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SUMMARY
During morphogenesis, embryonic tissues display fluid-like behavior with fluctuating strain rates. Digital cell
lineages reconstructed from 4D images of developing zebrafish embryos are used to infer representative tis-
sue deformation patterns and their association with developmental events. Finite deformation analysis along
cell trajectories and unsupervised machine learning are applied to obtain reduced-order models condensing
the collective cell motions, delineating tissue domains with distinct 4D biomechanical behavior. This
reduced-order kinematic description is reproducible across specimens and matches fate maps of the zebra-
fish brain in wild-type and nodal pathway mutants (zoeptz57/tz57), shedding light into the morphogenetic de-
fects causing these mutants’ cyclopia. Furthermore, the inferred kinematic maps also match expression
maps of the gene transcription factor goosecoid (gsc). In summary, this work introduces an objective analyt-
ical framework to systematically unravel the complex spatiotemporal patterns of embryonic tissue deforma-
tions and couple them with cell fate and gene expression maps.
INTRODUCTION

Embryonic morphogenesis depends on the mechanical proper-

ties of the cells making up tissues, in conjunction with the gener-

ation and transduction of forces controlling their interactions.1,2

Mechanical stimuli affect all levels of biological organization,

including gene expression and the signaling activities that under-

lie cell proliferation and cell death.3,4 The robustness of embry-

onic development relies on coordinating these processes in

space and time.5–8 Time-lapse microscopy has made it possible

to trace cell lineages in live developing embryos,9–16 paving the

way to quantifying tissue kinematics during morphogenesis.17,18

Previous studies in two dimensions have shown that specific

mutations affect tissue kinematics.18–20 Furthermore, mathe-

matical models of tissue biomechanics representing collective

cell interactions can quantify the mechanical forces involved in

morphogenesis in two21–25 and three dimensions.26 However,

extracting the representative 4D (three-dimensional and time-
iScience 28, 111753, M
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resolved - 3D + time) features of tissue kinematics and linking

these features to gene expression and cell fate27–29 is

challenging.30,31

Because its embryos develop rapidly and are transparent,

zebrafish is the vertebrate model of choice to investigate the

spatiotemporal tissue kinematics during gastrulation.32–34

Starting from the velocity fields obtained from digital cell line-

ages,35,36 we quantify tissue deformation, including compres-

sion or expansion, distortion, and rotation. Incremental defor-

mations at the lengthscale of a cell fluctuate both in space

and time and vary among specimens. However, these fluctua-

tions are cumulatively balanced along cell trajectories leading

to reproducible time courses of overall deformation along

gastrulation. We exploit this finding and combine unsupervised

machine learning with 4D cell tracking to cluster cell popula-

tions according to the similarity of the deformation time courses

along their trajectories.37,38 This analysis yields a surprisingly

low number of clusters that show spatial coherence, match
arch 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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morphological landmarks and gene expression patterns, and

facilitate the interpretation of collective cell motions and tissue

deformations. Differences observed between wild-type and

mutant embryos (zoeptz57/tz57, deficient for the transduction of

the Nodal pathway39) showed that in mutants, altered defor-

mation patterns are associated with the cyclopic phenotype.

Overall, we introduce a conceptual and analytical framework

to unravel the complex spatiotemporal patterns of embryonic

tissue deformations and relate them to cell fate and gene

expression maps.
RESULTS

Eulerian tissue deformation provides landmarks of
morphogenetic transitions in zebrafish early
embryogenesis
We quantified mechanical strains at the tissue scale based on

regularized cell lineage trees reconstructed from 4D imaging

data of zebrafish embryos developing from 6 hours post fertiliza-

tion (hfp) to 14 hpf36 at 26�C (Figures 1A–1C). Using these data,

we computed tissue kinematics descriptors based on invariants

of the instantaneous deformation gradient (IDG) tensor in the Eu-

lerian reference frame, and of the finite-time deformation

gradient (FTDG) tensor in the Lagrangian reference frame of

each cell (Figure 1D). We then constructed maps of these de-

scriptors along and across the developing embryo’s cell trajec-

tories (Figure 1E) and analyzed these maps to extract the most

representative patterns of tissue kinematics (Figure 1F). Finally,

we performed a clustering analysis to determine the cells within
Figure 1. Construction of the biomechanical map from the re-

constructed cell lineage

(A–C) WT specimen wt1 imaged live between 6 and 12 hpf, animal pole (AP)

view, rendered in 3D using the Mov-IT software. Scale bar 50 mm.

(A) Nuclear staining (green) shown at 8, 10 and 12 hpf as indicated in each

panel. The insets depict the imaged volume and field of view.

(B) Cell velocity magnitudes obtained from the cells’ regularized displacement

field (see STAR Methods, Figure S2) and represented in mm=sec as indicated

by color bar.

(C) Original cell trajectories (left panel) vs. regularized ones (right panel). Cell

nuclei are shown as cubes and 5-time-step segments of their trajectories are

shown by lines.

(D) Schematics of simple cell flows, associated tissue deformation patterns,

and corresponding IDG descriptors: expansion (P> 0), compression (P< 0),

shear (Qd ), and rotation (D>0).

(E) Schematic illustration depicting the computation of tissue kinematics de-

scriptors along cell trajectories. Tissue deformation invariants are computed at

each point along the cell trajectories from the instantaneous (Eulerian) or finite

time (Lagrangian) deformation gradients (e.g., P and DVtini , respectively, where

red indicates compression and blue indicates expansion blue). The resulting

time-dependent profiles are plotted for a selection of cells between 8 (tini ) and

14 hpf, leading to an atlas of tissue kinematics maps along cell trajectories.

(F) Overview of the two-step clustering approach used to identify embryonic

domains undergoing distinct tissue kinematics. First, we cluster each map

within the atlas to identify representative tissue kinematics profiles (RTKPs,

dark gray, brown, light gray). Second, the RTKPs are used to classify cells

within the embryo, revealing connected embryonic domains that experience

distinct spatiotemporal evolution of tissue kinematics (red, magenta, green

and yellow).



Figure 2. Biomechanical landmarks of gas-

trulationin wt and zoeptz57/tz57

Comparison between a wild-type embryo wt1

(columns 1 and 3) and a zoeptz57/tz57 mutant em-

bryo oep1 (columns 2 and 4). Time point (7, 8, 9,

10, 11 and 12 hpf) indicated to right. Descriptor

indicated top left of each pair (wt1 and oep1) of

panels. Velocity field (vTR) colormap from dark

(zero) to white (2 mm=sec). P colormap goes from

compression (red) to neutral (gray) to expansion

(blue). Qd colormap from dark (no distortion)

to bright (maximum distortion). P Rotation dis-

criminant D colormap from blue (no rotation) to

green-yellow (maximum rotation observed). Scale

bar 50 mm.

For a Figure360 author presentation of Figure 2,

see https://doi.org/10.1016/j.isci.2025.111753#

mmc29.
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the embryo that most closely followed each representative

pattern of tissue kinematics.

This methodology was applied to six wild-type embryos (wt1-

wt5, wt6) (Videos S1 and S2), one of them carrying a GFP re-

porter to monitor the expression of goosecoid (gsc) transcription

factor, and five zoeptz57/z57mutants (oep1-oep5, Video S3) with a

deficiency in the transduction of nodal signals that leads to cy-

clopia (Table S1). Embryos were imaged from the animal pole

throughout gastrulation (Figures 1A and S1) to observe the

development of their anterior region that includes part of the

forebrain and midbrain (temporal resolution 2.5 min/frame; voxel

size: 1.4 mm3 (Video S1, Table S1)).

The tissue mechanical strains were calculated from a regular-

ized velocity field (vTR; Figures 1B and 2 first column), obtained

by convolving the measured cell displacements with a 4D
Gaussian kernel filter (timescale T =

10 min, lengthscale R = 20 mm). The fil-

ter’s lengthscale covered one or two

rows of neighboring cells depending on

the developmental stage since cell size

diminished throughout gastrulation (sup-

plementary information). Cell tracking er-

rors were corrected automatically to

ensure the continuity of cell trajectories

(Figure 1C). The Eulerian descriptors of

tissue kinematics were determined from

tissue strains by computing the incre-

mental deformation gradient (IDG) tensor

field40,41 (Figure 1D) and, more specif-

ically, its first invariant P, the second

invariant of its deviatoric part,3 Qd, and

its rotation discriminant, D. These invari-

ants indicate compression or expansion,

shear distortion, and circular motion

caused by cell motion, cell shape

changes,andcell intercalation (Figure1D;

Tables S2 and S4). These descriptors

were rendered as 4D spatiotemporal
maps using the visualization interface Mov-IT36 to display the

patterns ofmechanical activity in the zebrafish anterior regionbe-

tween 6 and 14 hpf at 26�C (Videos S4, S5, S6, S7, S8, and S9).

Eulerian descriptor maps reveal morphogenetic transitions

involving sharp changes in tissue kinematics. In wild-type em-

bryos (Figure 2; Figures S3 and S5, Videos S4, S5, S6, S7, S8,

S9, S11, S12, S13, S14, and S15). Epibolic planar expansion of

the blastoderm over the yolk was dominant at the onset of gastru-

lation (6 hpf), with cells diverging from the animal pole. The

zoeptz57/tz57 mutant (Figure 2; Figure S4, Videos S10, S16, S17)

showeda similar behavior at that early stage, but differences in tis-

sue kinematics emerged as gastrulation proceeded (7–8 hpf).

Wild-type embryos experienced rapid tissue motion, a dorsoven-

tral expansion-compression front, and distortion of the hypoblast,

a disruption pattern absent in the zoeptz57/tz57mutant. This pattern
iScience 28, 111753, March 21, 2025 3
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Figure 3. Cumulative descriptors of wt

development

Comparison between Eulerian and Lagrangian

descriptors for wild-type embryo wt1 at four time

points during gastrulation (9, 10, 11 and 12 hpf, as

shown at the top right corner of each panel group).

The deformation descriptors shown are P,

DV ;Qd ;Dg1, and Da from left to right and from top

to bottom, as indicated in the top left panel group.

Lagrangian (DV, Dg1 and Da) and Eulerian (P, Qd ,

D) descriptors are juxtaposed in the left and right

columns of each panel group, respectively.

Lagrangian descriptors use the following color

schemes: DV colormap from compression (red) to

neutral (gray) to expansion (blue); Dg1 colormap

from dark (no distortion) to bright (maximum

distortion); Da colormap from blue (no rotation) to

green-yellow (maximum rotation). Eulerian de-

scriptors use the following color schemes: P col-

ormap from compression (red) to neutral (gray) to

expansion (blue); Qd from dark (no distortion) to

bright (maximum distortion); D colormap goes

from blue (no rotation) to green-yellow (maximum

rotation). Scale bar 50 mm.
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persists and strains intensify until mid-gastrulation (8–9 hpf). It

goes with strong tissue shear along the embryonic midline due

to the relative motions of the hypoblast (internal) and epiblast

(external) cell layers. The dorsoventral expansion-compression

front eventually developed in the zoeptz57/z57 mutant (9–11 hpf)

but, consistent with this mutant’s defect in hypoblast formation,

shear between the internal and external cell layers is not observed.

Concomitant with this defect, the coordinated bilateral rotational

motions that form on both sides of the midline (9–12 hpf) in wild-

type embryos were weaker in zoeptz57/z57 mutants and failed to

progress anteriorly. Consequently, tissue convergence toward

the midline and antero-posterior axis elongation, reflected by a

progressive increase in compression and shear along the midline

in wild-type embryos, were impaired and relegated to the poste-

rior region in the zoeptz57/z57 mutant. Of note, the absence of co-

ordinated bilateral rotation patterns in the anterior region of the
4 iScience 28, 111753, March 21, 2025
mutant embryo, known to develop cyclo-

pia, suggests that this tissue deformation

is essential to split the eye field and form

bilateral eyes. At the end of gastrulation

and onset of neurulation (from 12 hpf),

the Eulerian descriptors did not show

any coherent large-scale tissue motion.

Lagrangian tissue deformation
along cell trajectories robustly
captures 4D tissue mechanics
during zebrafish early
embryogenesis
The Eulerian descriptors of tissue kine-

matics exhibited fluctuations in space

and time, as well as variation between

different specimens (see, e.g., Videos

S4, S5, S6, S7, S8, and S9). This variability
contrasts with the persistence of the fate map patterns, suggest-

ing that spatiotemporal fluctuations are compensated so that the

cumulative deformations along cell trajectories are stable. Conse-

quently,wedeterminedLagrangiandescriptors of tissue deforma-

tion following each cell’s trajectory during development. These

descriptors are invariants of the FTDG, which, in contrast to its

instantaneous counterpart, measures cumulative deformation

from a reference instant of time tini. Specifically, we determined

Lagrangian volume change, rotation angle, and tissue distortions

(DV, Da, and Dɣ1 and Dɣ2 respectively, see Tables S3 and S4).

Figure 3 displays Lagrangian descriptors of tissue kinematics

for a wild-type embryo using tini between 7 and 8 hpf (time win-

dow that depends on slight development temperature difference

between the specimens) as reference state (see also Figure S6;

Video S19 and S20). In the same figure, analogous Eulerian de-

scriptors are displayed side by side for comparison (e.g.,



Figure 4. Quantitative comparison of Lagrangian Kinematic Profiles (LKPs) in a cohort of zebrafish embryos

(A andB) Comparison of the LKPs’mean (line) and variance (shaded area), calculated for selected cell populations (selection at the tail bud stage, Figure S8, Video

S22), hypoblast (red) and epiblast (blue) in embryos wt1-wt5 (rows 1 through 5, respectively).

(A) Instantaneous LKPs. Time in hpf. The vertical dashed black line indicates the onset of epiblast compression chosen as the initial time (tini ).

(B) LKPs cumulated from (tini ) for the next 6 h, mean (line) and variance (shaded area). The five plots are aligned in time using tini as reference. Hypoblast was not

analyzed in embryo wt2 as it was not detected at tini because of that embryo’s position in the field of view.
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Lagrangian DV and Eulerian P are compared since both descrip-

tors quantify compression/expansion). These data are repre-

sented during the interval 9–12 hpf, corresponding to mid-late

gastrulation. Overall, the Lagrangian descriptors exhibited pat-

terns that were more coherent in space and persistent in time

than the Eulerian descriptors (Figure 3; Figure S7). These

Lagrangian metrics revealed territories at the whole embryo

scale that experienced distinct, reproducible cumulative defor-

mations while their instantaneous deformations had a compara-

tively large variability. These cumulative deformations should

provide useful quantitative information about the mechanical

stimuli experienced by cells during development.

Inter-specimen variability of tissue deformation
patterns
To investigate thesimilarityof instantaneousandcumulative tissue

deformation between wild-type zebrafish embryos, we calculated

the mean Eulerian and Lagrangian deformation metrics for manu-
ally segmented epiblast and hypoblast cell populations in five

specimens42 (tail bud selection, Figure S8; Videos S21 and S22).

The time progression of Eulerian mean deformations in both tis-

sues (Figure 4A) shows inter-specimen variability and temporal

fluctuations along gastrulation. The onset of epiblast compression

correspondingwithP=0 (dashed lines between 7 and 8 hpf in Fig-

ure 4A) was taken as a landmark to temporally align the different

datasets and as a reference state to calculate the Lagrangian cu-

mulativedeformationmetrics (Figure4B).ConsistentwithFigure3,

the temporal profiles of cumulative tissue deformations of the hy-

poblast and epiblast behaved smoothly. More importantly, the

epiblast and hypoblast showed distinct profiles of mean cumula-

tive deformations that were similar in all specimens.

Unsupervised classification of cumulative tissue
deformation in wild-type and mutant embryos
Given our data suggesting that the hypoblast and epiblast

experienced distinct, reproducible cumulative deformation
iScience 28, 111753, March 21, 2025 5



Figure 5. Unsupervised clustering and reduced-order models of cumulative deformation in normal and oep mutant embryos: Canonical

Lagrangian Kinematic Profiles and Biomechanical Maps

(A) Mean (subindex m) time course of cumulative deformation metrics (e.g., DV ) for each of the three clusters (number of clusters identified as optimal, see

Figures S10 and S12) define the canonical Lagrangian kinematic profiles (CLKPs) in the wild type embryo (top row) and the mutant (bottom row). Lines are color-

coded to differentiate the three CLKPs. For DV , values higher and lower than 1 indicate expansion and compression, respectively. For Dg1 and Dg2, the values

range from no distortion (0) to maximum distortion (3). For Da, the value represents rotation angles in degrees.

(B) Reduced-order biomechanical maps obtained for wt1 and oep1 embryos. Cells at tini = 8 hpf were selected in Mov-IT and clustered according to their

Lagrangian biomechanical signature (9-component vector expressing the similarity of each trajectory’s Lagrangian deformation metrics to the CLKPs, see

Figure S13). Four and three distinct domains (clusters) were obtained for thewt1 and ope1 embryos, respectively, and color-labeled at tini = 8 hpf. This color code

was propagated along the cell lineages belonging to each domain (time point indicated at the top right corner of the top row panels, expressed in hpf). At 8 and 12

hpf, unlabeled nuclei in blue. At 10 and 13 hpf, the labeled nuclear centers are displayed together with the membrane raw data (3D rendering in blue). The upper

sections were removed down to 65 mm below the embryo surface to facilitate visualization. Scale bar 50 mm. First row: wt1 embryo (Videos S23, S24, and S25).

Second row: oep1 embryo (Video S26).
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profiles, we investigated whether unsupervised classification

of these profiles would identify spatially homogeneous re-

gions. Thus, we applied k-means clustering to the temporal

profiles of Lagrangian deformation metrics along each cell tra-

jectory enclosed in the field of view from 8 to 14 hpf (shield-

stage selection, Figure S9). The selected cell population is

located at the animal pole of the early gastrula and is ex-

pected to encompass the presumptive forebrain and the pre-

chordal plate.29 Similarities amongst deformation profiles

were estimated using a cosine distance that balanced the dif-

ferences in range and temporal evolution. Figure 5A displays

three clusters’ k-mean profiles for each Lagrangian deforma-

tion descriptor. These clusters represent different levels,

rates, and phases of cumulative compression (DV), angular

distortion (Dɣ1 and Dɣ2), and rotation (Da). Three clusters suf-
6 iScience 28, 111753, March 21, 2025
ficed to characterize the diversity of cumulative deformation

profiles within the selected cell population, as the k-mean pro-

files obtained by increasing the number of clusters did not add

significant information (Figure S10). These three clusters were

reproducible across different specimens (Figure S11). Of note,

the hypoblast’s cumulative deformation descriptors were

captured by one single k-mean profile (Figure S12A), while

the other two k-mean profiles corresponded to the epiblast

(Figure S12B). These results suggest that unsupervised ma-

chine learning can condense the complex spectrum of tissue

deformations experienced by cells during early development

into a reduced number of distinct, reproducible, and interpret-

able temporal profiles of cumulative deformation. Hereafter,

we denote these profiles as canonical Lagrangian kinematic

profiles (CLKPs).
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Morphogenetic defects such as those leading to cyclopia

caused major biomechanical perturbations at an early develop-

mental stage. CLKPs in zoeptz57/tz57 mutants differed from

wild-type. In zoeptz57/tz57 mutants, unsupervised clustering pro-

duced three CLKPs (Figure 5A) that had an initial phase of expan-

sion instead of sustained compression, reduced angular distor-

tion, and reduced rotation compared to wild-type.

Reduced-order models of tissue deformation in wild-
type and zoeptz57/tz57 mutant embryos
We leveraged the CLKPs to develop reduced-order models of

tissue deformation and tested whether these models map

spatiotemporally coherent domains in the developing embryo.

Every cell trajectory was labeled with a 9-element vector of zeros

and ones categorizing the similarity between the Lagrangian

deformation descriptors (DV, Dɣ1, Da) and the three CLKPs

associated with each descriptor. For instance, a cell trajectory

whose DV was closest to the third DV-CLKP, the third Dɣ1-
CLKP, and the second Da�CLKP would be labeled by z =

(0,0,1,0,0,1,0,1,0) (Figure S13). We denoted this vector z as the

cell’s biomechanical ‘‘signature’’. We then performed hierarchi-

cal clustering to identify four groups of cells with similar biome-

chanical signatures and tracked the clusters’ spatial organiza-

tion during development (Figures 5B and S14; Videos S23 and

S24). We then performed hierarchical clustering to identify four

groups of cells with similar biomechanical signatures and

tracked the clusters’ spatial organization during development

(Figures 5B and S14; Videos S23 and S24). The resulting cell

populations formed spatially connected, bilaterally symmetrical

domains that remained coherent throughout the imaging

period. These biomechanical domains can be compared with

the state-of-the-art brain fate map29–31 to establish correlations

between the history of mechanical cues experienced by cells

and their fate.

We used the interactive visualization software Mov-IT to

compare the biomechanical domains identified by unsupervised

machine learning (Figure 5B) and the morphological compart-

ments identified by fluorescent staining of the cell membrane.

The fields of the prechordal plate and the ventral forebrain at the

midline (presumptive hypothalamus) were included in the green

domain (Figure 5B), indicating that these two fields experienced

similar sequences of mechanical events, which in turn highlights

the role of the prechordal plate in the formation of the brain and

the separation of the eye field to form bilateral eyes. In particular,

they underwent an early increase in distortion and rotation fol-

lowed by a rigid anterior displacement over the yolk. The three

other biomechanical domains (marked with yellow, pink, and red

in Figure 5B) matched the eye field and, likely, part of the ventral

brain. The eye field appeared to contain three domains with

different mechanical histories: (1) a most ventral domain (yellow)

that underwent the steepest temporal increase in rotation by

the end of gastrulation, (2) a ventral medial domain (pink) that un-

derwent late distortion and low-to-intermediate compression,

and (3) a ventral lateral domain (red) subjected to the highest in-

crease in compression during gastrulation and early neurulation

(Figures S15–S17, Videos S23, S24, and S25).

A similar approach was applied to the zoeptz57/tz57 mutants,

which are defective in the transduction of Nodal signals and
lack endoderm and the endomesodermal cells that constitute

the prechordal plate43 (Video S26). In these mutants, hierarchical

clustering of cell trajectories based on their CLKPs produced

three biomechanical domains instead of the four domains

found in wild-type embryos (Figure 5B). The missing domain

in zoeptz57/tz57 embryos was the midline green domain character-

ized by high shear activity. The conserved domains in zoeptz57/tz57

embryos were distributed spatially as in wild-type embryos at the

initial time point of the analysis (8 hpf). However, their conver-

gence toward the midline, subsequent antero-posterior exten-

sion along the body axis, and eventual bilateral rotation were

significantly delayed. These data suggest that the midline acts

as an attractor-repeller structure in wild-type embryos while it

only retains its attractor activity in zoeptz57/tz57 mutants. This ab-

normality leads to the absence of counter-rotating vortices

(Videos S9 and S10) and to the absence of separation of the

red biomechanical domain at themidline (Figure 5B, red domain),

which are consistentwith a unique eye field that leads to cyclopia.

Altogether, we propose that unsupervised machine learning can

produce morphological maps with a few domains that follow

distinct sequences of mechanical cues. These maps contribute

to better understand large-scale collective cell movements

involved in the organization of morphogenetic fields and how

these processes are affected by genetic and environmental

perturbations.

Correlation between reduced-order models of tissue
deformation and gene expression
We hypothesized that the ‘‘green’’ biomechanical domain

matched the prechordal plate. To test this hypothesis, and to

demonstrate that biomechanical domains are associated with

cell fate, we imaged Tg(gsc:EGFP) transgenic embryos with flu-

orescently labeled prechordal plate.44 Images were processed

to construct a reduced-order model for the spatiotemporal dy-

namics of the goosecoid gene reporter expression (Figure 6,

Video S27). Three canonical gene expression profiles were iden-

tified according to the range and temporal dynamics of fluores-

cence (green, medium in cyan, and low in blue, Figures 6A and

S18). The level of expression of the fluorescent reporter along

cell trajectories was calibrated (STAR Methods, Figures 6B and

6C). Based on these canonical profiles, we built a reduced-

order model with three time-evolving genetic domains (Fig-

ure 6D). Then, we performed the unsupervised analysis of

Lagrangian deformation descriptors as in the previous sections

to obtain a reduced-order biomechanical model in the same

embryo. This analysis yielded four biomechanical domains

(Figures 6E; Video S27) that behaved as expected for a wild-

type embryo (Figures 5B and S14, Video S23). Comparing the

genetic and biomechanical domains in the transgenic embryos

revealed that the high gsc reporter expression domain (Fig-

ure 6D, green) overlaps with the high shear biomechanical

domain (Figure 6E, green), meaning that gsc expression in the

prechordal plate is associated with a distinct morpho-mechani-

cal activity.

Conclusion
The 4D kinematic analysis of digitally reconstructed cell line-

age trees, based on 3D + time imaging of developing
iScience 28, 111753, March 21, 2025 7



Figure 6. Reduced-order models of tissue

deformation and gsc reporter expression

yield corresponding maps (A – E) wt6 em-

bryo from the transgenic line Tg(gsc:EGFP)

(STAR Methods) imaged from 8 to 13 hpf

(A) Quantification of gsc reporter expression at the

single cell level (STAR Methods, Table S1) and

k-means clustering of cell populations according

to the reporter expression level (k = 3 green

-gscm1-, light blue -gscm2- and magenta -gscm3-

for the mean expression level in each cluster).

(B) Average time course of nuclear staining in-

tensity along cell trajectories for each cluster:

nucm1, nucm2 and nucm3.

(C) Average value of the gsc reporter expression

along each cluster’s cell trajectories, normalized

by nuclear staining intensity (gscNm1, gscNm2 and

gscNm3).

(D) Reduced-order maps of gsc reporter expres-

sion showing three domains and their spatiotem-

poral organization (green -gscm1-, light blue

-gscm2- andmagenta -gscm3, time points 8 and 10

hpf indicated top right of each panel). Cells at 8 hpf

are color-labeled according to the cluster they

belong to and the color is propagated along the

cell lineage.

(E) Reduced-order biomechanical map showing

four domains and their spatiotemporal organiza-

tion similar to wt1 in Figure 5 (time points 8

and 10 hpf indicated top right of each panel,

tini = 8 hpf). Scale bar 50 mm.

iScience
Article

ll
OPEN ACCESS
organisms, is an advanced approach to study cell and tissue

dynamics in morphogenesis.45 The quantitative features of our

datasets enable the construction of mechanistic models.

However, the extraction of meaningful information from this

massive amount of data challenges existing methods. State-

of-the-art computational workflows have been designed to

process time-lapse imaging datasets and achieve cell tracking

in space and time. However, these approaches have their lim-

itations and do not produce error-free lineage trees,35,36 espe-

cially in the case of vertebrate organisms with high cell density

and thick tissues. The typical 2% of false links per time step

requires manual corrections to retrieve cells’ complete history.

We show that this somewhat noisy data can be used for kine-

matics by conceptualizing tissue deformation as a flow,46

which is valid for tissues that display either fluid-like47 or

solid-like48–50 behavior.

We computed tissue deformation descriptors from digital cell

lineages and appliedmachine learning to build the biomechanical

signature of every cell along its trajectory. The Eulerian descrip-

tion, based on incremental deformation metrics expressed on a

coordinate system fixed in the imaging field of view, marks the

transitions that happen during zebrafish gastrulation and pro-

vides a functional developmental table. Eulerian deformation

metrics give rise to coherent patterns at the scale of morph-
8 iScience 28, 111753, March 21, 2025
ogenetic fields. Besides, the Lagrangian

description, based on finite deformation

metrics measured over segments of

each cell’s trajectory, are less sensitive
to noise and inter-specimen variability. Lagrangian metrics

robustly capture the 4Dspatiotemporal tissuemotions that shape

the embryo. Embryonic tissues undergo distinct time courses of

cumulative deformation (CLKPs) that can be identified reproduc-

ibly by unsupervised machine learning. For the investigated tem-

poral window encompassing gastrulation, we found that a few

(i.e.,�3) CLKPs are sufficient to characterize the diversity of tem-

poral deformation experienced by the embryonic tissues.

We showed that CLKPs can be used as a basis to build

reduced-order models of tissue deformation that demarcate

the boundaries between embryonic domains with distinct 4D

biomechanics. Furthermore, these ‘‘biomechanical domains’’

match spatiotemporal gene expression patterns. Specifically,

we applied our unsupervised analysis to wild-type embryos

and nodal pathway mutants (zoeptz57/tz57) that develop cyclopia

to illustrate how the prechordal plate migration goes with tissue

deformation that impacts the bilateral symmetry, eye and fore-

brain formation. We identified that the prechordal plate, marked

by the expression of the transcription factor goosecoid has a

specific biomechanical signature. While these data are not suffi-

cient to infer causality between biomechanical cues, gene

expression and cell fate, our analysis pipeline can be applied

to large 3D + time image datasets from different species to

demonstrate their correlation.



Table 1. List of imaged embryos and imaging conditions

Embryo ID Voxel Voxel Size (mm3) Timestep Duration (hpf) Tº (ºC) Tº control

wt1 071226a 512 3 512 3 120 1.37 203300 5.5–15 26 21� room

wt2 140523aF 512 3 512 3 177 1.26 202800 5–13.8 26 Okolab

wt3 141106aF 512 3 512 3 148 1.38 202400 6–18 26 Okolab

wt4 141108aF 512 3 512 3 174 1.38 202600 6.5–20 28.6 Okolab

wt5 141108a 512 3 512 3 172 1.37 202500 6.5–20 24.7 Okolab

wt6 091021aF 512 3 512 3 238 1.51 300100 2.75–22.5 26 22� room

oep1 081018a 512 3 512 3 171 1.31 203100 4–22.2 26 22� room

oep2 081025a 512 3 512 3 179 1.31 203800 3.25–21.1 26 22� room

oep3 120914aF 512 3 512 3 114 1.51 203100 5.9-22-9 26 22� room

oep4 170315aF 512 3 512 3 167 1.51 104000 6–16.5 26 Okolab

oep5 170321aF 512 3 512 3 177 1.38 201300 5–18.3 26 Okolab
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Together with a constitutive equation capturing the relation-

ship between spatially and temporally heterogeneous

stresses/strains within embryonic tissues, the approach intro-

duced in this study could help uncover the role of mechanical

forces in morphogenesis. In recent years, the measurement

of embryonic tissue properties and mechanical forces has

experienced significant advances.51,52 However, the compre-

hensive quantification of stress and strain along all the cell tra-

jectories in the whole organism remains challenging. Although

the forces driving zebrafish gastrulation remain to be fully

determined, our study shows that displacement of the hypo-

blast relative to the epiblast at the dorsal midline generates

bilateral jet-vortices that shape the anterior brain and ensures

the formation of bilateral eyes.

In summary, we show that 4D measurements of tissue defor-

mation along cells’ trajectory throughout gastrulation can be ex-

ploited by unsupervised machine learning to delineate morpho-

logical domains subjected to distinct biomechanical cues. We

show that these biomechanical domains correlate with gene

expression patterns. We introduce a conceptual and analysis

framework, well suited for large-scale collective cell displace-

ments, to identify, classify, and interpret 4D patterns of collective

cell movement during development and their relationship with

cell fate.
Limitations of the study
Ourmethodology is based on velocity fields derived from cell tra-

jectories and the measurement of tissue deformation. The avail-

able data gives access to strain but does not document the

forces that generate the strains.

The number of imaged specimens (five wild-type, five

oep mutants, and one wild-type with gsc reporter expression)

allowed us to design and validate the methodology. A

larger number of specimens would be necessary to extract

statistically powered biological results, quantitatively assess

the variability for the zebrafish strain and construct prototypic

specimens.

The spatiotemporal regularization of the cell velocity field,

necessary to ensure differentiability for computing strains and

strain rates smooths out the gradients and likely causes to un-

derestimate the metrics. As described above, we tested several
filter widths to find an optimal value (R = 20 mm) that minimally

dampened the displacement gradients (Figure S2). Finally, it

should be noted that the machine learning classification per-

formed in this study was relatively unsophisticated. Rather

than being a limitation, it implies that the biomechanical domains

are robust and do not depend on the chosen classification

models.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact David Pastor-Escuredo

(david@lifedlab.org).

Materials availability

d Embryo 4D datasets were generated for this study with a total of six

wild-type embryos and five mutant embryos. Datasets can be down-

loaded from the BioEmergences database upon request and have

been deposited in Mendeley. DOIs are listed in the key resources

table.

d Digital lineages were generated for this study with a total of six

wild-type embryos and five mutant embryos. Lineages can be

downloaded through the BioEmergences software tool Mov-It and have

been deposited in Mendeley. DOIs are listed in the key resources table.

d Kinematic descriptors and Biomechanical maps were generated for this

study. They can be readily computed using the code over the cell line-

age.

Data and code availability

d Movies, raw images, and cell lineage data are available on the

BioEmergences website: http://bioemergences.eu/kinematics/login: ki-

nematics password: AGBYeL4y

d Raw data and cell lineage data has been deposited at Mendeley Data

with one DOI per dataset including raw imaging data and cell tracking

as Mendeley Data: https://doi.org/10.17632/vnpczd3hjk.1 and so on

and are publicly available as of the date of publication. The DOI of

each dataset is listed in the key resources table. The datasets can

be searched and found as this ‘‘BioEmergences-wt1’’ at Mendeley

Data, etc.

d All original code has been deposited at Github https://github.com/

dpastoresc/EmbryoKinematicsFramework and is publicly available at

https://doi.org/10.5281/zenodo.14698253 as of the date of publication.

DOIs are listed in the key resources table. The release of the code

has been made under version v1.0.0 "EmbryoKinematicsFramework iS-

cience January 2025" at the corresponding Github repository.
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mitri Fabrèges for their collaboration and support. This work was supported

in part by Ministerio de Ciencia e Innovación, Agencia Estatal de Investigación

(Spain), under grants PDC2022-133865-I00 and PID2022-141493OB-I00, co-

financed by European Regional Development Fund (ERDF), ‘A way of making

Europe’, by MAGERIT-CM grant (TEC-2024/COM-44) funded by Comunidad

de Madrid for M.J.L.C and ASL, by grants Project# 1R01HD092216-01A1,

NSF CBET – 1055697, NIH R01 GM084227, NIH 1R01HL170607-01A1, NIH

NIAID R01AI167943, NIH R01HD106628 for J.-C.A. and by grants EU NEST-

2004-Path-IMP - 28892, ZF-Health EU project HEALTH-F4-2010-242048,

ANR BioSys Morphoscale, France BioImaging infrastructure ANR-10-INBS-

04, ANR-11-EQPX-029 and InterDIM 2011 Région Paris Ile-de-France to

N.P. and P.B. D.P-E. would like to acknowledge the Social Council of Univer-
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60. Castro-González, C., Luengo-Oroz, M.A., Duloquin, L., Savy, T.,

Rizzi, B., Desnoulez, S., Doursat, R., Kergosien, Y.L., Ledesma-Car-

bayo, M.J., Bourgine, P., et al. (2014). A digital framework to build,

visualize and analyze a gene expression atlas with cellular resolution

in zebrafish early embryogenesis. PLoS Comput. Biol. 10,

e1003670.

http://refhub.elsevier.com/S2589-0042(25)00012-4/sref58
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref58
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref58
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref58
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref59
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref59
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref60
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref60
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref60
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref60
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref60
http://refhub.elsevier.com/S2589-0042(25)00012-4/sref60


iScience
Article

ll
OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Digital embryo zebrafish wild-type wt1 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

vnpczd3hjk.1

Digital embryo zebrafish wild-type wt2 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

dtt28wk335.1

Digital embryo zebrafish wild-type wt3 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

vcgbmpr366.1

Digital embryo zebrafish wild-type wt4 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

p9hwtxtnfy.1

Digital embryo zebrafish wild-type wt5 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

dw7jxg972b.1

Digital embryo zebrafish wild-type + gsc

wt6

CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

58rz299z74.1

Digital embryo zebrafish oep mutant oep1 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

kgpvj9cjx7.1

Digital embryo zebrafish oep mutant oep2 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

scrz9jk7m6.1

Digital embryo zebrafish oep mutant oep3 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

h86nxkk6kt.1

Digital embryo zebrafish oep mutant oep4 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

3xd7kph25v.1

Digital embryo zebrafish oep mutant oep5 CNRS-BioEmergences, this paper,

Mendeley Data

Mendeley Data: https://doi.org/10.17632/

7g9vgm5jg7.1

Software and algorithms

EmbryoKinematicsFramework This paper https://doi.org/10.5281/zenodo.14698253
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type or oeptz57/tz57 mutant Danio rerio (zebrafish) embryos (Table 1) were stained by RNA injection at the one-cell stage with

100pg H2B-mCherry and 100pg eGFP-HRAS mRNA (Figure S1) prepared from PCS2+ constructs.53,54 Tg(-4gsc:EGP) embryos

were counterstained with H2B-mCherry. Embryos raised at 28.5�C for the next 3 h were dechorionated and mounted in a 3-cm Petri

dish filled with embryomedium. To position the embryo, the Petri dish had a glass coverslip bottom, sealing a 0.5-mmhole at the dish

center, holding a Teflon tore (ALPHAnov) with a hole of 780 mm. The embryo was maintained and properly oriented by infiltrating

around it 0.5% low-melting-point agarose (Sigma) in embryo medium.55 Temperature in the Petri dish differed slightly amongst

the specimens depending on the temperature control means (either room temperature control or OKOLAB system, see Table 1). After

the imaging procedure, the embryo morphology was checked under the dissecting binocular and the animal was raised for at least

24 h to assess morphological defects and survival. The different datasets encompassed the same developmental period (4–6 hpf to

14–16 hpf). All the specimens were imaged from the animal pole and the imaged volume encompassed the forebrain with some dif-

ferences depending on the animal positioning in its mold. Variability in the development speed reflects temperature differences as

well as intrinsic variability of embryonic development. Regarding gender, embryos were imaged at a very early stage. Also, themech-

anisms throughwhich zebrafish determine their sex have come under extensive investigation, as they lack a definite sex-determining

chromosome and appear to have a highly complex method of sex determination. Thus, Zebrafish gender is not genetically deter-

mined and it depends on environmental conditions. For this reason, the gender was not determined.

We used for this work an available transgenic zebrafish line that carries a gene construct for the expression of a fluorescent protein.

Expression of fluorescent reporters in fish does not have adverse effects on development or well-being. The zebrafish line zoeptz57+

carrying a mutation was maintained as heterozygotes. In this way possible effects of the mutation on the adult phenotype was

avoided and homozygous mutant embryos for experiments were obtained from heterozygous parents. The laboratory (CNRS
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USR3695) has all the required permits to house and work with transgenic and mutant zebrafish lines. All work with zebrafish strictly

followed the EU Animal Protection Directive (2010/63/EU), the European Convention for the protection of vertebrate animals used for

experimental and other scientific purposes (Strasbourg, 18th day of March 1986), and national and local legislation. The personnel

involved in the fish husbandry were specifically trained for these issues. The fish facility complied with all national and European laws

and regulations relating to the transport, housing and use of fish in research and the fish populations were maintained in approved

tanks. The facility has annual registration of all zebrafish bred and used in experiments. Access to the fish facility is restricted to qual-

ified personnel that received appropriate training in fish handling and experimentation. Certified veterinarians regularly monitor the

sanitary status of the facility and the health status of the fish kept and responsible for overseeing that all regulations are met and that

all necessary provisions are taken on animal welfare. All experimental procedures, the sacrifice of fish embryos after experiments,

and the disposure of sacrificed fish, was carried out in compliance with all national and European law and regulations. All the

work reported here was performed with embryos before hatching that are not subjected to restrictions, thus how protocols were

readily approved by the ethics committee.

METHOD DETAILS

In-vivo imaging
Imaging was performed as described36 with 2-photon laser scanning56 on Leica SP5 upright microscopes and high numerical aper-

ture 203 water dipping lens objectives. Image acquisition parameters are summarized in Table 1.

The 4D (3D, time-resolved) datasets featured a constant time stepDt of approximately 2.5min, defining a discrete timescale for the

cohort and a voxel size between 1.2 and 1.4 mm3 (Table S1). Since this time interval is much shorter than the timescale of the gastru-

lation, we assume instantaneous observations, therefore Dt � dt. Digital cell lineages (Figure 1; Figure S1) were obtained through the

BioEmergences automated image processing workflow.36 Cell positions were given by the approximate nucleus centers after

applying the nuclei segmentation module of the workflow. The cell lineage data including cell positions at each time step, linkage

from one time step to the other and linkage between mother and daughter cells at the time of cell division was computed by the

cell tracking module and presented in a comma-separated-values (.csv) table format (cell identifier and position, mother identifier

called as such whether the cell divides or not). As reported in Faure et al.,36 based on manual annotations and corrections made

through the tool Mov-IT, the BioEmergences tracking method yielded an error rate of approximately 2% representing the percentage

of false or missing links between two consecutive time steps ½t; t + dt�.

Flow field approximation of cell lineage
Weused the cell lineage to provide a complete, structured, spatiotemporal information about cell trajectories, including cell divisions.

Specifically, we proposed a generalized data record for each cell nucleus within the lineage as follows:

fcellid; motherid; x; y; z; tgi
where i indexes the detected cells (a new i is created at each mitosis and allocated to one of the daughter cells), cellid is the unique

identifier of the local node representing cell i at the ðx; y; z; tÞ spatiotemporal nucleus position in the lineage tree, andmotherid is the

identifier of the linked nucleus position at the previous time step (mother cell). The set of detected nuclei form a discrete spatiotem-

poral map.

Gaussian filtering of tVhe velocity field with temporal information

Given a temporal resolution of the time-lapse data of dt�2.5 min, singular cell displacements produced by divisions or tracking errors

occurred at a frequency close to the sampling’s Nyquist frequency andwere thus assumed to generate high-frequency noise. To filter

out this noise, we performed a temporal smoothing of the displacements along the cell lineage with a Gaussian kernelNð0;TÞ; where

T is a timescale in the order of several minutes. By testing several parameters, we set T = 10min to modify the samples of the original

velocity field at xi and generate a smoothed velocity field vTðxiÞwith the same temporal resolution and spatial distribution. In addition,

displacements over the thresholdMaxMov = 9 mm=dt were removed as outliers. Overall, this filtering helped remove and smooth out

vectors resulting from segmentation and tracking errors.

vTðxiðtÞÞ =
1

ai;R

X
t0 ˛P

wi;Tðt0ÞvTðxiðt + t0ÞÞ (Equation 1)

wi;T = e
� t2

2T2 if i is well tracked

wi;T = 0 if not

P = ft + kdt j k integer kdt ˛ ½� 2T ;2T �g
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ai;T ðtÞ =
X
t0 ˛P

wi;Tðt�Þ
Regularization of the velocity field with spatial information
The vector field vT was further filtered around the position of each nucleus xi through a spatial Gaussian kernel Nð0;RÞ obtaining
smoothed versions of the velocity field vTRðxiÞ with the same temporal resolution and the same spatial distribution of samples.

Through a regularization process based on the Gaussian filtering characterized by the parameter R and a second-order structure

function derived from the field, we tested the differentiability of the new vector field vTRðxiÞ and adjusted the parameter R to minimally

modify the samples velocity field.

The spatial Gaussian filtering was defined as follows:

vTRðxiðtÞÞ =
1

bi;R

X
j˛NRðiÞ

wi;RðxjÞvT
 
xiðtÞ (Equation 2)

wi;R = e
� t2

2R2

bi;T ðtÞ =
X
t0 ˛NR

wi;RðxjÞ

whereNRðiÞ = fxjg is the set of neighbors interpolated, wi;RðxjÞ is theweight of each neighbor according to theNð0;RÞ distribution and
bi;R the sum of all the weights. In order to preserve boundaries within the displacement field, a binary function Sðxj; xiÞ was used to

discard outlier displacements:

NRðiÞ =
�
j
�� kxj � xikC2R;Sðxj; xiÞ = 1g (Equation 3)

where Sðxj; xiÞ comprises three thresholds based on data observation: the maximum angle of deviation against the reference (p/2), a

minimum speed (0.2 mm=min) and a maximum ratio of speed against the reference (3vT ðxi)).
To calibrate the spatial filtering Nð0;RÞ and impose local differentiability of the velocity field around each sample xi, we used a sec-

ond-order structure function. As the initial velocity field, the vector field vTRðxiÞ represents a discretely, inhomogeneously sampled

field. The differentiability of a random field is directly related to the differentiability of its covariance ZðlÞ at the origin l = 0, where

l is the separation between sampling points. Experimentally, from a practical point of view, it is easier to accuratelymeasure the struc-

ture function than the covariance, which is why we use the structure function, S2. The two functions are related as ZðlÞ =
Zð0Þ -- S2ðlÞ=2 so it does not matter from a fundamental point of view which one is used. The classic result is that v is continuous

ifS2ðlÞ � > 0with l � > 0 and that v is differentiable ifS2ðlÞ � l2 as generally described in CRAMiR and Leadbetter.57 Structure func-

tions are often used in noisy flow fields (e.g., turbulence) to determine whether the velocity field is smooth (uðx + lÞ -- uðxÞ � l) as

opposed to Holder continuous (ðuðx+lÞ -- uðxÞ � lÞa with a< 1) within a certain lengthscale range (l). Thus, to fit our inhomogeneous

and sparse field, we quantify the differentiability of this field using a second-order structure function built in terms of the average ve-

locity differences within n concentric rings around each xi. Local differentiability is therefore observed when the structure function

follows a power law with exponent R2. The structure function is defined as:

S2i½n�=
n
CkvTRðxkÞ � vTRðxiÞk2D

o
fn;i

(Equation 4)

where n˛ ½1;10� and fn;i denotes that we calculated the discretized functionS2i½n� around each position xi in concentric ringswith the

same radius dl, i.e.,

fn;i = fk j ðn � 1Þdl < kxk � xikCndl g (Equation 5)

We determined the regularized vector field vTR and the kernel width R considering the local differentiability of all field samples. To

this end, we computed a time-dependent ensemble average of the S2i½n� function for each ring S2ðn; tÞ = CS2i½n�Df0
n
, where f0

n is the

subset of all the rings derived from fn;i after removal of outlier rings. We labeled a ring as an outlier when the function Sðxj; xiÞ
described above for the cells within the ring was negative for the majority of them, indicating largely divergent information in the

ring that, if included in the regularization term, could over smooth the field globally. Testing several parameters, an optimal kernel

width was found, R = 20 mm, that ensured differentiability while minimally worsening the spatial resolution of the displacement field

(Figure S2).

Instantaneous deformation descriptors
The differentiability of the vector flow field vTR allowed us to apply principles of continuummechanics to quantify cell motion and tis-

sue deformation. We calculated the Incremental Deformation Gradient (IDG) tensor field fðxiÞ by a numerical method (least squares
iScience 28, 111753, March 21, 2025 e3
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error minimization) considering the displacements of the neighboring cells within the volume defined by 2R. The IDG tensor for the cell

i at position xti and time t defines a mapping from the material (i.e., Lagrangian) vector difference dxti onto the vector dxt+Dti :

dxt+Dti = fdxti (Equation 6)

xt+Dti = xti + vTR
�
xti
�
dt

We obtained flow topology descriptors as Galilean invariants derived from the tensor Incremental Gradient of Displacements h =

f � I (Table S2; Figure 1). These invariants are tensor metrics that are independent of the reference frame orientation and velocity.

They are therefore suitable for visualizing and comparing complex 3D flows. The first, second and third principal invariants in 3D

(referred here as invariants) are interpreted as follows. The first invariant of h (P as described in 41) quantifies the compression/expan-

sion rate at the mesoscopic scale, corresponding to an overall decrease/increase of cell size change in the vicinity of each nucleus.

The second invariant (Q as described in 41) gives information about deformation, not producing volume changes at the mesoscopic

scale, associated with both irrotational and vortical motions. We identified the deformation produced by rotation the discriminant of

the deformation tensor (D), which is positive in regions ofmesoscopic rotation. Finally, we designed a topology index descriptor t that

takes four different values representing the combinations of the signs of the descriptors P and D (Figure 2; Figures S3–S5): expan-

sion-rotation (green label), expansion-no rotation (blue label), compression-rotation (yellow label) and compression-no rotation (red

label).

To further characterize the strain rates, we calculated the symmetric part of the tensor h that stands for the irrotational, incremental

strain tensor ε and its principal components. This symmetric tensor generally provides information about shears and changes in vol-

ume through its second invariantQs. For tissues that may change volume and in order to distinguish between reconfigurations of the

tissues (cell intercalation and cell shape changes) and volume changes (cell size), we calculated the deviatoric tensor d that subtracts

volume changes from the strain rate. The eigenvectors fd1;d2;d3g and second invariantQd of this tensor provided information on the

tissue distortion associated to collective cell intercalation and cell shape changes (Table S2; Figure 2; Figures S3–S5).

The description of the vortical motion can be complemented with the angular velocity, computed from the skew-symmetric tensor

U derived from h. The infinitesimal rotation angle da was derived from u.

Building Lagrangian Kinematic Profiles
We defined a Lagrangian representation of the flow field by approximating the reconstructed cell trajectories by the flow path lines of

the regularized vector flow field. Lagrangian analysis of non-compressible (P = 0) two-dimensional flows have been successfully

applied to discover Lagrangian Coherent Structures in fluid transport.58,59 Here, we proposed Lagrangian metrics based on the

computation of finite-time deformation tensors to unfold the kinematic history along the lineage. Because of cell divisions and incom-

plete cell trajectories, the reconstructed cell lineage had to be regularized to build a continuous flow description. We interpolated the

cell trajectories with the information of the flow field displacements to generate complete trajectories given an interval of time ½tn; tm�
(Video S17). Thus, we generated a bijective spatiotemporal map Trajmn = ftrajjg suitable to express the dynamics in terms of trajec-

tories (Lagrangian framework) vTRðtrajjÞ instead of spatial points (Eulerian framework).

We built Lagrangian Kinematic Profiles (LKPs) using the trajectory flow field. LKPs expressed the instantaneous and cumulative

kinematics along each trajectory (Figure 3; Figures S6 and S7; Videos S18 and S19). The cumulative activity was computed for

each trajectory by setting a temporal reference tini and by incrementally enlarging the interval of analysis to generate a sequence

of FTDG tensors Ftini ðtrajjÞ (varying along the time interval of the trajectory) and their corresponding descriptor fields. The computation

of the FTDG tensor and its invariants (Tables S3 and S4) for each interval ½tini;t� is described below.

Computation of FTDG tensors and descriptors
The IDG tensor field was expressed in Lagrangian terms using the trajectory field fðtrajjÞ or f tj . We composed the tensors along each

trajectory and the corresponding time interval with the chain rule (forward-projection matrix operation) to generate a Finite Time

Deformation Gradient (FTDG):

F
½tini ;t�
j

�
trajj

�
= f t� 1

j .f tini+1j f tinij (Equation 7)

The third invariant of the tensor (DV as described in 40) characterized the volume change during the time interval. The finite rotation

(tensor R) was segregated from elongation (tensor U) through a polar decomposition F = RU42. The rotation was described with the

angle of rotation Da and the axis of rotation (Euler’s theorem as described in 40):

Da =

�
trðRÞ � 1

2

�
(Equation 8)

The strains were obtained with the right Cauchy-Green tensor C = FTF and the left Cauchy-Green tensor B = FFT and their prin-

cipal components. The invariants of these tensors integrated volume changes and shear strains. Therefore, we calculated the iso-

choric deformation tensor and the corresponding isochoric Cauchy-Green tensors ( ~C and ~B) to identify the distortion along the
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trajectories from the volumetric changes: ~F = J�
1
3F (Equation 9)

The first and second invariants of ~C and ~B (Dg1 and Dg2 as described in37) represented the tissue shape changes along the time

intervals. The descriptor Dg1 (MIC1) evolved linearly with the amount of distortion whereas the descriptor Dg2 (MIC2) added second-

order terms when the distortion hadmore than one dimension. Thus together, theDg1 andDg2 descriptors characterized the amount

and geometry of tissue shape changes (Table S3; Figure 3; Figures S6 and S7). Aliases have been proposed for finite time descriptors

as shown in Table S3.

Visualization of descriptor maps and manual selection of cell domains
The BioEmergences custom visualization tool Mov-IT36 was used to explore the 4D descriptor maps. The maps for the Eu-

lerian descriptors were computed by generating a color map for the IDG tensor values at each nuclear center xi. For the

cumulative LKPs, color maps were built and visualized with the Mov-IT software by assigning values to the closest nuclear

center xi.

Mov-IT was also used to manually select cell domains and propagate the selections along the cell tracking, in order to perform a

statistical analysis of the corresponding LKPs. Two different types of cell populations were selected. Expert embryologists selected

cell populations at 10–11 hpf within the hypoblast and epiblast layers that were approximately similar in position and cell number

between the five specimens of the cohort. These populations were backtracked to identify the corresponding progenitors at the

onset of gastrulation (tail bud selection Figure 4; Figure S8, Video S21). We also selected in embryo wt1 by the onset of gastrulation

the largest possible population of cells kept into the imaged volume throughout the whole imaging sequence (shield selection, Fig-

ure 5; Figure S9, Videos S22 and S23). This selection was used to categorize the different types of profiles with unsupervised

classification.

Categorization of Lagrangian Kinematic Profiles
A trajectory field defined from the shield cell selection (Figure S9) was further characterized by identifying subdomains with similar

LKPs lj = ltrajj ðtÞ (descriptor along the trajectories). The subdomains were identified by generating a distance dLKP distribution be-

tween the LKPs ðlj; lkÞ of pairs of cells for each descriptor with a cosinemetric, selected because it properly weighted both themagni-

tude of the descriptor and its deviations a long time:

dLKP = dcosðlj; lkÞ = 1 � lj lk
0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðlj lj 0Þðlk lk 0Þ
p (Equation 10)

We applied unsupervised k-means clustering to classify the trajectories minimizing the variance of the distance distribution, so that

trajectories with similar profiles according to the metric were classified together. The behavior of each cluster was defined using the

mean of the trajectory profiles a long time, which is considered suitable because the variance was minimized. Several values of the

number of clusters k were tested (Figures S10–S12), finding that 3 clusters provided a suitable representation of Canonical

Lagrangian Kinematic Profiles (CLKPs) reproducible across specimens (Figure 5; Figures S10–S12).

QUANTIFICATION AND STATISTICAL ANALYSIS

Reduced-order models of Lagrangian tissue deformation: Biomechanical domains
We generated a mechanical signature zjðfCLBPgÞ for each trajectory as a binary feature vector based on the corresponding set of

CLKPs (Figure 5; Figure S13). Trajectories were then compared using the Euclidean distance between their mechanical signatures

and classified into four representative domains using hierarchical clustering.60 The obtained classification was used to label the

nuclei at the onset of gastrulation (tini ), generating Lagrangian Biomechanical Maps (Figure 5; Figures S14–S16). The spatiotemporal

evolution of the biomechanical domains was visualized with Mov-IT by propagating the corresponding labels along the cell trajec-

tories (Figure 5; Figures S14–S16, Videos S22, S23, and S24).

Reduced-order models of gsc expression: morphogenetic domains
Analogously, goosecoid (gsc) profiles were computed from vectors sampling the level of gsc reporter expression41 channel along the

trajectories (Figure 6). Each vector was computed as the average value of a spatial region around each trajectory point. Thus, the

genetic expression was expressed in a Lagrangian representation to be compared with the mechanical profiles. A clustering module

with the same configuration used for CLKPs returned the main gsc profiles. Figure 6 showed the spatiotemporal distribution of the

clustered gsc domains in the embryo in comparison with the mechanical domains. Figure S18 shows the average of the Lagrangian

descriptors normalized between 0 and 1 over time.

Lagrangian comparison of embryo specimens based on their LKPs
A comparison between specimens was made using the CLKPs of one embryo as the reference specimen (wt1). A time-varying sim-

ilarity scorewas defined for each trajectory in the compared embryo brefLKPðtÞ. The score brefLKPðtÞ represented the similarity of theCLKPs
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of the compared embryo with the reference CLKPs at each time point along the interval ½tini;tfin�. The similarity score was here defined

and computed as the distance of each descriptor CLKPj to the corresponding CLKPs of the reference. Then, the smallest distance

resulting from each CLKPi was taken as the score.

bref
LKPðj; tÞ =

n
d


CLKPjðtÞ;CLKPref

i ðtÞ
�o

An aggregated similarity score brefaveðtÞwas computed for eeach embryo as the average of the distance of all CLKPs per time step for

each descriptor. Thus, the similarity score of each compared embryo to the reference was presented as a time evolving vector that

conveys the information about the timing and temporal distribution of the variability of mechanical activity based on the reference.We

used the CLKPs of the reference wild-type embryo (wt1) to compare two different wild-type embryos and two mutant embryos

(Figure S17).

ADDITIONAL RESOURCES

The workflow tools are available upon request or already available at the BioEmergences workflow website.36
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