
1 
 

March 8th, 2026 1 

A kinematic equation for the morphogenetic reproducibility of an animal 2 

Jianguo Wang1, #, Long Xiao2, #, Miaoling Yang2, Zeqi Yao1, Shanjun Deng1, Zhuo Du2 & Xionglei 3 

He1 4 

 5 

1 Hongkong Institute for Advanced Studies, School of Life Sciences, Sun Yat-sen University, 6 

Guangzhou 510275, China 7 

2 State Key Laboratory of Molecular Developmental Biology, Institute of Genetics and 8 

Developmental Biology, Chinese Academy of Sciences, Beijing 100101, China 9 

# These authors contribute equally 10 

Correspondence should be addressed to: 11 

X.H.  (hexiongl@mail.sysu.edu.cn) or Z.D.  (zdu@genetics.ac.cn)  12 

 13 

One-sentence Summary: How cell positioning is regulated in embryos to achieve reproducible 14 

morphogenesis, a question that has long fascinated both biologists and physicists, is now answered 15 

by a golden-ratio-parameterized cell kinematic equation in the nematode C. elegans. 16 

 17 

Abstract 18 

It is intriguing how cell positioning is regulated during animal development to achieve 19 

reproducible morphogenesis under genetic or environmental perturbations.  In this study, we track 20 

single-cell spatiotemporal dynamics in over 2,000 C. elegans embryos subjected to diverse 21 

perturbations.  By analyzing the inheritance of cell position along developmental lineages, we 22 

uncover ubiquitous negative-feedback “canals” that prevent the propagation of positional noise, 23 

thereby ensuring morphogenetic reproducibility.  Examining cell kinematic parameters reveals 24 

that cell migration velocity underlies the negative-feedback regulation.  The velocity dynamics 25 
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across cell generations are described by a self-similar equation characterized by a single parameter 26 

φ (the golden ratio) that quantifies velocity adjustment, suggesting an inherent program recurrently 27 

employed by cells to attain their expected positions.  Further analysis shows that φ = 0.618 28 

represents the theoretical optimum, enabling an expected zero net noise accumulation and thus 29 

along-lineage conservation of cell velocity.  Deviation from this self-similar equation predicts 30 

hatching failure (AUC = 0.89), and reveals a set of cytoskeleton-enriched genes required for its 31 

maintenance.  In summary, by revealing a conservation principle of cell kinematics in C. elegans 32 

embryos, this study establishes a novel kinematic-mechanical framework for investigating animal 33 

morphogenesis, highlighting a golden-ratio-embedded natural design adaptable to general 34 

dynamic systems for noise control. 35 

 36 

Introduction 37 

Animal morphogenesis requires delicate regulation of cell positioning during development. 38 

Although the programs setting where, when and how a cell originates, migrates and divides in an 39 

embryo can be highly precise, fluctuations arising from genetic, environmental and stochastic 40 

factors unavoidably introduce noises, deviations from the expected settings, into each decision.  41 

Because development is a time series process in an expanding cell population, such noises could 42 

quickly accumulate along lineages over time and become non-negligible at the end of development, 43 

undermining the phenotypic reproducibility of the end-products.  Hence, biologists have long been 44 

fascinated by the extraordinary reproducibility of developmental end-products observed in 45 

multicellular organisms, in particular, animals1,2.  In the seminal 1942 paper3, Waddington wrote, 46 

“…developmental reactions are in general canalized.  That is to say, they are adjusted so as to 47 

bring about one definite end-result regardless of minor variations in conditions during the course 48 

of the reaction.”  Since then, canalization has become a central concept in biology, motivating 49 

numerous studies on the control of molecular noise at the cellular level (e.g., Hsp90 for protein-50 

folding noise suppression) 4-7.  However, intracellular noise-control mechanisms do not resolve 51 

the problem of cell behavioral noise at the embryonic level.  The developmental “canals” 52 

constituting Waddington’s canalization landscape, which prevent the propagation of cell 53 

behavioral noise along developmental lineages within an embryo, have not been characterized in 54 

any organism.  In recent years, mechanical and geometric approaches have emerged as powerful 55 
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frameworks for uncovering the systematic principles of embryogenesis, organogenesis, and tissue 56 

patterning1,8-29, yet these studies have largely focused on cells’ expected states or their collective 57 

behaviors during morphogenesis rather than on the control of cell behavioral noises at the 58 

embryonic level.  Consequently, although embryonic canalization, or developmental 59 

reproducibility, has been examined from multiple perspectives11,12,15,16,21,26,30-40 in qualitative or 60 

coarse-grained ways, it remains unresolved whether a direct quantitative mechanism governs 61 

single-cell-resolution noise control of cell behavior to ensure developmental reproducibility at the 62 

embryonic level.   63 

A prerequisite for quantifying such cell noise control is systematic tracing cell behaviors 64 

throughout development under various conditions and aligning different embryos into a common 65 

geometric representation system, a challenging task in most multicellular organisms.  The 66 

nematode C. elegans is ideal for this purpose due to its fully mapped, invariant cell lineage and 67 

the availability of single-cell phenotypic tracing methods41-47.  During C. elegans embryogenesis, 68 

each individual follows an invariant cell lineage to produce a fixed number of cells each with a 69 

defined function41.  The developmental stereotype enables the comparison of matched cells 70 

between individuals to quantify the expected cell behaviors as well as the cell behavior noises in 71 

a specific individual.  In previous studies, we and others have characterized cell behaviors 72 

regarding cell morphology, mechanics, proliferation, differentiation, and morphogenesis in a 73 

variety of C. elegans embryos32,38,42,43,46,48-54, and observed widespread noise-buffering 74 

events32,38,50,52,53.  However, the mechanisms that suppress the noise propagation along cell 75 

lineages to ensure developmental reproducibility remain poorly understood.  In particular, it 76 

remains unclear whether a unified mathematical-physical principle governs the dynamics of cell-77 

behavioral noise during development. 78 

  In this study, we used time-lapse microscopy to track C. elegans morphogenesis and 79 

analyzed over 2,000 embryos subjected to diverse genetic and environmental perturbations. 80 

Lineage-resolved spatiotemporal features, including cell position and cell cycle length, were 81 

recorded for every tracked cell in each embryo.  By modeling the transmission of cell positional 82 

noise, we uncovered comprehensive negative-feedback “canals” that prevent noise propagation 83 

along cell lineages.  Through quantitative analysis of cell kinematics, we further revealed the 84 

mechanical basis of this negative feedback as the regulation of cell migration velocity.  Strikingly, 85 
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we found that cell velocity dynamics follow a self-similar equation with a single parameter - the 86 

golden ratio (φ = 0.618), which emerges as a mathematical optimum satisfying a velocity 87 

conservation principle.  Under this principle, noise generated in any cell is precisely counteracted 88 

by continuous suppression accumulated along its lineage, resulting in an expected zero net noise.  89 

Theoretical analysis demonstrates the mathematical optimality, robustness to perturbations, 90 

evolutionary achievability, and biological feasibility of the φ-parameterized self-similar equation.  91 

Moreover, the equation explains embryonic hatching lethality as a consequence of its violation, 92 

identifies a set of cytoskeleton-enriched genes required for its maintenance, and provides a 93 

unifying framework linking mother–daughter negative feedback with the long-standing mother–94 

sister similarity paradox.  Together, these results provide the first quantitative characterization of 95 

Waddington’s canalization landscape, revealing an elegant golden-ratio-embedded conservation 96 

principle of cell kinematics for securing morphogenetic reproducibility in C. elegans. 97 

 98 

Results 99 

Tracking cell spatiotemporal information during C. elegans embryogenesis 100 

As in our recent study32, we used time-lapse microscopic imaging to track the embryogenesis of 101 

C. elegans (Methods).  In brief, the ubiquitously expressed histone::mCHerry fluorescence protein 102 

was used to label individual cells to achieve single-cell-resolution tracking of the nematode 103 

embryogenesis from the 4-cell stage up to the 350-cell stage, which corresponds to the completion 104 

of nine rounds of cell division (out of ten in total).  The spatiotemporal features were recorded for 105 

all individual cells that appear within the tracked time window (Fig. 1a; Methods).  Specifically, 106 

the time-lapse three-dimensional positions (x, y and z coordinates) of the cells were obtained; 107 

meanwhile, the cell division timing was available for every cell, with which cell cycle length (CCL) 108 

can be readily derived from the time interval between two consecutive cell divisions.   109 

 To mimic environmental perturbations, we exposed wild-type C. elegans embryos to 40 110 

different stress conditions of eight types of stressors (temperature, heat shock, bacterial food, 111 

stearic acid, glucose, NaCl, FeCl3, and paraquat) (Methods).  In total, we tracked 111 112 

environmentally perturbed embryos (hereafter called Env embryos), and obtained the 113 

aforementioned cellular features.  To examine the effect of genetic perturbations, we included 114 
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1,823 embryos (hereafter called RNAi embryos) that were cultured under normal environment but 115 

each subjected to single-gene RNAi knockdown (with ~700 different genes involved).  The 116 

embryogenesis of these RNAi embryos was tracked by our recent study with the same imaging 117 

protocol32.  In addition, the embryogenesis data of 105 control embryos with neither environmental 118 

nor genetic perturbations were also included32.  Taken together, a total of 2,039 embryos were 119 

examined in this study (Fig. 1a and Table S1-S3).   120 

 Considering that some embryos had unusual global sizes or CCLs, we normalized the raw 121 

cell feature values across different embryos to enhance comparability44,46.  To do so, for CCL we 122 

linearly aligned each embryo to a randomly selected reference control embryo (ctr-emb58) to 123 

derive embryo-specific scaling factors (Fig. S1; Methods); the raw CCL values of an embryo were 124 

then all divided by the embryo-specific scaling factor to obtain the scaled CCL values of the 125 

embryo.  For cell position, each embryo was first translated and rotated such that they had matched 126 

x, y and z coordinates, with the gravity center of all cells at the point of origin (i.e., gravity center 127 

has x = 0, y = 0, z = 0) (Fig. 1b and Fig. S2; Methods).  Then, with the same procedure as for 128 

scaling CCLs, each embryo was aligned to the reference embryo (ctr-emb58) to obtain the scaled 129 

3D position values (x, y and z) (Fig. S2; Methods).  The scaling was not sensitive to the choice 130 

of reference because the scaling factors obtained based on ctr-emb58 were highly correlated to 131 

those based on the average of all control embryos (Pearson’ R > 0.999 for CCL, x-coordinate and 132 

y-coordinate, and = 0.984 for z-coordinate; Fig. S1-S2).  Unless otherwise stated, all following 133 

analyses in this study were based on the scaled cell feature values.   134 

 135 

Modeling mother-daughter cell noise transmission 136 

Because the developmental cell lineages of C. elegans are stereotyped, it is biologically 137 

meaningful to compare cells of the same lineage identity in different embryos41,43.  We focused on 138 

the three-dimensional positions (i.e., x, y and z coordinates) of each cell in the embryos.  Notably, 139 

considering the x, y and z coordinates separately facilitated the definition of both the magnitude 140 

and the direction of cell positional noise.  For a given cell there were often substantial position 141 

variabilities observed among the embryos; the average position was regarded as the expected 142 

position of the cell and the deviation from the average was regarded as noise (Fig. 1c and Fig. S3).   143 
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Using the x-coordinate position as an example, we modeled the position of a daughter cell 144 

(𝑥𝑥D) with that of its mother cell (𝑥𝑥M) by an ordinary linear regression: 145 

 𝑥𝑥D = 𝑎𝑎𝑥𝑥M + 𝑏𝑏 + 𝜀𝜀, (1) 146 

where a, b and ε represent the slope, intercept and residual term, respectively.  This model aligns 147 

with previous studies on noise transmission along bacteria or yeast cell lineages55,56.  Eq. (1) is 148 

equivalent to 𝑥𝑥D − 𝑥𝑥D = 𝑎𝑎(𝑥𝑥M − 𝑥𝑥M) + 𝜀𝜀, where 𝑥𝑥D represents the mean x-coordinate position of 149 

the daughter among all embryos, 𝑥𝑥M represents that of the mother, and b = 𝑥𝑥D − 𝑎𝑎𝑥𝑥M.  As such, 150 

𝑥𝑥D − 𝑥𝑥D and 𝑥𝑥M − 𝑥𝑥M signify the x-coordinate noise of the daughter and the mother, respectively.  151 

Hence, as in previous studies55,56, the noise we here defined referred to deviation from the mean 152 

of all examined embryos.  The noise transmission model can then be written as: 153 

 Δ𝑋𝑋 = 𝑘𝑘𝑋𝑋M + 𝜀𝜀,  (2) 154 

where 𝑋𝑋M = 𝑥𝑥M − 𝑥𝑥M  and 𝑋𝑋D = 𝑥𝑥D − 𝑥𝑥D  represent the noise of the mother and the daughter, 155 

respectively, Δ𝑋𝑋 = 𝑋𝑋D − 𝑋𝑋M represents the noise difference of the daughter from its mother, and 156 

ε is the same as that in Eq. (1).  Notably, the slope k in Eq. (2) is equal to a -1, where a is the slope 157 

in Eq. (1).   158 

As shown in Fig. 1d, the direction of k defines three possible scenarios: Because the 159 

position of a cell is based on its preceding position, k = 0 means no feedback is involved such that 160 

the daughter fully inherits the positional noise of its mother; k < 0 means negative feedback 161 

wherein only a fraction of the mother’s noise is transmitted to the daughter; and k > 0 means 162 

positive feedback wherein the noise of the daughter is enhanced relative to that of its mother.  The 163 

weakening or enhancing of cell noise here refers to the variance of noise instead of the absolute 164 

noise level that is also influenced by ε.  Notably, the three scenarios lead to distinct noise 165 

accumulation patterns along developmental lineages, serving as a general criterion for time-series 166 

system stability55,56.  167 

 168 

Discovery of negative-feedback canals for preventing positional noise propagation 169 

We first looked at ABal-ABala, a randomly selected mother-daughter (M-D) cell pair with ABal 170 

being the mother cell and ABala the daughter.  Fig. 2a shows the x-coordinate positional noise of 171 

ABal (i.e., XABal) versus the daughter-mother noise difference (ΔX=XABala – XABal) in each of the 172 
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2,039 embryos, with k = -0.68 observed.  The result suggests a negative-feedback regulation on 173 

the daughter’s noise by referring to the mother’s noise.  In other words, the mother’s noise was 174 

transmitted to the daughter but with a mother-dependent offset (i.e., kXM).  Notably, k = 0 implies 175 

full noise transmission from mother to daughter while k = -1 indicates complete negative feedback 176 

with no net noise transmitted from mother to daughter.  Here, the observed k = -0.68 means a 177 

strong but incomplete negative-feedback effect.   178 

 To have a general picture we examined all M-D cell pairs at three coordinates, respectively.  179 

The observed k was nearly all negative with a strong statistical support (Fig. 2b, Fig. S4 and Table 180 

S4), with only four cell pairs being exceptions at the y-coordinate (median kx = -0.61, ky = -0.66, 181 

and kz = -0.74).  The k values varied across generations and peaked in the middle developmental 182 

stages (Fig. 2c and Fig. S4), showing an hourglass pattern which suggests a correspondence 183 

between weaker developmental canalization and higher evolutionary conservation at the middle-184 

stage of embryogenesis57.  Comparing the k values at three coordinates and three types of embryos 185 

(control, RNAi and Env) showed strong correlations between the coordinates (Fig. S4) and the 186 

embryo types (Fig. S4).  When shuffling the cells to create pseudo M-D cell pairs, we failed to 187 

find such negative feedbacks with weakly positive M-D correlations that are expected for partial 188 

noise transmission in real M-D pairs (Fig. 2d and Fig. S4; Methods).  The results remained robust 189 

after considering several confounding factors including the ‘dilution effect’ (i.e., regression to the 190 

mean) due to measurement error, scaling factor distribution, alignment quality, lineage tracing 191 

accuracy, mother-daughter standard deviation ratio, and alignment procedure (Fig. S5-S10; 192 

Methods).  Additionally, the negative-feedback effect did not depend on cell stage choice; when 193 

analyzing both the birth and division stages of a cell, we found consistent negative feedback across 194 

stages and accumulated negative feedback over time (Fig. S11). 195 

The ubiquitous M-D negative feedbacks were remarkable because they were concatenated 196 

along each lineage to form continuous ‘canals’.  As in Fig. 2e, from ABal to ABalpppp the five 197 

M-D negative feedbacks together formed such a canal to stabilize the cell positions along this 198 

lineage.  All these continuous ‘canals’ therefore together characterized the Waddington’s 199 

canalization landscape which served as an effective ‘design’ for preventing noise propagation 200 

during the development.  Importantly, it is an inherent mathematical property that a continuous 201 

negative-feedback canal is competent in preventing noise propagation, because the noise 202 

accumulation curve quickly reaches a plateau while positive feedback or no feedback would lead 203 
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to continuous noise propagation (Fig. 2f and Supplementary Note Ⅰ; Methods).  Thus, 204 

Waddington’s developmental canals were no longer just a metaphor but were mathematically 205 

formulated, with the estimated k serving as a quantitative measure of noise suppression efficacy.   206 

 To further demonstrate the efficacy of the canals we simulated a scenario without such 207 

canals.  In that scenario, k = 0 and the noise of a daughter cell would comprise two parts: one 208 

inherited fully from its mother and the other representing the mother-independent noise arising 209 

independently from its mother.  As a consequence, cell noise would accumulate constantly along 210 

a cell lineage by adding up the initial mother cell noise and all subsequent mother-independent 211 

noises.  We estimated the expected cell noise accumulation without negative feedbacks (i.e., k = 212 

0) (Methods).  Due to incomplete data for earlier cells, we considered the eight cells of the 4th 213 

generation as the initial mother cells of the lineages.  Fig. 2g shows the observed and expected 214 

noise accumulations along eight representative lineages.  On average, the expected noise variance 215 

among embryos was 5.8, 6.6, and 7.7 times the observed noise variance for cells of the 10th 216 

generation at the x, y, and z coordinates, respectively (Fig. 2g and Fig. S12).  Accordingly, under 217 

the scenario of no negative feedbacks the cells would gradually deviate from their pre-determined 218 

positions, resulting in morphologically abnormal embryos as shown in Fig. 2h (Methods).   219 

 220 

The positional negative feedback is achieved by adjusting cell migration velocity 221 

An M-D negative feedback in cell position can be regarded as the adjustment of migration 222 

displacement relative to what would have occurred without such a feedback.  As in Fig. 3a, 223 

reduced migration displacement can result from reduced migration velocity and/or migration time 224 

because displacement = velocity × time.  Accordingly, there are three possible mechanisms 225 

underlying displacement regulation, labeled as γ, τ, and η in Fig. 3b.  The isovelocity curves (γ) 226 

exhibit a parallel time-position pattern (Fig. 3c), while the isochronous curves (τ) show a 227 

convergent time-position pattern (Fig. 3d).   228 

For each M-D cell pair in each embryo, we obtained the position when the mother cell 229 

divides, as well as the migration displacement, velocity, and time (i.e., cell cycle length) of the 230 

daughter cell (Methods).  Fig. 3e shows the data of an example cell pair Caap-Caapp, in which 231 

the position when Caap divides, designated as start position, was negatively correlated with the 232 

migration displacement of Caapp, a pattern consistent with the negative feedback observed in Fig. 233 
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2a.  Importantly, start position showed little correlation with migration time (Fig. 3f), but a strong 234 

negative correlation with migration velocity (Fig. 3g).  The results were largely the same for other 235 

M-D cell pairs (Fig. 3h and Fig. S13).  Hence, the negative feedback in adjusting cell 236 

position/displacement was achieved by regulating cell migration velocity but not migration time 237 

(cell cycle length).  To further demonstrate the point, Fig. 3i shows the migration pattern of Caap-238 

Caapp in three embryos, which resembled the isochronous curves depicted in Fig. 3d.  In addition, 239 

although displacement and velocity as directional vectors were considered here, which is 240 

appropriate for migration analysis, we found consistent results when distance and speed as scalar 241 

metrics were considered (Fig. S13; Methods).   242 

The observation that migration displacement was explained by velocity but not time was 243 

intriguing.  A close examination of the data shows that the CV of migration time was much smaller 244 

than that of velocity and that of displacement.  This suggests a special developmental design: The 245 

cell cycle length (migration time) is tightly controlled to have a very small variability, which makes 246 

efficient regulations of displacement via velocity possible (Supplementary Note Ⅱ).   247 

 248 

A golden-ratio-embedded self-similar equation reveals the rule of velocity regulation 249 

To better understand how cell velocity is regulated, we plotted its dynamics along each lineage.  250 

The velocity was standardized into Z-score to become comparable across cells of different 251 

generations (Methods).  As such, any non-zero velocities mean velocity deviations from the 252 

expected settings.  As illustrated by a representative embryo (UNC-75_emb2) (Fig. 4a), there are 253 

clear inter-generational velocity oscillations along each of the lineages, with mostly M- and W-254 

shaped patterns (corresponding to one-generation sign reversal by negative feedback).  Similar 255 

results were observed for other embryos (Fig. S14).  To digest the dynamic patterns, we performed 256 

an along-lineage autocorrelation analysis within each embryo.  Specifically, the correlation (Rt) 257 

was computed by comparing each cell’s velocity with that of its daughters (t = 1), granddaughters 258 

(t = 2), and more distant progenies, respectively (Methods).  In nearly all embryos the computed 259 

R1 was negative and remained even after considering position information as a confounding factor 260 

(Fig. S14).  Meanwhile, the proportion of negative R decreased exponentially with increasing t 261 

(Fig. 4b; Methods), suggesting a gradual decay of negative feedback along developmental 262 

lineages.   263 
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 We hypothesized that the gradual decay might be explained by a self-similar process in 264 

which ancestral deviations are progressively corrected in an exponentially decaying manner.  To 265 

formalize this idea, we adapted the classical geometric distributed lag (GDL) model which has 266 

been a fundamental framework for modeling time-series accumulative effects58.  Specifically, we 267 

modeled velocity dynamics by assuming the velocity-determining factor inherited from an 268 

ancestor decays geometrically at a constant per-generation rate β, with a common negative-269 

feedback strength α acting on the inherited component.  As such, for an initial cell with velocity 270 

V, the expected velocity was −αβV for its daughters, −αβ²V for its granddaughters, and −αβnV for 271 

its nth-generation descendants (Fig. 4c).  Then, when considering the accumulative effects from all 272 

ancestors, the velocity of a cell at generation t (Vt) can be written as: 273 

 𝑉𝑉𝑡𝑡 = −𝛼𝛼∑ 𝛽𝛽𝑖𝑖𝑉𝑉𝑡𝑡−𝑖𝑖𝑡𝑡−1
𝑖𝑖=1 + 𝜀𝜀,  (3) 274 

where Vt-i is the velocity of its ancestor at generation t-i, and ε represents residue term.  Because 275 

here velocity was standardized, no intercept was included.  Exploiting the geometric decay 276 

property, this model can be approximated by a three-generation form: 𝑉𝑉𝑡𝑡 = −𝛼𝛼𝛼𝛼𝑉𝑉𝑡𝑡−1 −277 

𝛼𝛼𝛽𝛽2𝑉𝑉𝑡𝑡−2 + 𝜀𝜀.  Using all three-generation trios of the 105 control embryos, we first fitted the 278 

ordinary linear model 𝑉𝑉𝑡𝑡 = −𝜃𝜃1𝑉𝑉𝑡𝑡−1 − 𝜃𝜃2𝑉𝑉𝑡𝑡−2 + 𝜀𝜀 for the x-coordinate velocity (Methods), and 279 

found θ1 and θ2 approximately -0.382 and -0.236, respectively.  These numbers were inspiring 280 

because, given θ1 = αβ and θ1 = αβ2, they suggested α ≈ β ≈ 0.618, the golden ratio conjugate φ 281 

(hereafter referred to as the golden ratio) (Fig. 4d).  Nonlinear regression with the constraint α = 282 

β produced nearly identical estimates at all three coordinates (φx = 0.620±0.002; φy = 0.611±0.002; 283 

φz = 0.626±0.002; φ = 0.619±0.001 when x, y and z combined; mean±s.e.) (Fig. 4e), and 284 

predictions from the linear and nonlinear models were highly concordant (Fig. 4f).  These results 285 

indicated the cell velocity oscillations along developmental lineages can be described by a one-286 

parameter self-similar equation written as: 𝑉𝑉𝑡𝑡 = −𝜑𝜑∑ 𝜑𝜑𝑖𝑖𝑉𝑉𝑡𝑡−𝑖𝑖𝑡𝑡−1
𝑖𝑖=1 + 𝜀𝜀, wherein φ = 0.618. 287 

The golden ratio embedded in the equation could be just a coincidental numerical fit or 288 

could represent a natural emergence ‘design‘.  To evaluate this, one can think of a multi-generation 289 

cell lineage with an initial velocity deviation.  As in Fig. 4c, the corresponding negative-feedback 290 

strength would be −αβ at the daughter, −αβ² at the granddaughter, and −αβⁿ at the nth-generation 291 

descendant.  Remarkably, the cumulative negative-feedback strength −𝛼𝛼𝛼𝛼 − 𝛼𝛼𝛽𝛽2−. . .−𝛼𝛼𝛽𝛽𝑛𝑛 =292 
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−𝛼𝛼∑ 𝛽𝛽𝑖𝑖𝑛𝑛
𝑖𝑖=1  would, as in Eq. (4), converge to -1 when α = β = φ (0.618), which indicates complete 293 

counteraction of the initial deviation (or conservation of total velocity along a lineage). 294 

 lim
𝑛𝑛→∞

(−𝛼𝛼∑ 𝛽𝛽𝑖𝑖𝑛𝑛
𝑖𝑖=1 ) = −1 (4) 295 

Hence, the golden-ratio-parameterized self-similar equation likely represents a special 296 

‘design’ that allows precisely 100% negative-feedback corrections for any ancestral deviations.  297 

Using simulations, we confirmed that φ = 0.618 yields asymptotic zero net noise accumulation, 298 

whereas smaller or larger values result in failed noise control by either insufficient suppression or 299 

over-correction, respectively (Fig. 4g).  We further analyzed the perturbed RNAi or Env embryos, 300 

respectively, and found the estimated φ close to 0.618 (RNAi, φ = 0.614±0.0003; Env, φ = 301 

0.603±0.001) (Fig. 4h; Methods), suggesting the robustness of the self-similar equation to 302 

perturbations.  In addition, φ estimates remained consistently around 0.618 when using either 4-303 

generation or 5-generation approximations, despite the narrower generation ranges and smaller 304 

sample sizes (Fig. S14). 305 

Notably, the zero net noise represents a theoretical limit attained for infinite lineage length, 306 

and the α = β = 0.618 represents a population-level expectation.  We derived the mathematically 307 

optimal φ that minimizes net noise and found it rapidly converges toward 0.618 as lineage length 308 

increases (Supplementary Note Ⅲ); a lineage length of ~10-13 generations—matching the C. 309 

elegans embryogenesis—yields an optimal φ close to the golden ratio (Fig. 4i).  Further 310 

evolutionary simulations showed that the golden ratio φ = 0.618 can emerge at the population level 311 

under natural selection for lineage length of 10 or 13 generations (Fig. 4j and Fig. S14; Methods).  312 

In line with this, in addition to estimating φ by pooling embryos within the same condition (control, 313 

RNAi, Env), we also performed individual-embryo-based estimation and found that although 314 

embryo-specific φ varied across individuals, they converged to the golden ratio when considered 315 

as a population in a meta-analysis (Fig. 4k; Methods).  Finally, as one would expect, the self-316 

similar equation of cell velocity also applies to cell displacement (Fig. S14), validating the 317 

velocity-based regulation of cell positions proposed in Fig. 3.  Taken together, these results reveal 318 

a golden-ratio-parameterized self-similar equation governing the cell velocity conservation along 319 

developmental lineages, which secures the morphogenetic reproducibility of C. elegans. 320 

 321 

Violation of the self-similar equation predicts hatching failure and reveals underlying genes 322 
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We next asked what would happen if the self-similar equation were violated.  In C. elegans, 323 

embryogenesis begins with a single zygote and culminates at a stage composed of 558 cells that 324 

subsequently hatches41.  For the 2,039 embryos analyzed in this study, we recorded lineage-325 

resolved single-cell spatiotemporal features from 4-cell stage to ~350-cell stage, together with the 326 

final hatching outcome, classified as hatched (n = 1,930) or lethal (n = 109) (Fig. 5a and Table 327 

S5).  It was unclear how violation of the self-similar kinematic equation could predict the hatching 328 

outcome. 329 

To address this question, we applied the self-similar equation to the three-generation trio 330 

data in each embryo to predict the velocity behavior of each granddaughter cell in each trio and 331 

calculated the mean absolute error (MAE) for each embryo as a quantitative measure of deviation 332 

from the equation (Methods).  Embryos that failed to hatch exhibited significantly larger MAE 333 

values, indicating stronger violation of the equation (Fig. 5b).  Using MAEs of three coordinates 334 

as predictors in a logistic regression model yielded an area under the ROC curve (AUC) of 335 

approximately 0.89, demonstrating strong predictive power for hatching lethality (Fig. 5c; 336 

Methods).  As a control, shuffling hatching outcomes among the embryos resulted in an AUC 337 

close to 0.5 (= 0.55), indicating that the observed predictive performance could not be explained 338 

by class imbalance or technical artifacts (Fig. S15).   339 

The strong association between deviation from the self-similar equation and hatching 340 

lethality enabled the identification of genes required to maintain this equation.  For each perturbed 341 

embryo, we calculated the Z-score of its MAE relative to control embryos and assessed statistical 342 

significance after multiple-testing correction (Methods).  A gene was defined as required for 343 

maintaining the equation if its perturbation caused significant deviation in at least two replicate 344 

embryos and across at least two spatial coordinates.  We applied these criteria to the ~2000 RNAi 345 

embryos covering ~700 genes and identified 24 candidate genes (Fig. 5d).  Gene enrichment 346 

analysis revealed that these genes were significantly enriched for functions related to cytoskeleton 347 

organization, including components of motor protein complexes such as the kinesin complex (Fig. 348 

5d).  These results suggest that cytoskeletal regulation plays a central role in enforcing the self-349 

similar equation and, consequently, in suppressing the propagation of positional noise during 350 

embryogenesis.  This discovery is consistent with previous studies highlighting the critical roles 351 

of the cytoskeleton in cell polarity, cell migration and morphogenesis59,60. 352 
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 353 

Discussion  354 

In this study we demonstrate that seemingly chaotic morphogenesis is governed by simple 355 

mathematical–physical rules in the nematode C. elegans.  Specifically, by establishing a unified 356 

geometric representation system that enables quantitative characterization of Waddington’s 357 

canalization landscape, we identify migration velocity as the primary cell kinematic variable 358 

regulating morphogenetic reproducibility.  As such, we transform an 80-year-old developmental 359 

metaphor into a mathematically defined entity, thereby providing a new mechanical framework 360 

for studying noise and noise control during development.  Notably, a golden-ratio (φ)-361 

parameterized self-similar equation describing cell velocity dynamics along developmental 362 

lineages represents, to our knowledge, the first kinematic conservation principle underlying animal 363 

morphogenesis.  Functional analyses further show that developmental failure can be largely 364 

explained by violation of the self-similar equation, providing a quantitative framework linking 365 

cellular behaviors to developmental phenotypes, and that a cytoskeleton-enriched gene set is 366 

required to maintain this equation, offering concrete molecular entry points for dissecting the 367 

underlying molecular–cellular pathways.  Our discovery of the self-similar equation also provides 368 

a unified framework bridging mother-daughter negative feedback and the long-standing “mother–369 

sister similarity paradox” 61 that is also observed in our data (Fig. S16).  Notably, the principles 370 

act on cell behavioral noise independently of specific morphogenetic trajectories, generating a 371 

natural conjecture that similar principles may also operate in embryogenesis of other organisms 372 

and in organogenesis of other organs.   373 

Beyond these core discoveries, our results suggest a two-layer regulatory architecture 374 

underlying developmental robustness (Fig. 6a).  The newly characterized layer - regulation of cell 375 

noise at the embryonic level - can be described by rather simple mathematical equations.  Inspired 376 

by Koyck’s transformation of the GDL model bridging micro- and macroeconomic processes58, 377 

the microscopic self-similar equation (Eq. 3) can be rewritten as a macroscopic iterative form 378 

involving only two adjacent generations (t: daughter; t-1: mother), expressed as 379 

�
𝑉𝑉𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛 = −𝛼𝛼𝑉𝑉𝑡𝑡𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝜀𝜀
𝑉𝑉𝑡𝑡𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝛽𝛽（𝑉𝑉𝑡𝑡−1𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑉𝑉𝑡𝑡−1𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒）

, where 𝑉𝑉𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛  and 𝑉𝑉𝑡𝑡𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  represent the newly 380 

generated and inherited velocity determining factors (V-factors) in the daughter cell, and 𝑉𝑉𝑡𝑡−1𝑛𝑛𝑛𝑛𝑛𝑛 381 
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and 𝑉𝑉𝑡𝑡−1𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 represent the corresponding V-factors in the mother cell (Supplementary Note Ⅳ).  382 

This formulation provides a mechanistic interpretation of how the self-similar system may operate.  383 

Specifically, the newly generated V-factors in a daughter cell are determined by the total V-factors 384 

of its mother and directly contribute to velocity generation, rather than combining with the 385 

inherited component (Fig. 6b).  Importantly, this iterative formulation also reveals mass 386 

conservation of V-factors.  β denotes the fraction of V-factors inherited from the mother, whereas 387 

α denotes the fraction newly generated in the daughter relative to the inherited pool.  When α = β 388 

= φ (0.618), the total amount of V-factors is conserved across successive generations, expressed 389 

as β + βα = 1, or equivalently 1 − β = βα, indicating a constant turnover rate.  Notably, the mass 390 

conservation condition β + βα = 1 is mathematically equivalent to the limiting form of velocity 391 

conservation, αβ / (1 − β) = 1, derived from Eq. (4).  The golden ratio φ = 0.618 thus uniquely 392 

satisfies both conservations under the constraint α = β which reflects an efficiency or energy 393 

constraint across two consecutive processes (Supplementary Note V).  Under this equivalence, 394 

the macroscopic iterative formulation defines the V-factor turnover as a molecular-level target of 395 

natural selection, while the microscopic GDL form defines embryonic net velocity noise as an 396 

embryonic-level target of selection.  These deductions also showcase why and how the golden 397 

ratio can be selected by nature, enriching the general ‘golden ratio biology’62,63.   398 

The broader significance of these results extends beyond developmental biology to general 399 

principles of dynamic systems.  The GDL structure underlying our self-similar equation is a 400 

foundational framework in econometrics, first formulated by Koyck in 195458, for modeling 401 

dynamic adjustment with geometrically decaying memory.  Beyond economics, the same 402 

distributed lag or autoregressive framework appears widely in neuroscience and biomedical 403 

engineering64-66, physics and artificial intelligence67,68, sustainability science and health policy69,70, 404 

and signal processing and control engineering71,72, where it governs memory, damping, and 405 

stability in linear or linearized dynamic systems.  The observation that embryonic development 406 

follows a self-similar equation of this class, uniquely parameterized by the golden ratio, suggests 407 

that evolution may have selected an optimally stable dynamic regime to suppress lineage-level 408 

noise.  This insight links developmental robustness to a general stability principle and provides a 409 

conceptual blueprint for designing robust dynamic systems in both biological and physical 410 

contexts. 411 

 412 
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 584 

Data and Code Availability 585 

The raw data, processed data and codes for this study can be accessible via the following GitHub 586 

repository: https://github.com/Jianguo-Wang/canalizationENV.  The spatiotemporal data of RNAi 587 

and control embryos can be obtained from our previous study32. 588 

 589 

Methods 590 

Single-cell-resolution spatiotemporal tracking of C. elegans embryos 591 

Environmentally perturbed embryos.  A total of 120 embryos were generated under 592 

environmentally perturbed conditions, comprising eight environmental categories and 40 distinct 593 

conditions, with three embryos per condition.  Temperature perturbations (16°C, 18°C, 20°C, 22°C, 594 

and 24°C) applied during the 2–4 cell stage did not affect hatching.  Similarly, heat shock 595 

treatments at 30°C for varying durations (10, 15, 20, 25, and 30 min) during the 2–4 cell stage 596 

resulted in normal hatching.  To examine nutritional and metabolic perturbations, nematodes were 597 

cultured from the L1 larval stage for two consecutive generations on different bacterial food 598 
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sources (HB101, OP50, BW25113, HT115, and DA1877); all resulting embryos hatched normally.  599 

Supplementation with stearic acid (SA; 50–600 μg/mL) or glucose (GLU; 50–600 mM) from the 600 

L1 stage also produced normally hatched embryos, except at 600 mM glucose, which resulted in 601 

embryonic lethality.  Similarly, culturing nematodes under varying sodium chloride (NaCl) 602 

concentrations (20–100 mM) did not affect hatching.  Iron chloride (FeCl₃) treatments at 603 

concentrations of 1–8 mM applied at the L1 stage, as well as 8 mM at the L4 stage, yielded 604 

normally hatched embryos.  In contrast, paraquat (PQ) treatments at concentrations of 1–8 mM 605 

applied at the L4 stage resulted in embryonic lethality in all cases.  Among all environmentally 606 

perturbed embryos, 11 embryos (corresponding to five conditions) exhibited lethality at hatching 607 

and were successfully lineage-traced up to the 350-cell stage. 608 

RNAi-perturbed and control embryos.  RNAi and control embryos were generated as 609 

described in our previous study.  Worms were cultured under standard laboratory conditions at 610 

21°C unless otherwise specified.  We focused on protein-coding genes with human orthologs 611 

located on chromosome I, as annotated in the Ensembl database.  Gene expression data at the 4-612 

cell, proliferative, and gastrulation stages were obtained from the EBI Expression Atlas generated 613 

by the modENCODE project.  Genes with expression levels exceeding 5 transcripts per million 614 

(TPM) at any stage were retained, yielding 922 candidate genes.  RNAi clone accuracy was 615 

verified by sequencing 752 expressed genes from the Ahringer RNAi library.  RNAi was 616 

administered via the feeding method with minor modifications.  Briefly, synchronized L1 larvae 617 

(20–25 worms per experiment) were transferred to RNAi plates seeded with bacteria expressing 618 

gene-specific double-stranded RNA and incubated for 36–48 h at 21°C.  Embryos collected from 619 

treated worms were used for imaging.  For genes causing severe defects such as larval lethality or 620 

sterility, a weaker RNAi treatment was applied at the L3–L4 stage.  A total of 105 control embryos 621 

fed with bacteria carrying the empty L4440 vector all hatched normally.  Among RNAi-treated 622 

embryos, 98 embryos (corresponding to 63 genes) exhibited embryonic lethality at hatching and 623 

were successfully traced until the 350-cell stage. 624 

3D time-lapse microscopic imaging.  Live imaging was performed as described 625 

previously.  Briefly, 3–4 gravid young adult worms were dissected in egg buffer on multi-test 626 

slides.  Embryos prior to the 4-cell stage were selected and transferred onto coverslips coated with 627 

polystyrene microspheres.  A second coverslip was placed on top, and the chamber was sealed 628 

with Vaseline.  Imaging was conducted using a spinning-disk confocal microscope (Revolution 629 
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XD) equipped with 488-nm (GFP) and 561-nm (mCherry) channels, controlled by MetaMorph 630 

software.  Images were acquired using a 60× oil objective at 21°C for 4.75–6 h, with 75-s intervals 631 

and 30 Z planes at 1-μm spacing per channel.  Imaging parameters were optimized to minimize 632 

photobleaching and phototoxicity while maintaining high signal-to-noise ratios.  Hatching 633 

outcomes were assessed 24 h post-imaging.  Of the imaged wild-type embryos, 304 out of 308 634 

(98.7%) hatched normally without detectable morphological abnormalities, comparable to 635 

standard NGM culture conditions, indicating minimal imaging-induced perturbation. 636 

Cell lineage reconstruction and extraction of spatiotemporal features.  Cell lineages 637 

were reconstructed from 3D time-lapse image series using StarryNite software, following 638 

established protocols.  Nuclei were automatically detected from histone::mCherry signals using 639 

hybrid blob-slice detection algorithms and subsequently tracked over time via semilocal 640 

neighborhood-based algorithms.  Each cell was assigned a unique identity according to Sulston’s 641 

nomenclature.  Lineages were traced up to the 350-cell stage unless severe developmental defects 642 

prevented further progression.  The reconstructed lineage data provided single-cell-resolution 4D 643 

spatiotemporal features consisting of developmental timing (including birth and division timings) 644 

and positioning (3D positions at each time point).  Three types of lineage errors—early termination, 645 

excessive length, and excrescent branching—were manually identified and corrected.  Multiple 646 

rounds of manual curation were performed using AceTree software.  Lineage accuracy was 647 

assessed by examining 378 randomly selected terminal cells from 50 control embryos; only one 648 

tracing error was detected, yielding an overall accuracy of 99.9%.  Residual errors were minimal 649 

and did not affect the conclusions of this study. 650 

Aligning 4D features of different embryos into a unified geometric representation system 651 

The goal of this study is to quantitatively characterize developmental canals by modeling 652 

relationships between mother–daughter cells, uncovering quantitative mathematical rules common 653 

for different cells along lineages within and across embryos, linking cellular features to organismal 654 

phenotypes.  Accurate alignment of cell features (CCL: the time interval between two consecutive 655 

cell divisions; x, y and z coordinates) across embryos is therefore essential, given variation in 656 

overall developmental duration, embryo size and embryo orientation in culture. 657 
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  Alignment of cell cycle lengths among embryos.  (1) Scaling.  Embryos exhibited 658 

variability in overall developmental pace, reflected by systematic differences in CCL.  To quantify 659 

this variation, we estimated a scaling factor (SF) for each embryo relative to a reference embryo 660 

(ctr-emb58).  The SF was defined as the slope obtained from passing-origin orthogonal regression 661 

between the CCLs of the reference embryo (independent variable) and those of the focal embryo 662 

(dependent variable).  Raw CCLs were then multiplied by the reciprocal of the SF (1/SF) to obtain 663 

scaled CCLs.  (2) Evaluation of alignment quality.  Alignment quality was assessed using the 664 

Identity Score (IS), defined as the proportion of variance explained along the diagonal when 665 

plotting an embryo’s CCLs against those of the reference embryo.  Higher IS values indicate better 666 

alignment, although lower values may also reflect increased biological noise.  (3) Impact of 667 

reference selection.  To evaluate sensitivity to reference selection, SFs derived from ctr-emb58 668 

were compared with those obtained using the average CCL profile of all control embryos as the 669 

reference.  The strong linear correspondence between the two sets of SFs indicated that reference 670 

choice had minimal impact on alignment (Fig. S1). 671 

Alignment of spatial coordinates via translation-rotation-scaling procedure.  (1) 672 

Translation.  For each embryo, the center of gravity was computed as the mean of all raw spatial 673 

coordinates.  Translated coordinates were obtained by subtracting this center from each raw 674 

coordinate.  (2) Rotation.  Assuming comparable body axes across embryos, we treated the 675 

translated coordinates as linear transformations of a common Cartesian coordinate system defined 676 

by the anterior–posterior (A–P), left–right (L–R), and dorsal–ventral (D–V) axes.  Principal 677 

component analysis (PCA) was applied to recover these axes, with the first three principal 678 

components corresponding to A–P, L–R, and D–V axes, respectively.  For atypical embryos with 679 

unconventional axis proportions, ctr-emb58 was used as a reference to ensure consistent axis 680 

assignment.  The PCA-based transformation ensured orthogonality of the rotated coordinates.  (3) 681 

Scaling.  After translation and rotation, differences in embryo size along each axis were quantified 682 

using scaling factors estimated analogously to those for CCL, with ctr-emb58 as the reference.  683 

Rotated coordinates were multiplied by the corresponding scaling factors to yield scaled 684 

coordinates.  (4) Evaluation of alignment quality.  Alignment quality was evaluated in two ways.  685 

First, IS was computed for each coordinate, analogous to CCL alignment.  Second, we assessed 686 

whether each coordinate (x, y, or z) of a focal embryo aligned primarily with the same coordinate 687 

of the reference embryo and remained largely independent of the other two coordinates, thereby 688 
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detecting potential misalignments.  (5) Impact of reference selection.  Scaling factors derived 689 

using ctr-emb58 were compared with those obtained using the average coordinates of all control 690 

embryos as the reference.  The strong agreement between the two confirmed minimal dependence 691 

on reference choice (Fig. S2).  (6) Alignment at cell division.  Although analyses primarily 692 

focused on spatial features at cell birth, negative feedback regulation may operate continuously 693 

throughout the cell cycle.  Therefore, spatial features at cell division were also aligned.  To 694 

maintain a consistent Cartesian coordinate system, the translation vectors, rotation matrices, and 695 

scaling factors derived from birth-time alignment were applied directly to division-time 696 

coordinates. 697 

Modeling mother–daughter negative feedback in positional noise transmission 698 

Negative feedback model.  The negative feedback model for positional features used in this study 699 

follows established frameworks described in previous work and is detailed in the section 700 

“Modeling mother-daughter cell noise transmission” in the main text.  Here, we provide additional 701 

clarifications relevant to the present analyses.  A coefficient 𝑎𝑎 < 1indicates that a deviation of the 702 

mother cell from its expected position is attenuated in the daughter cell, reflecting negative 703 

feedback.  Since 𝑘𝑘 = 𝑎𝑎 − 1, the condition 𝑘𝑘 < 0 (equivalently 𝑎𝑎 < 1) serves as the operational 704 

criterion for mother–daughter negative feedback.  Accordingly, the statistical significance of 𝑘𝑘 in 705 

Eq. (2) is directly determined by that of 𝑎𝑎 in Eq. (1).  More details are discussed in Supplementary 706 

Note Ⅰ. 707 

Randomized mother–daughter cell pairs.  To exclude the possibility that consistently 708 

negative 𝑘𝑘 values arise from data structure artifacts rather than genuine biological effects, we 709 

constructed pseudo mother–daughter (M–D) pairs by randomly shuffling daughter cells relative to 710 

their corresponding mother cells.  This randomization disrupts true lineage relationships while 711 

preserving the marginal distributions of positional features. 712 

Robustness to birth and division stages.  We further extended the model to consider 713 

positional features of both mother and daughter cells at birth and at division.  The model structure 714 

remains unchanged except that, when assessing noise transmission from mother division to 715 

daughter birth, the mother’s positional feature at birth is replaced by that at division (i.e., 716 

𝑋𝑋M,division − 𝑋𝑋D,birth).  Analogous formulations were applied to the remaining combinations: 717 
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𝑋𝑋M,division − 𝑋𝑋D,divisionand 𝑋𝑋M,birth − 𝑋𝑋D,division.  Comparisons among these four combinations 718 

revealed that longer temporal intervals between mother and daughter stages are associated with 719 

stronger negative feedback.  Although incomplete division records for cells in the final generation 720 

may slightly overestimate 𝑘𝑘 for some combinations, the relative ordering of interval lengths across 721 

the four scenarios is preserved. 722 

Theoretical analysis of noise control through continuous negative-feedback canals. 723 

We analytically examined noise accumulation along a cell lineage under different feedback 724 

regimes.  Without loss of generality, we set 𝑎𝑎𝑖𝑖2 = 1(k = 0) for all mother–daughter (M–D) pairs to 725 

represent no feedback, 𝑎𝑎𝑖𝑖2 = 1.5 (approximately k = 0.22) for positive feedback, and 𝑎𝑎𝑖𝑖2 =726 

0.5(approximately k = −0.29) for negative feedback.  Cell noise was generated recursively as 𝑋𝑋𝑖𝑖 =727 

𝑎𝑎𝑖𝑖−1𝑋𝑋𝑖𝑖−1 + 𝜀𝜀𝑖𝑖 , where 𝜀𝜀𝑖𝑖  follows a standard normal distribution.  Noise accumulation was 728 

quantified using the variance 𝑉𝑉𝑉𝑉𝑉𝑉(𝑋𝑋𝑖𝑖) across generations.  Under negative feedback, 729 

𝑉𝑉𝑉𝑉𝑉𝑉(𝑋𝑋𝑖𝑖) increases with diminishing returns, illustrating how continuous negative-feedback 730 

developmental canals constrain noise accumulation over developmental time (Supplementary 731 

Note I). 732 

Analysis of potential confounding factors for k estimation 733 

Variation of scaling factors.  Because scaling can either stretch or compress raw coordinates, we 734 

examined whether negative k values could arise as artifacts of scaling.  Embryos were grouped 735 

into ranges based on their scaling factors (SFs), centered on the median SF and spanning from 10% 736 

to 100%.  Narrow SF ranges correspond to embryos with similar scales and thus minimal scaling-737 

induced distortion.  Within these ranges, the estimated k values consistently remained negative, 738 

indicating that the observed negative feedback is not driven by scaling effects. 739 

Outlier effects due to low alignment quality.  Extreme outliers may bias slope estimates 740 

in linear regression, particularly in embryos with poor alignment quality.  We therefore excluded 741 

embryos with low alignment scores (IS ≤ 0.9), which removed only a small number of samples, 742 

and re-estimated k.  Although this filtering slightly reduced the magnitude of some k values, the 743 

re-estimated values remained highly correlated with those obtained from the full dataset, indicating 744 

robustness to outlier effects. 745 
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Dilution effect caused by measurement error.  When the independent variable contains 746 

measurement error, the estimated slope is attenuated toward zero, a phenomenon known as the 747 

dilution effect.  In this context, the relationship between the error-adjusted slope 𝑎𝑎adjusted and the 748 

observed slope 𝑎𝑎observed is 𝑎𝑎adjusted = 𝑎𝑎observed 𝜎𝜎2

𝜎𝜎2−𝜎𝜎measure
2 , where 𝜎𝜎2  denotes the variance of 749 

the mother-cell feature and 𝜎𝜎measure2 the corresponding measurement error variance (MEV)73.  750 

MEVs were determined from the smallest measurement units (u = 1 pixel for raw x and y 751 

coordinates and 4.5 pixels for raw z coordinates).  Assuming a uniform distribution 𝑈𝑈(𝑂𝑂 − 𝑢𝑢,𝑂𝑂 +752 

𝑢𝑢), the MEV for each feature was calculated accordingly.  MEVs for rotated and scaled coordinates 753 

were derived as linear combinations of raw-coordinate MEVs and adjusted by embryo-specific 754 

scaling factors.  The final MEV for each feature was obtained as the average across embryos. 755 

Lineage tracking error.  To evaluate robustness to tracking errors, we introduced 756 

controlled errors into specific generations.  For example, imposing a 5% error rate in the fourth 757 

generation involved randomly swapping daughter identities for 5% of mother cells and 758 

propagating these errors to subsequent generations.  We then re-estimated k and quantified 759 

accuracy as the squared Pearson correlation between original and perturbed estimates.  Even with 760 

error rates up to 10% per generation—far exceeding those observed in the RNAi data—accuracy 761 

remained high, demonstrating strong robustness to tracking errors. 762 

Alignment procedure.  The translation–rotation–scaling alignment used to recover 763 

embryonic body axes may itself be influenced by cell noise, particularly during PCA-based 764 

rotation.  To assess its impact on k estimation, we performed simulations in which embryos with 765 

known theoretical k values were subjected to the reverse procedure (scaling–rotation–translation) 766 

followed by the standard alignment pipeline.  The resulting k estimates were highly correlated with 767 

the theoretical values, indicating that the alignment procedure does not introduce systematic 768 

directional bias comparable to dilution effects. 769 

The 𝝈𝝈𝐃𝐃/𝝈𝝈𝐌𝐌 < 𝟏𝟏 issue.  In ordinary linear regression, the slope satisfies 𝑎𝑎 = (𝜎𝜎𝐷𝐷/𝜎𝜎𝑀𝑀)𝑅𝑅, 770 

where 𝜎𝜎𝐷𝐷 and 𝜎𝜎𝑀𝑀 are the standard deviations of daughter and mother cells, respectively, and 𝑅𝑅 is 771 

Pearson’s correlation coefficient.  If 𝜎𝜎𝐷𝐷/𝜎𝜎𝑀𝑀 < 1 were universally true, 𝑎𝑎 would necessarily be less 772 

than 1, potentially producing spurious negative k values.  However, we found that 𝜎𝜎𝐷𝐷 and 𝜎𝜎𝑀𝑀 are 773 

generally comparable, and that the ratio 𝜎𝜎𝐷𝐷/𝜎𝜎𝑀𝑀 explains only part of the variance in k, indicating 774 

that the observed negative feedback cannot be attributed solely to this effect. 775 
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Simulating embryogenesis without negative feedback: null model of noise transmission 776 

Quantifying expected cell noise variance.  To assess the efficacy of developmental canals, we 777 

calculated both observed and expected positional noise variances for a representative seven-cell 778 

lineage across embryos.  Observed variance was obtained directly from measured cell noises. 779 

Expected variance was computed by first extracting mother-independent noise terms (ε) using Eqs. 780 

(1, 2) and then cumulatively summing these variances along the lineage.  For 4th-generation cells, 781 

the initial recorded generation, the expected variance was set equal to the observed variance. 782 

Simulating embryogenetic process without negative feedback.  Expected cell position 783 

noises within an embryo were generated by adding the expected noise of each mother cell to the 784 

mother-independent noise 𝜀𝜀, with 4th-generation cells initialized using their observed noise values.  785 

This formulation assumes complete inheritance of mother-cell noise.  Finally, expected cell noises 786 

were added to the mean cell positions observed across embryos to generate the expected spatial 787 

configurations. 788 

Characterizing kinematic parameters underlying negative feedback in cell positioning 789 

Displacement, velocity and time.  Start and end positions were defined as the positional 790 

coordinates of the mother and daughter cells, respectively, using the embryo’s center of mass as 791 

the origin.  Because displacement equals migration time multiplied by velocity, reduced 792 

displacement may result from either shorter migration time or lower migration velocity.  Thus, 793 

when a cell’s start position exceeds its expected value, developmental regulation is expected to 794 

reduce migration time or velocity to ensure a robust end position.  To identify the physical basis 795 

of mother–daughter negative feedback, we examined correlations between start position and both 796 

migration time and migration velocity.  Migration time was defined as the interval between 797 

mother-cell division and daughter-cell division (i.e., scaled CCL).  Migration velocity was 798 

calculated as relative displacement divided by migration time.  A significantly negative correlation 799 

between start position and migration time indicates migration-time-based regulation, whereas a 800 

significantly negative correlation with migration velocity suggests migration-velocity-based 801 

modulation as the primary mechanism. 802 

 Distance, speed and time.  In the main text, displacement and velocity were treated as 803 

vectors to preserve directionality, whereas distance and speed were calculated as scalar quantities.  804 
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Interpretation of start-position effects depends on the relative positions of mother and daughter 805 

cells.  When the mother’s start position is smaller than the daughter’s position, a larger start 806 

position is expected to reduce migration time or speed.  Conversely, when the mother’s start 807 

position exceeds the daughter’s position, a larger start position may correspond to increased 808 

migration time or speed.  Migration distance was computed by summing distances between 809 

adjacent interpolated trajectory points from mother-cell division to daughter-cell division using 810 

time-lapse data.  Linear interpolation standardized all cells to 11 common time points for 811 

comparability.  To ensure consistent interpretation, the start position was refined relative to the 812 

expected end position: if the observed start position was smaller than the expected end position, 813 

the refined value was defined as their difference; otherwise, it was defined as the negative of that 814 

difference.  Migration speed was calculated as migration distance divided by migration time.  815 

Negative feedback via time or speed regulation was evaluated by correlating the refined start 816 

position with migration time and migration speed, respectively.   817 

Velocity dynamics along developmental lineage  818 

Velocity dynamics and lineage patterns.  By analyzing multiple subsets of embryos, we found 819 

that cell velocity—similar to spatial position and cell-cycle length—exhibits a well-defined 820 

expected distribution across embryos.  Accordingly, velocity for each cell in each embryo was 821 

standardized using the population-level distribution estimated from 105 control embryos before 822 

modeling lineage-level velocity dynamics.  To characterize velocity dynamics along lineages, 823 

velocity changes between successive generations were classified as increases (P) or decreases (N), 824 

and lineage patterns such as PNPN and NPNP were defined.  The frequencies of these patterns 825 

were quantified both in the representative embryo and across the entire dataset. 826 

Autocorrelation analysis.  Autocorrelation analysis was conducted for two purposes: (1) 827 

to determine whether negative feedback acts exclusively on mother–daughter pairs or also involves 828 

more distant progenitors; and (2) to assess how negative-feedback strength varies with increasing 829 

generation interval.  Across the five generations analyzed, negative correlations consistently 830 

dominated, indicating continuous negative feedback between a cell and its ancestral lineage. 831 

Moreover, the proportion of negative feedback decayed exponentially with increasing generation 832 
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interval, suggesting that the influence of ancestral velocity deviations progressively weakens over 833 

developmental time. 834 

The φ-parameterized self-similar velocity equation and parameter estimation 835 

Self-similar velocity equation.  These observations motivated the formulation of a self-similar 836 

negative-feedback model of velocity dynamics along cell lineages.  Our modeling framework 837 

extends the classical Koyck GDL model with several modifications.  First, the intercept was fixed 838 

at zero because all velocities were standardized to have zero expectation.  Second, the first 839 

parameter (α) carries a negative sign, reflecting negative feedback that dampens velocity 840 

deviations rather than amplifies them, thereby modeling a damping system rather than an inertial 841 

one.  Third, whereas the Koyck model employs an infinite series to approximate long-term effects, 842 

we used a finite number of generations consistent with embryonic development from a zygote. 843 

Fourth, while the Koyck model is traditionally applied to a time series of a single variable, we 844 

extended it to the tree-structured lineage framework inherent to embryogenesis. 845 

Estimating φ through pooling all trios from embryos within each condition.  To 846 

estimate model parameters, we used a three-generation approximation of the GDL model.  847 

Ordinary least squares (OLS) regression was first applied for exploratory analysis, followed by 848 

nonlinear least squares (NLS) to estimate the unique parameter φ under the constraint α = β and to 849 

compare predictions from OLS and NLS.  In the OLS framework, we estimated the coefficients θ1 850 

= −αβ and θ2 = −αβ² corresponding to 𝑉𝑉𝑡𝑡−1and 𝑉𝑉𝑡𝑡−2, respectively, and inferred α and β from their 851 

ratio.  In the NLS framework, we directly estimated the single parameter φ under the constraint α 852 

= β = φ.  To examine the robustness of φ estimation under mild genetic or environmental 853 

perturbations, φ was further estimated in RNAi and Env embryos using the same procedure.  854 

During estimation, embryos with recorded hatching lethality were excluded, which could suggest 855 

disruption of the self-similar equation and cause potential bias in estimation.  As an intuitive 856 

exploratory analysis, OLS was applied only to the x-coordinate given its higher signal-to-noise 857 

ratio, avoiding inaccuracies from collinearity between consecutive generations, while NLS was 858 

used for accurate coefficient estimation. 859 

Theoretical and numeric analysis for the along-lineage conservation of total velocity 860 
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Uniqueness of φ = golden ratio under infinite lineage length.  We first analyzed the asymptotic 861 

behavior of the self-similar feedback system under infinite lineage length by examining the 862 

deterministic propagation of a single initial perturbation.  This minimal setting isolates the 863 

cumulative effect of negative feedback without introducing stochastic variability across 864 

generations.  A fixed initial deviation 𝑉𝑉0 = 1 was propagated across generations according to the 865 

closed-form residual function derived from the cumulative negative-feedback kernel: 𝑅𝑅𝑛𝑛(𝜑𝜑,𝑉𝑉0) =866 

𝑉𝑉0 �1−� 𝜑𝜑𝑘𝑘𝑛𝑛+1
𝑘𝑘=2 �,  where 𝑅𝑅𝑛𝑛  denotes the residual deviation at generation 𝑛𝑛  (with 𝑅𝑅0 = 𝑉𝑉0 ). 867 

Residual trajectories were compared under three representative φ values: a low value (φ = 0.4), the 868 

golden ratio 𝜑𝜑 = (√5− 1)/2 ≈ 0.618, and a high value (φ = 0.8).  This analysis demonstrates 869 

that only φ equal to the golden ratio yields geometric convergence of the residual toward zero, 870 

achieving asymptotic cancellation of the initial perturbation.  Values smaller than the golden ratio 871 

lead to under-correction, whereas larger values produce over-correction and oscillatory 872 

amplification.   873 

Population-level simulations demonstrating zero-net noise under φ = golden ratio.  To 874 

visualize this behavior over a biologically relevant developmental depth, simulations were 875 

performed for 11 generations (generation 0 to 10).  The same deterministic residual function was 876 

applied to propagate deviations under each φ value.  In addition to the single-perturbation case, we 877 

extended the analysis to a population context by sampling 400 independent initial deviations 𝑉𝑉0 878 

from a standard normal distribution.  For each φ and each generation, residuals were computed 879 

deterministically using the same kernel.  These simulations show that across generations, only φ 880 

equal to the golden ratio maintains residuals centered and progressively contracts their variance 881 

toward zero, demonstrating along-lineage conservation of total velocity under φ = golden ratio. 882 

Optimization of φ = golden ratio under finite lineage length.  To determine how finite 883 

lineage length influences the optimal φ, we derived an exact closed-form expression for the 884 

variance of the accumulated velocity deviation at the terminal cell under lineage depth 𝑛𝑛, without 885 

invoking asymptotic limits (Supplementary Note III).  The exact variance function is：𝑉𝑉𝑛𝑛(𝜑𝜑) =886 

𝜎𝜎2 �(𝑛𝑛 + 1)𝐴𝐴2 + 2𝐴𝐴𝜑𝜑2

(1−𝜑𝜑)2
(1 − 𝜑𝜑𝑛𝑛+1) + 𝜑𝜑4

(1−𝜑𝜑)2(1−𝜑𝜑2)
(1 −𝜑𝜑2(𝑛𝑛+1))�, where 𝐴𝐴(𝜑𝜑) = 1 − 𝜑𝜑2

1−𝜑𝜑
.  This 887 

decomposition reveals two structurally distinct contributions: (i) a linear accumulation term, (𝑛𝑛 +888 

1)𝐴𝐴(𝜑𝜑)2 , representing residual ancestral noise not fully canceled by feedback, which grows 889 
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proportionally with lineage length; and (ii) two geometrically saturating correction terms, 890 

proportional to 1 − 𝜑𝜑 𝑛𝑛+1 and 1 −𝜑𝜑 2(𝑛𝑛+1) , capturing the progressive effectiveness of multi-891 

generation negative feedback.  The geometric terms increase rapidly at small 𝑛𝑛  but approach 892 

saturation as lineage length increases, whereas the linear term increasingly dominates sensitivity 893 

to φ.  Because 𝐴𝐴(𝜑𝜑) = 0 is uniquely satisfied at 𝜑𝜑 = (√5 − 1)/2, the golden ratio minimizes the 894 

coefficient of linear variance growth.  Consequently, although the optimal φ depends on lineage 895 

length for small 𝑛𝑛, it converges rapidly toward the golden ratio as lineage depth increases, without 896 

requiring an infinite-lineage limit.   897 

Numeric results of optimal φ rapidly converges with lineage length.  To quantify this 898 

dependence numerically, we directly minimized the exact variance function 𝑉𝑉𝑛𝑛(𝜑𝜑) for each finite 899 

lineage length 𝑛𝑛, with φ restricted to the biologically meaningful interval [0.2, 0.85] and 𝜎𝜎2 fixed 900 

to 1 without loss of generality.  For each lineage length, one-dimensional bounded optimization 901 

was applied to identify the φ that minimized terminal variance, yielding both the optimal φ and the 902 

corresponding minimum variance.  This procedure was repeated for lineage depths 𝑛𝑛 = 1 to 25, 903 

covering early embryonic stages and exceeding those observed in C. elegans.  The results show 904 

that lineage lengths of approximately 10–13 generations—comparable to the longest 905 

developmental lineages in C. elegans—are sufficient to place the system near the global optimum 906 

defined by the golden ratio, indicating that the golden ratio emerges as a finite-lineage optimum 907 

dictated by the exact variance structure of the self-similar feedback system. 908 

Evolutionary simulations for the evolution of φ = golden ratio.   909 

To examine whether the φ = golden ratio can emerge at the population level under finite lineage 910 

length, we performed evolutionary simulations based on the self-similar velocity equation.  Each 911 

simulated embryo followed a lineage of fixed length (lineage length = 10 or 13, matching that of 912 

C. elegans embryogenesis).  Cell velocity deviation 𝑉𝑉𝑡𝑡  at generation 𝑡𝑡 was governed by the φ-913 

embedded self-similar equation 𝑉𝑉𝑡𝑡 = −𝜑𝜑� 𝜑𝜑𝑖𝑖𝑡𝑡−1
𝑖𝑖=1 𝑉𝑉𝑡𝑡−𝑖𝑖 + 𝜀𝜀𝑡𝑡, where φ is the heritable regulatory 914 

parameter subjected to natural selection and 𝜀𝜀𝑡𝑡  is stochastic noise.  Noise terms were drawn 915 

independently from a Gaussian distribution and applied repeatedly at all generations (s.d. = 0.1).  916 

For each candidate φ, developmental stability was evaluated by simulating multiple embryos 917 

subjected to independent noise realizations (# embryos = 400).  Fitness was defined as an 918 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.04.000174. This version posted April 4, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



30 
 

exponentially decreasing function of the variance of accumulative velocity deviation at terminal 919 

cell across embryos (or net velocity deviation): Fitness(𝜑𝜑) ∝ exp(−𝑠𝑠Var(𝑉𝑉𝑇𝑇)), where 𝑉𝑉𝑇𝑇 denotes 920 

accumulative velocity deviation at the terminal cell and 𝑠𝑠 controls selection strength (𝑠𝑠 = 10).  921 

This variance-based criterion penalizes both incomplete correction at small φ and over-correction 922 

with sign reversals at large φ.  Populations of φ values (population size = 30074) evolved over 923 

discrete selection generations (selection generation = 200).  In each generation, φ values were 924 

sampled proportional to fitness, followed by bounded Gaussian mutation (s.d. = 0.01; φ 925 

constrained to [0.2, 0.85]).  Across all settings, the population mean φ asymptotically converged 926 

toward the golden ratio (φ = 0.618), with convergence slightly closer at lineage length = 13 than 927 

at lineage length = 10.  928 

Estimation of φ by meta-analysis across individual embryos 929 

In addition to estimating φ using pooled trios from embryos within each condition, we further 930 

assessed robustness at the individual-embryo level.  For each embryo, nonlinear least squares (NLS) 931 

was applied by jointly fitting the three coordinates to obtain an independent estimate of φ and its 932 

standard error.  Embryo-specific estimates were first combined within each condition using 933 

inverse-variance weighting to obtain a fixed-effect estimate.  To account for variability among 934 

embryos, random-effects meta-analysis was then performed.  The between-embryo variance 935 

component (τ²) was estimated using the DerSimonian–Laird method75, and random-effects weights 936 

were calculated as 1/(𝑆𝑆𝐸𝐸2 + 𝜏𝜏2).  The cross-embryo estimate and its 95% confidence interval 937 

were computed from these weights, and between-embryo heterogeneity was quantified using 938 

Cochran’s Q statistic and 𝐼𝐼2.  Embryos with recorded hatching lethality phenotypes were excluded 939 

from this analysis.  All analyses were conducted in R using the nls function together with custom 940 

scripts for meta-analysis. 941 

Predicting hatching lethality and identifying genes based on the self-similar equation 942 

Quantifying the deviation from self-similar equation.  To quantify deviations from the φ-943 

embedded self-similar equation at the embryo level, we applied the one-parameter, three-944 

generation self-similar model to all three-generation trios within each embryo.  Predicted velocities 945 

for granddaughter cells were obtained, and the mean absolute error (MAE) between predicted and 946 

observed velocities was calculated separately for the three spatial coordinates. 947 
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Predicting hatching lethality.  To predict binary hatching lethality phenotypes, MAE 948 

values from all three coordinates were used as predictors.  Embryos were randomly divided into a 949 

training set (70%) and a testing set (30%).  A logistic regression model was trained on the training 950 

set, and prediction performance was evaluated in the testing set using the area under the ROC 951 

curve (AUC).  To evaluate the influence of sample imbalance between lethal and hatched embryos, 952 

we also shuffled the phenotypes across embryos and conducted logistic regression to obtain AUC 953 

≈ 0.5. 954 

Identifying genes required for the self-similar equation.  To identify genes required for 955 

maintaining the self-similar equation, MAE values for each coordinate were first transformed into 956 

Z-scores using the corresponding mean and standard error estimated from control embryos.  P-957 

values were computed under a standard normal distribution and adjusted for multiple testing using 958 

the Benjamini–Hochberg (BH) procedure.  A gene was defined as a candidate for maintaining the 959 

self-similar equation if its RNAi perturbation caused significant deviation in at least two embryos 960 

and along at least two coordinate axes.  Gene Ontology enrichment analysis was performed using 961 

the R package clusterProfiler, with a significance threshold of 0.05 and BH correction applied. 962 
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Fig. 1.  Summary of embryogenesis data and models for noise transmission  967 

(a) Time-lapse microscopy was used to track single-cell spatiotemporal features during C. elegans 968 

embryogenesis, including cell cycle length (CCL) and three-dimensional positions (x, y, z), from 969 

the 4-cell to the 350-cell stage.  A representative lineage tree is shown, with the time axis indicating 970 

division timing starting at the 4-cell stage.  The corresponding spatial distribution of cells is 971 

displayed, with the four lineage groups (ABa, ABp, EMS, and P2, defined at the 4-cell stage) 972 

shown in distinct colors. 973 

(b) Data-processing workflow. Raw 4D features (time and 3D position) were recorded for each 974 

embryo.  Positional data were first translated to center the center of gravity at (0, 0, 0), then rotated 975 

to align the observed axes with consistent x-, y-, and z-axes corresponding approximately to the 976 

three body axes.  A scaling procedure was applied to normalize overall embryonic duration and 977 

size. The aligned 4D features were then represented in a unified Cartesian coordinate system. 978 

(c) Left, positional noise of an example cell (ABal) along the x coordinate across 2,039 embryos, 979 

with control, RNAi, and environmental (Env) embryos shown in different colors.  Right, 980 

distribution of positional noise across all embryos. 981 

(d) During migration from mother to daughter at any spatial coordinate, both cells deviate from 982 

their expected positions, defined as positional noise.  This process was modeled in a unified 983 

framework in which 𝑋𝑋𝑀𝑀 and 𝑋𝑋𝐷𝐷 denote maternal and daughter positional noise, respectively.  The 984 

change in noise is defined as Δ𝑋𝑋 = 𝑋𝑋𝐷𝐷 − 𝑋𝑋𝑀𝑀, and 𝜀𝜀 denotes daughter-specific noise independent 985 

of maternal noise.  Three regulatory modes are characterized by slope 𝑘𝑘: negative feedback (𝑘𝑘 <986 

0, concave shape), no feedback (𝑘𝑘 = 0, flat shape), and positive feedback (𝑘𝑘 > 0, convex shape). 987 

Under negative feedback, daughter noise decreases relative to the mother; under no feedback, it 988 

remains unchanged; under positive feedback, it increases.  Feedback regulation is therefore 989 

quantified by the sign of 𝑘𝑘. 990 

  991 
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Fig. 2.  Mother–daughter negative feedbacks form continuous ‘canals’ that prevent 992 

positional noise propagation 993 

(a) Scatter plot of 𝑋𝑋M versus Δ𝑋𝑋 for an example mother–daughter (M–D) pair (mother: ABal; 994 

daughter: ABala) across 2,039 embryos.  The regression slope (𝑘𝑘x = −0.68) indicates negative 995 

feedback. 996 

(b) Density distributions of 𝑘𝑘 for all M–D pairs along the x, y, and z coordinates.  Corresponding 997 

p-values are shown in Fig. S4. 998 

(c) Variation of 𝑘𝑘  across generations, revealing an hourglass-shaped pattern in which middle 999 

generations exhibit weaker negative-feedback strength. 1000 

(d) Pseudo M–D pairs generated by shuffling mothers and daughters were used to derive the null 1001 

distribution of 𝑘𝑘.  Shuffled pairs yielded 𝑘𝑘 ≈ −1, corresponding to no noise inheritance, whereas 1002 

𝑘𝑘 = 0 indicates full noise inheritance.  In contrast, real M–D pairs predominantly exhibit 𝑘𝑘 values 1003 

between −1 and 0, consistent with partial noise inheritance. 1004 

(e) A representative lineage annotated with corresponding 𝑘𝑘 values.  Concave canal segments 1005 

(negative 𝑘𝑘 ) form continuous developmental canals that collectively constitute Waddington’s 1006 

canalization landscape. 1007 

(f) Theoretical accumulation of noise along a lineage under different feedback regimes.  No 1008 

feedback, positive feedback, and negative feedback are illustrated, respectively, assuming mother-1009 

independent noise (𝜀𝜀) follows a standard normal distribution (Methods).  Noise variance increases 1010 

without bound under no or positive feedback, whereas negative feedback constrains variance 1011 

below an upper limit.  1012 

(g) Expected and observed noise variance across generations under the null model of full noise 1013 

inheritance.  Eight representative lineages are shown in different colors, with circle areas 1014 

proportional to variance.  Mean variance per generation and fold changes between expected and 1015 

observed values are indicated. 1016 

(h) Three example embryos for each condition (control, RNAi and Env) illustrating predicted 1017 

abnormalities under full noise inheritance (no feedback, 𝑘𝑘 = 0 ), compared with their actual 1018 

developmental outcomes under negative feedback. 1019 
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Fig. 3.  Positional negative feedback is achieved by regulating cell migration velocity 1021 

(a) Because daughter cells are born at the mother’s position, identical migration displacement 1022 

would yield identical positional noise in mother and daughter.  Under negative feedback, daughter 1023 

positional noise is reduced, implying smaller migration displacement.  As displacement equals 1024 

velocity × time, reduced displacement may result from reduced migration time, reduced migration 1025 

velocity, or both. 1026 

(b) Theoretical framework illustrating three mechanisms of negative feedback on displacement: 1027 

regulation of time (isovelocity regulation, γ), regulation of velocity (isochronous regulation, τ), or 1028 

combined regulation (η). 1029 

(c) Expected time–position pattern under isovelocity regulation, producing parallel trajectories. 1030 

(d) Expected time–position pattern under isochronous regulation, producing convergent 1031 

trajectories. 1032 

(e) Example mother–daughter (M–D) pair (Caap–Caapp) across embryos, showing a negative 1033 

correlation between migration displacement and start position (x-coordinate position shown). 1034 

(f) Same data as in (e), plotting migration time versus start position, showing weak correlation. 1035 

(g) Same data as in (e), plotting migration velocity versus start position, showing a strong negative 1036 

correlation. 1037 

(h) Pearson correlations between migration time or velocity and start position across all M–D pairs. 1038 

A t-test indicates a significant difference, supporting migration velocity as the primary mechanism 1039 

underlying negative feedback.  The x-coordinate is shown here with y and z shown in Fig. S13. 1040 

(i) Same M–D pair as in (e), shown in three example embryos.  Migration trajectories are indicated 1041 

by arrows.  Right, start and end positions are plotted in the embryonic x–y plane together with 1042 

migration time and velocity. 1043 

  1044 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.04.000174. This version posted April 4, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



RNAi Env

x y z x y z

0.
0

0.
61

8
1.

0

CoordinateC
oe

ffi
ci

en
t v

al
ue

s 
(N

LS
)

x
y
z1

lim( ) 1n i
in

ϕ ϕ
=→∞

− = −∑
conservation principle

φ = 0.4 φ = 0.618 φ = 0.8

0.
0

−0.382 = -0.6182

−0.236 = -0.6183

0.
61

8
C

oe
ffi

ci
en

t v
al

ue
s 

(O
LS

)

β αθ1 θ2

Vt = θ1Vt-1 + θ2Vt-2 + ε 

(θ1= -αβ; θ2= -αβ2)

0
0.

61
8

1

x y z
Coordinate

Co
ef

fic
ie

nt
 v

al
ue

s 
(N

LS
)

x
y
z

Vt = - φ2Vt-1 - φ
3Vt-2 + ε 

0.
0

0.
5

1.
0

1 2 3 4
Generation interval (t)

Pr
ob

ab
ilit

y 
of

 n
eg

at
iv

e 
R

t

x
y
z

Observed
Shuffled

Autocorrelation (Rt)

0

-αβ3V
-αβ2V

-αβV

0 1 2 3 4 5 6 7 8 9 10
Generation interval (t)

Ve
lo

ci
ty

 re
si

du
alV

Cell lineage

Generation 1 2 ...... t-2 tt-1

Self-similarity V -αβV -αβ2V -αβt-2V -αβt-1V

GDL model

......

3

-αβt-3V

1

1

t i
t t ii

V Vα β ε−

−=
= − +∑

Geometric distributed lag (GDL) model for a self-similar process 

−2
0

2

5 6 7 8 9
Generation

Ve
lo

ci
ty −2

0
2

PNPN (38.23 %)

−2
−1

0
1

2
3 NPNP (16.07 %)

−2
−1

0
1

2

5 6 7 8 9

PNNP (6.65 %)

−1
0

1
2

3

5 6 7 8 9

PNP (4.43 %)

Generation

Ve
lo

ci
ty

−2
−1

0
1

5 6 7 8 9

PNPP (4.99 %)

−1
0

1
2

3 NPNN (6.65 %)

Fig. 4

a

b c

d e f

g h

i

R2 = 0.987

0.
0

0.
61

8
1.

0

0 50 100 150 200
Selection generationAv

er
ag

e 
φ 

in
 p

op
ul

at
io

n

Lineage length = 10
Lineage length = 13

Evolutionary simulations

C
. e

le
ga

ns

0
1

0 5 10 15 20 25
Lineage length

O
pt

im
um

 φ

Optimality analysis 
under finite lineage length

0.
61

8

j k

0.
0

0.
61

8
1.

0

Control Env RNAi
Condition

Pa
ra

m
et

er
 e

st
im

at
io

n

Control
Env
RNAi

Across−embryo meta−analysis

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.04.000174. This version posted April 4, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



35 
 

Fig. 4.  A φ-parameterized self-similar equation reveals an along-lineage velocity 1045 

conservation principle 1046 

(a) Left, dynamics of cell velocity (Z-score) at the x coordinate across generations for all lineages 1047 

in an example embryo (UNC-75_emb2).  Right, the six most frequent lineage patterns in that 1048 

embryo.  “P” and “N” denote increases or decreases in velocity relative to the previous generation. 1049 

(b) Lineage-based autocorrelation analysis.  𝑅𝑅𝑡𝑡  denotes the correlation between a cell and its 1050 

progenitors separated by 𝑡𝑡 generations.  The proportion of negative feedback is calculated as (# 1051 

negative 𝑅𝑅𝑡𝑡− # positive 𝑅𝑅𝑡𝑡)/N (N = 2,039 embryos).  Exponential decay of this proportion indicates 1052 

progressively diminishing ancestral effects. 1053 

(c) Hypothesized self-similar process in which velocity deviations are continuously counteracted 1054 

by geometrically decaying negative feedback from progenitors.  This process is modeled by a 1055 

geometric distributed lag (GDL) model with parameters β (decay rate) and α (feedback strength).   1056 

(d) Ordinary least squares (OLS) estimation of the three-generation model using all mother–1057 

daughter–granddaughter trios from 105 control embryos.  The model 𝑉𝑉𝑡𝑡 = 𝜃𝜃1𝑉𝑉𝑡𝑡−1 + 𝜃𝜃2𝑉𝑉𝑡𝑡−2 + 𝜀𝜀 is 1058 

fitted to estimate 𝜃𝜃1 (= −𝛼𝛼𝛼𝛼) and 𝜃𝜃2 (= −𝛼𝛼𝛽𝛽2), from which α and β are derived. 1059 

(e) Nonlinear least squares (NLS) estimation under the constraint α = β = φ using all trios from the 1060 

105 control embryos.  The model 𝑉𝑉𝑡𝑡 = −𝜑𝜑2𝑉𝑉𝑡𝑡−1 − 𝜑𝜑3𝑉𝑉𝑡𝑡−2 + 𝜀𝜀 is fitted at all three coordinates. 1061 

Error bars indicate 95% confidence intervals.  The combined estimate across coordinates is φ = 1062 

0.619±0.001 (φ ± s.e.). 1063 

(f) Comparison of OLS and NLS predictions. Near-perfect agreement indicates that the one-1064 

parameter constraint α = β = φ captures the underlying relationship. 1065 

(g) Simulation illustrating the theoretical consequences of different φ values in the GDL model. 1066 

Only φ = 0.618 ensures exact counteraction of velocity deviations; smaller values yield insufficient 1067 

suppression, whereas larger values cause overcorrection. 1068 

(h) NLS estimation of φ in RNAi and Env embryos followed the same procedure as in control 1069 

embryos.  Error bars indicate 95% confidence intervals.  Combined estimates across coordinates 1070 

are φ = 0.614 ± 0.0003 for RNAi, and φ = 0.603 ± 0.001 for Env. 1071 

(i) Theoretical and numerical analysis identifying the optimal φ that minimizes the variance of 1072 

cumulative velocity deviation at the terminal cell as a function of lineage length.  The shaded 1073 

region indicates the lineage length of C. elegans embryogenesis (10–13 generations). 1074 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.04.000174. This version posted April 4, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



36 
 

(j) Evolutionary simulations illustrating the emergence of the golden-ratio parameter φ under finite 1075 

lineage length with stochastic noise introduced at all generations.  Results for lineage lengths of 1076 

10 and 13 are shown. 1077 

(k) NLS estimation of φ is first conducted in individual embryos by combining the three 1078 

coordinates into a single value per embryo, followed by meta-analysis to generate cross-embryo 1079 

estimates for control, RNAi, and Env embryos, with 95% confidence intervals shown.  The meta-1080 

analysis results are φ = 0.623 ± 0.006 for control, φ = 0.620 ± 0.002 for RNAi, and φ = 0.625 ± 1081 

0.007 for Env. 1082 
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Fig. 5.  Violation of the self-similar equation predicts hatching failure and reveals underlying 1084 

genes 1085 

(a) Embryos are lineage-traced from the 4-cell to the 350-cell stage, and hatching outcomes are 1086 

recorded as hatched or lethal. 1087 

(b) Comparison of deviation from the self-similar equation between hatched and lethal embryos. 1088 

The three-generation model with φ = 0.618 predicts granddaughter cells, and mean absolute error 1089 

(MAE) quantifies deviation at the embryo level.  Z-scores of MAEs based on control embryos are 1090 

shown for the three coordinates. 1091 

(c) Logistic regression predicts hatching outcome using MAEs from the three coordinates as 1092 

predictors.  Seventy percent of embryos are used for training and the remainder for testing to 1093 

calculate the AUC.  A control analysis with shuffled outcomes is conducted to account for sample 1094 

imbalance (Fig. S15). 1095 

(d) Candidate genes are defined as those whose RNAi causes significant deviation in at least two 1096 

embryos and across at least two coordinate axes (one-tailed Z-test on MAEs, significance level = 1097 

0.05, with Benjamini-Hochberg correction).  Gene ontology enrichment analysis is performed for 1098 

biological process (BP), cellular component (CC), and molecular function (MF, not detected) at 1099 

significance level = 0.05 with Benjamini-Hochberg correction. 1100 
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Fig. 6.  Two-layer regulatory architecture underlying developmental robustness and a 1102 

working model for the self-similar velocity conservation equation 1103 

(a) Schematic of the two-layer regulatory architecture underlying developmental robustness. 1104 

Embryonic-layer regulation is governed by the self-similar velocity equation. 1105 

(b) Schematic of the iterative formulation equivalent to the GDL-based self-similar velocity 1106 

equation (Eq. 3).  The iterative form involves only two adjacent generations.  Velocity-determining 1107 

factors (V-factors) in a cell have two states, corresponding to decreases or increases of cell velocity 1108 

relative to the expected setting (green and orange).  In the mother cell, V-factors represent overall 1109 

polarity from unequal proportions of the two states.  After division, maternal V-factors are 1110 

transmitted to the daughter cell with a transmission rate β = 0.618.  Newly generated V-factors in 1111 

the daughter cell are produced at a generation rate α = 0.618, yielding a proportion βα = 0.382. 1112 

These new V-factors have opposite polarity to inherited maternal V-factors and determine 1113 

daughter cell velocity, with mass conservation imposed by β + βα = 1.  After one round of 1114 

transmission and new generation, overall cellular V-factor polarity is reduced by pooling inherited 1115 

and newly generated V-factors.  This process iterates along the lineage, progressively driving 1116 

cellular polarity toward zero and net velocity noise toward zero. 1117 
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