral layer,
the dorsal tissue fracture grows quickly into a smooth circular hole
similar to the size of ventral hole underneath (Fig. 2d and Extended
Data Fig. 2b), akin to a ruptured elastic sheet under tension. Dorsal
fractures further lead to the formation of long, narrow threads or
string-like phenotypes (Fig. 1d). The dorsal fracture events are also
rarer (about 4%) than the ventral fractures (about 16%) (Fig. 1g
and Methods). The interface between the bulk and peripheral tis-
sue cells can lead to fractures on the edge, and the final breaking of
two ultrathin threads via extension comes down to a single cell-cell
junction (Extended Data Fig. 3 and Supplementary Video 6).
Looking at the dynamics of fracture growth in dorsal versus ven-
tral tissue, we infer distinct mechanical properties under similar
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strain (Extended Data Fig. 4). This is in line with the fact that dorsal
epithelium primarily consists of epithelial cells, which are ‘ultrathin’
and ‘flat, whereas the ventral epithelium consists of a ‘bi-disperse’
mixture of ‘columnar’ epithelial cells and lipophilic cells'® (Fig. 1e).
Given that the ventral and dorsal epithelial tissue layers are coupled
via an interconnected fibre cell layer, the picture of a composite tis-
sue emerges. We can consider the properties of these tissue layers to
be an integrated composite material, which is a common framework
in engineered materials®. In the context of epithelial tissues, such
a composite could permit substantial cellular stretching without
breaking®”’ or it could provide rupture resistance complemented by
active response to forcing'.

Of the models that have been used to study tissue mechan-
ics, cell-resolved tissue models have become a powerful tool for
understanding rigidity transitions®***-*, active tension networks'’,
the importance of apical-basal symmetry breaking at the cellular
level’, how embryos generate shape™, and the interplay of fluidity
and healing of ablated wounds***. Broadly, the majority of existing
models have been developed to study tissue response to slow forc-
ing timescales in confluent monolayers with a single cell type. Our
experimental observations suggest that there is more to learn about
tissue mechanics by studying tissue response at unsteady and fast
loading timescales (comparable to the cell-cell junction lifetime),
without a confluence constraint in multi-component cellular tis-
sues. Hence, we address here the central question of tissues under
load: on short timescales, do tissues yield by fracture or by flow?

We reformulated this central question as a competition between
edge-formation and neighbour exchange mediated by cell-cell
junction- forming kinetics in a disordered model of an active tis-
sue inspired by adhesive granular matter. To ground our model in
experiments, we identify some key observable features that charac-
terize epithelial tissues in T. adhaerens: these include cell size, cell
spatial distribution, and non-confluence. Our experimental obser-
vations encouraged us to reconsider the often useful assumptions:
(i) local cell mechanical uniformity, (ii) tissue confluence and (iii)
the surface energy of cell-cell interactions constructed from a sepa-
ration of timescales (Extended Data Fig. 5 and Methods). Also, the
animal’s motility arises from traction forces generated by the adher-
ent contact of the ventral cilia on the bottom substrate, that is, the
animals crawl on bottom substrates using ciliary traction'®".

We start with the vertex energy function for compliant adhe-
sive cells”, and simplify the model to replace the complexities of
cell shape with an effective compliance, and also neglect cell defor-
mation (Methods and Supplementary Information). This simpli-
fication allows us to focus on the central role of the competition
between edge-forming and shear transformation zones (STZ)*. The
mechanical properties of this model tissue will be determined by
the cellular compliance and the bonding and debonding timescale,
similar to ref. ** (Methods and Supplementary Information).

A classical model for the force-dependent unbinding of two state
systems (cell-cell bonding/debonding) in a tissue context follows
Bell’s seminal work®”. When we study an ensemble of these two-state
junctions, we find a critical behaviour where the release of one cell-
cell junction redistributes that load to the others, slightly increasing
the remaining junction’s probability of transitioning. This induces
a cascade of events that ruptures the cell-cell junctions abruptly. In
the context of an elastic material, the force threshold can be trans-
lated to a geometric threshold. Approximating the cell compliance
as elastic is reasonable on sufficiently short timescales'” (Methods
and Supplementary Information).

The simplest model that captures all these phenomena can be
effectively characterized as a ‘sticky ball-spring’ model (Extended
Data Fig. 5b). Cells are represented by soft circles that can deform
under a Hertzian potential (Extended Data Fig. 6a). Cells are
then linked through a geometrically defined dynamical network
of harmonic springs when under extension. This model can be
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interpreted as a two-dimensional, bi-disperse, adhesive granular
matter model with slow bond maturation kinetics® (comparable
to the timescale of the dynamics). New bonds begin their matura-
tion when they are neighbours in a Delauney triangulation and are
within the geometric threshold, taking the form of a finite-distance
Delauney network. Springs capture the lowest-order nonlinearity
through a yield threshold: k = k, (if Al < I, ) or k =0 GfAI> 000>
with Al = |r, — r,|. Here, k represents the spring constant, and /.,
represents the threshold breaking length of the spring. This is a rep-
resentation of maximal strain yielding. The two cell populations of
differing sizes are initialized to suppress crystallization, and the cell
populations are uniformly distributed throughout the tissue using
the differential adhesion hypothesis* (Methods and Supplementary
Information).

With this heuristic framework in place, we can begin subjecting
the model tissue to a controlled distributed actuation'®'* (Methods).
We conduct two primary studies of the response of this network.
First, we study the model under fixed stretching for a finite time
(Fig. 3a). We vary the threshold strain at which the cell-cell bonds
break and sweep through a range of driving force gradients. We
observe three characteristic responses. The first is the presence of
a yield stress, where below a given driving amplitude, the material
response is purely elastic, whereas above a certain threshold, plastic
deformations are observed (Fig. 3a and Supplementary Video 7).
Further, we compare our model to the classical phenomenological
Herschel-Buckley model for a yield stress fluid*’, and find a good fit
with a power-law scaling of about 3 (Fig. 3b) (Methods).

To classify the yielding behaviour of this model tissue, we can
define a ‘brittle’ material as one that undergoes transformations that
create new edges without STZs. A ductile response can still frac-
ture but will do so with STZs occurring as precursors to rupture.
We use this to develop a technically precise definition to charac-
terize our ductile-to-brittle spectrum: constraint-count-conserving
(CCCQ) transformations compare the number of constraints before
and after a cell-cell neighbourhood transformation. If the number
of constraints is locally conserved we call it a CCC transformation
(Methods and Supplementary Information).

In the second regime, above the yield transition, we observe the
tissue going through many CCC transformations in the neighbour-
hood matrix. These CCC transformations are analogous (though
not precisely equivalent to) to T1 transformations within a tissue.
This regime corresponds to ductile-like yielding transition, where
cells undergo local rearrangements and only exchange their neigh-
bours (new edges are not created). The third outcome of pulling
on this model tissue is producing a large population of non-CCC
transformations (the total number of ‘constraints’ would change),
indicating the generation of boundaries. This type of yielding can
be understood as a more brittle fracture via loss of tissue continuity
(fractures, with new edges being created) and few associated CCC
transformations to relax the energy (Methods and Supplementary
Video 7).

By consolidating these results, grouped by the distributed force
gradient versus debonding criteria, we can draw a phase diagram
where the material undergoes the ductile-to-brittle transition above
its yield stress, at a fixed value of the bi-dispersity parameters, cho-
sen to be consistent with the actual tissue properties in the ani-
mal'® (Fig. 3b, Extended Data Fig. 7, Supplementary Video 7 and
Methods). We also varied the two key parameters controlling tissue
bi-dispersity: (i) percentage of larger cells, and (ii) size ratio of large
cells (Extended Data Fig. 6b(i)). However, we find a weak sensitiv-
ity to changes in the bi-dispersity on the resulting ductile-to-brittle
transition (Extended Data Fig. 8).

Observing T. adhaerens under a microscope clearly reveals the
unsteady nature of the driving force induced by its motility. Hence,
we next drive this model tissue under a long wavelength collective
mode akin to the unsteady dynamics observed, which captures the
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Fig. 3 | A heuristic in silico tissue model captures yielding and ductile-brittle transitions. The model consists of soft balls (of cells) connected via
dynamic, compliant adhesion junctions (Methods, Extended Data Fig. 5 and Supplementary Information). a, Heuristic tissue model with uniform tensile
loading. The system is driven out of equilibrium by a uniform tensile force gradient to mimic the lowest-order deviatoric component of distributed
propulsion (yellow arrows). At low force gradients, we observe elastic behaviour (i). At high force gradients, we observe two qualitatively distinct plastic
regimes, the ductile regime (ii) and the brittle regime (iii) with tissue fractures (Methods). b, Phase diagram of tissue properties. (i) We run a parameter
sweep by varying the driving force gradient, V,F - X, and the strain threshold for breaking the cell-cell junctions, l,e. (yeac = I/1,, where I is the natural
spring length), to generate a phase diagram that clearly delineates three regimes of tissue properties: elastic-ductile-brittle (Extended Data Fig. 7). (ii) At
the whole-tissue scale, we characterize the response with the extension and packing fraction versus time. (iii) At the cell scale, we monitor two classes of
transformations to the cell-cell connectivity associated with edge-forming transformations (dotted line) and constraint-count-conserving transformations
(solid line) akin to STZs (Methods). (iv) The steady-state response of each parameter set is consistent with the Herschel-Buckley response with a

finite yield stress and a scaling of 3. Inset: log-log plot showing a slope of 3. ¢, Tissue model with non-uniform/unsteady loading. (i) To investigate the

role of dynamic loading, the model is driven by non-uniform, unsteady, fluctuating forces with a characteristic timescale (ii) reminiscent of locomotion

in T. adhaerens (Methods). This time-varying force landscape captures both tissue fracture and healing dynamics. d, Non-affine motion analysis. (i) To
identify experimentally accessible measurements of yielding, we carry out a non-affine motion analysis using the metric (Dfnin) (ref. 3°) on the simulations
(Methods). (ii) The probability of high non-affine motion (D2 ) plotted against the instantaneous strain rate highlights signatures consistent with a yield

min
stress behaviour. Inset: probability of D2, above a threshold strain rate. All times t are in simulation units.
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Fig. 4 | Organismal motility-induced forces cause local tissue fractures in T. adhaerens. a, Tension-induced epithelial fracture. Fluorescence microscopy
reveals that tensile forces can induce fast (about 2 min) brittle-like fracture dynamics in the ventral epithelium (Extended Data Fig. 10 and Methods).
Microfractures rapidly coalesce to form larger holes. Red box, region where tissue fractures; yellow arrows, tensile forces. b, Shear-induced epithelial
fracture. While simultaneously imaging sticky fluorescent microbeads on the dorsal epithelium (Supplementary Fig. 1 and Supplementary Information), we
observe a shear-induced ventral fracture. (i) Flowtrace*? visualizations reveal bead trajectories in a region of local shear-induced fracture (see zoomed-in
insets in ¢). Blue box, region highlighted in zoomed-in panel ¢. (ii) The internal strain rate (with peak at around 0.2s™") contours from a PIV analysis

2

overlaid on the velocity vectors. (iii) Non-affine motion analysis metric D7,

length scale of a single dorsal epithelial cell. (iv) Regions of high D?

threshold strain rate.

self-inflicted rheology of the tissue. We implement this by varying
the pulling amplitude in time using a one-dimensional random
walk in a soft harmonic potential. Under such unsteady load-
ing, the model tissue captures both fractures and healing (Fig. 3c,
Supplementary Video 8 and Methods).

We can leverage the the model’s direct access to the microstates
to quantify changes to the connectivity matrix of the cells to arrive
at experimentally observable parameters. This capability allows
us to identify relationships between connectivity changing events
and locally non-affine motion. Existing metrics for quantification
of non-affine motion such as D%, (ref. *°) excel at capturing the

min

(ref. 3¢) captures high shear transformations (Methods). d represents the
~in (White dots) show excellent correlation with regions of high internal strain (red

contours). ¢, Top: flowtrace visualization. Bottom: velocity vectors (green arrows). d, Tissue is a yield-stress material. Quantification of D
strain rate demonstrates signatures of a yield-stress material, which is consistent with model predictions (Fig. 3d). Inset: probability of D2

2

min

versus the
above a

min

localization of STZs in space and time. This D2, metric quan-
tifies the amount of disorder in the particle motion (Extended
Data Fig. 9 and Methods). The localized STZ quantified by the
D?. form a compelling measurement of dynamical heterogene-
ity"!, and we exploit these signatures to provide support for a finite
yield stress within the tissue. We find that D?. is an excellent
indicator of the connectivity-changing events (both CCC and
non-CCC) (Fig. 3d). Next, we find that the yield stress character
of this tissue manifests itself as an abrupt rise in the correlational
measure between D?. (measure of STZ) and the instantaneous
strain rate (Fig. 3d).
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Inspired by our in silico tissue model results, we turn back to
experiments to further understand how forces govern tissue mechan-
ics. To perform quantitative measurements in live epithelial tissues
under native conditions, we developed cell-tagging techniques and
computational data analysis techniques* (Supplementary Fig. 1
and Supplementary Information). As suggested by our model, the
experiments indeed confirm that organism-scale motile forces can
give rise to brittle-like tissue fractures (Fig. 4).

The principal modes by which materials fail by fracture are clas-
sified as tensile failure (mode I), shear failure (mode II) and failure
due to out-of-plane tearing (mode III)*’. We find experimental evi-
dence of the first two failure modes in the tissues of T. adhaerens:
a tension-induced failure (mode I) (Fig. 4a, Extended Data Fig. 10
and Supplementary Video 9) and a shear-induced failure (mode II)
(Fig. 4b,c, Supplementary Video 10 and Methods). In our experi-
ments, we do not observe the third failure mode (mode III) because
the forcing is confined to a two-dimensional plane.

Next, we proceed to investigate the material properties of these
tissues. To do this, we first experimentally measure the amount of
plastic deformation (shear transformations) in the tissues using the
non-affine deformation metric D (ref. **) (Fig. 4b, Supplementary
Video 11 and Methods), encouraged by its success in our model
above. Second, we measure the internal strain rate (typically 20% s™';
with maximal rupture strain around 300%) induced in the tissues
by the animal’s own motility (Supplementary Fig. 2, Methods and
Supplementary Information). We find a high degree of correlation
between these measures of plastic deformation and internal strain
rate (Fig. 4b and Supplementary Video 12). In both our experiments
(Fig. 4d) and model (Fig. 3d), we observe an abrupt rise in the D? .
versus strain rate plot, which strongly suggests that these epithe-
lial tissues exhibit properties of yield stress materials both with and
without new-edge formation. Our measurements compare well
with other yield stress phenomena in biological tissues, including
zebrafish embryos® (about 75% linear strain) or in cell culture sys-
tems’ (about 300% areal strain).

We have so far observed that the T. adhaerens experiences load-
ing at fast timescales. Our model reveals that under such fast loading
timescales (relative to cell-cell maturation time 7,,,,.), otherwise
ductile tissues can become brittle because new cell-cell bonds are
still fragile (Extended Data Fig. 7). It is therefore noteworthy that a
tissue under such fast loading can yield by flow, in contrast to yield-
ing by fracture. This suggests that T. adhaerens might have tuned its
tissue properties via making epithelial alloys and composite archi-
tecture. Our observations of the ductile characteristics of the dorsal
layer and brittle-like properties of the ventral layer further support
this idea. While we have primarily focused on fast-timescale dynam-
ics (seconds), we have neglected the longer-timescale (hours) effects
of growth via cell division, which will also play a part in longer-term
tissue shape changing and deformation* (Extended Data Fig. 1).

The rich and diverse dynamics of a living tissue can be inter-
preted through many complementary viewpoints, each with useful
insights. Here we have suggested a perspective combining adhesive
granular matter and concepts from materials science to study the
fast-timescale dynamics of epithelial tissues under distributed load-
ing. We report the utility of this approach to inform the generic
aspects of the yielding behaviour of cellularized tissues, and the
competition between fracture and flow. This perspective comple-
ments a broader trend in the biological physics of tissues®! =%,

Living materials such as epithelial alloys arise from repeated
evolutionary trial and error. On evolutionary timescales, epithelial
alloys may allow for tuning of the emergent mechanics of tissues to
avoid catastrophic failure. Here we have observed how tissues can
localize damage by increasing dissipation and by the ability to heal
rapidly. This resilience to failure modes can expand the ecological
niches in which organisms can thrive, enabling the early divergent
T. adhaerens to successfully populate tropical oceans worldwide™.
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Methods

Laboratory cultures of T. adhaerens and marine algae. We maintain laboratory
cultures of T. adhaerens (gift from L. Buss, Yale University) in shelves of Petri
dishes containing artificial seawater (ASW) in a dedicated room maintained at
19°C temperature with an 18 h light and 6 h dark cycle. The ASW is prepared

by adding measured quantities of Kent Marine Reef Salt mix in Millipore

water on a magnetic stirrer in order to reach a salinity of 3%. The salinity is
measured using a handheld salinity probe (CDH45, Omega Engineering). The
food source for T. adhaerens is the marine alga Rhodomonas lens. We maintain
separate axenic cultures of R-lens in ASW inside 500-ml Erlenmeyer flasks in
dedicated incubators maintained at 14 °C. The algae are provided with nutrients
(Micro Algae Grow, Florida Aqua Farms) and an 18 h light and 6 h dark cycle

for optimum growth. We carry out regular maintenance of the animal and algae
cultures once every week. We prepare fresh plates by filling three-fourths the
volume of a petri dish with fresh ASW and algae nutrients (250 pl nutrient per
litre of ASW). We then seed these fresh plates with about 5-10 ml of R. lens algae
and let the plates grow an algae biofilm for 1-2 days. After this, we transfer about
20-30 animals from another slightly older dish and let the animals settle down
and grow. The ASW in older plates of T. adhaerens are replaced every week (2/3
volume) with fresh ASW, algae nutrients and a few millilitres of R. lens algae.
The axenic algae cultures are split once every week; 50 ml of algae from an older
flask is transferred into 200 ml of fresh ASW and nutrients (with concentration
of 500 pl nutrients per litre of ASW). These axenic algae culture flasks are shaken
regularly at least once every day.

Live imaging and microscopy experiments. For long-term imaging studies (Fig. 1),
the laboratory culture Petri dishes containing T. adhaerens are placed on a base

of a modified Stereomicroscope (Leica S9 D) stand; where a digital single-lens
reflex camera (Canon EOS Rebel T3i) fitted with a zoom lens (Canon EF lens
24-105 mm) replaces the stereo-zoom optical magnification unit. The imaging
system employs a quasi-dark-field setting and high-resolution images are acquired
remotely on a computer once every 5s.

The animals in culture dishes adhere to the bottom surface, and we gently
impinge them with small water jets from the side repeatedly using micropipettes
to peel them off the surface and transfer them elsewhere for imaging. Depending
on the type of experiment, we carry out live imaging of the animals by transferring
them into different imaging chambers. We employed chambered coverglass wells:
Nunc Lab-Tek chambers (1-well, Thermo Fisher Scientific); this configuration
allows imaging of the animals under natural conditions without any confinement.
We then stain the animals with fluorescent labels and carry out live confocal
imaging (Zeiss LSM 780 and 880) for many hours, using minimum laser intensity
(1-5%) and an acquisition rate of 2 fps, with some variation in acquisition rate
depending on objective used (10X air, 20X air, 25X water, 40X oil). In these live
confocal microscopy experiments, the imaging objective was looking at the animals
from below, that is, by primarily focusing on the ventral epithelium. A ventral
fracture hole actually enabled us to change the z-plane to go through the animal
and also focus on the dorsal epithelium. In Extended Data Fig. 2, when we focus on
the ventral fracture hole (in A), the dorsal epithelium is out of focus, and vice versa
when we focus on dorsal holes (in Extended Data Fig. 2b).

We also carried out imaging in custom-designed PDMS milli-fluidic hexagonal
chambers (thickness 40 pm, widths 1-3 mm); these chambers confine the animal
movements in z-direction, and allow motility only in the two-dimensional x-y
plane, depending on the width of the chambers. Once the animals have settled
down in the imaging chambers (over hours) and the chambers are sealed, they
are mounted on an inverted microscope (Nikon TE2000-U) and imaged under
bright field and fluorescence (lambda XL light source) modalities. The images are
captured using on a high-speed camera (ORCA Flash 4.0, Hamamatsu) generally
at frame rates of 10 fps for long durations (many hours), but the frame rates and
durations are varied in some specific experiments. Depending on the particular
experiment’s objective to achieve specific fields of view, different objectives were
used for imaging: 2X, 4%, 10x and 60X oil immersion objectives.

Statistics of fracture events in experiments. In Fig. 1g, we show the statistics of
fracture events in a bar chart. These fracture statistics are based on the fracture
events that we were able to record. These statistics represent only a lower bound
since these events are continuous processes in these animals; we were not able to
capture all events (especially when they occur overnight). Here, we imaged a total
number of animals N = 92, of size 2mm and larger in our confocal microscopy
experiments. The number of fracture events is N = 42 (including microfractures,
thread fractures, ventral fractures and dorsal fractures). The number of ventral
fractures that healed is N = 11, and the number of ventral fractures that led to
dorsal fractures is N = 4. The dorsal fracture events are rarer (about 4%) than the
ventral fractures (about 16%).

Heuristic in silico model of ventral epithelial tissue. A good starting point for
compliant adhesive cells is the vertex energy function®, where we unfold the
surface tension-like term into the contribution coming from cortical tension and
the contribution coming from interaction with other sticky cells”>***'. Since the
dynamics we study overlaps with the timescales of the cell-cell bond lifetime, we
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split the second term of cell-cell interaction energy into the dynamics of adhesive
bonds. The energy function for a unit cell i is given by:

€ = kA(A,' - A,‘Vu)z + FPf + a;P; + Zﬁ,‘JZ(T,’_j)
j

where k, and I" are the areal (A) and perimeter (P) rigidity respectively, & is the
cell’s cortical tension, §;; is a dynamical term counting the number of cell-cell
junctions present and bound between cell’s i and j where we sum over all the

cells in contact with cell i. X(z,)) is the energy of a cell-cell junction, which can

be age-dependent, 7=t — £, (if the timescale of the formation dynamics is
comparable to the timescale of study). Here we assume that (7) ~ 1 — ¢”/7< where
T. is the characteristic timescale of bond formation.

A classical model for the force-dependent unbinding of two state systems (cell-
cell bonding/debonding) in a tissue context follows Bell’s seminal work”. When we
study an ensemble of these two-state junctions, we find a critical behaviour where
the release of one cell-cell junction redistributes that load to the others, slightly
increasing the remaining junction’s probability of transitioning. This induces a
cascade of events which ruptures the cell-cell junctions abruptly. We find that
for sufficiently high affinities and ensemble sizes, the collective dynamics is well
approximated by a Heaviside step (Supplementary Information):

Z 51] = <”bound>(Fpull) ~ ‘N(t)PsskF)‘,o(l - @Heaviside(Fpull - Fc))
J

where (#1y,,,4) is the average number of bound junctions, F,, is the average pull
force, N(t) is the number of local cadherins clustering™* (timescale about 10s),
and F, is the critical failure force. N(¢) is the limiting timescale of our proposed
bonding criterion. We define this timescale as the maturation time 7, of the
cell-cell junction® and is precisely related to the term in our energy function above
(1) = oN(t), where o is the energy of a single cell-cell junction. In the context of
an elastic material, the force threshold can be translated to a geometric threshold.
Approximating the cell compliance as elastic is reasonable on sufficiently short
timescales'”.

Given these complexities in tissue mechanics, we choose the simplest model
that focuses our attention on the new representation: cell-cell bonding/debonding
criteria. The simplest model that captures these phenomena can be effectively
characterized as a ‘sticky ball-spring’ model (Extended Data Fig. 5). Cells are
represented by soft circles that can deform under a Hertzian potential. Cells are
then linked through a geometrically defined dynamical network of harmonic
springs when under extension. The two populations of cells of different sizes are
initialized to suppress crystallization (consistent with experimental observations).
To ensure that the cell populations are uniformly distributed throughout the tissue,
we leverage the differential adhesion hypothesis® encoded through attachment
stiffness between cell types. By choosing the correct relationship, k,, <k, <k,
cells will preferentially distribute throughout the tissue when rapidly quenched
from a random initial state (but not an infinite-temperature quench). The quench
dynamics take the form of a gradient descent on the energy landscape with the
dynamical equation:

d
T3t = -V, ;%(71, o 1an) + &(8)

The gradients are taken analytically and the positions are updated using a
combination of Euler’s method and a custom variant of a fast inertial
relaxation engine.

The number of metastable states in the model tissues explodes rapidly
with increased bidispersity via size and percentage of large cells, reminiscent
of a collodial glass. In an ensemble of these metastable states, we can study the
packing fraction, the hexatic order and the residual force as a function of the size
difference between cells and the percentage of each cell population. We set these
to be consistent with experimental measurements and observe similar observables,
including the orientational correlation length of the hexatic order parameter
(Extended Data Fig. 6). Even though our model does not have viscoelastic
components, we find the emergent bulk viscoelasticity at finite temperature
through neighbourhood exchanges to be consistent with many yield stress fluids®.

A classic phenomenological model for a yield stress fluid is captured by the
Herschel-Buckley equation 6 — 6. = ;"k (where the steady-state flow rate is equal
to the kth-root of the stress above the yield stress)*’. We can compare our adhesive
granular material model to this classical behaviour in the long-timescale limit by
fitting the strain versus time to a curve (with fitting parameters A, B and 7,,,, = 45
simulation units) of the form: 6(t) = A + Bt(1 — e */%) (Extended Data Fig. 7).
By plotting the asymptote of the fit versus the fixed driving force, we find that the
Herschel-Buckley equation is consistent with a k ~ 3 scaling (Fig. 3b(iv)).

To mimic the distributed activity of the organism induced by motility, we
expand the distributed locomotion to lowest order in the devioric field'*. These
long-wavelength collective modes represent a low-order approximation to the
dynamics of the forcing on this epithelial layer arising from distributed propulsion.
This has the added benefit of serving as a control parameter for our driving away
from equilibrium. By disentangling the dynamics from the distributed forcing, we
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can more easily study the response of the model tissue to steady-state forcing. The
functional form for this forcing takes the form of:

V.F-%=f,

where we use f, to characterize the amplitude of the gradient in the x-component of
activity. The complete dynamics of this simple model combines the gradient of the
disordered elasticity with this simplified activity to give us:

L) (B (4
Y = )+

dr \ y; Y V,e€i 0

We study the model under applied distributed propulsion coefficient f,, beginning
with a constant pull f, followed by activity f, = 0 after t = T,,,,. The response of the
model is characterized as a function of f,. We have also carried out complementary
studies using a shear amplitude that qualitatively showed a similar behaviour (data
not shown).

To classify the response of this material as a function of amplitude f,, 7, and
Leato We developed a suite of microstate measurements to characterize the type of
transformations incurred by driving it out of equilibrium. The first two measures
are the types of transformations to the neighborhood matrix. In an STZ, a
constraint broken is replaced with another locally. The local number of constraints
does not change with an STZ. In contrast, an edge-forming transformation
reduces the number of constraints and picks up the modes associated with a new
edge. By counting the number of constraints locally, we can classify changes to
the connectivity as either CCC or non-CCC (see Supplementary Information
for further discussion). These technical definitions open the door to the
characterization of the competition between fracture and flow.

In addition, we define the packing fraction using a Monte Carlo method
for each configuration. We place 10° points randomly within the domain of the
material asking if each is within a cell or within the boundary of the organism.
The number which land inside a cell over the cardinality of the set landing in the
cells unioned with those in the organism provides a calculation of the packing
fraction. The parameter spaces (Fig. 3b and Extended Data Fig. 6) were generated
by superimposing these three measures. Taking the practical definition of a ‘brittle
material’ as one that overwhelmingly creates edges and of a ‘ductile’ material as
one that overwhelmingly changes neighbours, we can characterize a crossover
from ductile-like materials at high [, (short 7,,,,.) to more brittle materials at
10W . (I0Ng T,):

To study the role of the dynamic force landscape in the evolution of the
connectivity, we made our amplitude dependent upon time, f,(t). The dynamics of
this driving amplitude took the form of stochastic Langevin dynamics governed by
the equation:

P (8) = ket (1) = ) + €0

With &(t) = 2kTy5(t — t') consistent with fluctuation-dissipation theorem. This
mimics an overdamped particle in a harmonic well, with a characteristic timescale
of response determined by the relaxation time of the system.

By driving our model tissue with this stochastic distributed driving, we can
measure the accumulated morphodynamics attributed to this dynamic force
landscape. We observe three central phenomena: fracture, STZs and healing. We
wish to transfer our understanding to experiments where we do not have direct
and error-free access to the microstate, so we sought to characterize the dynamics
of transformation in a coarse-grained way using a metric from the granular matter
literature, D%, . By comparing the signatures of high non-affine motion to known
neighbourhood transformations, we extracted a threshold above which D2, isa
good indicator of neighbourhood transformation (Fig. 3). We also used the model
dynamics to characterize the sensitivity of these measurements to parameter
selection, confirming best practices of choosing the interrogation radius consistent
with the pair correlation function (Extended Data Fig. 9).

Computational analysis techniques. We used different computational analysis
techniques to quantify the experimental time-lapse datasets. The dorsal-layer
datasets with sticky microbeads tagging were visualized using Flowtrace*, a simple
tool for visualizing coherent structures in biological fluid flows (in Image]; http://
imagej.nih.gov/ij/). The Flowtrace algorithm generates pathlines of particles with a
given input projection time (here we chose 5s).

The dorsal-layer sticky-microbead datasets were also analysed using the
particle tracking technique in MATLAB (Mathworks; http://www.mathworks.
com/). The first step involves image-processing operations such as background
subtraction and spatial filtering to ensure that we can optimally identify the
locations of the fluorescent ‘blobs’ of sticky microbeads for tracking. In the
next step, the particles are tracked over time using the nearest-neighbour
particle-tracking algorithm. The particle tracks are then stored for
further data analysis.

Next, we studied the non-affine motion (non-uniform or disordered motion)
of these tracked microbeads to measure the local amount of deviation in particle
displacements from a linear strain field. Non-affine particle motion is a key feature
in many soft matter systems such as amorphous solids™, colloids™, jammed
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materials®, granular materials” and cell migration®*. We quantified non-affine
motion using the D2, metric* for all the tracked particles over a short timescale
of 1s. This D2, metric*® minimizes the mean-squared difference between the
actual displacements of the neighbouring particles relative to a central one and the
relative displacements that they would have if they were in a region of

uniform strain:

DA (6, 80) = D0 D (3 (6) = ry(6)) = D85 + €)% [r) (¢ = Ar) = ry(t = Ap)])?

J

where, 7 (t) is the ith component of the position of nth particles at time t. The
uniform region of strain e; that minimizes D* is then calculated according to Falk
and Langer*. Then D2, is the minimum value of D(t, At), which is the local
deviation from affine deformation during the time interval [t — At, t]. The output
of this metric is a squared length scale that quantifies the amount of disorder in the
particle motion. The results are sensitive to the selected size of radius around the
particles, and we have chosen optimal values of this parameter for our data analysis.
We used particle image velocimetry (PIV) analysis (PIVlab package™ in
MATLAB) to quantify the flow fields in the dorsal-layer sticky-microbeads
time-lapse datasets in large width (13 mm X 13 mm square) confined PDMS
milli-fluidic chips with variable fields-of-view. The animal is tracked manually
for fixed durations, and the time-lapse recording is stopped when the field of
view is changed. The PIV analysis is carried out for specific duration segments
of these datasets where the field of view is fixed, and over short timescales (1's).
The image preprocessing step involves high-pass filtering, and we then carry out
the PIV analysis by dividing the images into 64 X 64 pixel interrogation windows
with 50% overlap on the first pass, and we use 32 X 32 pixel interrogation windows
with 50% overlap for the second pass. Next, we select velocity threshold limits
for post-processing the resulting velocity vector fields, smooth the data and use
interpolation for missing vectors. We then calibrate the results, and calculate
derived quantities such as the simple strain rate.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.

Code availability
The computer codes used in this paper are available from the corresponding author
upon reasonable request.
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A i. Asexual reproduction by ‘fission’ _
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Extended Data Fig. 1| Quantification of organismal shape change and area. A, (i) Time-lapse images of the asexual reproduction process; the animal
changes shape from a more circular to an elongated shape. (ii) Quantification of these shape changes: Circularity (4n(Area)/(Perimeter?)) decreases over
time. B, (i) Time-lapse images of ventral epithelial fractures and healing; holes appear and disappear (heal). (ii) Quantification of organismal area and
fracture hole area. The fracture hole (red) opens up for less than half an hour. The organismal area (blue) fluctuates due to the folding and unfolding of the
animal, but the maximum value remains the same over ~10 hours, indicating that the growth timescales via cell division are much longer.
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A Ventral fracture hole
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Extended Data Fig. 2 | Ventral and dorsal epithelial fractures in T. adhaerens. A, Ventral hole: All imaging channels corresponding to Fig. 2b (iv) are
shown separately (cell membrane: green, acidic granules in lipophil cells: red). The bright-field channel reveals that the dorsal layer is still intact. B, Dorsal
hole: (i) The brightfield channel corresponding to (ii) the dataset shown in Fig. 2d. (iii) All the imaging channels corresponding to third panel in (ii) are
shown separately (cell membrane: green, acidic granules in lipophil cells: red). The dorsal fractures are through holes inside the bulk tissue of the animals.
The ventral fracture event released broken fragments of ventral epithelial cells and lipophil cells (and their acidic granules), and since the dorsal epithelium
is sticky, these granule fragments got stuck on the dorsal surface. This is the reason we see acidic granules on the dorsal epithelium in (iii).
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Thread formation, thread fractures and ruptures
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Extended Data Fig. 3 | Thread formation, thread fractures and ruptures. A, The stretched tissue between two regions of an animal that are pulling apart
yield in a ductile fashion and form thread-like regions by undergoing local ‘thread fractures'. Here, the subtle difference is in the location of fractures;
ventral and dorsal epithelial fractures typically occur in the bulk, whereas these thread fractures occur on the edges. Functionally, these thread fractures
are cumulative over time, resulting in rapid reduction (~ few min) in the cross-sectional area and lead to extremely thin (few cell layers thick) threads,
which ‘rupture’ (~ few minutes) when pulled apart continuously. This mechanism plays an important part in the asexual reproduction process in these
animals (Fig. 1b). B, Zoom-in versions of (A), with additional brightfield channel overlay on the images. C, Zoom-in version of panel in (B (iv)) highlighting
breaking of the thread.
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A Ventral Fracture Hole initiation: Non-smooth edges
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lysofracker meémbrane,
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Extended Data Fig. 4 | Ventral and dorsal fracture hole initiation. A, Ventral fracture holes initiate as micro-fractures that coalesce to form larger holes,
which are brittle-like with jagged edges and broken cellular fragments (The different imaging channels are shown separately). B, Dorsal fracture holes
initiate as circular holes, which grow in size and remain smooth, indicative of a more ductile dorsal tissue (The different imaging channels are shown

separately to facilitate comparison).
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In-silico modeling of Ventral Epithelial Tissue

A Key experimental observations

i i P Yo A
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B In-silico tissue: sticky ball-spring model
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Extended Data Fig. 5 | Analysis of the metastable states. A, Key experimental observations: (i) Cells within the ventral layer are a bi-disperse mixture of
ventral epithelial cells and lipophil cells. The tissue is also not perfectly confluent with gaps at the ventral surface. (ii) Digital zoom of brightfield 1 um deep
from the ventral surface shows bi-dispersity of cell sizes and shapes (lipophil cell - false colour red, and ventral epithelial cells (VEC) - green). B, Schematic
cartoon illustration of model: chosen to simulate the experimentally observed bi-disperse mixture of ventral epithelial cells and lipophil cells shown in (A).
The in-silico tissue model is a sticky ball-spring model, where the balls represent cells and the springs represent adhesion bonds between the cells.
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A Model phenomena in metastable state
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Extended Data Fig. 6 | (A) Model phenomena in metastable state. (i) Close up of a quenched state of the sticky-ball model where packing fraction is
calculated with a simple Monte Carlo solver using blue colour regions between cells. (ii) Hexatic order - structural order measurement that reveals short
range correlations of hexatic orientation for this bi-disperse system. (iii) Residual forces represented spatially through force chains demonstrates rich
spatial heterogeneity at the metastable state. Thickness of force chains corresponds to magnitude with red representing force under tension and blue
force under compression. B, Phase diagrams in metastable state: We explore a 2D cross-section of the model's parameter space with three diagnostic
quantities: (i) 1 minus the packing fraction. (ii) Residual forces, and (iii) hexatic order. These phase spaces demonstrate how the metastable state
properties can be tuned across a wide range of parameter configurations of bidispersity in the epithelial alloy, assuming that the results are independent
of micro-configurations. We vary two parameters controlling tissue bidispersity: (i) % Larger cells, and (ii) Size ratio of large cells. In (i) we highlight three
important cases (A, B and C) that we will consider in detail in the figures below.
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A Phase diagram with uniform forcing, bidispersity case @ at fixed maturation time t
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Extended Data Fig. 7 | Phase diagrams with uniform forcing. Pulling the heuristic model out of equilibrium for given parameters reveals two distinct
behaviours: (i) a direct yielding through new edge formation and (ii) an intermediate yielding through reshuffling of the cell-cell junction network via higher
order STZs. A, First, we consider the parameter of the maximum junctional length before failure, at fixed maturation time, and bi-dispersity case A from
Extended Data Fig. 6B (12% larger cells, 1.7 size ratio). At small I,,.,, the model yields to new edge formation at smaller loading. However, at a crossover ~
loreak = 1.7, for low loading gradients, the dominant yielding occurs through coordinated neighbour exchanges similar to STZs. This crossover value can be
understood as the edge-forming energy exceeding the average STZ energy barrier (which is independent of |, .,.). The subsequent three panels in (A)ii-iv,
are each one channel of the RGB parameter space displayed on the left. From left, red is the number of STZ transformations (or CCC), green is the number
of edge forming transformations (or non-CCC), and blue is a helpful diagnostic, the packing fraction, for identifying holes within the tissue (light blue is
low packing). B, Considering model tissues at different maturation times (at fixed threshold breaking length, and bi-dispersity case A from Extended Data
Fig. 6B (12% larger cells, 1.7 size ratio) reveals a different crossover between a more ductile and a more brittle behaviour under distributed driving. At short
maturation times, the formation of a new cell-cell junction is nearly instantaneous, so in a regime of /..., = 1.95, the yielding is driven through STZ-like

(or CCC) transformations. However, when the maturation time reaches ~ 10x the dynamical timescale, the cell-cell junctions are too slow to reform and
the tissue yields through new-edge formation and holes. This rapid de-lamination can be seen through the split channels (B)ii-iv in the reduction of STZs,
the increase in new edges and the reduction of the packing fraction. C, To study the steady-state dependence of the model's Herschel-Buckley scaling
maturer WE COMplete a series of fits (ii) in the extension versus time curve. The asymptotic value of this fit represents the long-time behaviour of this
yielding rate. Plotting the strain rate at steady-state versus the applied stress reveals a Herschel-Buckley-like relationship with a finite yield stress and a 3
scaling behaviour. Over the range explored z,,..... has only limited impact on the flow behaviour of this tissue.

onr,
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Extended Data Fig. 8 | Phase diagrams at different bi-dispersity cases. A, Case B from Extended Data Fig. 6B (12% larger cells, 1.1 size ratio), (B) case C
from Extended Data Fig. 6B (6% larger cells, 2 size ratio). There are only subtle changes in the ductile-brittle transition at the different bi-dispersity cases.
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A Non-affine motion analysis
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Extended Data Fig. 9 | Non-affine motion analysis. Leveraging the knowledge of the microstate in numerics to develop techniques for learning about

the material properties of real tissue from experimental signatures. A, We employ a measure of non-affine motion called ngm. This measure subtracts
actual motion of particles from the local affine transformation inferred from its neighbours’ motion (ii). Large values of disagreement between actual
motion and the affine projection are signaled in red (i). B,(i) We display the strain rate field calculated from interpolation of the displacements into a grid.
Colour corresponds to orientation angle of the vector ranging from O to 2x. (B)(v) displays the pair correlation function showing rapid attenuation of the
characteristic spacing over distances greater than 0.4 simulation units. The red dotted line signals the neighbourhood size used to calculate the metric in
Fig. 3. Panels (B)(ii-iv) demonstrate the effect of the neighborhood size with with 50% variation on either side of that shown in the figure (B)(iii). Above is
50% smaller neighbourhood and below is 50% larger. The trade-off between sensitivity and spatial resolution is balanced by choosing the middle values
Biii). (B)(vi) shows the map between known simulation STZs and the measured D, B(vii) We find that this measure is a nice diagnostic for otherwise

unobservable motions with 80% of the observed large Dfm-n > 1073 corresponding to a known neighbourhood exchange via a STZ-like transformation.
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Extended Data Fig. 10 | Experimental time lapse images of tensile fractures. Here, we display more information on the same dataset as in Fig. 4(a).

A, Time-lapse images showing the evolution of tensile-induced ventral fractures and their healing over a period of ~ 25 mins. B, PIV-derived velocity
magnitude contours (with mean speed subtraction) of data in panel (A) at t = 12s. The fracture hole opens up in a dead velocity zone in the middle of the
tissue being pulled from above and below - indicating a tensile force- induced fracture (blue color indicates zero velocity zones). C, Time-series plot of the
fracture hole area in (A). The tension-induced fracture is an extremely fast process, with the hole reaching its maximum area in about 2 mins. The healing
process is completed at about 12 mins. The green markers indicate timepoints corresponding to the snapshots displayed above.
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