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Abstract

The vulval precursor cell (VPC) fate patterning in Caenorhabditis elegans is a classic model
experimental system for cell fate determination and patterning in development. Despite its
apparent simplicity (six neighboring cells arranged in one dimension) and many experimen-
tal and computational efforts, the patterning strategy and mechanism remain controversial
due to incomplete knowledge of the complex biology. Here, we carry out a comprehensive
computational analysis and obtain a reservoir of all possible network topologies that are
capable of VPC fate patterning under the simulation of various biological environments and
regulatory rules. We identify three patterning strategies: sequential induction, morphogen
gradient and lateral antagonism, depending on the features of the signal secreted from the
anchor cell. The strategy of lateral antagonism, which has not been reported in previous
studies of VPC patterning, employs a mutual inhibition of the 2° cell fate in neighboring
cells. Robust topologies are built upon minimal topologies with basic patterning strategies
and have more flexible and redundant implementations of modular functions. By simulated
mutation, we find that all three strategies can reproduce experimental error patterns of
mutants. We show that the topology derived by mapping currently known biochemical path-
ways to our model matches one of our identified functional topologies. Furthermore, our
robustness analysis predicts a possible missing link related to the lateral antagonism strat-
egy. Overall, we provide a theoretical atlas of all possible functional networks in varying
environments, which may guide novel discoveries of the biological interactions in vulval
development of Caenorhabditis elegans and related species.

Introduction

It has been suggested that general design principles underlie networks that can robustly achieve
a particular biological function [1-4]. The robustness of biological functions, i.e. the capability of
reliably executing a function in spite of complex environments and genetic perturbations, is
believed to impose constraints on the evolutionary process of the underlying networks to
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perform those functions. For example, recent studies have identified the design principles for the
topologies that perform biological functions in various systems, such as Drosophila segment
polarity [5], biochemical adaptation [6,7], biological oscillators [8] and the bistability underlying
mammalian cell-cycle entry [9]. Ignoring the details of molecular implementation, these princi-
ples help to simplify and demystify the complexity that may otherwise be difficult to compre-
hend. However, extracting general design principles for other important biological systems, such
as cell fate patterning in the differentiation of the VPCs in C. elegans, remains a challenging task
[10], which is essential to clarify from two aspects: (i) further understanding the relationship
between function and topology; and (ii) providing new insights into the underlying networks
that only partial knowledge exists on the molecular mechanisms and pathways.

Vulval development in C. elegans has served as a paradigm for cell fate determination
[10,11]. The nematode’s vulva is formed from the descendants of six multipotent VPCs, named
P3.p to P8.p, that adopt one of three cell fates (Fig 1A). Early evidence showed that their fates
depend on their distances to an anchor cell (AC), which is near the VPCs and secretes an epi-
dermal growth factor (EGF) signal [11,12]. The VPC closest to the AC (P6.p) becomes a pri-
mary (1°) cell; the VPCs at an intermediate distance (P5.p and P7.p) become secondary (2°)
cells; and the more distant ones (P3.p, P4.p and P8.p) become tertiary (3°) cells (Fig 1A). Two
important pathways have been uncovered that contribute to the VPC patterning: the inductive
signal pathway and the lateral signal pathway [11,13-16]. More specifically, the inductive sig-
nal is transduced by the receptor-tyrosine kinase (RTK) pathway with diffusible EGF from the
AC as its ligand. The lateral signal is transduced by the Notch pathway between the VPCs
themselves, with Notch as its receptor. The ligands of the Notch pathway have two forms: dif-
fusible DSL-1 and membrane-bound LAG-2 and APX-1 [17]. Evidence showed that the two
pathways and their crosstalk induce VPC patterning [18].

Two general models have been proposed to quantify the process of VPC patterning: the mor-
phogen-based and the sequential induction models. In the morphogen-based induction model,
EGF forms a gradient that triggers different levels of RTK pathway activity and thereby distinct
Pn.p fates as a function of distance to the AC [12]. In the sequential model, the fates of the P5.p
and P7.p cells are triggered by a lateral signal, rather than an inductive signal [19]. With different

Fig 1. The C. elegans VPC patterning system and the coarse-grained model. (A) VPC differentiation. (B) Coarse-grained modeling of VPC patterning.
The two-node model with 10 links numbered from 1 to 10 is shown in the left panel. Dashed lines represent intercellular interactions and solid lines
intracellular interactions. The modeling system of five Pn.p cells along with their initial and target values is shown in the upper-right panel. The ODE functions

of two examples are shown in the lower-right pa
doi:10.1371/journal.pone.0131397.g001

nel.
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strategies to induce the fate of the 2° cells, the two models seem to be unrelated to each other,
though both have experimental support [20]. Recent efforts were devoted to reconciling the two
seemingly conflicting models either by computational modeling [21] or searching for novel bio-
logical mechanisms experimentally [22,23]. Various aspects of vulval development have been
investigated, such as the intracellular trafficking of signaling molecules and the mutation studies
of VPC patterning system [24,25]. However, all of the previous computational studies on VPC
patterning were based on specific networks, which were inferred from experiments and may be
incomplete. Here, we used a distinct theoretical approach to explore the design principles of
VPC patterning. Instead of focusing on a single experimentally-derived network, we used an
exhaustive computational search to identify the space of networks that can robustly perform the
function of vulval precursor cell fate patterning.

We obtained an atlas of all the possible robust functional topologies under different condi-
tions of levels of source signal from the AC, various proportions of diffusible and transmem-
brane intercellular regulation, and two different regulatory logical rules. We identified three
potential strategies that the system can use to achieve VPC patterning. Our analysis revealed
the design principles of all the topologies that are capable of VPC patterning and provided a
resource to guide novel discoveries in C. elegans vulval development.

Results
Coarse-graining the biological network and constructing a model

We started from a functional point of view to ask, given the geometry of the system and a
source of a graded ‘long range’ signal, what kind of network topology robustly stands out for
the patterning task? Here, we used a coarse-grained modular model, in which all genes and
proteins expressed/involved for 1° cell fate are represented by one node (1° Node), and those
for the 2° cell fate by another (2° Node). For simplicity, the 3° cell fate is represented as neither
the 1° nor 2° cell fates (i.e. both nodes are zero in the cell). Thus each cell has two nodes, and
depending on which node wins, has the potential of being either of the two fates, or being the
3° fate if none of the nodes is induced. This reduction is desirable because it enables us to per-
form a much more comprehensive and theoretical analysis, while it does not significantly affect
the core properties of the system.

We then proceeded to enumerate topologies of networks with two nodes in each cell and
the AC along with intra- and intercellular interactions. Each node can be regulated by the AC
intercellularly, as well as by itself and the other node (both intracellularly and intercellularly),
resulting in 10 directed links, numbered from 1 to 10 (defined as link number) (Fig 1B). (Note
that for simplicity the topology is drawn for one cell while the intra- and intercellular interac-
tions are the same for all Pn.p cells, except for the interactions from the AC that act on three
cells as indicated in Fig 1B). Each link has three possibilities: positive regulation (“P”), negative
regulation (“N”), or absent. This results in a library of 3'° = 59, 049 topologies that encom-
passes all possible link combinations. We used the link number and the property of a link to
represent it in a typical topology. For example, “1P” represents the #1 link with positive regula-
tion. Then each topology was named as a combination of links, such as “1P-5P”.

To investigate whether and how the functional topologies change in response to a range of
source signal from the AC, we varied the range of the source signal by fixing the strength of the
source input to the 1° cell (S1 = 1) and varying its strength to the 2° cells (0 < S2 <1) (Fig 1B).
Because the 3° cells receive weak source signal, in most simulation, the strength of AC signal to
the 3° cells (S3) is set as 0 unless specified. We considered two types of intercellular interactions
among Pn.p cells, diffusible and membrane-bound (e.g. DSL-1 and LAG-2 in the Notch path-
way), and randomly set a ratio of the two types for each circuit. We used a model of ordinary
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differential equations (ODEs) to quantitatively assess the ability of each topology to perform
the patterning function. We note that for multiple regulatory links on one node, different logic
rules may result in varied dynamics of the same topology. We used the “AND” rule and “Com-
bined AND and Additive” rule in our simulation. In the “AND” rule, all regulatory links on a
node, positive and negative, adopt the “AND” logic (multiplicative); while in the “Combined
AND and Additive” rule, positive regulations adopt the “OR” logic (additive) and negative reg-
ulations take a more dominant role by adopting the “AND” logic. We generated a space of
10,000 parameter sets, which were randomly sampled with values within the biologically-feasi-
ble ranges. This parameter space serves as a surrogate of the space of varied molecular imple-
mentations and environmental conditions. To measure the robustness of the topologies, we
used the quantity Q = m/n, where n is the number of random parameter sets used in the sam-
pling, and m is the number of those sets that can perform the function.

Searching for functional topologies
We searched the topologies of networks that robustly achieve VPC patterning for different val-

ues of the signal input to the 2° cells, while fixing the source input to the 1° cell (see Materials
and Methods). S1 and S2 Tables list all robust topologies (Q > 0.1) for different S2 with
“AND” and “Combined AND and Additive” rules, respectively. Only a small proportion of
topologies have Q > 0.1 or Q > 0.01 (Fig 2A and 2B). For example, for S2 = 0 and with the
“AND” rule, there are only 37 topologies (from a total of 59,049) with Q >0.1 and 113
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Fig 2. Summary of the topologies and parameter sets that achieve the patterning function. (A, B)
Number of topologies with Q > 0.1 and Q > 0.01 for different S2 values with “AND” rule (A) and “Combined
AND & Additive” rule (B). (C, D) For different S2 values, the distribution of parameter sets for functional
topologies that contain module 1P-5P or 1P-2P with “AND” rule (C) and “Combined AND & Additive” rule (D).
In the legend of C and D, “1P-5P”, “1P-2P”, “Both”, and “None” indicate the parameter sets on which there are
only topologies with 1P-5P, only topologies with 1P-2P, both topologies with 1P-5P and topologies with 1P-
2P, and none of the topologies with 1P-5P or 1P-2P.

doi:10.1371/journal.pone.0131397.g002
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topologies with Q >0.01. This result agrees with previous studies in other systems [5,6]: func-
tion constrains the topologies of networks.

Then we checked the parameter space of the total 10,000 parameter sets and asked: for each
parameter set, are there any networks with that parameter set that can perform the patterning
function? For the “AND” rule with S2 = 0, more than 8,000 parameter sets have at least one
network that can achieve the function, the number decreases as S2 increases to 0.1, and then
becomes steady after S2 gets larger (Fig 2C). This analysis suggests that a long-range source sig-
nal is not advantageous to pattern formation. Furthermore, we found that most of the topolo-
gies that perform the patterning task with at least 1 parameter set contain at least one of the
two motifs: 1P-5P, which agrees with the sequential induction model, and 1P-2P, which is con-
sistent with the morphogen-based model. When S2 is small, the proportion of parameter sets
that use the motif 1P-5P is larger than that using 1P-2P. In contrast, the proportion of those
using 1P-2P prevails when S2 becomes larger. Analysis using the “Combined AND and Addi-
tive” rule results in similar conclusions (Fig 2D): 1P-5P plays dominant role in lower S2 while
1P-2P prevails in higher S2.

The two different logic rules do lead to some different results. For the “AND” rule, the two
motifs 1P-5P and 1P-2P are mutually exclusive in most cases, i.e. most robust functional topol-
ogies contain only one of the two motifs. While for the “Combined AND and Additive” rule,
the motif 1P-2P-5P, which can be considered as the combination of the two motifs 1P-5P and
1P-2P, is seen in many functional topologies. For the “AND” rule, the investigation in the
space of all the functional topologies reveals that most topologies can be stratified into two clas-
ses: the first contains 1P-5P and can be functional in lower S2, and the second has 1P-2P and
can be functional in higher S2 (S1 Fig). It suggests that there are different strategies to achieve
the functions and these depend on the signal strengths of S2. It is of note that the modules 1P-
5P and 1P-2P indicate different ways to induce the 2° fate. On the other hand, the additive rule
for positive regulations in the “Combined AND and Additive” logic makes it possible for a
topology to permit the existence of both ways to induce the 2° fate, even though only one of the
ways plays the essential role.

Minimal topologies reveal VPC patterning strategies

To investigate how the uncovered topologies achieve pattern formation, we first analyzed mini-
mal topologies, which represent the skeletons that are capable to perform the VPC patterning.
We define minimal topologies as follows: If two distinct topologies, A and B, both perform
functions under a given parameter set P, and the architecture of A contains all the links of B,
then B is said to be smaller than A. If among all the topologies, there are none smaller than B,
then B is said to be minimal for the parameter set P, and this means that all the links of B are
essential to achieve the function for the given parameter set. For each topology, we calculated
the M-score as the proportion of parameters for which the topology is minimal. We define a
topology as a minimal topology if it has a M-score > 0.1. By definition, minimal topology is
the simplest (as few links as possible) and robust (Q > 0.1) topology and the M-score measures
the reduced Q value if any links are removed. As expected, these identified minimal topologies
fall into two types: including the motif either 1P-5P or 1P-2P (Fig 3). The minimal topologies
with 1P-5P prevail for smaller S2, and those with 1P-2P for larger S2.

We searched for minimal topologies with both “AND” and “Combined AND and Additive”
rules. Fig 3 lists all the identified minimal topologies for the low (52 = 0), medium (S2 = 0.1)
and high (S2 = 0.5) S2 with both rules. We found that the two rules share most of the minimal
topologies, indicating that the two rules result in the similar core strategies for the topologies to
achieve the patterning function. All the minimal topologies contain the motif either 1P-5P (for

PLOS ONE | DOI:10.1371/journal.pone.0131397 June 26, 2015 5/23



el e
@ ) PLOS ‘ ONE Design Principles for VPC Patterning

Minimal Topology Top Topology
“AND” rule “AND & Additive” rule
[ [ E
1P-5P [x,4] 1P-5P2N [x,+] 1P-5P-2N-3N 1P-5P-2N-3N-7P-8P
x:0.12 (0.12); +: 0.10(0.10) x: 0.78(0.67); +: 0.52(0.46) 0.85 0.88
1P-5P-3N [x,+]
Qvalle x: 0.78(0.67); +: 0.52(0.46) Qvalue
M-score 1P-5P-10N [x,+]

x: 0.28(0.23); +: 0.21(0.18)

)| %o
\

1P-5P-3N [x,+] 1P-5P-2N-4N [x,+]
x: 0.14(0.12); +: 0.10(0.08)  x: 0.18 (0.13); +: 0.13(0.10)

.

| , x =
/ GH \ ’ 1P-2P-53-243N-8P-10N
\ ¢

A
T
[$)]

o7

=N

=z
A
b4

$2=0.1

9

N o4
1P-2P-3N [x, ] 1P-2P-4N-10N [x,+] 1P-2P-3N-6P
x: 0.12(0.12); +: 0.11(0.11)  x: 0.16(0.12): +: 0.14(0.11) 0.22
$2=05 () /
\N__ Moo r?
1P-2P-4N-10N [x,+] 1P-2P-3N-6P [x] 1P-2P-4N-10N 1P-2P-4N-8P-10N
x: 0.12(0.12): +: 0.18(0.18) x: 0.12(0.12) 0.21 0.28

[x] “AND” rule; [+] “AND & Additive” rule;
[x,+] Both rules

Fig 3. Minimal topologies and top topologies for S2 = 0, 0.1, and 0.5. The left column lists all the identified minimal topologies with both regulatory rules.
“AND” rule is marked as “x”, and “Combined AND & Additive” rule is marked as “+”. For each rule, the Q value and M-score are labeled below the topology,
where M-score is labeled in parentheses directly following the Q value. Most m|n|ma| topologies are shared by both regulatory rules except 1P-2P-3N-6P for
S2 = 0.5, which is minimal topology only with “AND” rule. The top topologies identified with “AND” rule (middle column) and “Combined AND & Additive” rule
(right column) are shown. Typical topologies with highest Q values are selected. Q value for each topology is labeled below the topology.

doi:10.1371/journal.pone.0131397.9003

low and medium S2) or 1P-2P (for medium and high S2) exclusively, indicating distinct strate-
gies to achieve VPC patterning.

In order to investigate how these minimal topologies achieve the function, for each topology
we looked into the dynamics of each fate in each cell during the simulation. All of the minimal
topologies are found to follow the three strategies illustrated in Fig 4 and described below. The
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Fig 4. Different strategies to achieve the pattern. Sequential induction strategy (A), morphogen gradient strategy (B), and lateral antagonism strategy (C)
are shown. These strategies are common with both “AND” and “Combined AND & Additive” rules. For each strategy, a simple description of the strategy,
representative topology, and the S2 level are listed in the table. Below the table shows the mechanism of representative topology: on the left is a sketch of the
topology; in the middle is the graph that shows the regulation among the AC, 1°, and 2° nodes in the 1° (middle) and 2° cells (two sides), where the heavy full
lines indicate acting or strong regulation and fine dashed lines indicate no or weak regulation; on the right draws the dynamical value of each node in the 1°

cell and 2° cells with increasing time.

doi:10.1371/journal.pone.0131397.9004

first strategy is adopted for low to medium S2 and employs sequential induction with the motif
1P-5P, in which AC induces 1° fate in its nearest 1° cell which in turn induces 2° fate in the two
neighboring 2° cells. Negative links function to repress the 2° fate in 1° cell or 1° fate in 2° cells
if necessary, such as 1P-5P-2N-4N (Fig 4A). The second strategy, which is employed by 1P-2P-
3N, agrees with the morphogen gradient model, in which 1° and 2° cells read the AC signal
directly and make their fate choices according to the signal strength they receive, and only
functions at the medium S2 levels (Fig 4B). At first, both 1° and 2° fates are induced in the 1°
cell, but only 2° fate is induced in the 2° cells, which is ensured by special constraints of param-
eter sets (see S1 Text). Then the activated 1° fate further represses 2° fate in the 1° cell. The
third strategy, employed by 1P-2P-4N-10N for medium to high S2 levels, works as follows (Fig
4C): first, both 1° and 2° fates are induced in both 1° and 2° cells, then the 2° fate in 1° and 2°
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cells competes to inhibit each other (10N). In this competition, the 2° fate in the 2° cells wins,
and the 2° fate in the 1° cell is inhibited. Consequently, 1° fate in the 2° cells is also inhibited
(4N). This strategy, which we name it as “lateral antagonism”, is distinct from the morphogen
gradient strategy described above, although they both contain module 1P-2P. The lateral antag-
onism strategy mainly depends on the competition or mutual inhibition of 2° fate in neighbor-
ing cells, while the morphogen gradient strategy mainly depends on the graded signaling from
the source cell. We also found a strategy only used for “AND” rule by 1P-2P-3N-6P. In this
topology, there are two positive regulatory links on the 1° fate, from AC and the 2° fate of the
neighboring cells, which cause different behaviors between the two rules. For the “AND” rule,
the activation of the 1° fate needs not only positive regulation from the AC (1P) but also the
intercellular positive regulation from the 2° fate (6P), which makes this strategy available with
the “AND?” rule, exclusively (S2 Fig). In this strategy, 2° fate is induced first in both 1° and 2°
cells, then 1° fate is only induced in the 1° cell, and then 2° fate in the 1° cell is repressed.

Design principles of top topologies

Next we searched the top topologies that are most robust at different S2 levels (Fig 3 and S3
and S4 Tables). The clustering of the top topologies shows that for both “AND” and “Com-
bined AND and Additive” rules, there are two main clusters: sequential induction (1P-5P)
based topologies with high Q values for lower S2, and morphogen gradient and lateral antago-
nism based (1P-2P) topologies with high Q values for higher S2 (S3 Fig).

Top topologies are built upon minimal topologies and usually are the combinations of mini-
mal topologies with either the same strategy or distinct strategies (Fig 3 and S3 and S4 Tables).
For the “AND?” rule, the topologies that contain 1P-5P with the combination of 2N, 3N, or 4N
often rank as top topologies and use sequential induction strategy at low and medium S2 levels,
while the minimal topology 1P-2P-4N-10N, 1P-2P-3N-6P and the combination of them rank
as top topologies at medium and high S2 levels and use the corresponding strategies described
above. For the “Combined AND and Additive” rule, similar results were found: top topologies
are built upon 1P-5P at low and medium S2 levels, and upon 1P-2P-4N-10N at medium and
high S2 levels. In addition, adding self-activation loops (7P, 8P) often increases the Q values.
Notably, for each level of S2, we found topologies with 1P-2P-5P, which means the combina-
tion of different strategies, ranked as top topologies. However, only one strategy plays the dom-
inant role at specific S2 level. At the low S2 levels, 2P is not an essential link—the minimal
topologies only use motif 1P-5P. For example, both 1P-2P-5P-3N-7P-8P and 1P-5P-3N-7P-8P
have a Q value of 0.84 for S2 = 0, indicating that 2P is a neutral link. These topologies mainly
use sequential induction strategy. In contrast, for the medium and high S2, most top topologies
with 1P-2P-5P-4N-10N mainly use lateral antagonism strategy, and 5P is not essential.

Although top topologies share some common patterning strategies, they employ different
links to implement the strategies. Fig 5 shows how different top topologies employ distinct
links to implement modular functions that contribute together to the patterning. Except for the
links 7P and 8P that mean positive regulation by nodes 1° and 2° themselves, all links can be
assigned one or two of the following six functions: inducing the 1° fate in the 1° cell, inducing
the 2° fate in the 2° cells, inducing the 1° fate in the 2° cells, inducing the 2° fate in the 1° cell,
inhibiting the 1° fate in the 2° cells, inhibiting the 2° fate in the 1° cell. With distinct implemen-
tation of each component function, the integrated VPC patterning program can be achieved by
various combinations of different links.

Given the diversity and redundancy of the topological implementations of VPC patterning,
top topologies also show high structural flexibility. In this study, we define the neighbors of a
given topology by changing the properties (positive, negative, or absent) of one of its links, and
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Fig 5. A map of links for each top topology to the decomposed functions for VPC patterning. (Left columns) Top topologies ranking within the top 5 for
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doi:10.1371/journal.pone.0131397.9005

the structural flexibility of a given topology is estimated by the average robustness of its topo-
logical neighbors that perform the same patterning function [9]. We found that for both the
“AND” rule and the “Combined AND and Additive” rule, there are tight correlations between
structural flexibility and functional robustness (54 Fig), especially for those with the “Com-
bined AND and Additive” rule, suggesting the capability of the identified top topologies to
remain functional in despite of alterations of their links.

Diffusible versus membrane-bound intercellular regulation

As both membrane-bound (LAG-2) and diffusible (DSL) signals are found in the intercellular
signaling among fate-patterning cells and the two signal-induced regulations act differently in
the system (the membrane-bound signal induced regulation acts only on the adhesive cells, but
the diffusible signal induced regulation acts not only on these cells but also on the source cell
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itself) [17], we further asked how different proportions of the two kinds of intercellular regula-
tion affect the robustness of the uncovered topologies. Instead of using a random proportion of
the two kinds of regulation, we repeatedly enumerated all the coarse-grained networks by fix-
ing the proportion and estimated the robustness of each topology from 10,000 samples of
parameter sets. For simplicity, we used “AND” rule for this simulation. Comparing the robust-
ness of the previously discovered top topologies for different proportions of the two kinds of
regulation, we found that with a higher proportion of membrane-bound intercellular signaling,
the uncovered topologies, both types of topologies with lower and higher S2 respectively, have
higher Q values than those with a lower proportion of membrane-bound regulation (see Fig 6
and S5-58 Tables). The advantage of membrane-bound regulation for functional robustness is
considerable for topologies with 1P-2P for larger S2 values. For example, for S2 = 0.5, the Q
value of the topology 1P-2P-3N-4N-6P-10N is 0.80 for membrane-bound regulation only, and
0.04 for diffusible regulation only. This suggests that high robustness of topologies for high S2
requires a very high proportion of membrane-bound ligands. Though the advantages are not
as evident as those for topologies with 1P-2P, larger proportion of membrane-bound regulation
also facilitates some networks with 1P-5P to become more robust, such as 1P-5P-3N-4N for

$2 =0.01 (Q = 0.54 for membrane-bound regulation only and Q = 0.34 for diffusible regulation
only). However, for an extremely low S2 value, such as S2 = 0, the most robust topologies, such
as 1P-5P-2N-3N-4N, perform invariantly for varying proportions of the two kinds of intercel-
lular regulation.

Behaviors of topologies under the simulated mutant conditions

Previous experiments have shown that perturbations of LIN-3/EGF signaling or Notch signal-
ing may result in error cell fate patterns in VPC system [26,27]. Herein we sought to investigate
how identified robust topologies perform under the variations of source signaling and lateral
signaling in our model. We first altered the AC signal strength and see how robustness changes.
We simulated the AC signal level from low to high by varying S1, S2, and S3 from 0 to 1, while
keeping S1 > S2 > S3 (Fig 7A). As expected, from low to high AC signal, all three strategies
and the identified top topologies show a similar pattern of change in robustness: first increases
and then decreases, with the peak robustness at different places (low AC signal for sequential
induction, medium for morphogen gradient induction and high for lateral antagonism strat-
egy) (Fig 7A, S9 and S10 Tables). We also investigated the Q values of topologies with three
strategies under the conditions of varying S1 and S2 concordantly (S5 Fig). Results show that
increasing both S1 and S2 concordantly leads to similar results as obtained by fixing S1 = 1 and
only increasing S2 level (S5A Fig). On the other hand, slightly decreasing S1 and S2 concor-
dantly to a half (0.5x) does not change Q values much, while decreasing S1 and S2 to one tenth
(0.1x) decreases the Q values (S5B Fig), which is consistent with the results under the condi-
tions of decreasing AC signal above (Fig 7A).

We next investigated what cell fate patterns the identified topologies with functional param-
eters would result in under the simulated mutant conditions of AC ablation and LIN-3/EGF
overexpression, and compared to the experimental results [26]. In the work by Félix [26], sev-
eral error cell fate patterns were observed under the mutation of AC signaling in C. elegans and
other Caenorhabditis species. We asked whether our topologies could reproduce the observed
patterns in our simulation. We executed mutant simulation for all the robust topologies
(Q > 0.1 for at least one signal condition, S1 and S2 Tables). Simulation results show about 2/3
of robust topologies are able to reproduce expected error patterns observed in previous experi-
ments (Fig 7B, S11 and S12 Tables). For all the topologies that reproduce expected error pat-
terns, on average, more than 50% of parameter sets can reproduce expected error patterns for
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Fig 6. Top topologies for different ratios of diffusible to membrane-bound intercellular regulation. Q
values of top topologies for different ratios of diffusible to membrane-bound intercellular regulation are
plotted. “Only_M” means only membrane-bound and “Only_D” means only diffusible. “Random” means the
ratio is evenly sampled from (0, 1). “D = 0.01M, 0.5M, M, 2M” means the ratios of diffusible to membrane-
bound are 0.01, 0.5, 1, and 2, respectively. Four cases of different S2 values (0, 0.01, 0.1 and 0.5) are shown
from top panel to bottom panel.

doi:10.1371/journal.pone.0131397.g006

both AC ablation and EGF overexpression conditions (Fig 7C and 7D). All three strategies are
able to reproduce expected error patterns. However, different types of topologies show different
distributions in error patterns. Under the mutant condition of AC ablation, the most frequent
error pattern is 3°3°3°3°3°. Except 3°3°3°3°3° pattern, topologies with sequential module (1P-
5P) predominantly produce 3°2°3°2°3° and 3°2°2°2°3 patterns; topologies with morphogen gra-
dient strategy mainly produce 3°2°3°2°3° and 3°3°1°3°3° patterns; while topologies with the lat-
eral antagonism strategy mainly produce 3°2°3°2°3° pattern (Fig 7C and 7E). Under the
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mutant condition of EGF overexpression, topologies with sequential module mainly output 1°
1°1°1°1° pattern; topologies with morphogen gradient strategy mainly produce 1°1°1°1°1° and
2°1°1°1°2° pattern; and lateral antagonism strategy tends to produce 1°2°1°2°1° pattern (Fig 7D
and 7E). Being able to reproduce expected error patterns suggests all three strategies exist in
the real biology systems.

We also investigated the performance of identified topologies under the condition of altered
lateral signaling. We studied the cell fate patterns performed by topologies that have the link
5P in the mutation of decreased and increased lateral induction capability, which partially
mimics the mutation of Notch signaling. We observed expected error patterns for examined
topologies as reported in previous study [27]: the loss of 2° fate in 2° cells for decreased lateral
induction capability, and the specification of 2° fate in 3° cells for increased lateral induction
capability (S6A Fig). Next, we investigated pattern formation by the topologies with lateral
antagonism strategy under the mutation of lateral inhibition capability for 10N. For decreased
lateral inhibition capability, more than half of the simulations perform the error pattern with
2° fate specified in 1° cell, meaning the failure of the inhibition of 2° fate in 1° cell (S6B Fig). In
contrast, increasing the lateral inhibition capability causes the defect of the 2° fate specification
in 2° cells.

Mapping the biological network

We then asked what topology is the closest to the underlying biological network that executes
VPC patterning. We searched the literature and mapped the known pathways that have experi-
mental supports to the simplified links in our coarse-grained model (Fig 8A). In the sequential
induction model, EGF signaling from the AC induces the 1° fate in the 1° cell through the Ras-
MAPK pathway, and then MAPK promotes Delta-Notch lateral signaling among Pn.p cells to
specify 2° fates in 2° cells [14,28]. As a support to the morphogen-based model, the 2° fate in
the 2° cells have also been found to be induced by EGF signaling through the RGL-1-RAL-1
pathway [22]. In addition, the negative regulatory roles in the crosstalk between the MAPK
and Notch pathways have been found in VPC pattern formation [18,29]. To map these path-
ways to our 2-node model, MAPK and the downstream pathways are represented by the 1°
node, while Ral, Notch and their downstream pathways are represented by the 2° node. Thus,
we recovered the topology 1P-2P-5P-3N-4N by mapping the regulatory links among these
nodes (Fig 8A). Previous experiments have shown that VPCs lacking let-23 or other compo-
nents of the Ras-MAPK pathway can specify the 2° fate, as long as they are adjacent to a 1°
VPC [19], which means that the specification of 2° fate can be induced by 5P without 2P. On
the other hand, evidences also show that an isolated VPC can adopt a 2° fate if exposed to an
intermediate LIN-3 concentration [12], which implies that the induction of 2° fate can be
induced by 2P independent of 5P. In addition, Zand et al. reported that RAL-1 is sufficient to
promote Notch pathway activity and RAL-1 cooperates with Notch to specify 2° fate [22],
which suggests 2P is sufficient to specify 2° cell fate. Since 2P and 5P are both sufficient for 2°
fate specification, we examined the Q value of this topology with the “Combined AND and
Additive” rule. The Q values of the topology 1P-2P-5P-3N-4N for S2 < 0.1 are all >0.1.
Notably, this topology agrees with the experimental results for both sequential and morpho-
gen-based induction models [12,19]. This can be tested by investigating special conditions as
follows. In the experiments that support the sequential induction model, signaling from AC to
the 2° cells is not required for 2° fate in the 2° cells [12]. Accordingly, we checked the Q value
of the topology 1P-2P-5P-3N-4N in the condition of S2 = 0, and found that the topology is
able to robustly (Q = 0.27) execute the cell fate patterning, consistent with the experiment result
[12]. In the experiments that support morphogen-based model, single VPCs are isolated to
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doi:10.1371/journal.pone.0131397.9008

avoid intercellular actions (Delta-Notch signaling) among Pn.p cells [12]. Accordingly, we
remove the link 5P from the topology to simulate the assay of isolating VPCs. We found that
1P-2P-3N-4N can also perform the cell fate patterning for medium S2 levels (S2 Table).

We then asked why the wild type cells choose this biological network while its Q value is not
the highest among all the identified topologies in our analysis. One potential advantage of this
network is that this network combines both the sequential induction motif 1P-5P and the mor-
phogen gradient motif 1P-2P-3N. This combination makes it possible to execute sequential
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induction in the case of low S2 and could also use morphogen gradient strategy in the case of
certain disruptions such as the disturbance in Delta-Notch signaling. In this regard, the net-
work is more robust than the topologies with either only sequential induction motif or only
morphogen gradient motif.

Equipped with our analysis of all functional topologies, we asked whether there might be
undiscovered links in the underlying biological network. To address this question, we collected
all the functional topologies that contain 1P-2P-5P-3N-4N, and found that adding the self-reg-
ulating links 7P and 8P increases the Q value under most conditions (Fig 8B). Other than 7P
and 8P, 10N is the only additional link among those topologies. Interestingly, with the link
10N, the topology has the potential to use the lateral antagonism strategy, which greatly
increases the robustness of the topology for high S2—without 10N, these topologies cannot
achieve the patterning function for high S2 (Fig 8B). In contrast, the Q values for the topologies
with 10N decrease with low S2, but are still >0.1. As a result, the topologies with 1P-2P-5P-
3N-4N-10N have stable Q values for a broad range of S2, which would make the system much
more robust to variations in AC signal. Therefore, we predict that 10N may exist in at least
some real systems (Fig 8C). Note that both topologies, 1P-2P-5P-3N-4N (Fig 8A) and 1P-2P-
5P-3N-4N-10N (Fig 8C), are able to reproduce the experimental error patterns [26] under the
simulated mutation of AC ablation and EGF overexpression (Fig 8D). Interestingly, comparing
with the topology 1P-2P-5P-3N-4N, the predicted topology 1P-2P-5P-3N-4N-10N has the
potential to use all three patterning strategies. The existence of 10N link can be tested: if experi-
ments under higher S2 conditions show that the network still achieves the VPC patterning, we
suggest that there may be an unknown counteracting regulation among the 2° nodes of differ-
ent Pn.p cells (Fig 8C).

Discussion

Developmental robustness of the C. elegans vulval patterning process to a variety of genetic
and environmental perturbations has been of long-standing interest. Previous experimental
studies have focused on characterizing robustness by measuring the variation of vulval traits
under stochastic, environmental or genetic perturbations, and determining the range of varia-
tion that allows the formation of a wild-type cell fate pattern [20,27,30]. In our study, we
reversely use the robustness property of VPC fate patterning to infer the network and design
principle of the system. We used varying parameters to define the system and searched robust
topologies that output wild type cell fate pattern in a considerable range of parameter space.
Using this method, we successfully recovered the known sequential and morphogen gradient
induction strategies and further predicted a novel lateral antagonism strategy that robustly per-
forms the VPC fate patterning. Although different strategies show robustness in different
ranges of AC signaling, these ranges overlap. Furthermore, we show that some top topologies
(e.g. topologies with module 1P-2P-5P) have the modules to use two or three strategies. These
topologies are more robust in various conditions of AC signaling than those that only use one
specific strategy. In addition, the constraint of signaling conditions for different patterning
strategies and the error patterns emerged by simulated mutation suggest the limitations of the
robustness of the system.

Our analysis reveals three basic strategies for VPC fate patterning, providing new insights of
the complex system. One of the most debated questions about VPC patterning has been the
contribution of EGF versus Notch signaling towards 2° fate formation. Hoyos and colleagues
proposed a DSL-Notch autocrine loop to explain the isolated 2° fate specification at intermedi-
ate EGF levels [21]. However, they did not find the direct regulation from EGF signaling to 2°
fate. More recently, Zand et al. found that EGF signaling can directly contribute to 2° fate
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through RGL-1-RAL-1 pathway [22,23]. RGL-1-RAL-1 was found to antagonize Ras-Raf pro-
1° fate activity, and RAL-1 was found to be sufficient to promote Notch activity and to cooper-
ate with Notch to promote 2° fate. This new Ras effector-switching mechanism provides a new
explanation of the morphogen gradient-determined cell fate patterning. There are still
unknown questions. For example, how do different source signals determine the different out-
puts of pro-1° effector or pro-2° effector in originally identical cells? Zand et al. showed that
regulation of RAL-1 expression provides a mechanism of switch between pro-1° and pro-2°
effectors [22]. But how different source signals determine the different expressions of RAL-1 in
presumptive 1° and 2° cells that are exactly the same before induction is still unknown. Due to
the coarse-grained nature, our model cannot provide details of the molecular mechanism, but
let us try here to give some clues based on our studies. Besides the sequential induction strategy,
our analysis found two strategies both with module 1P-2P. The first one, morphogen gradient
strategy, mainly relies on the graded AC signal input to the presumptive 1° and 2° cells, and
provides a concise principle, i.e. while low source signaling level is sufficient for the specifica-
tion of 2° fate, the specification of 1° fate requires a high source signaling. Following this princi-
ple and the previous observation of the dynamic expression of RAL-1 in Pn.p cells [22], we
hypothesize that in the early vulval development, intermediate EGF dose induces the expres-
sion of RAL-1 in 1° and 2° cells, and then high EGF dose input to 1° cell turns on the pro-1°
pathway activity and inhibits the expression of RAL-1. Thus the expression of RAL-1 is only
restricted to 2° cells. Another strategy, lateral antagonism strategy, introduces a new approach
to the cell fate patterning, which relies on the lateral antagonism from the 2° fate activity in 2°
cells against the induction of 2° fate activity in 1° cell. Following this strategy, we hypothesize
that in the early vulval development, pro-2° activity is promoted through RGL-1-RAL-1 path-
way by EGF signaling in the presumptive 1° and 2° cells. Then the activated 2° fate regulates
the expression of some unknown molecule that is secreted and functions as an antagonist to
repress the 2° fate activity in adjacent cells. One possibility is that the antagonist competes
against the ligands of Notch pathway and represses the Notch pathway dependent 2° fate speci-
fication in the adjacent cells. In this competition, it is highly likely that 2° cells win because
there are two 2° cells on the two sides of 1° cell while only one 1° cell on one side of each of 2°
cells. The observation that higher ratio of membrane-bound to diffusible intercellular regula-
tion results in higher Q values of the topologies with lateral antagonism strategy (Fig 6) sug-
gests the antagonist is likely to function in the membrane-bound way. Another possibility of
the inhibitory regulation from activated 2° fate against the 2° fate in adjacent cells is the compe-
tition of Notch receptor for the limited ligands between adjacent Pn.p cells.

In this study, we simulated models using different ranges of source signals from the AC, and
found that the levels of these signals result in different kinds of topologies and patterning strat-
egies that robustly perform the patterning function. In practice, it is difficult to determine the
levels of the source signal in the biological environment. Furthermore, we found that all the
three strategies are able to reproduce the expected error patterns in the simulation of mutant
AC signaling. Therefore, we cannot rule out the existence of any identified strategy in the real
system. It is possible that the biological system employs all three strategies to face the varying
environment, just as our predicted topology 1P-2P-5P-3N-4N-10N does. It is also possible that
the contributions of different strategies differ among different Caenorhabditis species. It would
be interesting to investigate the differences of the relative ranges of AC signaling for wild type
patterns among different Caenorhabditis species.

We also simulated different ratios of the membrane-bound (e.g. LAG-2) and diftusible (e.g.
DSL) signals in the intercellular regulation. Previous work has shown that secreted and trans-
membrane ligand proteins are redundant in C. elegans vulval development [17]. In this work,
we found that the topologies are more robust for a higher proportion of membrane-bound
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intercellular regulation than for a lower proportion, especially for top topologies with higher
S2, which may suggest that the transmembrane intercellular regulation is more important.

Corson and Siggia have studied an elegant mathematical model of the VPC patterning [31].
Based on existing experimental data for VPC patterning in diverse genetic backgrounds as well
as timed ablation of the inductive signal, they constructed a “geometric model”. It would be
interesting to investigate the relationship between their model and our model, and in particular
the manifestation of the distinct patterning strategies in the two models.

Materials and Methods
The ODE model

We modeled the process of the 1° and 2° nodes in five cells (Pn4.p to Pn.8) given an input sig-
nal from the AC. For a given topology, each cell has the same nodes and links. The regulation
of each link is modeled with the Hill function. For example, a link from A has either the form
A"/(K"+A™) (positive regulation) or k"/(k"+A") (negative regulation), where A has two sources:
inside or outside the cell. If the source of A is outside the cell, A is calculated as the weighted
average of the average concentration of the membrane-bound source in the neighboring cells
and the average concentration of the diffusible source from neighboring cells and the cell itself.
Each node can be regulated by multiple links. For the “AND” rule, all the regulatory links to
the same node are modeled as their product. For the “Combined AND and Additive” rule, pos-
itive regulatory links to the same node are modeled as their weighted sum, and negative regula-
tory links are modeled as their product. Each node has a half-life 7. After normalization, as in
previous work [5], each node has one parameter 7 and each link has two parameters (n and k).

Nondimensionalization procedure

We used the methods of a previous study [5] to reduce the number of parameters in the Hill
functions as follows. If node A positively regulates B and B positively regulates A, the rate equa-

tions are:
dA B''sa A
— =Vi Duga 1Lk nga 4
dt Brsa + ke 1T,
dB A" B

= =V,— =
dt PAms 4 ka1,

We first transform the equations to:

A 1 1 ( Bz A
dt V,t, 1, Bm ko VT,
dB 1 1 Anas B

E VBTB - a (A"AB + kABnAB - VBTB

)

).

Let V:‘EA = Aaﬁ = Ba% = kBA,% = k5, we get:
dA 1 Brsa
IR e
dB 1 Aras

& A kg

Thus, each node has a parameter 7, and each link has two parameters n and k.
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Models for the “AND” and “Combined AND and Additive” rules
Denote:

An
Ar 4k

H(A,n k) =

and
H(A,n,k), o0=1

G(A,k,n,0) =
( ) {1H(A,n,k), =1

where & = 1 represents positive and -1 represents negative regulation from A. If node B has
more than one regulation from node(s) A;, we have different models for the “AND” and “AND
and Additive” rules. For the “AND” rule, we used the product of each regulation to model the

multiple regulation as:
HG (A, k,n,9,) — B).

For the “Combined AND and Additive” rule, we have:

1 E
77(HG Az)kl’nt’ét ﬁlG Aﬁkz?nz?bl) )
s Si=—1 =1

Proportions of diffusible and membrane-bound intercellular regulation
among VPCs

If node B in one cell m is regulated from node A intracellularly, the value A in the above func-
tion G(A,k,n,0) is represented as the concentration of A in the cell. If regulation from node A is
intercellular, then the value A in the function G(A,k,n,6), denoted as A, depends on the pro-
portions of diffusible and membrane-bound intercellular regulation among VPCs. The propor-
tion of diffusible intercellular regulation was denoted r and membrane-bound regulation as 1-r
(0 <r <1), and the concentration of A in the adjacent cell(s) n was denoted A,, and in the cell
mas A,,. Let E; be the mean value of all the A,, and A,,,, and E,, the mean value of all A,,, then
Ay 1s calculated as:

Aout = rEd + (]‘ - r)Eb

Simulation

For each of the two logic rules, we generated 10,000 parameter sets using the LHS method [32].
The ranges of the following parameters were selected based on previous studies [5]: k = (0.001-
1), n = (2-10) and 7 = (5-100 min). k was uniformly sampled in the log scale, and both n and 7
were in the linear scale. For the “Combined AND and Additive” rule, the parameters of the
weight for each positive regulation were evenly sampled with the range of [0, 1]. We used the
GNU Scientific Library for ODE simulation as in previous publications [5,33]. Calculation
time was set at 2000 min (virtual simulation time), which is long enough for the patterning sys-
tem to reach steady state. For each logic rule and for each of the S2 values (S2 = 0, 0.001, 0.01,
0.05,0.1,0.2, .. .,0.9), we enumerated all the possible topologies for the ODE simulation. For
the general simulation, the proportion of membrane-bound and diffusible intercellular actions
was randomly selected from the range [0, 1].
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Modeling the VPC patterning

We constructed a model of the anchor cell (AC) and five Pn.p cells (P4.p -P8.p), each having
two nodes (1° and 2°). Given the input signal from the AC to the closest Pn.p cell (P6.p),
denoted S1, and to VPCs at intermediate distances (P5.p and P7.p), denoted S2, and initial val-
ues of both nodes in all cells as 0, we modeled the variation of the values of the two nodes in all
VPCs within a given time period. Each node in the VPCs could be regulated from the other
node and itself intracellularly and intercellularly, and from the AC.

Determination of patterning function

We used the method as in Ma et al. [5] to judge the patterning function of a topology with a
given parameter set. Specifically, let x(I; n) be the value of the node I in the cell #n. The node I
can be 1° or 2°, and there are five cells in our simulated system. We set the initial state of both
1° and 2° nodes in all the cells as 0, and the target steady-state that the system should reach in
the given time as follows: x(1; 3) = 1, x(2; 2) = 1, x(2; 4) = 1, and other values of x are 0 (Fig
1B). For node I'in cell , a score T is given to evaluate whether its expression level is consistent
with the target pattern:

(x, (I,n)/x,)"

Ty = aaf 6 ) = o T =

T, = amax(l _f(x7 <I7 ”)))7

where x, is the threshold for x (10% here) and a/,ax the worst-possible score (0.5 here). T4 is
used when the target state has a low value (0), and T,,, is used for a target state with a high
value (1). The total score is calculated as:

Z Z T(x, (I, n)).

node cell

If the total score is <0.0125, the pattern is accepted.

Simulation of mutant conditions

To simulate the AC ablation and EGF overexpression, for each topology, we first chose the best
AC signal condition under which that topology has the highest Q value. Then we randomly
selected 1,000 functional parameter sets that output wild type pattern. To simulate the AC abla-
tion, we set AC signal to 0 during the simulation, we tried different time points (1 min, 10 min,
100 min, 200 min) to eliminate the signal, and selected 100 min as the best condition according
to similarity between output patterns and expected patterns. To simulate the EGF overexpres-
sion, we tried several conditions of high AC signal level, and we selected the condition of
S1=1,S82=0.5,53 =0.1, which gave the best output patterns. We run the simulation of topol-
ogy with selected parameters under the conditions of AC ablation and EGF overexpression and
calculated the frequency to generate expected patterns.

To simulate the mutation of lateral signaling, we also chose the best signal condition and
1,000 functional parameter sets as described above, and then, changed the parameter k of cor-
responding link in our models. We increased the parameter k of 5P, which mimics lateral
Notch signaling, to 10 times of the original value to simulate the decrease of the lateral induc-
tion capability of 5P, and decreased k to one tenth of the original value to simulate the increase
of the capability. Similarly, we increased the parameter k of 10N to 10 times to simulate the
decrease of lateral inhibition capability of 10N, and decreased k to one tenth to simulate the
increase of the capability.
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We calculated the average frequencies of error patterns output by topologies with different
patterning strategies under the mutant conditions. For sequential induction strategy, all the
topologies that have the module 1P-5P are counted. For lateral antagonism strategy, all the
topologies that have module 1P-2P and the link 10N are counted. For morphogen gradient
strategy, all the topologies that have module 1P-2P but without 10N are counted.

Supporting Information

S1 Fig. The spaces of functional topologies with “AND” rule. The spaces of functional topol-
ogies with “AND” rule for S2 = 0 (A), 0.1 (B), and 0.5 (C) are shown. Each node represents a
functional topology, with its size corresponding to the Q value of the topology. The links
between two nodes mean that the two topologies share parameter sets, and the number of
shared parameter sets is reflected by the line thickness. The top topologies are labeled with
their names and in different colors (green for topologies with motif 1P-5P and blue for topolo-
gies with motif 1P-2P).

(TTF)

S2 Fig. The strategy used by 1P-2P-3N-6P with “AND” rule. This strategy works only with
“AND?” rule. A simple description of the strategy, representative topology, and the S2 level are
listed in the table. Below the table shows the mechanism of representative topology: on the left
is a sketch of the topology; in the middle is the graph that shows the regulation among the AC,
1°, and 2° nodes in the 1° (middle) and 2° cells (two sides), where the heavy full lines indicate
acting or strong regulation and fine dashed lines indicate no or weak regulation; on the right
draws the dynamical value of each node in the 1° cell and 2° cells with increasing time.

(TIF)

S3 Fig. Clustering of top topologies with Q values for different S2. (A) “AND” rule; (B)
“Combined AND & Additive” rule. Left: topological clustering results; right: Q values for each
corresponding topology from the clustering graph for different S2. The topologies with Q val-
ues ranking top 5 for at least one S2 are selected.

(TTF)

S4 Fig. High structural flexibility in robust topologies. Plots of topologies with their struc-
tural flexibility and functional robustness reveal high structural flexibility in robust topologies.
Plots for different S2 (from left to right: 0.001, 0.01, 0.1, and 0.5) and with both the “AND” and
“Combined AND & Additive” rules are shown.

(TTF)

S5 Fig. Simulation under the conditions of varying S1 and S2 concordantly. (A) Plots of Q
values of three topologies 1P-5P-2N-4N (sequential induction), 1P-2P-3N (morphogen gradi-
ent), 1P-2P-4N-10N (lateral antagonism) under the increased AC signal (2x and 5x). The
basal condition is S1 = 1, S2 = 0.1, S3 = 0. (B) Plot of Q values of three topologies under the
condition of decreased AC signal (0.5x and 0.1x). The basal condition is S1 = 1, S2 = 0.1,

$3 = 0. Both S1 and S2 increase concordantly.

(TIF)

S6 Fig. Simulation of top topologies under the mutant conditions of lateral signaling. (A)
Patterns produced by topologies with sequential module (1P-5P) under the mutant conditions
of decreased (left) and increased (right) lateral induction capability for the 5P link. (B) Patterns
produced by topologies with “lateral antagonism” strategy (1P-2P-4N-10N) under the mutant
conditions of decreased (left) and increased (right) lateral inhibition capability for the 10N
link. The top two most-frequent patterns along with corresponding ratios of 1,000 runs of
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simulation are shown. Simulation was modeled with “Combined AND & Additive” rule.
(TIF)

S1 Table. Q values of topologies for different S2 with the “AND” rule.
(DOCX)

S2 Table. Q values of topologies for different S2 with the “Combined AND & Additive”
rule.
(DOCX)

$3 Table. Q values of top topologies for different S2 with the “AND” rule.
(DOCX)

S4 Table. Q values of top topologies for different S2 with the “Combined AND & Additive”
rule.
(DOCX)

S5 Table. Q values of topologies for different ratios of diffusible to membrane-bound inter-
cellular regulation for S2 = 0.
(DOCX)

S6 Table. Q values of topologies for different ratios of diffusible to membrane-bound inter-
cellular regulation for S2 = 0.01.
(DOCX)

S7 Table. Q values of topologies for different ratios of diffusible to membrane-bound inter-
cellular regulation for S2 = 0.1.
(DOCX)

$8 Table. Q values of topologies for different ratios of diffusible to membrane-bound inter-
cellular regulation for S2 = 0.5.
(DOCX)

S9 Table. Q values of top topologies with different AC signal levels with “AND” rule.
(DOCX)

$10 Table. Q values of top topologies with different AC signal levels with “Combined AND
& Additive” rule.
(DOCX)

S11 Table. Topologies with frequencies of expected error patterns under simulated mutant
AC signaling with “AND” rule.
(DOCX)

$12 Table. Topologies with frequencies of expected error patterns under simulated mutant
AC signaling with “Combined AND & Additive” rule.
(DOCX)

S1 Text. The constraint of parameter sets for 1P-2P-3N to function using a morphogen gra-
dient strategy.
(DOCX)
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