
Supplementary Figure 1. Cell slippage. (a) and (b) represent the schematic evolution
of two neighbouring cells whose shapes are modelled by ellipses. The points C1 and C2
are the cell centres. (a) corresponds to the initial state, and (b) to the configuration of
the same two cells slightly later. Cell centres evolve according to the tissue velocity
gradients, Lt , whereas each individual cell’s shape evolves according to the cell shape
strain rate, Lc. The geometrical construction of the effective slippage velocity is shown
(see text for details). (c) illustrates the relationship between the intercalation tensor, Li

(drawn as in Fig. 3h), and the mean slippage direction and velocity relative to
neighbouring cells (arrows).
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Supplementary Figure 2. Strain rate errors.

Supplementary Figure 2. Strain rate errors.
(a)-(c) show the means of the error and signal
distributions of 

 

Lt  for three example tissues for
different combinations of nc and dt. (d)-(f) show
the distributions of deformation eigenvalues for
tissue, cell shape and intercalation, and their
respective error distributions for nc = 2 and dt =
4 min for (d) and (f), 1 min for (e). (g)
summarizes the means of the error and signal
distributions of (d)-(f).



Supplementary Figure 3. Pipeline of the algorithms used to calculate strain rates
from raw volume images.

Collect volume images over time from live 
embryos with ubiquitous membrane fluorescence

Control for brightness variation 
and apply filters to improve signal

IMAGE ANALYSIS & CELL TRACKING

Define surface of embryo in each volume, 
stored as a z value for each x,y location

Choose layer at constant depth from 
surface and extract a quasi-2D image

Segment cell shapes in each image and link cells in t

Convert membrane shapes to best-fitting 
ellipses using principal component analysis

Quality control: remove from further analysis 
cells that touch the edge of the field of view, and 

those poorly tracked, based on unusual shape 
changes, speeds relative to neighbors and areas.

Select planar domains of nC coronae around each 
cell at each time point covering t+/-dt minutes

STRAIN RATE ANALYSIS

Calculate velocity gradients from cell centroid 
trajectories to assemble Tissue Strain Rate Tensor (SRT)

Separate Tissue SRT into symmetric component 
(deformations) and antisymmetric component (rotation)

For each domain cell, calculate the Cell Shape SRT that 
best maps the evolution of its elliptical shape. The area-
weighted average of these is the domain Cell Shape SRT

Intercalation SRT = Tissue SRT - Cell Shape SRT

Full IDL code for calculating steps in colored 
boxes are provided in Supplementary Information

Output: Cell centroid locations, membrane 
shapes and their elliptical approximations, 

lineage information and neighbor connectivity

Output: Tissue, Cell Shape and Intercalation 
SRTs with associated error estimates, tissue 

rotation and domain translation

Remove rotation from cell shape evolutions

Supplementary Figure 3. Pipeline of the algorithms used to calculate strain rates
from raw volume images.



Supplementary Figure 4. Strain rates at the zebrafish midline. (a)-(d) show average
strain rates for pre-neurulation (~10-11 hpf) zebrafish trunk ectoderm. Strain rates
projected onto the AP axis are shown for the length of the movies presented in Figure
5g,h. Colors for average strain rates (d) are as for cumulative stretch ratios in Figure 5.
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Supplementary Figure 4. Strain rates at the zebrafish midline. 


