
    

Search for homologous proteins and protein domain prediction 

Potential homologues were identified using BLAST (NIH, MD, USA) with a cut-off E-value of 

10-4. Protein domain prediction was obtained using SMART (EMBL, Heidelberg, Germany).  

 

Immuno-staining and image acquisition 

Indirect immunofluorescence for VAB-10A (primary: 4F2, secondary: FITC-conjugated) and 

muscle (primary: NE8/4C6, secondary: Alexa647-conjugated) was as described elsewhere 

(Bosher et al., 2003). Stacks of images (30-35 confocal sections, 0.3 m step size) were 

captured using a confocal Leica SP5 microscope and projected using the ImageJ (Fiji) 

software (NIH, Bethesda, Maryland, USA; http://rsb.info.nih.gov/ij/). 

 

DIC time-lapse and elongation curve quantification 

Embryos were mounted and imaged at 20°C, or at 25.5°C for let-502(sb118ts) mutants, and 

the embryo length was quantified as described elsewhere (Vuong-Brender et al., 2017).  

 

Spinning-disk microscopy 

Fluorescent pictures of live embryos were acquired using a Roper Scientific spinning disk 

system (Zeiss Axio Observer.Z1 microscope, Yokogawa CSUX1-A1 confocal head, camera 

Evolve EMCCD 512x512 pixel, Metamorph software) with a 100X oil-immersion objective, 

NA=1.4. Z-stacks of 0.3 m step size were projected around the first 10 m. Fluorescence 

time-lapses (Z-stacks of the whole embryo (35 m, 1 m step size)) were made using a 63X 

oil-immersion objective, NA=1.4.  

 

Correction of chromatic shift for fluorescent colocalization experiments 

We used pictures of 0.2 m fluorescent microspheres (TetraSpeck, Life Technologies, OR, 

USA) and a home-made ImageJ macro to calculate the red-green fluorescence shift, then 

applied inverse-shift for pictures the Fig. 2 and Fig. S5D-H using MATLAB R2014b (The 

MathWorks Inc., Natick, MA).  
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Deconvolution of confocal images 

Fig. 2L-N and for Fig. S2M-N were acquired using the Leica SP5 with a 63X oil-immersion 

objective, NA=1.4. Z-stacks of 7 focal planes of 0.2 m step size were acquired and 

deconvoluted using the Huygens Essential software (Scientific Volume Imaging, Hilversum, 

Netherlands).  

 

Calculation of line profile and normalization 

For comparison in the Fig. 2K, 2S and S5H, line intensity profile was normalized using the 

following formula: 

𝐼𝑛𝑜𝑟 =
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝑚𝑒𝑎𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
 

 

Transmission electron microscopy 

Embryos were high-pressure frozen and freeze-substituted as previously described (Weber 

et al., 2012). The samples were flat-embedded in Epon (Agar scientific) and 70&#8201;nm-

thick sections (UC6, Leica Microsystems) were collected on formvar/carbon slot grids. 

Sections were then post-stained with 2% uranyl acetate and lead citrate. Samples were 

observed in a Tecnai12 (FEI, The Netherlands) TEM at 80&#8201;kV equipped with a 1K 

KeenView camera (Olympus).  

 

Laser ablation 

Embryos of equivalent developmental stage determined by developmental timing were used. 

Laser cuts (length of 5 m) and image analysis were performed as described elsewhere 

(Vuong-Brender et al., 2017). Curve fitting was performed with GraphPad Prism 5.00 (San 

Diego, California, USA) using the following equation: 

𝑦 = 𝑦0 + (𝑃𝑙𝑎𝑡𝑒𝑎𝑢 − 𝑦0) ∗ (1 − 𝑒−𝛾𝑡) 

y0: initial cut width, Plateau: minor axis of the opening at equilibrium,  relaxation rate. 𝑦0 =
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0.6 𝜇𝑚 was determined elsewhere for actin cut (Vuong-Brender et al., 2017), 𝑦0 = 0.95 𝜇𝑚 

was estimated for the ES using photobleaching. The half-time of relaxation was defined as: 

𝜏 =
𝑙𝑛2

𝛾
 

 

Statistical analysis 

For Fig. 8C, two-tailed t-tests were performed on the average of the last five time points 

(from about 8 s to 10 s) of the relaxation time course (Fig. 7C) using MATLAB. Z-tests were 

performed using QuickCalcs (GraphPad Prism).  
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Figures 

 

Fig. 1: Embryos defective for ZP-domain proteins NOAH-1 and NOAH-2 arrest 

elongation and rupture. (A) Overview of C. elegans embryonic elongation: representative 

elongation stages (the relative (fold) increase in embryo length is used for staging) and 

epidermal cells are shown. Anterior to the left, dorsal up. DV, dorso-ventral. (A’) Transverse 

section through the embryo (dashed rectangle in A); the gut, which occupies the inner cavity 

of the embryo, is not shown for simplicity. Red arrow, embryonic sheath; Ant, anterior; Pos, 

posterior. (B) SMART domain prediction for NOAH-1, NOAH-2 and related proteins; dashed-
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line, NOAH-1/2 domains predicted to be missing in ok1587 and ok3197 alleles. CFCS, 

consensus furin cleavage site; TM, transmembrane; EGF, epidermal growth factor; only part 

of the large Dumpy protein is displayed. (C) NOAH-1/2 contain 10 cysteines in the ZP 

domain. Brackets show possible disulfide bridges (Jovine et al., 2005) (Fig. S1B). (D) DIC 

time-lapse sequence of control and noah-1(ok1587) embryos, starting five hours after ventral 

enclosure. Arrow, a bulge in the embryo; yellow dashed line, rupturing areas in the embryo 

(16/16 embryos examined); arrowheads, middle of the pharynx; scale bar, 5 m. (E) 

Embryonic elongation curves in different genetic backgrounds expressed as embryo length 

normalized to the initial length after ventral enclosure; mean and standard error (SEM) are 

presented (N≥9 embryos for each genotype). Arrow, approximate moment when noah-

1(RNAi) and noah-2(RNAi) embryos ruptured. (F) Position of internal (int) fluorescent 

reporters in knock-in constructs used in this study (domains are labeled as in B).  
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Fig. 2: NOAH-1 and NOAH-2 colocalize at the epidermal apex in areas located between 

actin bundles. Fluorescent images of NOAH-1_mCH(int) (A-C) and NOAH-2_GFP(int) (D-

F) at the 1.5-fold (ABDE) and pretzel (CF) stages showing how they wrap around embryos. 

(AD) focal plane through the middle of the embryos, (B-C, E-F) Z-projections (Z-proj). 

NOAH-1 and NOAH-2 were enriched at structures reminiscent of CeHD localization and 
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pattern (arrows in BE) and in seam cells (arrowheads in BCF; see Fig. 2O-Q and 3BC for 

seam cell position). (G-K) Z-projection images of a 3-fold embryo carrying both NOAH-

1_mCH (int) (G) and NOAH-2_GFP(int) (H); (I) merged image. NOAH-1 and NOAH-2 

colocalized in seam cells (arrowheads). Note that the presence of NOAH-2_GFP(int) marker 

induced some aggregation of NOAH-1_mCH(int) (arrows) rarely seen in control (C). (J) 

Magnified view of the yellow rectangle in (I). (K) Normalized line profile of the yellow line in 

(J): NOAH-1 peaks coincide with those of NOAH-2. (L-Q) Fluorescent images of embryos 

expressing NOAH-1_mCH(int) (LO) and an actin-binding reporter (ABD::GFP) (MP) at the 

1.5-fold (L-N; single focal plane through the middle) and 3-fold (O-Q; Z-projection) stages. 

(NQ) merged images; insert in (N) shows that NOAH-1_mCH(int) localized apically to 

cortical actin. (R) Magnified view of the yellow rectangle in (Q). (S) Normalized line profile of 

the yellow line in (R): NOAH-1 stripes alternate with actin stripes. Inserts in (CFN), magnified 

view of the dash yellow squares in the same picture. Scale bar, 5 m.   
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Fig. 8: pak-1 and noah-1/2 cooperate to maintain stress anisotropy during embryonic 

elongation. (A) Elongation curves in different genetic backgrounds, the mean and SEM is 

presented, N≥9. (B) Time interval from ventral enclosure to the moment that embryo 

rupturing signs were first observed. Note that all pak-1(ok448) embryos hatch without 

rupturing (N=51/51). (C) Ratio of the minor axis opening over cut length for the seam cell H1 

at a stage equivalent to 1.7-fold for different genetic backgrounds. The SEM was obtained 

from curve fitting. p-value obtained from two-tailed t-test. DV and AP, directions 

perpendicular to the cut directions. (D) Anisotropy of stress and SEM calculated from (C); p-

value obtained from Z-test. (E) Cartoon showing the hypothetical position of NOAH-1/2 and 

SYM-1 (FBN-1) sheath proteins; the areas of enrichment were drawn approximately. 
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Fig. S1: Alignment of the ZP domain of NOAH-1 and NOAH-2 with other related 

proteins. (A) Alignment of NOAH-1 and NOAH-2 with similar proteins found with 

BLAST. The percentage of identity between NOAH- 1 and other Drosophila 

melanogaster homologues was determined using ClustalW (UniProt entry number in 

parenthesis): Nyobe (Q9V9X0), 23.3%; Trynity (Q8MS37), 23.9%; Morpheyus 

(Q9V9X1), 22%; Neyo (Q9VAG2), 20.8%; Dumpy (M9PB31), 20.2%; NOAH-2, 

23.4%. It is comparable with the percentage of identity between cuticlin-like proteins 

and NOAH-1: CUTL-17 (Q20167, 26.4%), CUTL-18 (G5EBR9, 21.2%) and CULT-27 

(Q18298, 20.9%), but smaller than the similarity between C. elegans NOAH-1 and its 

homolog from other nematode species:  C. remainei (E3LY63, 96.3%), C. brenneri 

(G0NLF9, 96.0%), C. briggsae (A8WVZ7, 92.3%), P. pacificus (A0A0F5C4Z2, 

67.0%), S. ratti (A0A090LAM2, 57.6%), B. malayi (A0A0K0J6N4, 56.3%). Black 

arrowheads show the beginning and end of the ZP domain; stars, conserved 

cysteines; red arrows, tetrabasic motif which is conserved among the proteins 

examined. The position of the ZP domain of NOAH-1 was predicted using SMART 

(B) Alignment of NOAH-1 and NOAH-2 with mouse ZP proteins ZP1/ZP2/ZP3. 

Numbers 1-8 and letters a-b denotes the cysteine number as described in (Jovine, 

2005). The color code is as follows: dark-gray, mismatch; green, hydrophobic; 

yellow, cysteine; bright-blue, negative charge; bright-red, positive charge; dull-blue, 

alcohol; purple, polar. The alignment was performed using Kalign (EMBL, 

Heidelberg) and viewed using MView (EMBL, Heidelberg). 

Development 144: doi:10.1242/dev.150383: Supplementary information
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