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Supplementary Notes  
 
1. The expression patterns of Cri-btd and Cri-eve 

In the blastoderm, Cri-btd is expressed in two separate head domains and Cri-eve in six 

stripes (Fig. 1k, l). A seventh stripe of Cri-eve posterior to the first six stripes appears during 

gastrulation, similar to previously described pattern for the eve ortholog in the moth midge 

C. albipunctata (Fig. 1a, Psychodidae; Rohr et al. 1999 Dev. Genes Evol. 209, 145–154). 

 

2. On the efficacy and variability of phenotypic effects associated with btd dsRNA 

injection 

The efficacy of all btd dsRNA preps were verified based on phenotypes. Specifically, the 

blocking of CF formation and the resultant occurrence of head-trunk buckling were 

comparable to those observed in the btdAX homozygous embryos. When combined with stg 

mutants or InscOE, we consistently observed two classes of phenotypes (Fig. 3d, e and Fig. 

6e-g) despite raising the concentrations of btd dsRNA by ~10 fold. Technical difficulties 

prevented us from executing these experiments using the btdAX mutant as our attempt of 

generating a stable stock of btd stg double mutants that also contains both a membrane 

imaging marker and fluorescent marked (hb0.7-Venus-NLS) balancers for genotyping was 

unsuccessful. Thus, we were not able to fully resolve the differences between our data and 

those of the companion study (Vellutini et al. 2025) regarding the phenotypes of btd stg 

double loss of function. 

 

3. On assessing embryonic lethality following optogenetic ablation of the CF 

To approximate the fitness of embryos that fail to form the CF, we initially planned to use the 

experimental design (3) described in the Optogenetics section in Methods to eliminate the 

CF, followed by scoring the embryonic hatching rate. The opto-DNRho1 embryos used for 

these experiments indeed hatched into larvae if left on the embryo collection agar plate and 

kept in the dark without any further handling or perturbation. In contrast, however, embryos 

that underwent the standard embryo mounting procedure – dechorionated, affixed to a glass 

bottom dish with the heptane glue, and immersed under a mixture of Halocarbon oil 700 and 

27 in the ratio 3:1 – and kept in a moisturized chamber at 22℃ in the dark for 24-48 hours 

without imaging or any photostimulation, showed a low hatching rate (36%; 6 trials; 5 

embryos/trial), contrasting with wild-type (Oregon R) embryos that scored a 91% hatching 

rate (4 trials; 10 embryos/trial). These data suggest that the currently available tool for 
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optogenetic inhibition of the CF, i.e., the flies that carry the opto-DNRho1 system, has high 

background lethality even without photostimulation, thus unsuitable for the evaluation of 

embryonic lethality following CF ablation.  

 

4. Characterization and designation of C. riparius MDs  

We characterized head mitosis in the C. riparius embryo to classify and provide MD 

nomenclature in accordance with the D. melanogaster naming convention, where the domain 

number is given chronologically. We designated the anterior-most region of the head as 

MD1, where the first dividing cells are observed, and divisions in a large lateral domain 

posterior to MD1 as MD2 (Fig. 5b). Although we observed out-of-plane divisions in MD1 

(data not shown), high curvature in the anterior-most region makes it challenging to 

systematically analyze the division plane. We thus focused on MD2. MD2 cells begin 

rounding up for mitosis ~7.5 min after gastrulation starts, with the first telophase at ~13 min. 

Thus, head mitosis occurs soon after gastrulation onset and temporally overlaps with trunk 

expansion, comparable to D. melanogaster (Extended Data Fig. 9a). 

 

5. Functional role of Insc in out-of-plane division 

The mitotic spindle anchoring protein Insc is necessary and can be sufficient for out-of-plane 

division in the Drosophila embryonic epithelia. Widespread expression of insc in the C. 

riparius blastoderm (Extended Data Fig. 9d) and high percentage of out-of-plane division in 

the head MDs suggest a functional link between the two. Our attempts in testing this – via 

RNAi knockdown of insc – were unsuccessful in that we did not observe reorientation of the 

division plane from out-of-plane to in-plane in C. riparius. These data suggest Insc is just one 

of several redundant components controlling division orientation. For example, cortical 

stiffness of the mitotic cells in the C. riparius head may not be sufficiently high to resist 

compressive stress in the tissue, such that the default orientation of the spindle is out-of-

plane, even in the absence of Insc. Alternatively, other dedicated, redundant spindle 

anchorage cues may exist. Our data also suggest that the evolutionary transition to in-plane 

division would require more than a mere restriction of insc expression. The presence of both 

out- and in-plane dividers within C. riparius head MDs despite broad expression of insc 

suggests potential volatility of division orientation in the Dipteran stem group. It would be of 

interest to quantitatively assess the variability and volatility of division orientation in the 

embryonic head in non-cyclorrhaphan flies. 
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6. Model: divergent evolutionary strategies preempt tissue collision in gastrulation 

In Fig. 6h, we depict our model concerning how divergent evolutionary strategies preempt 

tissue collision in gastrulation. In cyclorrhaphan flies, tissue collision at the head-trunk 

boundary is preempted by out-of-plane tissue deformation via the CF. In non-cyclorrhaphan 

flies, in contrast, collision is prevented through altered division orientation in the head. 

Specifically, in the first phase, a large number of cells in the major mitotic domain in the 

head (MD2) divide out-of-plane (MD2o, purple), resulting in reduced expansion as compared 

to the in-plane dividing cells (MD2i, orange). Furthermore, in the second phase, once 

divisions are completed in MD2o, the tissue acts as a mechanical sink, allowing the 

subsequent expansion of MD2i into some of the space previously occupied by MD2o. Thus, 

even though trunk expansion driven by GBE is evolutionarily conserved, no buckling 

resulting from mechanical instabilities is observed despite the absence of preemptive out-of-

plane deformation. 
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Supplementary Methods 
 

Image processing and quantification 

Surface projection. For en face views, the FIJI plugin Local Z Projector (Herbert et al. 2021 

BMC Biol 19, 136. doi: https://doi.org/10.1186/s12915-021-01037-w) was used to project a 

surface of interest from a 3D stack onto a 2D surface, taking into account the curvature of the 

embryo. The reference plane that represents the contour of the embryo surface was derived 

from a Gaussian-blurred image of the original 3D stack image with a σ value of 2~4, 

followed by binarization with a customized threshold, which results in a smooth height map 

for z projection. For an optimal projection, three main parameters were considered, 1) median 

post filter for the height map, 2) ΔZ, and 3) offset for the maximum intensity projection. 

These parameters were standardized such that errors at the boundary of the embryo with the 

highest curvature and auto-fluorescence from the vitelline membrane closest to the topmost 

Z-slice were avoided. Whole embryo projections for embryos expressing Gap43-mCherry 

were done with ΔZ=0 and offset=3 or 4, while for embryos expressing 3xmScarletCaaX, 

ΔZ=0 and offset=2 or 3 were used. For embryos expressing MyoII-GFP and MyoII-mKate2, 

ΔZ=3 and offset=4 or 5 were used. 

 

Re-slice along the z-axis. Re-slices were created using the re-slice tool in Fiji. A straight line 

approximately perpendicular to the CF or the head-trunk buckle was drawn and positioned 

between MD5 and MD9 to ensure the consistency of the slicing positioning along the D-V 

axis in all genotypes, except for stg mutants where there is no cell division and khft mutants 

where MD pattern is partially disrupted. 

 

Time annotation. Time-lapse images of laterally mounted D. melanogaster embryos were 

aligned temporally based on the fact that the initiation timings of CF, VF and PMG are 

concurrent, marking the onset of gastrulation (Eritano et al. 2020 Developmental Cell 53, 

2:212-240. doi:https://doi.org/10.1016/j.devcel.2020.02.012). For embryos imaged on the 

lateral side, the onset of PMG invagination was annotated based on a visual criteria of PMG 

surface flattening and the first major dorsal movement of the pole cells, with the exception of 

khft mutants in which the PMG was absent, and VF depth of approximately 60 µm was used 

to define gastrulation onset. For embryos imaged on the ventral side, the first frame at which 

the cells in the VF move out of plane or VF depth of approximately 60 µm was set as 
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gastrulation onset. Time-lapse images of laterally positioned C. riparius embryos were 

aligned temporally based on the observation that similar to D. melanogaster the initiation 

timings of VF and PMG are concurrent, marking the onset of gastrulation. For laterally 

imaged embryos (PMG not visible), the onset of gastrulation was determined based on a 

visual criteria of first collective ventral-ward cell movement. Extended Data Fig. 9a puts the 

dynamics of divisions in D. melanogaster and C. riparius head ectoderm on a common 

timeline based on these time annotations. 

 

Measurement of CF or buckle depth. The depth of the CF or head-trunk buckling was 

measured at the time point where the invagination reaches the maximum depth. The 

segmented line tool in Fiji was used to trace the depth of the furrow starting from the vitelline 

membrane to the basal end of the epithelial cell at the tip of the CF or the head-trunk 

buckling.   

 

Particle Image Velocimetry (PIV). PIV was performed on surface projections using the 

iterative PIV plugin in Fiji 

(https://sites.google.com/site/qingzongtseng/piv?authuser=0#h.khn09c6h1n39). Only the 

anterior half of the embryo was analyzed. Progressively decreasing Image interrogation 

window size of  88, 44 and 22 pixels was done with a search window of size 178, 88 and 44 

respectively for each successive PIV iterations. The output of the 2nd iteration of PIV was 

used for the final vector plot. Time alignment of multiple embryos was based on gastrulation 

onset as described above. MD1 telophase onset was defined as one frame before the first 

MD1 cell entering cytokinesis. For the vector plot, vector coordinates were translated such 

that the x-axis origin was set at the CF or the head-trunk buckling, hence representing the 

head-trunk boundary, while the y-axis origin represents the lateral midline. For each time 

point (gastrulation onset and MD1 telophase), vector fields from three successive time frames 

were averaged. Averaged vectors from multiple embryos were plotted with the size of the 

arrow representing the magnitude of the velocity and, therefore, the flow speed. The vector 

lengths were extended by a factor of two for better visualization.  

 

Nuclear density. Nuclear density was assessed at the end of cellularization by nuclear 

segmentation using ‘Find Maxima’ in FIJI, followed by manual corrections and Voronoi 

tessellation to generate a pseudo-cell territory around each maximum; territories at the edge 

of the image were excluded. The pseudo-cell territories were then dilated and merged to form 
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a contiguous area, in which the number of nuclei were counted to calculate the density. See 

also, Extended Data Fig. 8a–g. 

 

Measurement of surface area in mitotic cells and regions. The surface area of individual 

mitotic cells or mitotically active regions was obtained by surface area segmentation of 

embryos expressing a fluorescent reporter for membranes using the TissueAnalyzer (Aigouy 

et al. 2016, Drosophila: Methods and Protocols Methods in Molecular Biology., pp. 227–239. 

https://doi.org/10.1007/978-1-4939-6371-3_13) plugin in FIJI. C. riparius embryos expressed 

Gap43-eGFP, and segmentation was performed on a single z-slice 4 µm below the cell apex; 

D. melanogaster embryos expressed 3xmScarlet-CaaX, and segmentation was performed on 

surface projections generated using the FIJI plugin Local Z Projector as described above. For 

the analysis of individual dividing cells, segmentation was carried out separately for each 

timepoint and cells were then tracked manually over time (24 out-of-plane and 18 in-plane 

dividing cells from 3 embryos). For each time point, the area of tracked cells was extracted. 

Following an in-plane division, both daughter cells were tracked and their area summed. 

Following an out-of-plane division, only the cell remaining at the surface was tracked; 

occasional short contacts of the bottom cell to the apical surface were not included in the 

analysis. Time annotation was performed respective to each individual cell's onset of 

telophase. For the quantification of mitotically active domains, the largest possible 

representative area of a given mitotic domain with fully traceable cells was chosen. In C. 

riparius embryos, domain areas were tracked and extracted manually for 5 embryos with 

time annotation based on the onset of gastrulation (described above). In D. melanogaster, 

domain areas were tracked and extracted manually for 6 embryos each. Due to slight 

differences in mitotic expansion timing relative to the onset of gastrulation between 

experiments and genetic backgrounds, maximal expansion of mitotic domains was used to 

normalize time. All cell and domain areas were normalized against their respective areas at 

the blastoderm stage. 

 

Analysis of ventral midline deviation. For an estimate of deviation from the expected linear 

ventral midline, the ventral midlines visible on the ventral side were marked manually using 

the segmented line tool in FIJI at the onset of gastrulation (‘onset’) and a later time point 

(‘mid’) when the midline exhibits maximal distortion. The resultant ROIs were converted 

into points using the built-in macro function Roi.getContainedPoints in FIJI, and the 

coordinates were analyzed using a Python code. To compute deviation, a linear fit to the 



 

14 

midline coordinate was first generated as the expected midline for the onset stage, which was 

then translated to the linear fit for the midline coordinates marked at the ‘mid’ stage, while 

preserving the slope, as the expected midline for the mid stage. For each stage, the mean 

distance from the marked midline coordinates to the expected midline was calculated and 

plotted as ‘Deviation’ in Fig. 3c and Extended Data Fig. 7c. 

 

Analysis of late-stage embryonic defects. Only datasets that showed normal CF formation 

(Sham-DNRho1) or successful optogenetic ablation of CF with subsequent buckling (Opto-

DNRho1) were used for analysis. For both Sham-DNRho1 and Opto-DNRho1, embryos 

showing signs of widespread cell death during post-stimulation imaging were further 

excluded for analysis as these likely resulted from physical damage or phototoxicity. The 

remaining embryos were scored for three main morphological phenotypes: 1) tilts or twists in 

ventral midline (VM), 2) defects in head involution (HI), ranging from partial to complete 

failure, 3) defects in ventral nerve cord condensation (VNC), encompassing both incomplete 

condensation and commissure organization defects (disrupted or splayed). Subsequently, 

embryos were categorized based on the presence of a single or a combination of two or more 

phenotypes and plotted as a fraction of total embryos analyzed in the form of a pie chart (Fig. 

4f and Extended Data Fig. 7f). Pairwise counting of phenotypes (HI+VNC, HI+VM or 

VM+VNC) was performed by calculating the percentage of embryos exhibiting both 

phenotypes in each pair, relative to the total number of embryos displaying at least one of the 

two phenotypes in that pair and plotted separately as bar graphs (Extended Data Fig. 7g). 

 




