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Supplementary Figure 1. Physical changes of the yolk and the VM 
a. Yolk weight and volume over incubation. Albumen was removed as much as possible for 
each yolk with a Pasteur pipette before weight measurements. From D0 to D3, n=4,3,5,5 for 
unfertilized eggs (UF), n=6,9,5,13 for fertilized eggs; For volume measurements, from D0 to D2, 
n=8,7,9. The weights (p=0.61) and volumes (p=0.06) were similar (One-way ANOVA). 
b. Simple droplet model of the yolk shape1. h(height)~1-2x10-2m, ρ(density)~1x103kg/m3, 
g(gravitational acceleration)~10m/s2, θ(contact angle)>90°. Using our height data (Fig.1c), The 
VM tension was estimated to be ~1.68 N/m on D0 and ~0.67 N/m on D2. 
c. Tension measurement using a scale. Schematic on the left and an example on the right. The 
VM was sandwiched between two identical sides of a folded piece of windowed filter paper. A 
clip serving as the weight was attached on the bottom. Small contact points on both sides were 
designed in the window to minimize side deformation of the VM. After cutting these points the 
VM suspended the weight and raising the holder increased VM tension. Weight reading was 
recorded and analyzed in a live video. Scale bar, 1cm. 
d. Example of a typical raise experiment. The maximum drop point was identified in the video 
which usually corresponds to the visible breakage starting to appear. This and the pre-raise line 
were compared to the stable weight to calculate tensions. 
e. Schematic views of the force probe set up. The side view shows the moving stage driving the 
probe horizontally to contact the center of the mounted VM. The sensor detects a resisting force 
upon contact. The front view shows the side mini-microscope that captures the contact and 
deformation dynamics, and the VM sample being mounted on the sample holder. 
f. Mechanical property measurement using the probe in panel e. The left photo shows the 
components of the homemade system. Top right shows a measurement in progress from the 
camera view. The probe is seen to protrude and deform the VM towards the right side away 
from the filter mount. The plots show an example measurement sequence on a parafilm control. 
The probe moved at a stable speed and started to detect a force when the sample started to 
resist deformation. The average rate of increase (mN/s) of a 20s duration over the 
approximately linear phase of force curve (ΔF/Δt in the plot) was used to measure VM 
resistance. Note that in this configuration the strain rate of the VM is not constant. 
 



 
 

Supplementary Figure 2. Tension perturbations of the VM 
a. Filter sandwich (SW) to maintain tension of the VM. In the normal ex ovo culture protocol2, 
one piece of windowed filter paper (Filter 1) is attached to the VM and the embryo is cut out and 
laid down on the culture dish with ventral side up. By placing another filter (Filter 2) on the 
ventral side, the VM and the distal part of the extraembryonic tissue were sandwiched and fixed 
in place. Tissues in the window (including the embryo) can continue their movements. 
b. Wound opening after a needle cut on the embryos. Circles mark the wound site. Scale bar, 
100μm. 



c. Wound size change. Areas at 0min and approximately 4min after cut are compared. Controls 
(n=6) show slow opening or closing while SWs (n=6) show consistent expansion. *p=0.003 (2-
tailed t-test). 
d-e. VM tension modulation with a double-ring inflation culture device. This system is a new 
design inspired by Sydow et al3. The schematic (D) shows the components of the set-up. The 
photo (E) shows an experiment (Inserts show side views of different degrees of inflation, top is 
mild, bottom is strong). The cover and base (i.e. the double ring) were 3D printed. Embryo 
extracted (D1.5) on a filter ring is laid ventral side down on a cover glass which is glued to the 
opening of the base ring. Screws secure the seal of the sample allowing syringe controlled 
medium supply to inflate the sample. Samples with damage on the VM causing medium leaking 
were discarded. 
f. 3D rendering of the uniaxial iris stretcher used in Fig.4c. The cap has channels for the blades 
to slide thereby opening the iris when the cap and base rotate relative to each other. See 
Source Data for a technical drawing. 
 



 



Supplementary Figure 3. Structural changes of the VM 
a. Lower magnification SEM views of the VM cross-sections. OL, outer layer; IL, inner layer. The 
VM patterns shown in Fig.5a are uniformly found on the samples. Scale bar, 100μm. 
b. SDS gels of VM protein extraction stained by Coomassie blue (left) and PAS for 
glycoproteins (right), respectively, using the same set of samples at normalized concentrations 
after measuring the optical density with Lowry method. Lysozymes (~14kDa bands at the 
bottom of the gel) are the main component of the samples. The positive control glycoprotein is 
Horseradish Peroxidase (~44kDa). Representative of 3 repeats. 
c. Glycoprotein fibers on the VM (these are additional examples related to Figs.5b-c,f-i). Top 
right label shows the Day when the VM is extracted and fixed for PAS staining. Bottom right 
label shows the Day when oil treatment starts. For the pH buffer treatment (12 hours) groups, all 
VMs are D0. For the +Albumen samples, bottom right label shows the type of albumen (D0 or 
D2) added. Scale bar, 10μm. Oil and pH treatments were repeated 3 times. 
d. Stiffness measurement of buffer treated VM samples under different temperatures (n=12, RT; 
n=8, 37°C; p=2e-4, 2-tailed t-test). Bars indicate mean+/-SD. 
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