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Abstract

Multicellular development in plants and animals gives rise to a rich spectrum of
cell fates performing complex physiological functions. How these cells differenti-
ate in concert from a single-celled zygote to collectively form tissues and organs
across the whole body remains a fundamental question in developmental biology.
In this study, we applied the Ladderpath approach to decompose the spatially-
aligned cell fate sequence of worm Caenorhabditis elegans embryo, which pro-
duces 671 uniquely identifiable cells with defined fates (incl. germline, intestine,
muscle, neuron, pharynx, skin, and other). This approach automatically dissects
how sub-sequence modules (Ladderons) self-repeat and mutually assemble in a
hierarchical architecture, uncovering a delicate trade-off between diversity and
repeatability in cell fate coding. This architecture consisting of highly diverse
yet repeated Ladderons indicates that the actual cell fate sequence deviates
substantially from both homogeneous and heterogeneous extremes, achieving
an exceptional level of hierarchical complexity near the theoretical maximum.
Genetic-algorithm-based virtual evolution further reveals such complexity as an
optimization goal in development, with pseudo sequences spontaneously con-
verging toward similar hierarchical architectures designed through moderate
Ladderon numbers and lengths. Notably, the longest Ladderons highlight in-
tercellular Notch signaling as a key mechanism for enhancing hierarchical com-
plexity via coordinating lineal differentiation. More broadly, the repeated lineal
differentiation programs serve as an essential strategy for enhancing hierarchi-
cal complexity —a pattern recurrently observed in reality. Together, this work
offers new insights into design rules of cell fate coding operating from molecular
to multicellular scales and provides a theoretical framework for identifying and
interpreting the regulatory mechanisms beneath.
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Multicellular development in plants and animals gives rise to a rich spectrum
of cell fates performing complex physiological functions. How these cells differ-
entiate in concert from a single-celled zygote to collectively form tissues and
organs across the whole body remains a fundamental question in developmental
biology. In this study, we applied the Ladderpath approach to decompose the
spatially-aligned cell fate sequence of the nematode Caenorhabditis elegans em-
bryo, which produces 671 uniquely identifiable cells with defined fates (including
intestine, muscle, neuron, germline, pharynx, skin, and others). This approach
automatically dissects how sub-sequence modules (Ladderons) self-repeat and
mutually assemble in a hierarchical architecture, uncovering a delicate trade-
off between diversity and repeatability in cell fate coding. This architecture
consisting of highly diverse yet repeated Ladderons indicates that the actual
cell fate sequence deviates substantially from both homogeneous and heteroge-
neous extremes, achieving an exceptional level of hierarchical complexity near
the theoretical maximum. Genetic-algorithm-based virtual evolution further
reveals such complexity as an optimization goal in development, with pseudo
sequences spontaneously converging toward similar hierarchical architectures de-
signed through moderate Ladderon numbers and lengths. Notably, the longest
Ladderons highlight intercellular Notch signaling as a key mechanism for en-
hancing hierarchical complexity via coordinating lineal differentiation. More
broadly, the repeated lineal differentiation programs serve as an essential strat-
egy for enhancing hierarchical complexity—a pattern recurrently observed in
reality. Together, this work offers new insights into design rules of cell fate cod-
ing operating from molecular to multicellular scales and provides a theoretical
framework for identifying and interpreting the regulatory mechanisms beneath.

Significance

Multicellular life encodes a variety of cell fates—intestinal, muscular, neuronal,
pharyngeal, hypodermal, etc. They all arise from a single zygote to form a
physiologically functional body with multiple tissues and organs. How these
complex cell fates are organized in concert is a fundamental question in devel-
opmental biology. In this study, the fate sequence of all terminal cells in the
C. elegans embryo is decomposed, highlighting two complementary organizing
modes: the mutual assembling of sub-sequence modules and their self-repeating.
This diversity-repeatability trade-off yields a hierarchical architecture of these
modules approaching the theoretical maximum in complexity, suggesting an out-
come of evolutionary optimization. Such exceptional complexity emerges when

chinarxiv.org/items/chinaxiv-202512.00064 Machine Translation


https://chinarxiv.org/items/chinaxiv-202512.00064

ChinaRxiv [$X]

the organism repeats the same differentiation programs across lineages (e.g., via
intercellular signaling).

Keywords: hierarchical complexity | evolutionary optimization | diversity-
repeatability trade-off | cell fate | differentiation program

Life is encoded in a sequence-based manner, with complexity across multiple
scales: from the associated DNA (deoxyribonucleic acid encoded with four types
of nucleotide bases) [?], RNA (ribonucleic acid with four types of ribonucleoside
bases) [?], and protein (polypeptide encoded with 20 types of amino acids)
[?, 7, ?] to their joint molecular profiles differentiated in cells, which encode
spatial sequences of cell types or cell fates (hereafter uniformly referred to as
“cell fate” ) with specific physiological roles [?, ?, ?, 2, ?, 2,7, 7 7 ?]. How a
pool of elements (e.g., nucleotide bases, ribonucleoside bases, amino acids, and
cell fates) are organized into specific sequences within an immense design space
to achieve desired functions is not only an experimental question but also a
theoretical one.

The discovery of molecular-scale organization has faithfully demonstrated how
biological sequences are designed to deviate from the extremes of homogeneity
(repeatability) and heterogeneity (diversity) in order to achieve complexity; for
example, promoter sub-sequences are repeatedly encoded in a DNA sequence
for different genes (repeatability) [?], while other sequence domains also encode
potentially repeated exons, introns, start codons, stop codons, open reading
frames, other promoters, and everything of the sort (diversity) [?].
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After the helical structures of DNA [?] and RNA [?] were revealed in the
mid-20th century, the sequencing of complete genomes—first in the worm
(Caenorhabditis elegans, C. elegans) [?] and later in human (Homo sapiens,
H. sapiens) [?]—was accomplished around the turn of the 21st century, further
revealing a remarkable degree of conservation underlying the shared repertoire
of both genes and cell fates [?]. Moreover, protein sequences (associated with
their DNA/RNA templates’ sequences) and structures have been continuously
characterized [?, 7,7, 7,7, 2,2, 2,2, 7], revealing that proteins fold toward low
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free-energy states to form canonical functional secondary and tertiary structures
such as a-helices and S-sheets [?, ?]; today, their sequences, structures, and
functions can be accurately predicted through molecular dynamics [?, 7, 7],
physics-informed deep learning [?, ?], and more general artificial intelligence

[?, 7, 7, ?], catalyzed by both experimental validation and applications
[2,2,2,2,2,2,2,2, 7.

Large-scale in silico experiments, particularly virtual evolution, have been in-
strumental in extracting key features and unveiling design rules underlying bi-
ological system optimizations, spanning molecular and multicellular scales and
extending even to organismal and behavioral scales [?, 7,7, 7, 7, ?]. For instance,
at the molecular scale, amino acid sequences of polypeptides are optimized to
ensure stable protein folding under a range of biophysical constraints, such as
thermodynamic stability [?], structural designability [?], hydrophobic demixing
[?], structural atypicality [?], kinetic accessibility [?], translational regulation
[?], and so forth [?, ?]. Bridging the molecular and cellular /multicellular scales,
the molecular interaction networks underlying the worm C. elegans cell po-
larity and fruitfly Drosophila melanogaster’ s cell fate, which are sequentially
distributed along their body axis, are optimized to stabilize asymmetric inter-
face and maximize positional information (alongside robustness) respectively
[?, 7, 7, ?]. These and other cases pinpoint that the complexity of life sys-
tems originates from the dynamic interplay between functional demands and
biophysical constraints, optimized over billions of years of natural selection.

However, full sequences and design rules for cell fates within multicellular or-
ganisms remain relatively under-explored, caused by the difficulty of precisely
tracking individual cell fates throughout the whole body and its overwhelming
complexity [?, ?, ?, ?]. Nevertheless, such multi-element, digit-like spatial se-
quences primarily along the anterior-posterior axis are conserved across species
from higher to lower levels: (1) During somitogenesis in vertebrates represented
by human, mouse, fish, and frog, binary gene expression patterns exhibit a
periodic oscillation [?, ?, 7, ?]. (2) Prior to gastrulation of invertebrates repre-
sented by fruit fly and beetle, regional gene expression patterns exhibit variable
region numbers, positions, and sizes, depending on the combined activations
and inhibitions of dozens of genes [?, ?]. (3) Similar cell fate sequences can even
realize cellular resolution and individual reproducibility in worm and ascidian
—hallmarks of an invariant sequence-based lineage [?, ?] (Fig. 1). However,
how sequences encompassing cell fates such as death, germline, intestine, mus-
cle, neuron, pharynx, skin, and others are designed within a complete develop-
ing organism remains largely unclear. Unveiling its design rules will not only
help us understand fundamental science in terms of biology and physics, but

also provide knowledge for the fields of synthetic biology and materials science
[?,7,2,7].

Previous decompositions and simulations of cell fate sequences in worm and as-
cidian embryos revealed that self-repeating modules (corresponding to cellular
differentiation programs executed upon cell division that give rise to following
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cell fate modules) are favored in certain lineal parts, such as the C. elegans
ABarapp lineage (1/64 of the complete lineage) [?, ?]. To comprehensively ad-
dress how cell fates are encoded to form tissues/organs differentiated from a
single-celled zygote in a complete multicellular life, this study adopts C. elegans
as a model organism, considering its well-characterized, cell-resolved differentia-
tion programs and strong conservation with humans in genetics, genomics, and
cell fates [?].

Decomposition of the full C. elegans embryonic cell fate sequence along body
axes uncovers a complex hierarchical architecture consisting of diverse yet re-
peated sub-sequence modules, with a complexity level approaching the theoret-
ical maximum. This exceptional hierarchical complexity is optimized quanti-
tatively and integratively for the entire body rather than tailored to individ-
ual body parts. On one hand, in silico experiments suggest that the trade-off
between diversity and repeatability among sub-sequence modules is achieved
through their moderate numbers and lengths, as well as through the repeated
lineal differentiation programs; on the other hand, in vivo experiments suggest
that known mechanisms like intercellular Notch signaling contribute to such a
trade-off and its resulting exceptional hierarchical complexity.

Together, this work presents design rules of cell fate coding in a complete mul-
ticellular life, bridging realistic mechanisms with theoretical interpretation.

Results

Full C. elegans Cell Fate Sequence Exhibits Exceptional Hierarchical
Complexity with Diverse, Repeated Sub-Sequence Modules

Building on over forty years of genetic research that has fully mapped the stereo-
typed cell fate sequence in C. elegans embryos, we treat it as a natural develop-
mental blueprint and compare it with random sequences generated artificially
[?]. After fertilization, the C. elegans zygote undergoes four consecutive rounds
of cell divisions, producing a lineage tree of 671 terminal cells that no longer
divide during embryogenesis [?] (Fig. 1, Fig. S1). The cell division orien-
tations are primarily aligned along the anterior-posterior (a-p) axis ( 89.44%),
with fewer aligned along the left-right (I-r) axis ( 9.91%) and dorsal-ventral (d-
v) axis ( 0.65%). Thus, a systematic nomenclature was devised that appends
the letters “a” , “p”, “I”, “v”, “d”, or “v” to each mother cell’ s name,
thereby unambiguously naming its daughter cells based on their relative initial
positions. This yields a 1$x$671 one-dimensional cell fate sequence at the end
of embryogenesis, with each digit denoting death (abbr., “D”, 16.84%), germline
(abbr., “G”, 0.30%), intestine (abbr., “I”, 2.98%), muscle (abbr., “M”, 12.07%),
neuron (abbr., “N” | 36.07%), pharynx (abbr., “P” , 11.92%), skin (abbr., “S”
, 13.26%), or other (abbr., “O” , 6.56%), ordered by well-documented lineal
information (Fig. 1, Fig. S1; Table S1) and positional data [?, ?, ?].

Here, we apply the Ladderpath approach, a method specially devised to de-
compose a generic one-dimensional sequence into all self-repeating and mutu-
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ally assembling sub-sequence modules in varying lengths (termed “Ladderons”
, which together deterministically constitute a Laddergraph that intuitively vi-
sualizes their hierarchical architecture) [?, ?, 7, ?]. The decomposed sequence
is characterized by two key parameters, one previously proposed and one newly
introduced (with mathematical details provided in Materials and Methods): (1)
“Diversity level” n measures the number of distinct sub-sequence modules; (2)
“Repeatability level” w measures the degree to which a sequence is constituted by
repeating rather than diversifying sub-sequence modules [?]; (3) “Hierarchical
complexity” v measures the degree to which a complex hierarchical architecture
emerges from the integration of both repeating and diversifying sub-sequence
modules.

Relatively, an extremely homogeneous sequence like AAAAAAAAAAAAAAAAAAAAAAAAA
yields a low n, a high w, and a low 7; an extremely heterogeneous sequence

like ABCDEFGHIJKLMNOPQRSTUVWXY yields a high n, a low w, and a

low v; most importantly, a sequence integrating both diverse and repeated

sub-sequence modules yields a moderate n, a moderate w, and a high ~,

reflecting their complex hierarchical architecture.

Ladderpath decomposition of the full C. elegans cell fate sequence outputs a
complex, hierarchical Laddergraph (Fig. 2(a)) consisting of 68 sub-sequence
modules that both self-repeat and mutually assemble frequently (Table S2).
Strikingly, its hierarchical complexity (v = 0.936) approaches the theoretical
maximum (y = 1). By comparison, such complexity is gone (y = 0) if the sub-
sequence modules only self-repeat (extremely homogeneous sequence) or only
mutually assemble (extremely heterogeneous sequence) while preserving the el-
ement types, numbers, and proportions of C. elegans (Table 1 ). This strongly
supports that the C. elegans cell fate sequence is designed to achieve an ex-
ceptional hierarchical complexity. Note that by definition, each sub-sequence
module appears at least twice within the terminal cell fate sequence. Therefore,
on one side, self-repeating symbolizes the same differentiation program appear-
ing across close lineage positions—for example, the progenies of the E lineage
end as only intestine and the progenies of the D lineage end as only muscle;
on the other side, mutually assembling symbolizes different differentiation pro-
grams appearing across distinct lineage positions—for example, the progenies of
the MS lineage end as death, muscle, pharynx, and other fates (Fig. 1, Fig. S1;
Table S1) [?, ?, ?]. Apparently, the integration of these two modes enables a
concurrent expansion of both cell number and cell fate across the entire body
of an embryo.

Hierarchical Complexity of C. elegans Cell Fate Sequence is Opti-
mized at the Whole-Organism Scale, Not for Individual Body Parts

Whereas C. elegans exhibits exceptional hierarchical complexity (y) near the
theoretical maximum, far from that of either an extremely homogeneous se-
quence or an extremely heterogeneous sequence, we are curious whether this
optimization participates not only in the entire body but also in individual
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body parts derived from the somatic founder cell lineages. Hence, we examine
the hierarchical complexity of partial cell fate sequences derived from all the
somatic founder cell lineages, each originating from the first to fourth rounds of
consecutive asymmetric cell divisions (driven by molecular interaction networks
capable of cell polarization): AB (with PO as mother and P1 as sister), EMS
(with P1 as mother and P2 as sister), C (with P2 as mother and P3 as sister),
and D (with P3 as mother and P4 as sister) (Fig. 1, Fig. S1; Table S1) [?, 7, ?].
Their cell fate sequences exhibit hierarchical complexity (v = 0 to v ~ 0.942)
spanning nearly the range from the theoretical minimum (v = 0) to the theoret-
ical maximum (y = 1) (Table 1). Comparable to the full lineage, the AB lineage
(deriving cells destined for death, muscle, pharynx, and skin) and C lineage (de-
riving cells destined for death, muscle, neuron, and skin) also exhibit exceptional
hierarchical complexity v = 0.918 and 0.942 respectively, as both accommodate
at least four distinct cell fates. However, the D lineage (deriving cells destined
for muscle only) exhibits zero hierarchical complexity as expected, attributed to
its repeatability but no diversity. Last but not least, despite the EMS lineage
accommodating at least five cell fates as well, it exhibits only moderate hier-
archical complexity v = 0.586, suggesting that the way cell fates are encoded
—beyond their mere element numbers, types, and proportions—is influential to
their collective hierarchical architecture; although both the EMS and C lineages
accommodate multiple cell fates, the EMS lineage with over twice the element
number still exhibits a lower diversity level n and a higher repeatability level w,
consistent with previous observations that certain C. elegans lineal parts (e.g.,
the ABarapp lineage) tend toward the repeatability mode to avoid redundancy
in differentiation programs [?, ?]. To sum up, while the hierarchical complexity
of the full cell fate sequence represents an evolutionary optimization goal for
a complete multicellular life as a whole, the organism’ s individual body parts
can adjust their developmental manners to fulfill specific physiological functions
required in reality.

Cell Fate Sequence Evolves Exceptional Hierarchical Complexity
through an Optimal Trade-Off between Sub-Sequence Module
Diversity and Repeatability

Inspired by the C. elegans cell fate sequence that contains an abundance of self-
repeating and mutually assembling sub-sequence modules and near-maximum
hierarchical complexity, we hypothesize that hierarchical complexity serves as a
quantitative metric or developmental constraint orchestrating these two modes
in concert. Hereafter, we refer to them as the repeatability and diversity modes.
We employ a genetic algorithm to evolve a one-dimensional sequence while pre-
serving the element types, numbers, and proportions of C. elegans (see Ma-
terials and Methods). A population of 4,000 in silico cell fate sequences is
initialized from each of two extreme cases with zero hierarchical complexity: an
extremely homogeneous sequence with element types arranged sequentially and
an extremely heterogeneous sequence with element types mixed randomly (Fig.

3(a)).
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For each iterative round, 1,200 (30%) sequences with the highest v values are
retained; the remaining 2,800 (70%) are first formed into 1,400 pairs of par-
ents subjected to crossover, with a crossover probability of 0.8 to exchange a
randomly-picked digit between them, and then subjected to a mutation proba-
bility of 0.03 to reset a randomly-picked digit into one of the other fates, accom-
panied by another randomly picked digit proceeding with the opposite resetting.
Updating the pool of 4,000 samples through 3,000 iterative rounds, each case con-
tinuously evolves toward a hierarchical complexity of one as set (Fig. 3(b)); the
terminal Laddergraphs consistently exhibit complex hierarchical architectures
in which sub-sequence modules self-repeat and mutually assemble frequently,
mirroring that of C. elegans in nature (Fig. S2). Amazingly, such continuous
evolution of hierarchical complexity 7y is equivalent to the product of two terms
positively linear with diversity level n and repeatability level w respectively, in-
dicating that the optimization goal in natural evolution is the strong bonding of
these two modes in trade-off, rather than a bias toward either of them alone (Fig.
3(c), Fig. S5). More specifically regarding sub-sequence module (Ladderon) or-
ganization, it is noteworthy that both evolutionary trajectories converge on a
moderate Ladderon number, meaning that a moderate level of diversity mode
is required (Fig. 3(d)); coherently, the maximum Ladderon length is also mod-
erate, meaning that a moderate level of repeatability mode is required (Fig.
3(e)). What is more, the dynamics of the above parameters along evolutionary
trajectories initiated from the two extreme cases demonstrate a clear trade-off
between the diversity and repeatability modes, where an increase in one is in-
herently coupled with a decrease in the other, and vice versa. To our surprise,
the optimal Ladderon number obtained from virtual evolution is 78.5+4.5, very
close to the C. elegans value of 76 in the real world, providing strong evidence
that hierarchical complexity governs the design of C. elegans cell fate sequence
by enforcing a delicate trade-off between diversity and repeatability.

Intercellular Notch Signaling and Downstream Differentiation Pro-
grams Contribute to Hierarchical Complexity of C. elegans

Since hierarchical complexity arises from a delicate trade-off between repeating
and diversifying cell fate sub-sequence modules (Ladderons), we wonder how
this is realized across a cleaving lineage (Fig. 1; Fig. S1; Table S1). The in-
spiring, representative natural developmental blueprint in C. elegans is known
to have roughly half of its cell fate coding realized by intercellular signalings
[?, 7, ?]. Among them, Notch signaling is highly conserved across species of
varying complexity (e.g., worm [?, ?], fly [?], frog [?], zebrafish [?], mouse [?],
human [?]). It comprises a set of cell-membrane-bound molecules (i.e., ligands
and receptors) that transmit signals from a signaling cell to a responding cell
via physical contact, after which downstream differentiation programs induce
the formation of various tissues/organs (e.g., the head and kidney in C. ele-
gans). Within the longest Ladderons of C. elegans (Fig. 2; Fig. S2; Table S2),
we identified two overlapping with downstream differentiation programs of the
3rd and 4th Notch signaling events (corresponding to the fifth- and first-longest
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Ladderons respectively); namely, the ABplaaa lineage differentiates from the
ABpraaa lineage after receiving the 3rd Notch signaling for head development
and the ABplpapp lineage differentiates from the ABprpapp lineage after receiv-
ing the 4th Notch signaling for kidney development [?] (Fig. 4(a)). To study
the role of these two signaling-modulated Ladderons, we implement three types
of cell fate sub-sequence module disruptions: 1. the left lineage is replaced by
the right lineage; 2. the right lineage is replaced by the left lineage; 3. the
left and right lineages are swapped (Fig. 4(a)). Note that prior in vivo experi-
ments have already verified that blocking the 3rd Notch signaling event results
in a Type 1 disruption and blocking the 4th Notch signaling event results in a
Type 2 disruption [?, ?, ?]. Intriguingly, while none of the Type 1-3 disruptions
elevates the hierarchical complexity 7y, those matching experimentally verified
signaling-blocking outcomes cause the most pronounced reduction (Fig. 4(b)).

Further, we ask whether the full cell fate sequence—that is known to be shaped
by numerous differentiation programs including not only intercellular Notch sig-
naling, but also intercellular Wnt signaling [?, ?], cell polarization [?, ?], cell
size segregation [?, ?], among others—is globally organized under the princi-
ple of hierarchical complexity. To answer this question, we implement a more
general sequence disruption via stochastic digit mutations. When the digit at
each position is assigned an equal probability p = 0.5 of being switched to one
of the other cell fates, the hierarchical complexity 7 declines to zero through
1,000 iterative rounds (Fig. 4(c)). This strongly suggests that the exceptional
hierarchical complexity of C. elegans relies not only on the intercellular Notch
signaling just probed, but also on the coordinated action of differentiation pro-
grams operating throughout embryogenesis. As with Ladderons 1 and 5 linked
to Notch signalings, other Ladderons may be linked to additional intercellular
signalings or differentiation programs, warranting further investigation and serv-
ing as a valuable resource for identifying underexplored differentiation programs
or regulatory mechanisms (Table 6 ).

In Real Developmental Context, Cellular Differentiation Programs
May or May Not Be Repeated Across Lineages, Roughly in a Half-
Half Ratio

Provided that downstream differentiation programs modulated by in-
tercellular Notch signalings give rise to cell fate sub-sequence mod-
ules (Ladderons) repeated across distinct lineage positions (Table S2),
we next inspect whether other differentiation programs are repeated
as well (Table S3). To this end, we define the stemness of any cell
in the complete lineage by all its progenies’ fates (represented as a
1$x8vectorinwhichOandldenotetheabsenceandpresenceo feachunique fate), thenitscellulardi f ferentiationp
matrix in which the 1st row corresponds to the mother, while the 2nd and
3rd rows correspond to the anterior/left/dorsal and posterior/right/ventral
daughters respectively) (Fig. 5(a)). Remarkably, we identify a diverse pool
of 118 non-identical cellular differentiation programs across 670 non-identical
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dividing cells (Fig. 1; Fig. S1; Table S1), of which 58.47% are repeated in
at least two cells, proposing that the delicate diversity-repeatability trade-off
operates not only in the sub-sequence modules of the full cell fate sequence but
also in the cellular differentiation programs of the complete lineage that derives

them (Table S3).

Moreover, we introduce two parameters to assess how cellular differentiation
programs are repeated from one cell to another across distinct lineage positions:
1. “Lineage Distance” LD assesses the degree of separation between two cells
with respect to the complete lineage, based on the generation of their most re-
cent common ancestor (e.g., the lineage distance between Da and Dp is as low as
1, whereas that between ABalapappaa and ABplapapppp is as high as 9). The
observed lineage distances span the theoretically allowed range, indicating that
a cellular differentiation program can be repeated immediately in two daugh-
ter cells following cell division or spontaneously in two distant cells that have
presumably undergone substantial differentiation before somehow converging
on the same fate (Fig. 5(b)). 2. “Lineage Coherence” LC assesses the degree
of symmetry between two distant cells with respect to the complete lineage,
based on the difference of their lineage positions (e.g., the lineage coherence
between ABalapaaa and ABprppppp is low, whereas that between ABalapaaa
and ABplapaaa is high). The observed lineage coherence spans the theoretically
allowed range, indicating that cellular differentiation programs can either pre-
serve or break symmetric lineage positions (just like those obeying or disobeying
anterior-posterior, left-right, and dorsal-ventral lineage symmetry) [?, ?]. The
ones with high lineage coherence appear to involve single fates repeated (e.g., N
— N&N,S — S &S) or diversified (e.g., N/D — N & D), while the ones with
low lineage coherence appear to be modulated by mechanisms such as Notch
signalings and are hardly repeated (e.g., N/D/P/S — D/P/S & N/D/P/S in
the ABalpa and ABara that receive Notch signaling to lose their originally high
lineage coherence) [?, ?] (Fig. 5(c)). Overall, both lineage distance and coher-
ence collectively suggest that while a part of cellular differentiation programs
take place only once or a few times, the other part is widespread across the
complete lineage.

Lineal Differentiation Program Repeatability Significantly Enhances
Hierarchical Complexity in a Cleaving Lineage from Zygotic Stemness
to Differentiated Fates

Given that our top-down analysis of C. elegans data reveals how differentia-
tion programs are orchestrated (Figure 5 [Figure 5: see original paper]), can a
bottom-up analysis of a general cleaving lineage better elucidate how such pro-
grams might emerge from scratch? To test this idea, we numerically sample cell
lineage cleavages along with random cellular differentiation programs at large
scale, so as to construct a comprehensive lineage-to-sequence design space (see
Materials and Methods).

Here, we initiate round-by-round bifurcation starting from one cell and expand-
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ing to 512 cells through 9 rounds of divisions, during which each cell division
may undergo a random differentiation (Fig. 6(a)). While the initial zygote
possesses all stemness (represented as a 1$x$8 vector with all ones denoting all
stemness to give rise to fate A, B, C, D, E, F, G, and H, where the element num-
ber and type are adjustable in principle), every fate is independently deleted
with a differentiation probability ¢ in a daughter cell after division. By setting
g from 1077 to 0.9 through both magnitude and equidistance changes, we ob-
tain a total of 16,000 sampled lineages, each with a clear record of all cell fate
codes across 1023 cells and cellular differentiation programs across 511 dividing
cells. To more quantitatively assess how “cellular differentiation programs” are
orchestrated across distinct lineage positions, likewise, we extend this concept
from a focal cell and its two daughters to all its progenies by appending rows of
binary cell fate codes for all its anterior/left/dorsal and posterior/right /ventral
progenies, generation by generation—called “lineal differentiation program” .
Meanwhile, the terminal cell fate sequence can be derived by non-identical cell
fate codes, from which the hierarchical complexity v is subsequently calculated.

As the differentiation probability for a single cell fate (¢) varies from low to high,
hierarchical complexity 7 exhibits a pronounced pulse-like pattern (Figure 6 Fig-
ure 6: see original paper). This pulse matches the results mentioned above: a
low ¢ value produces lineages with an extremely homogeneous cell fate sequence
(repeatability) and a high ¢ value produces lineages with an extremely heteroge-
neous cell fate sequence (diversity). Unexpectedly, a similar pulse also exists for
the cell proportion with repeated lineal differentiation program R (Figure 6(c)).
Their joint relationship directly shows the cell proportion with repeated lineal
differentiation program R is positively correlated to the hierarchical complexity
~ and monotonically raises the lower bound of hierarchical complexity -, with
values already touching the theoretical maximum when S = 0.2 (Fig. 6(d); Fig.
S6). Interestingly, C. elegans makes full use of this strategy—by operating S as
high as 0.694, effectively pushing its hierarchical complexity to v = 0.972.

Discussion

How biological sequences are designed to fulfill specific functions across scales
has remained a central question for dozens of years—from DNA sequence at the
molecular scale (which are transcribed into RNA and then translated into func-
tional protein) to cell fate sequence at the multicellular scale (that forms func-
tional tissue, organ, and body). In this study, we aim to address a fundamental
question in developmental biology: how are cell fates encoded in development
to form a complete multicellular life? We took advantage of the Ladderpath
approach to systematically decompose the full cell fate sequence in the worm
C. elegans, revealing a complex, hierarchical architecture consisting of diverse
yet repeated sub-sequence modules (Fig. 1, Fig. 2). These modes of diversity
and repeatability symbolize two compensatory ways in which the full cell fate
sequence is constituted: mutual assembling between modules and self-repeating
of modules. Further virtual evolution based on genetic algorithm indicated
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that the near-maximum hierarchical complexity is achieved by a delicate trade-
off between diversity and repeatability (with moderate Ladderon numbers and
lengths) that maximizes the product of their levels in a simple mathematical
relationship (Fig. 3).

In silico disruption of realistic C. elegans lineage demonstrated that the previ-
ously reported Notch signalings transduced between neighboring cells, together
with their downstream differentiation programs, substantially contribute to the
hierarchical complexity observed in vivo (Fig. 4). In addition, cellular differ-
entiation programs were broadly distributed across the complete lineage, with
roughly half being repeated in other cells and the remaining half being isolated
(exemplified by cases modulated by Notch signaling) (Fig. 5). Motivated by the
statistics of cellular differentiation programs above, further large-scale lineage
sampling that models these programs suggested that repeating lineal differentia-
tion programs (including all cellular differentiation programs within the lineage
derived from an ancestor cell) across multiple cells is essential to achieve an ex-
ceptional hierarchical complexity—a strategy naturally exploited by C. elegans
(Fig. 6).

The above-mentioned findings highlight promising future research directions
worth investigation. First, although the C. elegans cell fate sequence is proven
to be near-optimal in theory, many alternative sequence designs can achieve
comparable fitness. Perhaps the current Ladderpath approach decomposes only
the cell fate sequence itself, while neglecting other important information in
space (e.g., how differentiated cells are positioned in space to form functional
tissues, organs, and body) or resource (e.g., how limited polarity and signaling
molecules are positioned in space to trigger cellular differentiation programs).
Apart from this, more finely specified cell fates, like those grouped under “Other”
and sub-fates within one major group conceal deeper hierarchical architectures
and hide additional design rules.

In the future, Ladderon deployment and lineage bifurcations could be mapped
onto the three-dimensional geometry of the embryo to link cell position cues
with cell fate modules and gain insight into how spatial patterning is coordi-
nated, potentially alongside optimization goals proposed before in this scheme
(e.g., cell volume segregation ratio and cell migration). Second, because the
3rd and 4th Notch signaling events are found to be related to the longest Lad-
derons, it is worth investigating whether other Ladderons are related to other
regulatory mechanisms or differentiation programs, including but not limited
to those relevant to Wnt signaling and cell polarization (Table S2). This might
provide useful clues for identifying their theoretical roles, especially when ana-
lyzed jointly with cell-lineage-resolved gene-expression profiles from thousands
of publicly available embryo samples [?, ?, ?, ?]. Third, supported by the ex-
ceptional hierarchical complexity in C. elegans as well as the contribution of
Notch signaling, whether the cell lineage and fate sequence is also designed for
complexity and with a delicate trade-off between diversity and repeatability, is
conserved among organisms and serves as a general principle, is worth studying.
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Public datasets with cell fate documentation in the lineage tree (e.g., other ne-
matodes and ascidians) or in spatial distribution (e.g., spatial transcriptomics
in vivo [?, ?] or in vitro [?, ?]) may also be amenable to exploration.

The combinatorial bottom-up simulation (virtual evolution and random sam-
pling) and top-down statistics (C. elegans cell fate and lineage) used in this
study suggest biological sequence analyses need not be limited to the typical
molecular scale; instead, they allow exploration into vast design spaces beyond
those accessible in nature on computer. These methods may also be applica-
ble to other sequence studies, such as DNA, RNA, and protein ones, which
likewise involve self-repeating and mutually assembling sub-sequence modules.
Besides, whether the optimal diversity-repeatability trade-off principle is also at
work in other, similar systems remains a fascinating question. For example, in
cooperative systems involving teamwork among agents (e.g., academic labs or
research institutions), it may likewise be optimal to distribute members across
a moderate range of research directions and collaborations (diversity) with cer-
tain resources in each (repeatability), rather than concentrating everyone on a
single project or dispersing them into unrelated pursuits. This principle may
also operate in broader social and cultural systems, which could be explored
through a generalized agent-based model (instead of an intact sequence), where
agents differ in identity yet cooperate to achieve both collective and individual
functions.

Materials and Methods
Ladderpath Approach for Sequence Decomposition

Among various sequence analytical approaches [?, 7,7, 7,7, 7, 7, ?], the Ladder-
path approach provides a transparent, white-box methodology that explicitly
decomposes a sequence into self-repeating and mutually assembling components
of varying lengths, thereby quantifying their repeatability and diversity in a
principled manner [?, ?]. This decomposition intuitively displays how these
components collectively constitute a full sequence with an underlying hierar-
chical structure. Owing to its ability to handle sequences of arbitrary length
and arbitrary numbers of element types, the Ladderpath approach has been
successfully applied in design rule discovery and engineering guidance across a
wide range of scenarios, including amino acid sequences in protein synthesis and
parameter sequences in artificial neural networks [?, ?, ?].

To illustrate how the Ladderpath approach decomposes a sequence, let’ s use an
arbitrary 25-bit sequence as an example: ABACDA CDA B DB ABACDA D
DB CDAB. First, the single-bit components (i.e., the individual element types)
constitute the most foundational layer, formalized as {A, B, C, D}. Next, all
multi-bit components that repeat at least twice are regarded as “Ladderons”
and placed on upper hierarchical layers according to the following rules: if a
single-bit component self-repeats or multiple single-bit components assemble
mutually, the second layer is constituted, formalized after the first layer as: {A,
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B, C, D // CDA, DB} (here, CDA self-repeats four times and DB self-repeats
twice in the full sequence); the remaining Ladderons—those mutually assembled
from Ladderons in lower layers—are then placed onto successively higher layers,
so the third layer is constituted, formalized after the second layer as: {A, B, C,
D // CDA, DB // ABACDA, CDAB} (here, ABACDA self-repeats twice and
CDAB self-repeats twice), and so on and so forth. To represent the hierarchical
structure, each Ladderon in the formula is annotated with the cumulative num-
ber of times (>1) it self-repeats or mutually assembles with another Ladderon
to form a higher-level Ladderon or the full sequence, which is equal to the num-
ber of arrows emanating from that Ladderon in the Laddergraph (a graph that
intuitively visualizes how all Ladderons self-repeat and mutually assemble to
constitute the full sequence); to avoid redundancy and because every multi-bit
Ladderon is already repeated at least twice by definition, we omit annotating
a repeat number of 2. Eventually, the formula becomes {A(3), B(3), C, D (3)
// CDA, DB // ABACDA, CDAB} (Fig. 7). While the sum of the annotated
numbers (3+3+14+3+1+1+1+1=14) represents how many operations (includ-
ing self-repeating or mutually assembling) are required to constitute the full
sequence, subtracting it from the sequence length (w = 25 —14 = 11) represents
the extent to which the sequence is constituted through repeating rather than
diversifying its components.

The w value reflects how the hierarchical structure of sequence components
gains complexity as it deviates from these two extreme cases: in the case
of an absolutely homogeneous sequence exemplified with S = 25 (ie.,
AAAAAAAAAAAAAAAAAAAAAAAAA), its Ladderpath representation
A(4) // AAA /) AAAAAA /) AAAAAAAAAAAA yields a large w = 25,
indicating intensive self-repeating mode (repeatability) (Fig. 7(b)); in the
case of an absolutely heterogeneous sequence exemplified with S = 25 (i.e.,
ABCDEFGHIJKLMNOPQRSTUVWXY), its Ladderpath representation A, B,
C,D,E,F,G,H, I, J, K, L, M, N, O, P, Q, R, S, T, U, V, W, X, Y yields
a large w = 0, indicating intensive mutual-assembling mode (diversity) (Fig.
7(c)). Normalizing w to the 0-1 range allows us to define a new metric, also
ranging from 0 to 1, that evaluates the degree to which a sequence integrates
the two modes cooperatively to gain hierarchical structural complexity:

I N C) B I
wmax(s) - wO(S)
where wy(S) and w,,,,(S) denote, respectively, the average and maximum w

values obtained from numerous random sequences of length S sharing the same
digit pool.
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Assessing the Lineage Coherence between Two Cells with the Same
Cellular Differentiation Program

The central idea is to assess how closely the lineage positions of two cells or their
names align after excluding their shared prefix, since a lineage-based nomencla-
ture was implemented. To quantify their difference of lineage positions, we
define a difference vector d, which encodes mismatches between corresponding
characters of the two strings (s; and s,) of length L in a binary form:

d = 1 if s9(L —1i) # so(L —1)
! 0 otherwise

where i denotes the i + 1-th character of the string counted from the left; s(k)

denotes the k-th character of the string counted from the right.

The lineage coherence between two cells s; and s, is then computed as:

L—2 i

LineageCoherence(s;, s5) = Zi:g#
S

The denominator in the formula scales the value between 0 and 1, and the
numerator measures the cumulative impact of character mismatches as a binary-
weighted sum of differences. If two cells share an ancestor many generations
above but locate in similar or symmetric lineal positions (i.e., ABalaaa and
ABplaaa) and share the same differentiation program, they are evaluated with
high lineage coherence. For example, the lineage symmetry between ‘ABalaaaa’
and ‘ABplaaaa’ is % = 1, representing maximum symmetry. Conversely, if
two cells are in deviated lineal positions (i.e., ABalaaa and ABprppp) and share
the same differentiation program, they are evaluated with low lineage coherence.
For example, ‘ABprpppp’ is very different from ‘ABalaaaa’ and the lineage

. o 204244234924 01400
symmetry is 56.(26-2) = 0.0615.

Data, Materials, and Software Availability

The codes generated and analyzed during the current study are available on
GitHub. All other study data are included in the article and/or supporting
information.
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