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Volume segregation programming in a nematode’s early embryogenesis
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Nematode species are well-known for their invariant cell lineage pattern during development. Combining
knowledge about the fate specification induced by asymmetric division and the anti-correlation between cell
cycle length and cell volume in Caenorhabditis elegans, we propose a minimal model to simulate lineage initia-
tion by altering cell volume segregation ratio in each division, and quantify the derived pattern’s performance in
proliferation speed, fate diversity, and space robustness. The stereotypic pattern in C. elegans embryo is found
to be one of the most optimal solutions taking minimum time to achieve the cell number before gastrulation, by

programming asymmetric divisions as a strategy.
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I. INTRODUCTION

From a fertilized egg to a juvenile, metazoan embryogene-
sis goes through several distinct stages of development. The
maternal-to-zygotic transition (MZT), where maternal gene
products are progressively replaced by zygotic ones, separates
an initial phase of rapid cell proliferation from gastrulation
where morphogenesis begins [1,2]. Over the long history of
evolution, organisms have explored many different schemes of
pacing cell proliferation with differentiation to optimize their
developmental program [3,4]. In nematode Caenorhabditis
elegans, MZT [5] and gastrulation [6] takes place at the 26-
cell stage. However, cell fate specification starts already at the
first cleavage [7,8]. The time course of subsequent cleavages
is meticulously orchestrated, including reproducible division
timing, volume segregation ratio, and migration trajectory of
each and every cell [7-10].

Figure 1(a) shows three-dimensional time-lapse images
of a wild-type embryo with GFP-marked cell nucleus and
mCherry-marked cell membrane taken in our study, where
details of the experimental procedure are given in the Supple-
mental Material (SM) [11]. The somatic lineages AB, EMS,
and C each proliferate through a sequence of symmetric and
synchronized cleavages where daughter cells acquire nearly
the same volume and an interim fate identity [Fig. 1(b)]
[7,12]. The germline cells PO-P3, on the other hand, divide
asymmetrically with well-defined volume segregation ratios
[Fig. 1(c)]. Figure 1(d) presents the cell cycle length against
cell volume determined in our experiments. This anticorrela-
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tion has been reported in several previous studies of C. elegans
early embryogenesis [13—15]. While somatic lineages appear
to progress at high speed afforded by their larger volume,
the smaller germline cells undergo elongated cell cycles that
are partially attributed to the disparate volume partitioning in
asymmetric divisions. Thus an asymmetric division, follow-
ing a polarity cue in the mother cell [16], confers not only
different fates to the daughter cells but also their respective
cell cycle lengths.

The synergistic integration of fate diversification and cell
division timings through asymmetric cell division suggests
that C. elegans may have found a physical way to mini-
mize genetic instructions for robust lineage patterning prior
to the MZT. In this work, we explore this programming strat-
egy quantitatively by examining lineage development over
a broader class of volume segregation ratios. We evaluate
each lineage pattern’s performance in proliferation speed, fate
diversity, and space robustness. The C. elegans lineage pat-
tern is shown to be highly optimized, but alternative patterns
with similar or even greater proliferation speed also exist,
suggesting untapped programming capacity associated with
asymmetric cell division.

II. LOGISTIC CLEAVAGE MODEL

As shown in Fig. 1(b), each lineage pattern is specified by
a set of cleavage timings on the genealogical tree together
with fate specification for daughter cells. Taking C. elegans
embryogenesis as a reference, we developed a mathematical
model to explore a much greater space of cell lineage patterns.
The cell cycle length T of a cell of volume V, i.e., the time
interval between birth and cleavage without cell growth, is

©2021 American Physical Society
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FIG. 1. C. elegans embryogenesis up to 24-cell stage. (a) In vivo
C. elegans embryo morphology illustrated with fluorescence on cell
nucleus (GFP, i.e., Green Fluorescent Protein) and cell membrane
(mCherry); scale bar, 10 um. (b) Lineage pattern with invariant
division order and fate specification. Numbers under each divi-
sion indicate the order of synchronized cleavages. (c) Cell volume
segregation ratio; error bar, standard deviation. (d) Anticorrelation
between cell cycle length and cell volume fitted with power-law
curves; inset, data shown on the logarithmic scale.

assumed to follow an empirically observed relation [13]
T =T(V/Vi)?, (1)

where V) the volume of the embryonic egg. From Fig. 1(d),
we see that the exponent 8 has a weak lineage dependence,
but generally lies in the range 0.14 to 0.29. Unless otherwise
specified, we adopt a common value 8 = 0.18 below. The
volume and time scales, although not important for our the-
oretical study, take values V; =2 x 10*um?® and 7; = 10.9
min, respectively, based on our in vivo experiments on C.
elegans [9,10].

Under Eq. (1), each lineage pattern can be programed by a
set of volume segregation ratios 1, at node n of the genealog-
ical tree, starting from the zygote at the top [Fig. 1(b)]. The
volume V of a descendent cell is computed from the sequence
of cleavages along its ancestral path. The elapsed time to reach
N cells coincides with the (N — 1)-th division #y_,. Hence the
proliferation speed or rapidity is given by P = 1/ty_;.

III. SPACE ROBUSTNESS

Continuous addition of new cells following sequential
cleavages could jeopardize the canonical cell movement dur-
ing mechanical equilibration inside the egg, leading to defect
patterns. In early embryogenesis, C. elegans solves this prob-
lem by synchronizing cell divisions into temporally clustered
events as illustrated in Fig. 2 [10,14,17]. To enforce this prop-
erty among lineage patterns generated from our model, we
introduce two time constants: §; for cleavage clustering and
8, for minimal time gap between clusters. The parameter &,
needs to be sufficiently small so that new cells created within
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FIG. 2. A sequence of cell cleavage events during early embryo-
genesis whose timings are illustrated by solid circles along the time
axis. Events that fall within a window of size 8, form a cluster while
neighboring clusters or isolated events need to be separated by a
minimal time gap 8, > J; to ensure punctuated cell movement.

this time interval will move coherently to their equilibrium
positions. In contrast, §, needs to be longer than the typical
completion time of the equilibration process. Based on our
experimental cell trajectory analysis [10], we set §; = 1.5 min
and &, = 3.0 min. In the following, we shall use cleavage
clustering to classify and compare lineage patterns.

IV. FATE SPECIFICATION

Cell fate determination is a complex process that mostly
follows the lineage path but could be affected by other factors
such as the local cellular environment. Here, we focus on fate
diversification during the early embryogenesis and specify the
number of distinct fates F' in an N-cell embryo simply from
the location of asymmetric divisions in the lineage pattern.
Starting from F = 1 for the zygote, each symmetric division
propagates a given lineage to the next generation without
diversification. On the other hand, an asymmetric division
creates two new lineages. When the mother cell is the only
carrier of the previous lineage, F' increases by one. Otherwise,
F increases by two. An exception to the last case is when
two or more sister cells or cousins in the same lineage divide
asymmetrically at the same time, in which case daughters of
larger volume share the same fate and the smaller ones another
fate. This scheme of fate specification is further explained in
the SM.

By analyzing images illustrated in Fig. 1(a) from different
embryos, we found that symmetric division in the somatic
cell lineages may also yield daughter cells of slightly differ-
ent sizes, attributable to random fluctuations. Therefore we
introduce a division asymmetry threshold 7. such that two
daughter cells are considered as founder cells of new lineages
only when the volume segregation ratio n of the mother ex-
ceeds 7,.. Based on the data in Fig. 1(c), we set . = 1.28 to
separate symmetric and asymmetric cleavages [9].

V. MODEL EXPLORATION

We devised a two-round sampling scheme to explore the
space of lineage patterns, focusing on the 24-cell embryo.
To give sufficient weight to symmetric divisions, a truncated
Gaussian distribution is adopted for the volume ratio n =
max(1, &), where & is a Gaussian random variable with mean
o and standard deviation o.

The detailed simulation protocol is presented in the SM,
Fig. S3. In the first round, we take @ = 0 = rnn., Where
NMmax = 3.21 is the maximum cell volume segregation ratio
detected among the first seven generations of cells in the
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FIG. 3. Lineage solutions at N =24 from random sampling.
(a) Distribution of the 19 654 nonidentical solutions in P-F space;
lineage patterns with the lowest and highest fate diversity (Patterns
No. 1 and Nos. 11-24), the lowest and highest proliferation speed
(Patterns No. 10 and Nos. 3-8) are indicated with purple, green,
blue, and red points, respectively; the C. elegans pattern is denoted
by a red asterisk (Pattern No. 2). A complete list of the labeled
lineage patterns can be found in the SM, Figs. S4 and S5. (b) The
C. elegans pattern. (c) The fully symmetric solution (Pattern No. 1).
(d) The fastest solution (Pattern No. 3). Orange triangles denote the
asymmetric divisions with > 7,.

experiment [9]. Here r is a fraction number taking values from
1/6 to 1 in steps of 1/6. For each r, a total of Q =5 x 10°
independent sets of {1,}’s are generated and then filtered
under the clustering criterion shown in Fig. 2. In the second
round, we sample the space around the first round solutions
{n.} by substituting 1, — 1), = max(1, n, + &), where &’ is
another Gaussian random variable with mean 0 and standard
deviation rny.x. The procedure is repeated Q times for each
solution from the first round. Results for different » values
are then merged to yield a final set of 19 654 viable lineage
patterns.

Figure 3(a) presents our lineage solutions in the P-F plane,
which exhibit considerable spread. The C. elegans lineage
pattern shown in Fig. 3(b) is located in the lower right corner
of the plot (Pattern No. 2 indicated by the asterisk). Its pro-
liferation speed ranks among the top 0.2%. The remarkable
performance persists when Eq. (1) is replaced by other func-
tional forms, supporting the general validity of this conclusion
(SM, Table S2).

Fate diversity can be tuned extensively in our model.
The lineage pattern with the least diversity (F = 1) consists
of only symmetric divisions [Pattern No. 1 in Fig. 3(c)].
However, some can accommodate 14 fates by introducing
11—13 asymmetric divisions during development [green dots
in Fig. 3(a) and SM, Fig. S5]. Also seen is a tiny fraction of
solutions that proliferate faster than the C. elegans pattern [red
dots in Fig. 3(a)]. An example is shown in Fig. 3(d) (Pattern
No. 3). Their fate diversities are limited to the range 2—7 (see
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FIG. 4. Proliferation speed under asymmetric divisions. (a) Cell
number against developmental time with a single asymmetric di-
vision of volume ratio n; at the root. (b) A path from the fully
symmetric pattern to the C. elegans pattern through successive ad-
dition of asymmetric divisions (orange triangles); red lines indicate
the time to reach 24 cells.
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SM, Fig. S4). Overall, the data exhibits a statistical tradeoff
between the proliferation speed P and fate diversity F'.

VI. SPEED OPTIMIZATION

To better understand the oval-shaped distribution seen in
Fig. 3(a), we start with Pattern No. 3 at the lower right corner
which has only two lineages following the first cleavage. The
timing of subsequent cell proliferation events can be easily
computed in our model. Figure 4(a) shows our results for
selected values of the zygotic volume segregation ratio 7.
Two sample lineages with smaller and larger values of 7, are
shown in the inset. At specific time points, the number of cells
in the symmetric case (7, = 1) changes from n to 2n, where
n is a power of 2. Asymmetric division creates a larger and a
smaller blastomere which become founder cells of respective
lineages. In each generation, n/2 cells have a slightly greater
volume than the other half and hence divide at an earlier time.
Consequently, the embryo reaches 3n/2 cells faster than the
fully symmetric case. The latter series includes the 24-cell
embryo. Tuning up 1, shortens the time for the faster lineage
to reach 16 cells until it overlaps with the previous event
where the slower lineage turns into 8 cells. At this point, we
arrive at Pattern No. 3 that leads all other lineage patterns in
speed and grows approximately 6 min faster than the fully
symmetric pattern [Fig. 3(d)].

Likewise, the C. elegans pattern can be considered to
have evolved from the fully symmetric case by adding three
asymmetric divisions onto its smaller blastomere sequentially
[Fig. 4(b)]. In theory, any additional asymmetric division pro-
longs the time for the smaller blastomere to reach 8 cells, thus
decreasing the proliferation speed. Nevertheless, the total time
loss between Pattern No. 3 and the C. elegans pattern is less
than 2.5 min. It is worth pointing out that, when the target cell
number is a power of 2, the fully symmetric pattern always
has the highest P value. These findings together explain the
counterintuitive phenomenon that meticulously programed
asymmetric divisions make the embryo grow faster than the
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FIG. 5. Division timings up to 24 cells with constant and lineage-
specific 8 values. (a) The cell volume segregation ratio of germline
cells PO-P2 derived by simulations and measured in experiment.
(b) The C. elegans patterns plotted with constant (gray) and lineage-
specific (black) B, using the  values shown in (a).

fully symmetric one, while the P-F tradeoff is maintained
statistically.

We have checked that the above scheme applies to all
fast-proliferating lineage patterns at the lower right corner of
Fig. 3(a) (see also SM, Fig. S4). Their zygote divides asym-
metrically and generates two fate-specific blastomeres; then
the larger one undergoes symmetric and synchronous divi-
sions to produce identical descendants, while the asymmetric
divisions occur in another blastomere (Patterns Nos. 2-5 and
9). Alternatively, asymmetric divisions can be programed in
the larger blastomere as well to allow more cell fates with
only slightly reduced proliferation speed (Patterns Nos. 6-8).

VII. LINEAGE INTERFERENCE

The fast-proliferating solutions have a relatively small
number of distinct lineages. Within each lineage, cell divi-
sions are synchronized, hence only a few temporal clusters
of cleavage events are needed to reach the target cell number
N. On the other hand, for a solution with many lineages or
equivalently a large F, downstream temporal clustering and
spacing of cleavage events as shown in Fig. 2 become more
intertwined under the minimal separation requirement. We
name this phenomenon “lineage interference”. In the SM, we
present simulation results to show that the number of distinct
lineage patterns reaches a maximum around N = 24 under the
model parameter values derived from C. elegans embryogen-
esis. Beyond this cell number, the solution space for lineage
optimization shrinks rapidly.

VIII. FINE TUNING OF VOLUME SEGREGATION RATIOS

To achieve optimal proliferation speed under the three bio-
physical constraints considered in our study, the respective
n values at asymmetric cell divisions need to be adjusted
carefully. We performed simulations of the C. elegans pattern
using both a constant 8 = 0.18 and lineage-specific values
given in Table S3 (SM), which provide a more accurate de-
scription of the respective cell cycles [see Fig. 1(d)]. The
interval between AB and P1 divisions is set to 2 min according
to previous reports [18,19]. Figure 5(a) gives the n values for
the three asymmetric divisions that optimize the proliferation
speed up to 24 cells under constant and lineage-dependent

values, respectively. Huge disparity in size between somatic
and germline cells is seen when a constant S is adopted
in the simulation (gray bars). In comparison, the optimal
n values in the lineage-specific case (black bars) are much
closer to the experimental ones (open bars). The simulated
lineage patterns for the two cases are shown in Fig. 5(b).
Due to the compensating effect of 8 and n values, the
lineage patterns are essentially indistinguishable from each
other, and from that of experiments, giving further credence
that proliferation speed is optimized during the organism’s
evolution.

IX. DISCUSSION

Eutelic organisms have stereotypic developmental pro-
grams down to the single-cell level, especially for its cell
lineage pattern. Why a nematode embryo programs cell di-
visions with specific order and segregation ratios has been
elusive. In this work, a simple model is proposed to evaluate
a lineage pattern’s performance in proliferation speed, fate
diversity and space robustness, on the basis of two assump-
tions derived from C. elegans early embryogenesis. The first
is fate specification induced by asymmetric segregation of cell
volume and its molecular contents; the second is the anticor-
relation between cell cycle length and cell volume. Given that
space robustness is essential for developmental accuracy at
cellular resolution, we simulate and compare lineage patterns
that exhibit punctuated cell movement. The C. elegans pattern
is well reproduced by our model with an outstanding prolif-
eration speed, suggesting a minimum time principle at work.
This principle was also found in the development of mouse
intestinal crypts, which leads to a sharp transition between
symmetric and asymmetric stem cell divisions [20]. The fit-
ness gain from speed optimization may arise from competition
among offsprings, threats by predators or by environment
hostile to the cell or embryo [2].

Solutions (e.g., Patterns Nos. 3—8) that proliferate as fast
as the C. elegans pattern might be used by other nematode
species [21]. We identified a pattern that has one more asym-
metric division compared to the C. elegans pattern in the first
4 cells, leading to significant asynchrony in their daughters,
which is observed in a free-living marine nematode Plectus
sambesii [22] [Pattern No. 9 in Fig. 3(a) (red diamond) and
SM, Fig. S4]. Besides, other biological, biophysical or en-
vironmental factors may affect lineage pattern selection as
well. For instance, Pattern No. 5 has the same fate diversity
as the C. elegans pattern, and even higher proliferation speed
[SM, Fig. S4]. Why the C. elegans pattern is selected among
those solutions remains to be answered. One possibility is
that topological features not considered in our model, such as
polarity establishment and reorientation and rotational motion
of cells [16,23], introduce additional physical constraints that
merit further study.
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