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Supporting Information Text

1. Supplementary data: Pherophorin Il overview and DNA sequences
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Fig. S1. Schematic structure of the phll gene, phll mRNA and pherophorin-Il protein. (A) The genomic region schematized here corresponds to the 8329-bp genomic
fragment utilized in plasmid pPhll-YFP. The phll gene (1) is located on scaffold 34 (nucleotides 980223 to 985045) of the V. carteri genome version 2.1 (2) in Phytozome v13 (3)
on the reverse strand. The start codon is at nucleotide position 985025-985027 on the reverse strand. In the current Volvox carteri genome annotation available at Phytozome
v13 (Volvox v2.1) pherophorin Il is not annotated. Therefore the gene structure was established based on older annotations and confirmed with RNA-Sequencing data (4). The
gene structure is indicated as follows: Coding sequences are represented by blue squares, intron sequences by carats, UTRs by green bars and the promoter region by a
grey arrow. Start (ATG) and stop (TAG) codons are highlighted. The given restriction sites are also marked in SI Appendix, Fig. S2, which represents the genomic sequence
of the phll gene. (B) Structure of the V. carteri phll mMRNA. Sequence features are as indicated in A. The coding sequence (blue squares) totals 1557 nucleotides. The 5
UTR is 18 bp in length, while there is a quite long 3' UTR of 869 bp. The complete mRNA is 2,444 nucleotides in length. (C) Structure of the V. carteri pherophorin-Il protein.
The polypeptide comprises 518 amino acids and the calculated molecular weight amounts to 54.5 kDa. As pherophorin-Il is an extracellular protein, it possesses a cleaved
N-terminal signal peptide (sp) of 24 amino acids. In the mature protein three domains can be identified: an N-terminal pherophorin domain (ph1) with an E-value of 4.5e-27, a

hydroxyproline-rich domain (hyp) in the middle (5) and a C-terminal pherophorin domain (ph2) with an E-value of 2.1e-32.The pherophorin domains where identified by blasting
the Pfam database (6) using the hmmscan function (7). The short Hydroxyproline-rich domain consists of 78% (hydroxy) prolines (seven of nine amino acids).
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GGATCCATGACTGGAAAACCCATCCATGACCAAGTCGTTCCCCGAGAGATAGCAGCTTTGGATCGACT BamHI
CGTCGCTTGTGAAAGCCTACCTGGTTACTTAGACGGATTTAGCGACTAGACCACTTATGAAGGTGTTG
ATAAACACCGGGGGTTTCCCTTGGGGTTTTATAGTCGCTTGCAGTCCGTCTGAGGCGCTCGGGATAAT
ATGCCGTACAGTAGTAGATATTCCTGCAGAAGAGAGTCGCACCTCCAGGGAAGAGTTACAATACAGGT
CTGGCCGTGAACGGGCAGACGTGTACAAGATGGTGTACGGAATCGAGTATGTGCACGGATCGTTACAG
CCATGGCCGTAGCCATGTACTGCTGAGTACGGCTGTAGTCGAAAGATGACGAAGATAAGATAGTTTTA
TGTACTGTGTGTACGATATTCGCCTCGACGATGGAATGATAAGAAGGAATGGAGTCCCTACTCGGAAG
TCCTGAGCCAGGCTCTTACACTGGGCACACATTGCCATCCAATGGATGGCCATGTGAATCACAGTGGT
GCCCGGCCTAAGGTAGCTAAGGACTTGGCCGTTATCATCGGTAGATTGCTCACCCACCTTCTCCGACC
AGGAAAACATCCTCGTCACTGGTGCACAGCTCGTCATAGCGATGAATGTTGCAGGGGTGCAAAGGCAA
GTTCCACCACACCATTATGAGCAACCTTAGGACCGCGTTCCCCCGGGTAGACACAGGAGGTTTCAGGG  Smal
GCTAGATATACTGGTCCAATAAGCAGGGTGCTATTGATGTAGGCAGTAATGTAGCACCCTCCCTCATC
CGACGTACCTCACTCCCTGCACATGTAGAGCCCCTGCGTAGAACGGCTATCTGTGATGAGGGGGAGTC
CCTGGTATAGAGGCCAATGGGAGCATGTGCCGTTGTTGGGCATTCGAGGGGTGCGTGACAGCGTTGTC
ATCGGTAGGGTCGTGCCGAGTTGTGAAGACGGGCTCCTGTAATGGGCCTTATCATGCAGTAGGTTTCT
TGTGGTTTCCGAGGCCGAGGTCATTTTGCCGGGGTGTACGGCATTGTTGCGGGTTGCGGGAAGTTGTA
CAGGTAAATGCATCGGCCATTTTTATCAGCCTTGTTTAAATATAAGTAGACAACCGAGCAAGAACCAA
AGTTTGTCGGAAAGAATTTGGGCAGAGGCCGAAGCTCGCCTGGCAAGCACTGCGCTGAAGGGATAGAG
AGAGACACGAATAAGAAGTGTACAACGGGGCCTCAATAGGCTTTGGGGTCCAGATCGCTGACGCCCTC
GCTCTCAGGCATCAAGTCCCGGACATGGGCCTTAAGACCTGGAGTTGCTGGGCTATTCCCTCTCGCCC  Afll
TCCCCGCTCTGACCACTATCCCTCTCTCCAGTTCCCTTTCAGTTCGGGTGGTGCAACGCCAGGCCCCT
CGCCACACACACCGCACCGCACCCACGTTTGTTAAGCGCTAGCAGGCTGTTGTCTAGAGCTGTAGAAG  Xbal
TTCCTAGGTCTATGTTGATGTAGTTTGGTCCCGTTGCTGATGCAACTGGCTTTCGCATCATTAACCGC
CGAGTAGCAGCCGTAGCTACCGGTGCGGAAAGGATGCATGCTCACCAACCGAAATGATGAAGTGCGTG
TGGCGAAGTTATATTCATTATGCCAGGATCAGAGATGTTGGTCAGTAAATAGCAAGTTATATAAAAGG
AATGGTGCTACAGATTACAACGACGGGTCGGATTCCGAAACGTACAACACGAGCAACATCCCAACGGA
TGAAATGCACATTTATATGTGTCCGCGACTAACGAATTCTGCGCTGTGTTTCTAAGATTTATATTCTG EcoRI
CATAAAGATATTGATTCCAAAGGACGAAGCGCCTCTGTTGCGGTGGCCAGTCTCGGAAGCGGCTACCT
GCGCCCGCCGTTTACGGTAGTCGTACGGCCCCGCAGCAGCACAGCTGCCGCGGTCGGTCGGGTAGATA
AATAGCGCCACTATGATACAGAACATCATCAAAGTGACATAGCTCTGACAATATGGCATACTTTGCAA  start
AGGTAGCTTTCATTTTGGCGACAGCGCTGGCGGTTGGCTGGTGCGTTTTTAGCATGGTGCATTCCCAT
ATGCCTGGGCTTACAATCTGAGGTTGGGTCTATATATTTAAGTATATTTAAGAGCCATATACTTGAAG
GCTTTCAGTCTTTGCCTTTGCGTCGCAAAAGACGTACATGTCCTGTCGCATGCCATAGTGATGAGCCT
TTTCTATAAAGCAATACATAAAAGATAAGACGTCTACAATCATAACTCGATCATGAAACAGCAAGCGT
CAACCATGAGCACTGACCTTGCTTGCTGCTTGTCGCCGCTGGTTCCAGGGCGCTCAGCGCTCATGCGC
AGGAATACAACGAGTACGATCCCTCAGCTGTCACGCCTGGCAGCATCCCCAACTTCCCATTCCGCGAC
TGCAACACCACAAACGGCGCGTACCGGCTGGCACCGGTGTGGCGGCCTTCGGGCAGCAACACGTACTG
CTTCAAGATCCAGGTCAGCCAGGATGCCCTGTCCTGCACTGGCGCCTGCTGCAGCGCCGACTTGCACA
AAATTGAGGTGAGCCCACGGCCGGCTGATGGTGTGGGGGATGCGACATGCGGACACAGTGCTACAGGT
CCTAGGGCCTCGGAAAGCACGGGAAGAGGCTCATTGGGCCCGCAACCAAATGTCAACGATTATTTTCC
AGTAGTTTCTCATGTGTGTGTGTGTGTGCATGTGCGCATGATGTCGGTGTTGAGGGCTCCGTTACCAT
CCTAGCTGCTCCTCCGGGGAAGTGGATTTCTAATCAGGGTTCGGAACGCGCCTCACAATATTTACATA
GCTCATTTACATGTGCTGGAGAGAATGAGAAGTTCGCACCCTCAAAAGTAGAGGGAACATCAAATTGT
GATGTTCCCTCCTGCCTCACCTTGCCCTTACTCCATCCTCCCACCACATGCCACCCCGCCATGTCCGC
AGTTCAACGTGTCCAGCAGCTGCCTGGTGGCCGGGGCCTCAGTTGTCGCCACCGTGAATGGAGTGCGG
ACCCGGGTTGGTGCGACCCTGGACAAGGCCCCGGCTGGGCCTGTTGGCTCCGCCGTTCTGCGGCTCAC  Smal
CCAGCTGGGGCTGGACACCACGACCGCCCAGGATGCGGAGGTGTGCCTCACCCTCAAGACCAACCGCG
GAGGCCAGGGCTGCACCACCCTGGAGCAACTGTGCTCGTCGCCAGGCTTCCCTGCAGGGACATGCACA
GCAGCTATGTTCGATGTCGCGTGTGATTGCTGCCCGGTTTCTCAAGCCGGTCAGGCCCTCCCGLCCGLC
GCCACCAGTTATTCCGCCGGTCTTCCGGCCTTGTGACGTCTGCATCGCCGCGACCATTGTGCCCCCGG
CCAATGATGTGCGACCATACCGCTACGACAGCGCCACCTGCGCCGCCATTCAGCAGAACATCGCCGAT
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GCCATGAACTCTCTCCTGGGAGGCGCCAACATCGGCGCCTTCTCACCTTTCGCGCCAAATGCAAGCCA
GTGCTTTGACACACAAATCATTACATGTGGCAGGTTCAACGGTTCGGACAGTGATGCGTTGGCCAATC
TGACGGAAGCAGTGCAGCAGCAGCTTTCCGCCTTCATTGGAGTCGCGTCTGGCGGCAACGTCTGCAAT
CCAAAGTTGGAGAAATACACGGTGACGGTCTCCACCATCAACAATGTAGCAGATCAGTGCCTGGACCT
CTCGCAGTCGGCTAGTTGCTTCCTGCCTGGCGTTCCATTCCCCAACTGCACGTGAGTCACCCTACTTC
ATGGCGTCGTCTCTTTTGCGGCGCGGCCGCCCTCCGTAAAGATTTGGGGGCGAGGATGTAGGGCCTAA
TAACCAAAGCTTCCCCCCGCAATGGATGGACCCATGTTTGGGATCTGGCTAGCGTCTTTGTCGTGTAT
GCAGAGCTTTGGATGAATGGCTGAAGGCAAAGACACCGCGCTTGCATGGATACCTTGCTCACATGGCT
ATTTGAAAAAATCAGGAACGTTGGGTGAATATGTGATAGTACTAGTTACCGACCCTGCTGCCGCCTCC
GCTCGCCCTCTGACGCGCAGGTGCAACACAACCCAGGGAGTCATGCCGTTCACAGTCTCCCCCACCTG
GTATGCACAGCCGGCCAATGTGCGCTGGGGCCGCAACGTCACTGAGTACTGCTTCACCGTCAACACGC
TACAGCCAAGTCAGGTCGTGCCGGTGAGGCCAGATAGGTGCATGGAGGACCCGTGGGGTGGCGCTTTG
TTTTCTTCCACGCACCCATGCATGCTTGGCTGCATGCCTGATGAGCTCGGTTAGTTGTATCGGGTCTG
GACAAGGCACACGGGCCTGTCTGCTGCGCGTAGCTCACCCAGACAAAGTTAAGAAATTACATGACTGA
GGATGCTGCCTCGTTCGCTGTCCCCCTGCAGAGCACCTGCTACAACGCAAACGACGCGCTCGCCAAGA
TCGAGTGGTATGCAAGTAAGTTATCATTGCTGTTGCTTGCTTGCGTAGTCTTCTATCGTTTCAACGTT
TCTTAGATAAGACCCGTCCTTTCAACCTGGGCAGACATGCATGGATATGTGGGAGTACGGCATGCGAA
TGGATATGGATATGTGCAAACTTCTACTGTCGCAGCATGATGTGAACTCTGGCCCTGCCGGCTGCACA
CATACGCATACATGACTTCCGTAATGCGAGCAGACTGCAGCATAGCACCCAGTACGGCAGCATCAGTG
GTTAACCTTTTTTGGTCCTCGCTACAGCCTAGGGTTTCACCTGCCGTGCATTTTGGCTTGTGTTTCCA
TGACTGCAGGTGATGCGTTCAGGTCGGCGGTCAAGGGTTTCACGGTGTACCCCGCCGGGGGATCAAAC
AAGACCATTGCCGACAGCTGGGGCGCCACTGGAACCGATACCCTGAAAGGTGAGGCCGGCAAGCTAGA
TAGCAGCTCAGGTAGATGCACCTCGTGCGGGGCTCATTCGCTGCTTCGATTGTGGATTCTGTGCGGCA
CTTACCTGCCGTGTGTCACAAGGGTAACTGTCGTGCGAGACCTTCACTTACAATACACTCGAGGAAAT
CTCGACGGACCTGCATCTCGGAAGGCCTCTTCGATGACCCTATCAAAAGATCAGCAATAAGCTCCAAC
AGTGTATGAAGATTGACGGAGCTGTCAAGCTCAATAACATAATCCCGAAAATGGCAAGCACTACGGCT
ACTGTATAAAACCCAGCGCAGAGGCTACACTCCCTTCGCTCCTGGCGCATCTAAGCTGCAATTACAAT
TACAGTAACTCTGTTCAGTAGCCAGCCATGCGCCGGTTTGTTTGTACCGTACCTGTCCAATTGCCATG
TGCTGCACCATCACTGCTAATGCCTGCATGTCAAATAAGATCACATCGTTCCCTGCCTGCGCATCCTT
TTGTTCGTGTGTGCAGTCAATCTCAACTGGAACCTGCTGCAAGCCAACGGCGGCAAGGTTTGCGTGGC
GATTCAGAACCCGTTCACCATGGGCGACATCTGCAAGGGAGCCCTTGGCCAGTGGTAAGTCCTGAGGC
AGGGGTTTGCGAGGCCTATCCTTCTCAACTCAACTAAGATGACCTCCCGCGTACCCGCATCAATACCA
ATACAACGTCCATGGCCCCCCCGGCTTTTACGGACACACCTGCACTTGTGTGCGGAACTTGTAACTTG
TAACTAACGAATGTACGGCCGCGCCACGTGCAAGAAACGCGTTTTCCTTCCCGCACTTTTAGACCACA  Miul*
AGTTGCACACGTGTCAATTAGCAGCAGTGGTAGTAGGGATGAGTGTGCCTGATTGCTATGTCGCTAAT
AATACTCCTTCATGCCCCTGCTGTATCTTGCCTGCGCCCGTGCAGCTACGCCAGCATCTTCAACAGGG
ACAACTCGGACTACTGCTGCCCCATCTACCGCACGGGGCCATGATTGCCGTAAGAGCAGTCATGGCGC — stopp
TGGAGAGCGCAGCAGCCGGAAGTAGGGGTAGAAGTTGTTGTTGCTACAAGTGCAGCAGCAGGCAGAAG
ATAAGGAGCACAATATGGCATCTTAGTACTGCATGAATGAACTGACATACAGACATGTTTACAGATCA
TCAGTCGGCGGGTTTTTCACTTTATCTCTTCGTTCGGTTGCAGCAGTCGATAGATAGATAGACAGACG
AGCTAGACAGTATGATTGATCTGTTGGACGGAATCTTTTCCTTTCCCCGACACAACTGCTTGTAGTAA
CATTTTTTGTAATGATTTATCGATGTACCACAATTCCTCTCGAACAGTTACGAGGCTAGATACTCGGA  Clal
CAGGCCTGGTAGGCAGGTGCTGCTGTGCTGCATATATCTATTAGGATGGTGGCGCAGAGGTTTCTTTG
GTGGGTTTGCATGTTGCCATAGACACCGCGGCCGGATGTGCACGGTTTATTAAATGATAATGTGGCTT
GTGAAATTAACGCAAGTAGCTGGCGAGCAGTGGCTACTTGGTCAAGTGGACTGAGTCTGAGCATGACG
TGGTGGGACGCGGTGCGGTCTATTTGGAGCACTAAAGTACATCTCGTCATCAGCAGGCTCTGCTGGGT
CCTGCGGGTGGCGCAAGTTTGAAACGAACGCGCGGTGGCACATTCTCGTGGGTGTCTTCACCAAGGAG
TTCCAAATCCTAAGAACAAGGTTAGCCCAATGGAACTGCAGTGGCGTCTGAGGTAGCTGACGGTAGAG
ACAGATCACGGTGATACAGTAACCTTTTACCGGGGCACATTGTGGCGACTGGAGCCGCATGACCGTCC
CCGTCACTTTGTAACCGCTCAAACTGCACGATAACTCCAACCCACACCGTCTTCAATGCGGCAGCTTG
CGACGGTTTCGCAGATCTTCCGAACTGCTCCAATAGCAGCTTGGGATCGACCCGTCATTTCTGCACCA  Bglll
AGTCGCAAAATAATGACAGATCCTAGGTGGCCGTGGTTATATGCTTTGCCACGTTGTAGAGTCCGAAC
TATATTGTCTTCCCTATGGGCACCCATGGCCATGCTGGATGGCGAAGCACAGTGGTGAGCGGCCTAAG
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Fig. S2. Genomic sequence of the V. carteri phll gene. The sequence depicted here corresponds to the 8329-bp genomic fragment utilized in plasmid pPhll-YFP. The phll
gene (1) is located on scaffold 34 (nucleotides 980223 to 985045) of the V. carteri genome version 2.1 (2) in Phytozome v13 (3) on the reverse strand. The start codon is at
nucleotide position 985025-985027 on the reverse strand. In the current Volvox carteri genome annotation available at Phytozome v13 (Volvox v2.1) pherophorin Il is not
annotated. Therefore, the gene structure was established based on older annotations and con rmed with RNA-Sequencing data (4). The gene structure is indicated as follows:
Coding sequences are shown with blue background, UTRs with green background and the promoter region with grey background. Start and stop codons are highlighted (violet
font). The 5' UTR is just 18 bp in length, while there is a quite long 3' UTR of 869 bp. The coding sequence totals 1557 nucleotides. The restriction sites that are shown in
Figure 2 (main text) and S| Appendix, Fig. S12 A and B are marked (bold, underlined). Restriction sides that were used for inserting the yfp coding sequence are marked with
asterisks.
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Fig. S3. Genomic sequence of the V. carteri phll gene with yfp coding sequence added. The sequence depicted here is present in plasmid pPhll-YFP. The chimeric gene
consists of 8.3 kb genomic DNA including 5' and 3' regulatory sequences and the complete transcribed region of pherophorin Il including all introns as present on scaffold 34.
The yfp (mVenus) (8) coding sequence was fused in frame with the coding sequence of the last phil exon and a 15 bp sequence coding for a pentaglycine exible spacer. For
the insertion of mVenus, arti cial Kpnl sides were introduced by recombinant PCR which also allow for a later exchange of the uorescent marker. The gene structure is
indicated as follows: Coding sequences are shown with blue background, UTRs with green background and the promoter region with grey background. Start and stop codons
are highlighted (violet font). The 5' UTR is just 14 bp in length, while there is a quite long 3' UTR of 1,168 bp. The coding sequence of mVenus is highlighted in yellow. The
pentaglycine spacer is highlighted in orange. The restriction sites that are shown in SI Appendix, Fig. S12 A and B are marked (bold, underlined). Restriction sides that were
used for inserting the yfp coding sequence are marked with asterisks.
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2. Supplementary methods: semi-automated image segmentation and geometric analysis

A. Overview. We employ a semi-automated image analysis pipeline which uses Cellpose (9) as a key step.
1. Contrast stretching of the image is performed by predetermined cuto s, e.g. 2nd and 98th percentile intensity.

2. A J-invariant Itration is performed using (depending on the channel, uorescence or trans-PMT) either (i) total-variation
(TV) denoising by minimizing the Rudin-Osher-Fatemi functional
Z h i

min kr uk+ =(f u)? [1]
u2BV() 2

where f is the intensity pro le of an image supported on the image domain to be denoised, or (ii) wavelet denoising
with adaptive thresholding. A J-invariant lter is de ned as one whose output value at every pixel is independent of the
value of the source pixel (i.e. is only a function of source pixels at other locations). We nd TV denoising in particular to

be e ective at Itering Poisson noise and signi cantly enhance the performance of Cellpose on low-SNR uorescence
images. We did not use the trained denoising model available in Cellpose3 (10).

3. A user-prompted input polygon P is used to estimate the diameter d = maxfkv; v;Kk j vi;v; 2 Pg of typical instances
to be identi ed in the image, passed as the diameter input to the Cellpose cyto3 model (10).

4. Objects identi ed as pixel-space masks by Cellpose are converted to polygons in the plane by either (i) taking the convex
hull, for convex objects such as somatic cells, or (ii) identifying outlines in the mask. Degenerate and invalid polygons
are suppressed by taking a single binary erosion-dilation step. Further conversion to ellipses for approximately elliptical
objects (such as parent and o spring spheroids) is performed by computing the ellipse with the same nth-order moments
of area as the polygon (see YB) up ton = 2.

5. False-positives are manually rejected where identi ed. False-negatives, where identi ed, are re-prompted to Cellpose by
restricting to a user-speci ed region of interest around the object, and re-iterating from step 1.

6. For identi cation of the somatic CZ3 geometry in particular, only the somatic cell-CZ3 compartment pairs (as seen in
Fig. 5, main text) which have jointly been successfully identi ed are retained.

7. Downstream analysis of the resulting polygons and/or ellipses is performed as described in Table 1 (main text) and
further detailed below in YB.

B. Geometric moments of area. The geometric moments of bounded planar domains, analogous to the moments of bivariate
uniform random variables, quantify shape properties such as size, center of mass, eccentricity, skew, and so on. In the case of
polygonal domains, the geometric moments up to su ciently high order completely determine the vertices (11).

De nition 2.1  (Planar nth area moment tensor). Let D R? be an open measurable set with boundary given by a simple
closed curve @D= C. The nth moment tensor for the domain D of uniform mass density is

7
I(n)(D)= XIdZX [2]
D
where | = (li1;:::;in) is a multi-index such that i 2f 1;2g and
¥
x' = Xi; - [3]

ThepOth moment @ is the area of D. Accordingly, one may de ne the radius Rp of an equivalent (same-area) circle as

Rp = © = . The nth-order moments can be calculated for polygons by (i) applying the divergence theorem to write Eq. (2)
as a boundary |ntegral on C, and (ii) computing the integral as a nite sum using the piecewise-linearity of the sides C.

B.1. First moment and centrality.
De nition 2.2  (Centroid) . The center of mass ofD is
@
R [4]

The notation =[ 1; 2] evokes the probabilistic interpretation as the expected value of a uniform distribution supported
on D. The basis in which Eq. (2) is computed will unless otherwise speci ed be taken, for moments of order 2, to be one in
which  is at the origin.
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De nition 2.3  (Dimensionless centrality of a test point) . For a test point y 2 R?, we de ne the centrality metric

P
d(y)=kw(y )k= (y ) Yy ) (5]
with W a matrix de ned as W!'w = 1 and the covariance matrix of D, de ned in Eq. (7).

This whitening procedure (again evoking the probabilistic interpretation of ) enables comparison across domainsdD of
varying second moment, resulting in a quantity which is dimensionless. In probability terms, Eq. (5) is the Mahalanobis
distance of y to the uniform distribution supported on D.

In particular, d is scale-invariant; for dilations of space RZ 7! R?, > O,wehave 7! ;y 7! y,and 7! 2 byEq.(7),
henced (y) 7! d (y) by Eq. (5). Moreover, diIationZS£reserve aspect ratios, since
rR27z, R2 1 22,0 2
| = .
7 75; x x% (x x9 2 : 6]

D

2

hence its eigenvalues map as j 7! j and the ratio  max = min iS preserved.

B.2. Second moment and isotropy.
De nition 2.4  (Covariance matrix of a domain) . The normalized second central moment, or covariance matrix, is

@
= [7]

As before, central indicates that @ is computed in a basis in which is at the origin.

In probability terms, is the covariance matrix of a uniform distribution supported on the domain D. If D has radial
symmetry about  (either continuous, as a circle does, or discrete, as regularn-gons do), then = cl for somec > 0. This is
veri ed by the existence of an eigenspace of dimension 2. ! = M is the matrix de ning an ellipse with the same aspect ratio
asD.

De nition 2.5  (Principal axes of a domain). Using Eqg. (7), we may de ne the principal axes and stretches of a domain D via
Hermitian eigendecomposition

=pp ! 8]
with v; the columns of P being the principal axes and and ; > 0 in ascending order (as is symmetric positive-de nite for
non-degenerate curves).

De nition 2.6  (Aspect ratio of a domain) . Let 1; 2 and vi;v» be the principal stretches and axes (in ascending order) of

as in Eqg. (8). The aspect ratio is
r

9]

Ellipses (objects de ned uniquely by their moments to order n =2) with the same orientation, aspect ratio, and area ( ab)
as D have the minor and major axes

el |

r
0
a= —; b= a [10]

Eqg. (10) is an exact elliptical representation of a polygon (or arbitrary domain), in contrast to elliptical approximations, e.g. (i)

weighted ~2-minimization of vertex distance or (ii) convex programs for minimum-area bounding ellipses.

B.3. Moments under af ne transforms.  Let F > 0 be a symmetric positive-de nite matrix (e.g. a strain tensor) and de ne an ane
transform of a domain D about its center of mass by

T(x)= F(x )+ [11]

Let T(D) be the transformedzrzegion. B&czhange of coordinates for integrals, the relevant moments of T(D) are

O (T(D)) = d’y = detFd’x = @ (D)detF [12]
77 7z
W (T(D)) = yd?y = (F(x )+ )detFd’x = @ (D)detF [13]
T(D) D
- o - © -
(T(D)) ZZ(T(D)) (T(D)) (% [14]
@(T(D)) = (y ) (y )Hdy= F(x ) F(x )detFd’x=F @ (D)F detF [15]
T(D) D
ro) = P(TOE)= Y(TO)= F oF [16]
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hence the centroid is preserved and the covariance matrix maps as 7! FF |.

B.4. Whitening a domain. Let a domain D have covariance matrix  Eq. (7). De ne the whitened domain Dw by the a ne
transform T as de ned in Eq. (11),

Dw = fT(x)jx2Dg, F= % [17]
with the matrix square root F typically approximated by singular value decomposition (SVD) as

F/'= us+ ") 20 = usv; 18]

and F the ZCA whitening matrix (12) with regularization constant " 1. Then Dw has aspect ratio 1 as de ned in Eq. (9).

C. Isoperimetric problems. We recall here several quantities which can be used as measures of the deviation of a domairD
from a disk.

C.1. Classical isoperimetric inequalities. ~ One has
4A L% [19]

where A is the area of D and L the total arclength of C (which we may now require to be a recti able Jordan curve) and is an
equality only for circles. Accordingly, one de nes an isoperimetric quotient, which we term the circularity in the main text,

p___
9= A 2 o1y [20]
maximized for disks. For regular n-gons, one has
q
= _cot—: 21
Oh ~ cot [21]

A natural question is whether Eq. (19) can be used to de ne a set distance, in the sense of Hausdor metric, of D to the best
disk. This turns out ( 13) to be related to the problem of making Eq. (19) quantitative, in the sense of a nonnegative quantity
(D) such that

4A + (D) L2 [22]

forall D, with (D)=0 i D is a disk. Without proof, we cite ( 13) the result that the isoperimetric de cit , de ned as the
dimensionless quantity

1 g

ID(D)= —— 23
(D) q [23]
upper-bounds any such quantitative inequality (D) via
p
(D) C. ID(D) [24]

for some dimension-dependent constantC,. For convex D (applicable e.g. to the cells of a Voronoi tessellation), Eq. (23)
upper-bounds the Hausdor distance dy to the best- t equal-volume ball B as

inf dy (D;B + x) CzID(D) 2 [25]
x2 R2

for dimension-dependent constants C,; » (13). Equality is achieved for D which is a ball.

C.2. Weighted isoperimetric inequalites.  Recalling the second moment M, as de ned in the main text, eq. 1, written here with
explicit arguments M,(x; D), we recall by classical results that its minimization is also an isoperimetric problem.

Lemma 1 (Disks minimize Tr(M»)). Let D R? be as in De nition 2.1, jDj its Lebesgue measure, andx 2 R?. We have
o
Tr(M2(x; D)) J';—J with equality i D is a disk and x is its centroid.

Proof. Write Tr(M32) as
ZZ ZZ

U(x;D)=Tr( M2(x;D)) = T(x° x) (x° x)d*x°= x% x “d*x% [26]

Then optimality in the rst argument implies

=2 x° x)d’x% [27]
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which holdsi x = s the centroid of D. Locating at the origin without loss of generality, we have
zZZ

U(x:D) U( ;D)= x° 2 d?x° [28]
D

Recognizing the last expression as the polar moment of inertia and applying a weighted isoperimetric inequality (7.2, (14)),
ZZ

x° % dx°, [29]
Brp )

where Br,, (0) is a disk at the origin of the same area asD (i.e. Rp is D's circular radius as in YB). Thus

Rt _ Dj%.
2 2 -

(30]

O

Recall also the (standardized) sum of second moments, Eq. 3, main text. Using the previous lemma we may establish the
following optimality for it in terms of honeycombs.

Lemma 2 (Second moment bound for tessellations). For any space packingfx;gl, ;fDigl-; with standardized sum of second
moments m, de ned as

X _ X
my=n  Tr(MY(xi;D))= iDij [31]
i=1 i=1
we havem, .
Po . (i)
Proof. Let A = iz IDi] and Mz(xi;Di) = M;’. Then
_n X (i)
my= 5 TrM; [32]
i=1 I
X 2
cs 1 i)y 1=
Az (M) [33]
i=1 |
2
o1 x iDij [34]
A2 2
i=1
1.
= [35]
where the rst inequality is Cauchy-Schwarz and the second is Lemma 1. O

Note that the rst inequality is sharp only for con gurations consisting of congruent cells D;. The second inequality cannot
be sharp for spacepartitions , only packings consisting of congruent disks. Spacepartitions optimize the second only if they are
asymptotically (in n) regular hexagonal lattices (15, 16).

D. Average number of neighbors in a spherical Voronoi tessellation. Let fxig, be a collection of points on the surface of a
sphere andfVigL; the corresponding set of spherical polygons given by their Voronoi tessellation. The number of neighbors of
eachV; is precisely the degree (number of incident edges)d(xi) of each node in the topological dual, the Delaunay triangulation
fT; g]T -, of fxjg. Let m be the number of edges; since this is a triangulation of a compact (boundaryless) surface, we have the
relation 3f =2m. By the Euler theorem,

n m+f= =2 [36]

where is the Euler characteristic of the sphere. Substituting the triangulation property into Eq. (36) yields m =3n 6,
hence the average degreal is

X |
d= 1 d(Xi): 27m2 6n 12 n!.l
n n n

i=1

6; [37]

thus the average number of neighbors of a Voronoi polygon is asymptotically 6.
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E. Distortion correction of compartment features due to elastic deformation against a glass slide. Segmented compartment
features as described in Y2.A occur in a single or tight range of focal planes due to the physical planarity of the surface,
which arises from the mounting procedure described in Materials and Methods in the main text. This can induce some elastic
distortion of the geometry of the compartments, as the surface of the organism itself is generally ellipsoidal and cannot be
embedded isometrically in the plane. This distortion varies from spheroid to spheroid and also in principle depends on the
constitutive (stress-strain) relations of the ECM material, making the physical inversion of this elastic distortion an ill-posed
problem. However, we nd using the following 3D analysis a generic shape for the organism's section close to and in contact
with the mounting slide, and propose a simple, general distortion correction mechanism which we use to verify that the
conclusions drawn from 2D features are accurate re ections of the 3D-corrected shapes.

E.1. Extraction of volumetric compartment hull from voxel data. The Phll:yfp-stained CZ3 compartment boundaries appear in
uorescence z-stacks as local maxima in intensity, providing a basis from which to extract the bounding shape (convex hull) of
the overall compartment geometry by thresholding. This procedure is implemented as follows.

1. Apply masking to z-stacks using the outer boundaries identi ed in Fig. S5 to isolate the spheroid of interest in 3D space.

2. Equalize intensity across successive z-planes (whose mean generally drops o further inz) by multiplying intensity data
of yfp emission at plane z by the ratio .= , where ; is the mean intensity at plane z and is that of the entire volume.

3. Apply a top-hat box transform to subtract background features from the voxel data with radius large compared to the
scale of compartent wall thicknesses (on the order of 2 m as estimated in the main text, p. 4).

4. Obtain an intensity mask by Otsu thresholding (17).
5. Obtain an approximate triangulated surface using the marching cubes algorithm (18).

6. Compute the convex hull of this surface to obtain a convex triangulated surface representing the outer boundary of the
CZz3 geometry. Extract the vertices of this hull for use in the following section.

We nd consistently that the resulting shape is well-approximated by an ellipsoidal section bounded by a planar slice
as shown in Fig. S17; this plane is where the majority of surface compartment features appear and the section in which
segmentation (Fig S5, blue dots) is feasible.

Not all spheroids analyzed are su ciently stably mounted in order to facilitate consistent extraction of the 3D shape from
volumetric uorescence data (nevertheless, surface CZ3 analysis as in the main text is possible from a single or a tight range of
focal planes); the ones for which it is feasible are shown in Fig. S5.

E.2. Fitting the ellipsoidal section. ~ We now assume that the organism body is mirror-symmetric about some plane z > 0; this z is
unknown as it depends on the exact spacing between the two surfaces mounting the spheroid. However, we present here a
method for estimating it.

1. For a plane at some height z > 0 parallel to the XY plane, make a mirror-image of the vertices extracted in Y2.E.1 about
it.

2. Compute the minimum-volume bounding ellipsoid containing this point cloud fx;g2 R" 2 by solving the convex program

max log det A [38]
subject tokAx; + bk 18i; A 0 [39]

where the resulting ellipsoid (M;v) de ned by the equation (x V)M (x v)=1 is given by the solution as M = Al A,
v= A b A 0means that A is positive semide nite.

3. Compute the cost of the original points not passing through the surface as
X

c= ((xi WM@X v 1)° [40]
4. Repeat steps 1-3 with perturbations in the height z to nd a t with locally minimum cost  c.

As shown in Fig. S17, this ellipsoidal section is a good approximation of the vertices obtained from the CZ3 convex hull
obtained in Y2.E.1
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E.3. Projection of the compartment geometry. ~ We rst note that cells do not experience the same geometric distortion in top view
as compartments due to compression because (1) they are approximately spherical objects with similar cross-section from any
viewing angle and (2) they are not (signi cantly) physically deformed by the mounting procedure rather the outer structures
which contain them, i.e. the cellular zone (CZ) and boundary zone (BZ), are. Therefore, the following projections are performed
only for the compartment geometry.

1. Given the ellipsoid (M;v) computed in Y2.E.2, translate v in z SOV, > I max , Where rmax is the maximum of the elliptic
radii 1= ;, where ; > 0 are the eigenvalues ofM . This ensures (M; V) lies in the upper-half z space.

2. For each polygon in the XY plane de ned as a set of points f (Xi;Vi)gi, identify the coordinate z projected onto the
ellipsoid by solving the quadratic equations Wil Mw; =1, wherew; =(Xi;V¥i;zi) V. This is solved using Vieta's formula
to avoid oating-point cancellation. The roots z with smallest value are chosen.

3. The resulting surface f(Xi;Yi;zi)g is no longer planar, so nd the best-t plane using the standard SVD solution ( 12)
and take the orthogonal projection of these points onto the plane. This results in a set of CZ3 compartment polygons
each lying in their own plane approximately tangential to the ellipsoidal surface computed in Y2.E.2. All downstream
analyses can then be computed within a basis de ned by this plane.

This projection is visualized in Fig. S17.
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3. Supplementary analyses

Fig. S4. Share of pentagonal and hexagonal somatic CZ3 compartments in middle aged adults (early stage II). Sexually induced transformants expressing the phll:yfp
gene under the control of the endogenous phll promoter were analyzed in vivo for the localization of the PHII:YFP fusion protein. Magni ed view of the Phll:YFP-stained
compartments surrounding the somatic cells corresponding to CZ3. In areas where no gonidia lie below the somatic cell sheet, the compartments form a pattern of hexagons
and pentagons. In the exemplary regions shown here, 27 pentagonal and 53 hexagonal compartments were counted, representing a ratio of roughly 1:2. Scale bars are 20 m.

Spheroid
Stage | 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Circular radius ( m) 96 107 104 109 103 117 108
Segmented cell-compartment pairs 152 317 267 260 265 249 248
Stage Il 1.1 1.2 1.3 1.4 1.5
Circular radius ( m) 188 230 221 247 219
Segmented cell-compartment pairs 397 494 548 535 495
Stage Il 1.1 .2 1.3 1.4 1.5
Circular radius ( m) 245 243 266 241 223
Segmented cell-compartment pairs 447 404 520 439 437
Stage IV V1 V2 IV3  IV4  IV5
Circular radius ( m) 416 419 419 428 430
Segmented cell-compartment pairs 519 446 430 550 529
Stage S S1 S22 S3 S4 S5 S6 S7
Circular radius ( m) 254 281 269 278 205 287 280

Segmented cell-compartment pairs 415 466 497 531 396 580 551

Table S1. Summary of individual spheroid data: equivalent circular radius and number of analyzed cell-compartment pairs.
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Fig. S5. Segmented Phll:YFP signal and anterior-posterior axis identi cation. Trans-PMT images of spheroid in stage I-IV and S (de ned in Fig. 3 in the main document)
with posterior-anterior axis (yellow line) estimated as the line passing through the elliptical (white outline) center which is normal to the best- t line (green) through manually
identi ed offspring (green dots) located in the anterior section. The white line represents the major axis of the ellipsoid. Overlaid are segmentations of the CZ3 compartments
(PhIl:YFP), colored by area (dark to light by size). Blue dots are the (X;y ) coordinates of the CZ3 convex hull coordinates as de ned in §2.E.2 (in the spheroids from which
extraction is possible) and whose full 3D coordinates are also rendered in Fig. S17. The approximately elliptical middle regions where points are absent are the at contact
patches between organisms and cover slips (Materials and Methods, main text), de ning the feasible segmentation region.
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Fig. S6. Offspring. Offspring are identi ed using the same semi-automated procedure as that used for identi cation of somatic cells and CZ3 compartment geometry. Being far
larger than either of those, however, offspring appear in focus at different planes. We identify offspring from planes where clearly in focus, displaying here particular planes for
each spheroid. The boundaries are used to estimate the volumetric growth rates displayed in Table 2, main text.
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Fig. S7. Comparison of semi-automated segmentation against fully manual segmentation. 1. Overlay of YFP uorescence of Phll:YFP protein (green) and chlorophyll
uorescence (magenta), detected at 650-700 nm. 2. Same as 1 with manually segmented CZ3 (orange) and cell boundaries (white), identical to panel A2, Fig. 5 in the main
text. 3. Same as 2 with semi-automatically segmented (using the procedure described in §2) CZ3 (orange) and cell boundaries (white). 4. Comparison of semi-automated
segmentation (blue, CZ3 compartments and cells) with fully manual segmentation (orange, CZ3 compartments and cells).

Fig. S8. Areas are gamma-distributed throughout growth with changing shape parameters re ecting anterior-posterior differentiation. Areas of CZ3 compartments
robustly follow gamma-distributions, as highlighted in Fig. 8B2 and §E, main text. Plotted on y-axes (shared by row) are normalized counts per bin (n = 50 bins), and on x-axes
are the reduced CZ3 areas &cz3 = ( acz3 amin ) =(aavg amin ), Where amin  and aayg are minimum and average values of ac,3 for the respective spheroid. Such
normalization enables distributional t across different organisms. The empirical mean is therefore xed at 1 in these distributions, and the maximum-likelihood t parameters
are k and offset of the support (with  determined by the relation between k and the xed mean). A Kolmogorov-Smirnov (KS) goodness-of- t test is performed and its p-value
is recorded as pgs in each plot. One key observation we make, evident in the rst row, is that the extreme degree of anterior-posterior differentiation (shown in Fig. 8B1,
main text) suggests that a single t from this distribution family may not be valid in later stages of the life cycle. Indeed, pks 0:9 in stage |, indicating no strong evidence
that &c,3 do not arise from a gamma distribution, yet drops below 0:001 by stage 1V, supporting rejection of the t hypothesis in this case. Qualitatively, one observes the
formation of “shoulders” in the distribution (exhibiting a loss of log-concavity which does not hold in the gamma distribution for shape parameter k  1). Separating the data by
anterior/posterior hemispheres, however, almost completely resolves the issue and reveals that the respective ac,3 values follow gamma distributions (of very different shape
parameters). Lastly, tted parameters of the sexual stage S place it distributionally closer to Stage IV than to I, which contrasts with the grouping inferred from the spheroid
radii (Fig. 10E, main text).
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Fig. S9. Aspect ratios remain stably gamma-distributed throughout growth. As seen, the k parameter remains in a remarkably tight range between 2:35  2:45.
Maximum-likelihood estimated (MLE) parameters include only rate  and shape k, with location xed at 1. Both this distribution family and the value of the shape parameter for
aspect ratios are robustly observed in a variety of living organisms and inert jammed systems (19). Kolmogorov-Smirnov tests performed in each case indicate no strong
evidence that the data do not follow gamma distributions.

Stage Spheroid Total offspring Total cell % spheroid volume % spheroid volume Elapsed  Spheroid Total offspring  Total cell volume
volume change volume change volume change change to offspring  change to cells time growth rate  volume growth rate  growth rate
(est., mm3) (est., mm?3) (est., m3) (est., %) (est., %) (h)  (est, mm3/h)  (est., mm3/h) (est., m3/h)
| # # # # # # # # #
I 0:0403 0:0011 31 10° 2:8 0:76 15 0:0027 75 10 ° 10:2
n 0:0153 0:0002 42 10* 1:2 0:28 6 0:0025 31 10 ° 35
\Y 0:2553 0:0258 79 10* 10:1 0:03 16 0:0160 16 10 3 2:5

Table S2. Estimated volumetric growth changes by life cycle stage (I-1V), supplementary to Table 2, main text. Number of juveniles per spheroid

were manually estimated from the trans-PMT image (as in Fig. S6), with the average value over all n = 29 spheroids being exactly 13. The
estimated total offspring volume change (column 3) is de ned as this number, times the average estimated juvenile volume per stage (as

given in Table 2, main text, computed from segmentation of the trans-PMT image, Fig. S6). Further, assuming a xed count of 211 2000
somatic cells per spheroid and multiplying this times the average somatic cell volume per stage (again Table 2, main text) yields the estimated

total volume change due to somatic cells (column 4). Assuming 212 somatic cells changes the contribution to the overall spheroid volume
negligibly, as evident from column 6. Taken together, columns 2, 3, and 4 yield an estimation of the contribution to overall spheroid volume

change by offspring, somatic cells, and parental ECM (Table 2, column 5, main text) by subtracting columns 3 and 4 from 2. Lastly, knowledge

of the approximate elapsed time between life cycle stages (column 7) yield the corresponding estimated growth rates (columns 8-10 here and

Table 2, columns 5-6, main text).

Cellarea Compartment area Aspectratio Circularity Offset Offset (whitened) Voronoi error

% change PAin | 13.72 44.25 9.85 -2.49 46.90 22.59 1.66

% change PAin Il 13.44 93.90 3.06 -0.69 117.00 65.15 15.61

% change PA in llI 13.28 121.88 1.01 -0.67 82.04 36.93 -6.55

% change PA in IV 8.12 129.56 14.39 -0.53 49.86 8.72 -10.31

% change PAin S 9.90 128.90 -1.76 -1.94 195.36 105.17 -3.06
Mean value in stage | 26.37 57.85 1.20 0.88 0.54 0.24 0.21
% change mean | to Il 81.47 201.09 0.93 1.95 141.60 43.29 21.60
Mean value in stage Il 47.85 174.18 1.21 0.90 1.29 0.35 0.25
% change mean Il to 11l 2.38 30.02 0.86 -0.78 27.36 12.05 -1.41
Mean value in stage IlI 48.99 226.48 1.22 0.89 1.65 0.39 0.25
% change mean Il to IV 12.21 165.02 -2.74 1.82 52.87 -5.58 15.60
Mean value in stage IV 54.97 600.21 1.19 0.91 2.52 0.37 0.29

Table S3. Summary of changes in mean value along posterior-anterior axis (PA) and by life cycle stage (I-1V, S). Rows 1-5 show the changes
in empirical mean value from posterior to anterior end (corresponding to dashed mean lines, column 1, Fig. 8, main text) within each life
cycle stage . Rows 6-12 show the changes in mean value (corresponding to vertical black bars overlaying the histograms, column 2, Fig. 8,
main text) across successive life cycle stages. While the underlying distributions are highly skewed and mean-based comparisons should be
interpreted carefully as noted in 8E1 (main text), they provide one quanti cation of the underlying trends visible in the empirical distributions,
Fig. 8, main text.
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Fig. S10. Additional invariances in the stochastic geometry of the CZ3 compartments across the life cycle. Rows A and B follow the same formatting as Fig. 8, main
text. Row A shows variation in the offset angle ¢ei = arccos(j X Vvj=(k xkkvk)) between the somatic cell offset vector x (Table 1, main text) and the principal
stretch axis v of the CZ3 compartment (given by the eigenvector corresponding to max ). Since the latter has no polarity, cen 2 [0; 90] degrees. Panel Al shows that there
is little variation along the PA axis or by life cycle, with the exception of upward tails toward the anterior pole in stages II-1V and S. Panel A2 reveals furthermore that cej
effectively follows a uniform distribution over its support throughout the lifcycle, indicating that there is no correlation between the somatic cell offset vector X and the principal
stretch axis. This is perhaps surprising given that one might naively expect translation of the cell along the deformation axis of its compartment. Row B shows, in the same
format, the number of neighbors (edges) of each Voronoi partition. Panel B1 again shows that there is almost no variation along the PA axis or by life cycle stage, providing
quantitative evidence that the topology of the CZ3 space partition does not change during growth. Panel B2 displays the distribution of Voronoi neighbors by life cycle stage,
whose mean is around 6, consistent with Euler's theorem for Voronoi tessellations of the sphere (8D).

Fig. S11. Increasing area polydispersity during the life cycle is primarily due to changes in the anterior hemisphere. Panel A is the same as Fig. 10B (main text) while
panels B and C show the same metrics separated by anterior and posterior regions respectively. As seen, B shows a decrease in k (in increase in disorderedness as explained
in main text) of the anterior con guration by life cycle stage, while C shows relatively stable values in the posterior con guration. The former therefore likely underlies the

increasing disorderedness observed in the whole spheroid (panel A). Panels D-F display the respective p-values (ps ) of a Kolmogorov-Smirnov goodness-of- t test performed
in each instance of the Kgamma Vvalue reported in panels A-C. All panels D-F show that stage | can exhibit varying degrees of goodness-of- t, which is likely re ected by the

large spread of k-values in stage | (panels A-C). However, in the progression from stages II-IV and S, pxs drops signi cantly, sometimes below the threshold (plotted as dashed
vertical lines), as expected from Fig. S8, despite the qualitatively good match observed in row 1 of that gure. As in Fig. S8 rows 2-3, this is remedied by separating into
anterior/posterior hemispheres, at which point the data collapses well, indicated by the sharp increases in pxs in panels E-F. Remarkably, this increase in goodness-of- t
accompanies a clear observation in panels B-C that the anterior hemisphere is primarily responsible for increasing disorder in the somatic CZ3 con guration.
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Fig. S12. Phenotypes of Phll:YFP-expressing transformant and recipient (control) V. carteri strains at developmental stages | to IV.  The phenotypes of transformant
PhIl:YFP and the recipient TNit-1013 (control) strains were compared to check whether the expression of the Phll:YFP fusion protein alters the phenotype. It was also
investigated, whether the addition of the sex-inducer protein for only 24 h (inducer added, ind.), i.e. for the period used in the experiments, already leads to a change in the
vegetative phenotype of Phil:YFP transformants. (A-D) Developmental stages | to IV. Representative light microscopic images on the left show overviews and close-ups. The
overviews reveal the spheroid morphology, spheroid size, expansion kinetics, the arrangement of the progeny and the regularity of the arrangement of the somatic cells. The
close-ups show the regularity of the arrangement of the somatic cells in detail, the size of the somatic cells and the orientation of the eyespots. Bar charts on the right show the
analysis of the spheroid radii. The average spheroid radius is shown in relation to the recipient (control) strain TNit-1013 (=1.0). The standard deviation is indicated (n=20).
There is no evidence of changes in phenotype due to the expression of Phll-YFP or the addition of the sex-inducer protein for 24 h.
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