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Embryogenesis of the small nematode Caenorhabditis elegans is a remarkably robust self-
organization phenomenon. Cell migration trajectories in the early embryo, for example, are well
explained by mechanical cues that push cells into positions where they experience least repulsive
forces. Yet, how this mechanically guided progress in development is properly timed has remained
elusive so far. Here we show that cell volumes and division times are strongly anti-correlated during
early embryogenesis of C. elegans with significant differences between somatic cells and precursors
of the germline. Our experimental findings are explained by a simple model which in conjunction
with mechanical guidance can account for fail-safe early embryogenesis of C. elegans.

PACS numbers: 05.65.+b, 87.18.-h, 87.64.M-, 87.18.Hf, 87.17.Aa

The small transparent nematode Caenorhabditis ele-

gans is a simple and well-studied organism whose nat-
ural habitat is the soil. Being exposed to fluctuating
environmental conditions, C. elegans has developed ro-
bust strategies to ensure successful reproduction cycles:
A chitin-based ellipsoidal egg shell protects the worm’s
progeny from external threats, from the zygote until
hatching of the worm. Moreover, C. elegans undergoes
an invariant cell division scheme during embryogenesis
[1], i.e. all adult worms have the same number of cells
(’eutely’). Eutely requires the autonomously progressing
developmental program inside the egg shell to be robust
and fail-safe already during early embryogenesis: Impor-
tant founder cells emerge in this stage, and they need to
migrate towards biologically meaningful spatial positions
to support body axis formation and organ development
[1], e.g. via neighborhood-sensitive signaling pathways.

C. elegans not only undergoes an invariant cell divi-
sion scheme but also cell migration paths in the early
embryo are almost invariant between different individu-
als [2]. These invariant cell migration paths have been
explained consistently with a simple and robust mechan-
ical model in which cells interact via repulsive potentials
within the confining egg shell [2]. Based on experimental
input data like cell division times and axes, the model
accurately predicted cells to relax towards positions of
least repulsion after mitosis, e.g. into a non-trivial pla-
nar configuration in the 4-cell stage. These observations
indicate that part of the robustness of the early develop-
mental program of C. elegans is based on basic physical
cues and forces rather than on elaborate biochemical sig-
naling pathways.

However, relying on experimental input data, the
model did not allow any insights as to how internal de-
cisions of individual cells, e.g. on their cell cycle du-
ration, are integrated to achieve those force fields that
push all cells into their physiological positions. Phrasing
it provocatively: How do individual cells know that di-
viding right now is a good choice for a meaningful and
robust mechanically driven arrangement of all cells in the
embryo?
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FIG. 1: (a) Maximum intensity projection of image stacks
taken with SPIM on C. elegans embryos of strain OD95 in
which fluorescent markers stain the plasma membrane (red)
and chromatin (green). White asterisks indicate nuclear bod-
ies that are known to be irrelevant for embryogenesis. Scale
bar: 10 µm. (b) Corresponding individual xy-slices of the
red channel (upper panel) and results of the membrane seg-
mentation with cell names assigned (lower panel). (c) Early
invariant cell lineage tree of C. elegans with cells of the AB,
P, MS, and C lineages being highlighted in black, red, blue,
and green, respectively.

To address this question, we have monitored the de-
velopment of C. elegans embryos until the onset of gas-
trulation (starting beyond the 24-cell state) with sin-
gle plane illumination microscopy (SPIM) [2–6]. Using
an updated version of our previously described SPIM
setup [2, 7] that allows for longterm three-dimensional
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dual-color imaging, we monitored eggs from C. elegans

strains (i) XA3501, (ii) OD95, and (iii) OD58 in which
the plasma membrane and chromatin are stained by flu-
orescent proteins [8]. Representative images of strain
OD95 are shown in Fig. 1a,b. For each image stack a full
three-dimensional reconstruction was done to determine
cell volumes and shapes (see Fig. 1b for representative
segmentation results). Segmented images and tracking
of nuclei [2] allowed us to identify cells according to the
nematode’s invariant lineage tree (Fig. 1c).
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FIG. 2: (a) Experimentally determined cell lifetimes τe are
clearly anti-correlated with the cell’s volume V , e.g. in the
AB lineage (black circles) and in the P lineage (red squares).
Data were taken with untreated embryos (wt) at 22.5◦C and
averaged over each generation of cells. Error bars indicate
standard deviations between different embryos (n = 8). Data
are well described by Eq. (1) (full lines). (b) Cell cycle times τ
obtained via Eq. (1) show an excellent agreement with exper-
imentally determined cell division times, τe for lineages AB,
P, MS, and C in untreated (wt) and RNAi-treated embyros
with smaller (sm) and larger (la) size of the zygote P0 (cf.
inset in the lower right corner). Data were taken at 22.5◦C.
Values for τ were obtained from Eq. (1) with τM = 870s and
slight variations of α to account for lineage-specific behavior
(α = 0.66, 1.26, 0.72, 0.84 × 106µm3s, for AB, P, MS, and C
lineage, respectively, irrespective of any RNAi treatment).

Searching for signatures of how decisions of individual
cells are coupled to the mechanics of the rest of the em-
bryo, we observed that cell volumes, V , and cell lifetimes,

τe, are anti-correlated during early embryogenesis (in
particular beyond the 12-cell state, i.e for V . 3000µm3;
see Fig. 2a for two examples). Here, the cell lifetime τe is
defined as the period from the cell’s emergence up to its
division into two daughter cells (period from anaphase
n− 1 to anaphase n). In agreement with previous obser-
vations [9] the actual mitosis period (M phase) was ap-
proximately constant for all cells, whereas the preceding
preparation period (S phase) varied markedly with cell
size. Since cells cycle only between S and M phase during
early embryogenesis, cellular lifetimes are determined by
these two periods, i.e. τe = τS(V ) + τM . Empirically, we
found that keeping τM constant and setting τS(V ) ∼ 1/V
provided very good heuristic fits to our experimental data
(see representative examples in Fig. 2a).
The empirically found variation τS ∼ 1/V can be ratio-

nalized by considering a limiting component that deter-
mines the transition rate from S to M phase. This could
be, for example, the number of nuclear pore complexes
(NPCs) which we use here as a representative to develop
our argument. NPCs mediate the translocation of M-
phase promoting factors (MPFs), e.g. activated Cdk1
[10], into the nucleus. Since binding to and translocation
through NPCs is a slow process that requires an elabo-
rate set of support proteins, e.g. importins, the growth
of the MPFs’ nuclear concentration can be written as
da/dt = Nγc. Here, N is the number of NPCs in the cell
and γ is the typical translocation rate per NPC; a and
c denote the MPFs’ nuclear and cytoplasmic concentra-
tion, respectively. Simplifying the transition to M phase
as an integrate-and-fire process, mitosis will start upon
reaching a critical nuclear concentration, a∗. The time
needed to reach this threshold is hence τS = 1/(Nγ).
Since early embryogenesis is blastomeric, i.e. a volume-

conserving process, with little to no transcription [11],
the total number of the limiting component, N0, is as-
sumed to be constant (see below for a discussion). During
mitosis, the nuclear envelope of the mother cell is dis-
assembled and NPCs are partitioned into the emerging
daughter cells, i.e. the number of NPCs in each cell can
be approximated as N = N0V/v0. In the most straight-
forward scenario, v0 is simply the embryo’s invariant total
volume, yet also deviations due to biochemically asym-
metric divisions are possible (see discussion below). The
time needed for a complete cell cycle therefore is given
by

τ =
α

V
+ τM with α =

v0
N0γ

. (1)

Indeed, Eq. (1) yields an excellent prediction of experi-
mentally observed cell lifetimes, i.e. τe ≈ τ , not only for
the AB and P lineages but also for MS and C lineages
(Fig. 2b). Here, τM = 870s was held constant and only
minor variations of α were needed for AB, MS, and C
lineages (α = 0.66, 0.72, 0.84× 106µm3s) whereas the P
lineage required an approximately twofold larger value
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(α = 1.26 × 106µm3s). We attribute this significantly
higher value of α mainly to the distinct biochemical com-
position of the P lineage. Being precursors of the adult
worm’s germline, fluid droplets of RNA and proteins [12],
the so-called P-granules, are deposited in cells of the P
lineage due to geometrically and biochemically asymmet-
ric cell divisions [1]. P-granules have been implicated to
sequester constituents of the NPCs [11, 13], hence reduc-
ing γ and/or increasing the effective reference volume v0
in Eq. (1). The P lineage therefore can be expected to
show a markedly higher value for α than other lineages.

In addition, lineage-specific differences in the parame-
ter αmay also be linked to a temporal increase of the lim-
iting component: Updating the derivation of Eq. (1) to
allow for an increase of the limiting component, N(t) =
N0(1+βt), resulted in decreasing values of α for increas-
ing production rates β while the gross scaling of Eq. (1)
remained unaffected [8]. Since the transcription rate be-
yond the 4-cell stage is enhanced in somatic cells [11],
germline precursors can therefore be expected to display
values αP > αAB .
We would like to emphasize again that Eq. (1) may also

be derived using limiting components other than NPCs.
It is worth noting, however, that a reduction of functional
NPCs via RNAi indeed resulted in delayed mitosis [14],
in agreement with our above reasoning.

We next tested whether the favorable agreement of
Eq. (1) and experimental data is a robust one. First, we
treated adult worms with RNAi constructs against ima3
and C27D9.1 [15] which led to significantly smaller and
larger embryos, respectively (cf. Fig. 2b, inset). Since
changes in the zygote’s overall volume should affect N0

and v0 equally, values for α should remain constant, i.e.
experimentally determined lifetimes τe of RNAi-treated
embryos were expected to follow τ from Eq. (1) with the
same parameters used for untreated embryos (cf. pre-
vious paragraph). Indeed, our experimental data con-
firmed this prediction, i.e. lineages AB, P, MS, and C
of the RNAi-treated embryos did not require any adjust-
ment of parameters (Fig. 2b).

As a second test for the robustness of Eq. (1), we asked
whether the observed anti-correlation of cell volumes and
lifetimes holds within the animal’s natural physiological
temperature range (about 15-25◦C). Data presented so
far were acquired at 22.5◦C. Since biochemical reactions
in the embryo govern the timing of cell divisions, we ex-
pected cell doubling times to show an Arrhenius scaling,
τD ∼ exp(T0/T ). We reasoned that parameters in Eq. (1)
should show the same scaling if our theory is applicable
within the animal’s physiological temperature range. In
line with our expectations and previous reports [16], we
observed that experimentally determined cell doubling
times followed an Arrhenius scaling with T0 ≈ 7417K
(Fig. 3a). The same scaling was seen for parameter α
in Eq. (1) for all lineages while τM showed a somewhat
weaker temperature dependence (Fig. 3a). Small devia-

tions from an Arrhenius scaling around 25◦C most likely
are due to the previously reported thermal limit of proper
embryogenesis [16]. Hence, our quantitative description
of a size-dependent cell lifetime in early embryogenesis
is valid within the development-permissive temperature
range of the animal.
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FIG. 3: (a) Experimentally determined cell doubling times
τD (crosses) follow an Arrhenius scaling ∼ exp(7417K/T )
(dashed grey lines). Parameter α [Eq. (1)] follows the same
scaling (open symbols) irrespective of the lineage, whereas
τM (asterisks) shows a slightly less strong temperature de-
pendence. Deviations from the Arrhenius scaling around
25◦C reflect the thermal limit of the worm’s development [16].
(b) Projection of SPIM images perpendicular to the dorsal-
ventral body axis taken on an embryo in the 24-cell stage
(strain OD95). Nuclei of cells P4 (red), Ea/Ep (green), and
MSa/MSp (blue) are highlighted; A/P, and L/R indicate an-
terior, posterior, left, and right faces of the embryo. (c) The
experimentally observed phenotype is faithfully reproduced
by model simulations that consider Eq. (1) and cell-cell repul-
sion within the confining egg shell. (d) Aberrant phenotypes
are observed when cell divisions of the P lineage are enforced
to follow Eq. (1) with parameters of the AB lineage.

Next, we explored if and to which extent the robust
coupling of cell cycle durations and volumes can help to
integrate decisions of individual cells to facilitate proper
development of the entire embryo. To this end, we re-
visited the previously mentioned model approach for me-
chanical determination of embryonic cell migration [2]. In
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brief, cell motion is described by Langevin equations with
repulsive forces arising from cell-cell and cell-eggshell in-
teractions. Lacking a description for cell-internal (bio-
chemical) decisions, cell divisions are treated as instan-
taneous events, i.e. dividing cells are replaced by two
daughter cells between two iteration steps. In previous
work [2], we had fixed all division times via experimental
input data. As a result, simulated cellular arrangements
were seen to agree with experimental data up to the 12-
cell state even when cell division times were detuned.
Going beyond this approach, we have replaced now the
input of cell division times by predictions of Eq. (1) using
cell volumes (see supplemental text and Fig. S3, [8]). In
addition to replacing a large set of experimental input
parameters, our refined SPIM setup also allowed us to
compare now experimental observations and simulations
up to the 24-cell state.

Using the above determined set of parameters, α and
τM , we were indeed able to reproduce cellular arrange-
ments and migration trajectories of developing embryos
up to the 24-cell stage (Fig. 3b,c). A temporally resolved
correlation of data from experiment and simulation is
shown in Fig. S1 [8]. Beyond the 24-cell stage gastrula-
tion with an active inwards-directed motion of cells sets
in which is not included in the model. Typical positional
deviations between our simulations and the respective ex-
perimental SPIM data are in the range of experimental
uncertainties (∼ 4µm, cf. [2]) with > 99% of 300 simu-
lation runs leading to the correct phenotype. Hence, cell
positions in the early embryo predicted by the mechani-
cal model and Eq. (1) compare favorably to experimental
data.

Based on the very good agreement between model and
experimental data, we sought to determine via simula-
tions which are the crucial ingredients for proper em-
bryogenesis. As a first step we examined the influence of
relative cell volumes by enforcing all cell divisions to be
(geometrically) symmetrical, i.e. asymmetric divisions in
the P lineage were suppressed. This artificial constraint
leads to enlarged cells of the P, E, MS, and C lineages
on expense of the AB lineage and hence to altered cell
division timing [Eq. (1)]. As a result, deviations of cell
positions in model and experiment increased slightly, yet
the correct phenotype (i.e. the correct cell arrangement
in the 24-cell state) was maintained in > 99% of 300
simulation runs.

In a second step, we altered only the timing of cell di-
vision. As stated above, the parameter α in Eq. (1) is
different between the P lineage and all other, somatic cell
lineages. We therefore enforced in the model that all cell
divisions of the P lineage follow the scaling of somatic
cells, i.e. αP = αAB , while keeping cell division asymme-
tries intact. This constraint lead to significant changes:
About 10% of 300 simulation runs assumed now a drasti-
cally altered phenotype (Fig. 3d) that deviated strongly
from the unperturbed embryo (Fig. 3b,c). Cells Ea and

Ep, for example, are shifted to the right-hand side of
the embryo instead of being situated on the left ventral
segment. Since Ea and Ep are the first cells that drive
gastrulation, a wrong positioning of them has a severe
impact on subsequent steps of the embryogenesis. Given
that a change in α of the P lineage should also be ac-
companied by a loss of asymmetric cell divisions, we also
added the constraint of purely symmetric cell divisions
to the condition αP = αAB in subsequent simulations.
In this case, even 25% of 300 simulation runs resulted
in aberrant phenotypes like the one shown in Fig. 3d.
In fact, in this scenario a 3:1 bifurcation of phenotypes
is seen beyond the 12-cell stage (supplement, Fig. S1)
whereas a robust arrangements is seen before, in agree-
ment with our previous work [2]. Hence, cell division
timing becomes increasingly important for proper em-
bryogenesis as the number of cells increases.

The reason for the occurence of these aberrant pheno-
types is rooted in a too quick succession of cell divisions
which prevents cells from relaxing into their stable po-
sitions. In fact, daughter cells of EMS (i.e. MS and
E) are situated in somewhat instable, stressed positions
directly after the division of EMS along the anterior-
posterior axes in vivo. This instable situation is relaxed
by a drift of MS to the right ventral side of the embryo
in conjunction with a shift of its sister cell E to the left
ventral side. Altering αP to the value of the somatic lin-
eages speeds up cell division of P2 to occur too fast after
EMS’ division. As a consequence, cells MS and E find
themselves in an even more stressed position which is re-
laxed in a significant fraction of embryos via an aberrant
movement of E. Embryogenic failures therefore emerge
via slightly wrong cell positions in the 8-cell state that
are caused by a premature division of P2. With cells be-
coming smaller in each division cycle this small pertur-
bation can grow, eventually leading to severe, detectable
defects beyond the 12-cell stage (supplement, Fig. S1).
Coupling of cell volumes and division timing, in partic-
ular a significantly larger value of αP , therefore renders
cellular arrangements more deterministic and robust.

Our results show how combining mechanical forces
with a coupling of cell volumes and cycle times ensures a
robust cellular arrangement in C. elegans embryos, hence
supporting a fail-safe embryogenesis. Asymmetric cell
divisions are crucial in this context as they fine-tune
the local volume occupancy concomitant to significantly
slowing down the cell cycle timing in precursors of the
germline. As a consequence, sufficient time is available
for the mechanically driven migration of cells to their
native positions before subsequent cell divisions alter the
force fields.
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