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Abstract
Development and evolution are dynamical processes under the continuous control of
organismic and environmental factors. Generic physical processes, associated with
biological materials and certain genes or molecules, provide a morphological template
for the evolution and development of organism forms. Generic dynamical behaviors,
associated with recurring network motifs, provide a temporal template for the regulation
and coordination of biological processes. The role of generic physical processes and
their associated molecules in development is the topic of the Dynamical Patterning
Module (DPM) framework. The role of generic dynamical behaviors in biological
regulation is studied via the identification of the associated Network Motifs (NM). We
propose a joint DPM-NM perspective on the emergence and regulation of
multicellularity focusing on a multicellular aggregative bacterium, Myxococcus xanthus.
Understanding M. xanthus development as a dynamical process embedded in a
physical substrate provides novel insights into the interaction between developmental
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regulatory networks and generic physical processes in the evolutionary transition to
multicellularity.
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1. Introduction
The transition from unicellular to multicellular life forms is one of the major evolutionary
events, independently occurring multiple times and among different lineages
(Maynard-Smith & Szathmáry, 1995; Grosberg & Strathmann, 2007; Bonner, 2016).
The repeated occurrence of multicellularity enables the comparative and integrative
study of potentially general molecular components, principles and mechanisms in
development (Bonner, 2000). Such comparative studies may involve whole genomes,
specific gene sequences, expression patterns and morphogenetic processes (e.g.
Nanjundiah et al., 2018; del Campo et al., 2014; Zhu et al., 2010). However, most of
these studies have focused on organisms that develop multicellular structures by
incomplete cell division (cells "staying together", mainly in plants and animals),
whereas aggregative organisms that exhibit another ubiquitous trajectory to
multicellularity (cells "coming together", as in some groups of fungi, bacteria and
cellular slime molds) have been less studied (Figure 1).

Studying the collective behaviors and patterning processes that occur in bacteria might
be particularly illuminating since they take place at the spatial scale at which
evolutionary transitions to multicellularity may have occurred. Such behaviors and
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patterns might be particularly evident in bacterial colonies, understood as discrete
clusters of conspecific cells, that develop into multicellular structures with differentiated
cells and stereotypic spatial arrangements (Bonner, 2000; Rivera-Yoshida et al., 2018).
Myxococcus xanthus is a delta-proteobacterium that enables the study of colonial
developmental

dynamics.

This

bacterium

develops

by

aggregation

into

three-dimensional multicellular structures, called fruiting bodies, when nutrient
availability in the medium is low. During its development, at least three different cell
fates are observed: peripheral cells, stress-resistant spores and cells undergoing
programmed cell death (Higgs et al., 2014). Due to its reproducible developmental
process, M. xanthus has been considered as a good model organism to investigate
multicellular development and the evolution of multicellularity (Yang & Higgs et al.,
2014; Arias Del Angel et al., 2017).

Both the regulatory network and the molecular mechanisms involved in M. xanthus
development have been extensively studied (Kroos, 2007; Escalante et al., 2012; Higgs
et al., 2014; Bretl & Kirby, 2016). The analysis of the structural and dynamical
properties of this network has contributed to the understanding of the mechanisms
underlying cell-fate determination in this bacterium (Arias Del Angel et al., 2018, 2019).
Furthermore, some studies have shown that M. xanthus development can be partially
explained by physical and chemical morphogenetic processes affecting living and
non-living matter, such as surface-tension-driven coarsening and substrate-mediated
interactions (Bahar et al., 2014; Rivera-Yoshida et al., 2019). This plethora of factors
and processes involved in M. xanthus aggregative development calls for integrative
approaches

that

consider

morphogenetic processes.

molecular

network

dynamics

in

association

with
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In this study, we make use of two important complementary frameworks, Dynamical
Patterning Modules (DPMs) (Newman & Bhat, 2008, 2009) and Network Motifs (NMs)

 evelopmental molecular regulatory network
(Alon, 2007), to analyze M. xanthus d
(MRN). We briefly review the main strengths and weaknesses of each framework
(section 2) before combining them into a DPM-NM approach that integrates the
physical aspects of morphogenetic processes, mediated by DPMs, with their correct
regulation and temporal coordination, mediated by NM dynamics. We use this

 evelopmental
integrated approach to dissect and analyze the dynamics of M. xanthus d
MRN (section 3), highlighting the tight synergy between the two frameworks. Finally,
we discuss the key points of our analysis, its importance for understanding
multicellularity, and its relevance for evolutionary-developmental (Evo-Devo) biology
(section 4).

Figure 1. Comparison of DPM theory and Systems Biology. Independently of its origin (clonal or
aggregative), multicellularity has emerged many times in the history of evolution. Two theories shed light
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on this Evo-Devo phenomenon: DPM theory (right) and Systems Biology (left). The two theories can be
integrated to shed a more complete picture of the transition to multicellularity across-scales.

2. DPMs and Systems Biology: two complementary theoretical approaches to
developmental molecular regulatory networks

2.1 DPM theory links genetic and physical morphogenetic processes
Stuart Newman and co-workers postulate the concept of “Dynamical Patterning
Modules” (DPMs). In line with early theories of development (Thompson, 1942; Turing,
1952), DMPs constitute a theoretical framework that couples the evolutionary,
developmental and morphogenetic role of specific molecules with the generic physical
and chemical processes acting on living matter (Newman & Bhat, 2008, 2009;
Hernández-Hernández et al., 2012) (Figure 1, right). DPMs are defined as sets of gene
products and other molecules in conjunction with the physical morphogenetic and
patterning processes they mobilize, in the context of multicellularity. The DPM
framework provides explanations to how cell clusters develop into the characteristic
morphologies of chemically and mechanically excitable mesoscopic materials (e.g.,
hollow, multilayered, elongated, segmented forms; Newman & Bhat, 2009). This
framework has been fruitfully used to study morphogenetic principles in animal and
plant

development

(Newman

&

Bhat,

2008,

2009;

Zhu

et

al.,

2010;

Hernández-Hernández et al., 2012; Benítez et al., 2018). Up until now, the DPM
framework has not been used to study the development of an aggregative multicellular
organism.

Newman

and

co-workers

employed

the

term

“module”

to

emphasize

the

semi-autonomous behavior of a DPM, but DPMs can still interact with each other,
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forming a large network and generating a complex “patterning code”. However, the
DPM framework overlooks the regulatory networks underlying each module and how
multiple modules can dynamically interact to achieve a given temporal coordination of
DPM activation. We argue that the concept of “Network Motifs” from systems biology
can shed further light on the dynamic properties of DPMs in terms of their intrinsic
nonlinear molecular dynamics.

2.2. Network Motifs links Molecular Regulatory Networks and generic dynamical
processes
Systems biology arose during the last century as an interdisciplinary field aiming to
understand, from a mathematical and theoretical perspective, the complexity of living
systems and, in particular, the molecular regulatory networks (MRNs). Systems biology
perceives complex cell functions as regulated nonlinear dynamical processes, not as
the product of a static mapping from genotypes to phenotypes (Monod & Jacob, 1961).
One of the key concepts of system biology is that of Network Motifs (Alon, 2007), which
helps to understand complex cell functions, such as the robust maintenance of periodic
cellular cycles (Hardin et al., 1990; Skotheim et al., 2008) and cellular decision making
(Xiong & Ferrell, 2003; MacArthur et al., 2009), in terms of simple and generic
feedforward and feedback motifs (Figure 1, left). These motifs provide a dictionary of
prototypical nonlinear dynamical behaviors (Milo et al., 2002) that are shared across
lineages. While the same motif can result in different biological functions in different
systems, its potential nonlinear dynamical behaviors are fully determined by its
topology. The concept of Network motifs has been successfully used to dissect and
understand developmental MRNs (see Davidson & Levin, 2005; Prill et al., 2005, for
representative examples). However, the morphogenetic aspect of development is often
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ignored in those works and a “network motif theory of morphogenesis” remains to be
consolidated.

Synthetic biology has been fundamental in testing and developing systems biology
principles, showing that generic molecular behaviors can be implemented by designing
the associated nonlinear dynamical behavior into network motifs (Elowitz & Leibler,
2000; Pomerening et al., 2003; Prochazka et al., 2017). Albeit the main focus of
classical systems and synthetic biology has been on a single-cell level (e.g. Del
Vecchio & Murray, 2015), recent studies have designed synthetic MRNs to temporally
and spatially regulate the expression of genes with a morphogenetic function and
generate desired multicellular structures (Toda et al., 2018; Glass & Riedel-Kruse,
2018). Interestingly, the resulting “morphogenetic toolboxes” resemble synthetic DPMs.
The success of these recent approaches further suggests a general synergy between
systems biology and DPM theory in understanding and designing developmental and
evolutionary processes.

3. Dissection of M. xanthus developmental MRN uncovers the key role of network
motifs for DPM coordination
Analogous to what has been done for plant and animal systems, we postulate a set of

 evelopment (Table 1). Taking the MRN associated with
DPMs involved in M. xanthus d
the multicellular development of this bacterium (Arias del Angel et al., 2018), we carry
out a functional classification of the network nodes based solely on their reported
biological role and assign them to the corresponding DPM (Table1, Figure 2 and
methods). Interestingly, when incorporating the functional classification to the
regulatory network we notice that the topology of each DPM is that of well known
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network motifs. Thus, we propose a new DPM structure, classifying its components into
three categories: (1) Patterning Nodes are those that have an experimentally annotated
developmental and/or morphogenetic function and thus determine the identity of the
DPM they belong to; (2) Motif Nodes are the ones that create dynamical motifs (in the
sense of Systems Biology) through their interactions with Patterning Nodes; and (3)
Coupling Nodes are those that connect two or more DPMs and coordinate their
dynamics.

We define one DPM as the subnetwork of associated Patterning and Motif Nodes. We
hereby list the identified nodes that compose each DPM in M. xanthus (section 3.1) and
analyze their temporal behaviors based on the network motifs that comprise each DPM
(section 3.2 and 3.3).
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Figure 2. M. xanthus developmental regulatory network and identified DPMs. The DPMs involved in
M. xanthus multicellular development are highlighted in different colors. Each DPM is composed by
Patterning Nodes (marked with the corresponding solid color) and Motif Nodes (marked with a red dashed
outline and highlighted in the corresponding color). Finally, Coupling Nodes (marked with a red dashed
outline) connect two or more DPMs and coordinate their dynamics. Note that Motif Nodes are also
Coupling Nodes in some instances. ADH: Adhesion DPM; DAD: Differential Adhesion DPM; MOR:
Morphogen DPM; ECM: Extracellular Matrix DPM; PCD: Programmed Cell Death DPM; DTW:
Developmental Time Window DPM; AMC: Active Movement Coordination DPM. Arrow heads mean
positive interactions (activation). Circles mean negative interactions (inhibition). Solid lines represent
experimentally annotated interactions. Dashed lines represent computationally predicted interactions.
(Developmental MRN taken from Arias del Angel et al., 2018)
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3.1 Identification of DPMs in M. xanthus: patterning, motif and coupling nodes

Adhesion (ADH) and Differential Adhesion (DAD). Adhesion (ADH) and differential
adhesion (DAD) are the first and best described DPMs, both in animal and plant
development (Newman & Bhat, 2009; Hernández-Hernández et al., 2012), given that
adhesion between neighboring cells is an essential property of multicellularity (Abedin
& King, 2008). We identified a single Patterning Node belonging to ADH and DAD,
CsgA, a polarized membrane protein that is involved in adhesion and intercellular
communication (Lobedanz & Søgaard-Andersen, 2003). Two Motif Nodes were
identified forming a direct (via RelA) and an indirect (via SocE) positive feedback loop
with CsgA (Arias Del Angel et al., 2018). This motif is also known as bistable or toggle
switch as it is the basic motif for bistability, the coexistence of two possible stable
equilibrium states corresponding to robust cell decisions (Ferrell & Machleder, 1998;
Gardner et al., 2000).

Morphogen (MOR). Diffusive molecules allow intercellular communication and affect
cell identity and/or behavior in a concentration dependent manner (Turing, 1952; Green
& Sharpe, 2015). Concentration gradients that emerge from passive or active
mechanisms determine the way in which diffusive molecules create ordered spatial
structures in multicellular organisms (“morphogenesis”, Turing, 1952). Two Patterning
Nodes from M. xanthus network were classified into this DPM: A-signal and Trypsin.
A-signal is a cell density signal, consisting of small diffusive peptides cleaved by the
protease Trypsin (Kuspa et al., 1992), that indicates when to start forming fruiting
bodies. The MOR Motif Nodes, AsgE, Nla6 and Nla28, (Arias Del Angel et al., 2018)
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form an indirect positive feedback loop with MOR Patterning Nodes, creating a toggle
switch and thus bistability and robust cell decision-making.

Extracellular Matrix (ECM). The extracellular matrix is a complex macromolecular
network that surrounds cell aggregates and forms part of their microenvironment. ECM
composition can drastically vary through time and between different aggregates,
determining their viscoelasticity and cohesivity. The ECM maintains cells together even
in the absence of direct cell adhesion and it can influence the shape, pattern, polarity
and behavior of multicellular structures (Daley et al., 2008; Theocharis et al., 2016;
Mouw et al., 2017). The Patterning Node for this DPM is the Exo locus, which contains
M. xanthus genes that export polysaccharides to the cell surface to coat the spores
within the fruiting body and allow them to stick to each other (Müller et al., 2012). We
did not identify any motif node for this Patterning Node, probably due to the lack of
experimental characterization of its transcription factors.

Programmed Cell Death (PCD). Programmed cell death is a fundamental biological
strategy of multicellular structures since it can change their mass, density and shape
without altering the identity of the remaining cells (Jacobson et al., 1997), as observed
in the formation of fingers and other extremities during morphogenesis (Jacobsen et al.,
1996; Milligan et al., 1995). It also allows the elimination of dysfunctional individuals
(e.g. cancerous cells) and ensures survival of the population (Jacobson et al., 1997).
This DPM was previously named APO, for apoptosis (Newman & Bhat, 2008, 2009),
but we rename it here to account for different cell death mechanisms. MazF is an
endonuclease that is implicated in programmed cell death during fruiting body
development of some M. xanthus strains (Nariya & Inouye, 2008). Thus, it is included
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as a PCD Patterning Node. As in the case of ECM, we were not able to identify any
Motif Nodes, nonetheless MazF itself is a Coupling Node between the MOR and DTW
DPMs (see below).

All the DPM types mentioned so far were previously identified as necessary for both
animal and plant development (Newman & Bhat 2008, 2009; Hernández-Hernández et
al., 2012). However, some fundamental genes of the M. xanthus developmental MRN
could not be framed in any existing DPM. Therefore, we define two new DPMs based

 TW) and
on their role during M. xanthus development: Developmental Time Window (D
Active Movement Coordination (AMC). Similar to the Oscillation (OSC) DPM (described
in Newman & Bhat, 2008), it is the temporal, more than the stationary, nature of these
DPMs that largely determines their functions.

Developmental Time Window (DTW). The function of this DPM is to temporally
regulate the onset of developmental processes. It is responsible for responding to
environmental cues in a timely fashion to create a specific time window during which
the other DPMs can be activated in a coordinated manner. This coordination initiates a
developmental morphogenetic process, thus affecting the final organization and
patterning of the resulting multicellular structure. In M. xanthus, this DPM responds to
the lack of nutrients in the environment by creating a developmental time window that is
critical for the formation of fruiting bodies with the proper morphology and spatial
organization. It has indeed been shown that knocking out various DTW Patterning
Nodes alters the onset of fruiting body formation after sensing the starvation signal,
affecting fruiting body size, spore number and viability, and the spatial pattern exhibited
by the fruiting body population (Escalante et al., 2012; Rivera-Yoshida et al., 2019). All
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the Patterning Nodes in this DPM are post-translational regulators of the transcription
factor MrpC2, which is involved in the cell fate decision-making during development
(Nariya & Inouye, 2006). MrpC2 is classified as a Motif Node since it forms two
well-known motifs that reflect the timing role of DTW: an incoherent feedforward loop
(IFF; Milo et al., 2002) and an excitable fast-positive/slow-negative feedback loop
(Izhikevich & FitzHugh, 2006; Tsai et al., 2008, Franci et al., 2018). The IFF motif
involves the input cascades from NUT (i.e. nutrient levels in the environment sensed by
the cells) to MkapA passing through PktD1 and PktD9, two parallel paths with an
overall opposite sign. The excitable fast-positive/slow-negative motif involves the nodes
in the feedback loop closed around Mrpc2 (the Motif Node). In the next section, we
describe in detail the coupled dynamics of these two motifs.

Active Movement Coordination (AMC). This DPM regulates and coordinates the
spatial direction of active motion of single cells. It can induce a periodic reversal in the
direction of motion by switching the polarity of the molecular motor in M. xanthus.
Instead of a morphogenetic gradient, it is the synchronization of this oscillatory
movement that determines the final spatial distribution of cells and, in turn, fruiting
bodies (Sager & Kaiser, 1994; Igoshin et al., 2004). When knocking out any of the
Patterning Nodes of this DPM (FrzCD, FrzE and FrzF), cells fail to synchronize their
periodic movement and to correctly form fruiting bodies (Igoshin et al., 2004). The three
Patterning Nodes in AMC, together with their Motif Node (FruA), form the same
fast-positive/slow-negative feedback loop observed in DTW. This motif can produce
sustained oscillations, which are responsible for alternation of movement behavior as
suggested by Igoshin et al., 2004 and as detailed in the next section.
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DPM

Molecular
component

Role in
M. xanthus development

Trypsin

Protein degradation and A-signal
biosynthesis

A-signal

Cell density sensing and intercellular
communication

CsgA

Short-range intercellular
communication (C-signal)

Multicellularity, cell
sorting and layering

Shimkets &
Rafiee,1990

MazF

mRNA interferase and programmed
cell death

Differential cell loss

Nariya & Inouye,
2008

Exo

Polysaccharides export and
biosynthesis of spore coat

Adhesion and
conglomerate
integrity

Müller et al., 2012

PktA2 (Pkn1)

Indirect post-translational regulation of
the transcription factor MrpC

Zhang et al., 1992

PktA4 (Pkn9)

Indirect post-translational regulation of
the transcription factor MrpC

Hanlon et al., 1997

PktC2 (Pkn8)

Indirect post-translational regulation of
the transcription factor MrpC

Nariya & Inouye,
2006

PknD1 (Pkn4)

Indirect post-translational regulation of
the transcription factor MrpC

PktD9 (Pkn2)

Indirect post-translational regulation of
the transcription factor MrpC

PskA5 (Pkn14)

Phosphorylation-dependent regulation
of MrpC

Nariya & Inouye,
2006

MkapA

Indirect post-translational regulation of
the transcription factor MrpC

Nariya & Inouye,
2005

MkapB

Indirect post-translational regulation of
the transcription factor MrpC

Nariya & Inouye,
2005

FrzF

Regulation of cellular movement
patterns

Igoshin et al., 2004

FrzCD

Regulation of cellular movement
patterns

FrzE

Regulation of cellular movement
patterns

Igoshin et al., 2004

AsgE

Energy metabolism

Garza et al., 2000

Nla6

Regulation of cell-fate determination

Giglio et al., 2015

Nla28

Signal transduction

Caberoy et al.,
2003

RelA

Trigger stringent response

SocE

Trigger cell growth

Crawford &
Shimkets, 2000

MazF

mRNA interferase and programmed
cell death

Nariya & Inouye,
2008

MrpC

Regulation of cell-fate determination

Ueki & Inouye,
2003

MOR

ADH

DAD

PCD

ECM

DTW

AMC

Motif Nodes

Evo-Devo role

Reference
Plamann et al.,
1992

Intercellular
communication

Control of
developmental
timing

Active movement,
aggregation and
migration

DPM
metadynamics

Kuspa et al., 1992

Nariya & Inouye,
2005
Udo et al., 1995

Igoshin et al., 2004

Singer & Kaiser,
1995
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Coupling Nodes

FruA

Regulation of cell-fate determination

Ogawa et al., 1996

DevTRS operon

Transcription of cell-fate specific genes

Thöny-Meyer et al.,
1993

Nla4

Signal transduction

Caberoy et al.,
2003

Nla18

Signal transduction

AsgAB

Regulation of A-signal transduction
and transcription

Müller et al., 2010

ActABCD

Regulation of C-signal transduction

Gronewold &
Kaiser, 2001

DPM coupling

Caberoy et al.,
2003

Table 1. DPM assignment to molecular components involved in M. xanthus multicellular
development. DPMs: morphogen (MOR) , adhesion (ADH), differential adhesion (DAD), programmed cell
death (PCD) , extracellular matrix (ECM), developmental time window (DTW), active movement
coordination (AMC), Motif Nodes and Coupling Nodes.

3.2 The rich dynamics of DPMs
Beside their semi-autonomous morphogenetic role, DPMs are embedded in complex
MRNs and participate in the rich dynamics of these networks. A key observation of our
dissection of the M. xanthus developmental MRN is that most DPMs possess a clear
network motif structure. The network motif structure of each DPM determines its
endogenous dynamical behavior, its dynamical response to exogenous inputs, and its
dynamical interaction with other DPMs. The function of a DPM is thus mainly
determined by its morphogenetic role, whereas its temporal behavior is mainly
determined by its motif structure. The three motifs we identified are: a bistable and
multistable switch (in ADH/DAD and MOR); a fast-positive/slow-negative feedback loop
(in DTW and AMC); and an incoherent feedforward loop (IFF) (in DTW). Except for the
latter, these motifs involve at least one Motif Node, i.e., a node without an annotated
morphogenetic function in the classical sense of the DPM theory. Motif Nodes, and
their connections to Patterning Nodes, are crucial to generate and maintain a robust
nonlinear DPM dynamical behavior. Removing these nodes would affect the functioning
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of the DPM by disrupting its endogenous and exogenous dynamical behavior inside the
network. (Figures 3 and 4). In this section we describe the dynamical behavior of each
identified network motif when disconnected from the rest of the MRN and under
parametric or topological perturbations.

Figure 3. Identified network motif dynamics. a) Bistable switch motif and dynamics. The positive
feedback mediated by mutual excitation underlies the binary (switch-like) response of this motif to
incoming inputs (light gray). The nullcline geometry explains this behavior in the x-y phase portrait (right),
where the unstable equilibrium is drawn as a white circle and the two stable equilibria as black circles. b)
Fast-positive, slow-negative feedback motif and its dynamics in the excitable regime. The fast positive
feedback underlies the switch-like response of this motif on short timescales. The long and thus slow
negative feedback transforms the fast switch-like behavior into a transient excitation that can be
understood as a slow adaptation around the fast bistable nullcline (right). c) Fast-positive, slow-negative
feedback motif and its dynamics in the oscillatory regime. In the presence of a constant excitation, or in the
absence of a constant inhibition, the excitable behavior of this motif is turned into a sustained oscillatory
behavior that can be understood as a periodic slow adaptation around the fast bistable nullcline (right).
Inputs are indicated in light gray. Nullclines in the right plots are indicated in dashed dark gray. In b) and c)
only the x-nullcline is drawn. In the motif network graphs (left) pointed arrows indicate excitation and
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rounded arrows inhibition. Units for x,y, and t are arbitrary. The variables x and y indicate the activity of the
respective nodes in the motif graph on the left.

In the ADH/DAD and MOR DPMs we identify multiple variations of a bistable or
multistable switch, a motif that is characterized by positive feedback (Figure 3a) arising
from either mutual excitation or mutual inhibition (known as “toggle switch”; see section
5.3 of Del Vecchio & Murray, 2015). Bistability engenders discrete-like transitions in
response to continuous inputs. In bistable systems, small inputs push the system
towards a low state, regardless of their exact magnitude, whereas large inputs push the
system towards a high state, regardless of their exact magnitude (Figure 3a, central
plot). Intermediate-sized inputs can either push the system toward a high or low state,
depending on the system’s state when the input is received, meaning that a bistable
switch has memory. Removing the positive feedback from a bistable switch, for
instance by eliminating or reducing mutual excitation, results in the system responding
linearly to incoming signals (Figure 4a). This linear response is insufficient to maintain
memory of the received inputs and to robustly broadcast them to the rest of the
network. Hence, it is not surprising that bistability is crucial for robust cell regulation and
decision making (Xiong & Ferrell, 2003; MacArthur et al., 2009). The positive feedback
loops present in the ADH/DAD DPM induce large, persistent, binary-like responses to
the incoming developmental signal (i.e. lack of nutrients in the medium), thus robustly

 evelopmental morphogenesis.
triggering M. xanthus d

In the DTW DPM we find two different motifs, an IFF loop that affects a
fast-positive/slow-negative feedback loop (Figure 2) as described in section 3.1. The
hallmark of the first motif, IFF loop, is a linear but transient response to incoming
inputs. In the DTW DPM we observe this as follows: upon nutrient depletion (NUT node
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off), the short path quickly turns on, leading to a transient activation of MkapA (node Y
in Figure 3b) that ends as soon as the long path turns off and inhibits MkapA. The
transient activation of MkapA acts as an input to the fast-positive/slow-negative
feedback loop, the second motif in this DPM (Figure 3b, light gray). The fast-positive
loop in this motif amplifies the transient excitation by generating a switch-like,
all-or-none, response (Figure 3b, right plot) of Mrpc2 (node X in Figure 3b). The
amplified nonlinear response is only transient due to the presence of the slow-negative
feedback loop, which brings Mrpc2 back to rest (Figure 3b, central plot). This behavior
is referred to as “excitability”, a key signaling mechanism in neural systems (Izhikevich,
2007) and possibly in MRNs (Süel et al., 2006; Tomlin & Axelrod, 2007). Removing the
fast-positive loop or making the slow-negative loop shorter, and therefore faster, turns
the excitable behavior of Mrpc2 into a linear response that is too weak to robustly
broadcast its input to the rest of the network (Figure 4b).

The AMC DPM exhibits the same qualitative topology as the fast-positive/slow-negative
loop in the DTW DPM (Figure 3c). However, the two DPMs differ in their inputs. Beside
the transient excitation mediated by the IFF loop, DTW is under constant inhibition
(through PktD9), whereas AMC does not receive any sustained inhibitory input. In the
absence of sustained inhibition, excitability turns into sustained, relaxation-like
oscillations (Izhikevich & FitzHugh, 2006) (Figure 3c). As opposed to the purely
inhibitory oscillator described in Igoshin et al. 2004, we speculate that the resulting
biochemical oscillator is of the relaxation type because it arises from interlinking a
fast-positive and slow-negative feedback. This type of oscillators is known for exhibiting
better robustness and tunability properties than purely negative feedback oscillators
(Tsai et al., 2008; Franci et al., 2017). Similar to the DTW DPM, removing the
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fast-positive loop or making the negative loop shorter (and faster) destroys the
sustained oscillatory behavior (Figure 4c). In this case, the function of the AMC DPM
would be completely compromised, as in previously suggested knockout conditions
(Igoshin et al., 2004).

Figure 4. Perturbed dynamics of the identified network motifs. a) Removing mutual excitation and
thus positive feedback abolishes the robust binary response shown in Figure 3a. b,c) Removing the fast
positive feedback or making the negative feedback shorter (and thus faster) abolishes the excitable (b) and
the sustained oscillatory (c) behaviors, shown in Figure 3b and 3c, respectively. Inputs are indicated in
light gray. Units for x,y, and t are arbitrary. The variables x and y indicate the activity of the respective
nodes in the motif graph on the left.

3.3 A dynamical network of DPMs
The Coupling Nodes we postulate interconnect two or more DPMs, thus generating
richer network dynamics and, eventually, richer morphogenetic outputs. Figure 5a
reproduces the collective dynamics of the DPM subnetwork, which includes DTW,
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AMC, and ADH/DAD (from Figure 2). The environmental input of this subnetwork
results from nutrient depletion (i.e. NUT node off) turning on the ADH/DAD bistable
switch and activates DTW’s excitable dynamics, as detailed in section 3.2. These initial
responses are transmitted to the DPM subnetwork, which results in Mrpc2 exciting
FruA, DevRST, and MazF; DevRST exciting PktA2 and FruA; and CsgA exciting FruA
(see methods for the equations and the Julia Notebook in the code section for details).
We analyze and simulate this subnetwork as it contains most of the nodes for which
dynamical developmental roles have been experimentally annotated and for which
genetic knockout experiments have been previously performed.

In detail, the simulated subnetwork dynamics are the following. Nutrient depletion
switches on CsgA and engages the transient activation of the DTW DPM, creating a
temporal window in which rich dynamical phenomena happen: (1) the oscillation of the
AMC DPM slowly turns off (thus turning off periodic cell movement reversal and
favoring aggregation) under the joint effect of DevRST and CsgA; (2) DevRST slowly
transitions from inactive to active, which could allow the system to transition back to the
vegetative state if nutrients are restored in this timespan or if other environmental
conditions change; (3) finally, the PCD DPM (node MazF) can permanently turn on or
not after the transient activation of the DTW DPM, depending on slight differences in its
basal expression levels (i.e. MazF expression levels in the absence of network
interactions). In a multicellular context, these small differences could be spatially
coordinated by intercellular communication (not modeled here). As opposed to other
modeling frameworks, such as boolean network models (Arias Del Angel et al., 2018),
here it is the continuous variation of biologically controlled parameters, and not the
MRN initial conditions, that determines the cell fate in a multi-attractor setting. We
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summarize this information in Figure 5b and push further the biological implication of
our analysis by speculating the response of the ECM DPM to the PCD DPM dynamical
behavior (spore formation vs. cell death). The PCD DPM indirectly inhibits the ECM
DPM via Nla6. In line with the biological role of these DPMs (section 3.1), activation of
the PCD DPM would disfavor activation of the ECM DPM and, in turn, inactivation of
the PCD DPM would favor activation of the ECM DPM. In other words, a cell that has
entered development can either commit to programmed cell death or become a spore.
Finally, our simplified continuous dynamical model further reproduces the effect of
PtkD9 knockout on accelerating the onset of the multicellular developmental process
(Escalante et al., 2012) (Supplementary Figure S1). Although explorative, the
described dynamical behavior suggests a plausible connection between DPMs’
nonlinear dynamics and the temporal coordination of developmental stages.

Although simplified, our model for the DPM subnetwork reproduces the following
experimental evidence. First, the transient activation of MrpC2, the transcription factor
and Motif Node of the DTW DPM (Lee et al., 2012). Second, the developmental
decision-making role of MazF, a key mediator of programmed cell death (Nariya &
Inouye, 2008) and the only node of the PCD DPM. Third, our model agrees with
previous modelling efforts that suggest a transition of FruA (belonging to the AMC
DPM) post-translational dynamical behavior from oscillatory to equilibrium (Igoshin et
al., 2004). The proposed numerical simulations are exploratory. Nonetheless, the
simulated dynamics of the three nodes MrpC2, MazF, FruA (for which experimental
data exist, see above) qualitatively fit the experimentally measured temporal variations
during development. The dynamics of the remaining nodes is speculative but
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suggestive of the following connection between DPM activation and developmental
stages (Figure 5 and legend for details).

Figure 5. Coupled DPM dynamics predict biologically relevant developmental transition from
vegetative state to either spore formation (ECM) or programmed cell death (PCD). a) Simulated
network structure (right) and temporal behavior of relevant nodes (left). In the simulated network structure,
the light gray “Nut Off” inputs are sketches of the time-varying inputs used to simulate the effect of nutrient
depletion on the stimulated nodes. The pulse-like left trace arises from the IFF path of the DTW DPM.
Units for time and simulated variables are arbitrary. b) Schematic of the simulated dynamical transitions
corresponding to the associated DPM behaviors and biological interpretation (time axis and intervals are
arbitrary and not on the same timescale as a)). When nutrients become scarce (the NUT node is switched
from high to low), the DTW DPM bursts an excitation and the DAD/ADH DPM switches on to promote cell
adhesion. This triggers a cascade of effects. The DevRST node gradually activates which induces a
gradual reduction in the AMC DPM oscillation amplitude. Eventually, AMC DPM oscillations disappear,
eliminating periodic cell movement reversal and favoring cell aggregation. In turn, depending on small
parameter differences, the PCD DPM can either switch on permanently or only transiently. In the first case,
the cell decides for its programmed death, not producing ECM proteins and becoming a spore via the ECM
DPM. In the second case, the cell avoids its programmed death and activates the ECM DPM to favor
spore formation.
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4. Discussion and outlook
In line with what has been previously proposed for plant and animal systems, we have
postulated a set of DPMs associated to the developmental behavior of M. xanthus,
which, as an aggregative multicellular microorganism, opens new avenues for wide
comparative analyses among multicellular lineages. In this study we identified and
analyzed a subset of DPMs that are common to most plants, animals and this
multicellular bacterium: Adhesion (ADH), Differential Adhesion (DAD), Morphogen
(MOR), Extracellular Matrix (ECM) and Programmed Cell Death (PCD, or APO in
previous work) (Benítez et al., 2018; Newman & Bhat, 2008, 2009). We also identified
two new DPMs that are important for multicellular development: Developmental Time
Window (DTW) and Active Movement Coordination (AMC). It is worth noting that in this
case, and in contrast to what has been previously done for plants and animals, the
DPMs have been inferred from a single model organism. Therefore, it would be
important to confirm the occurrence of these DPMs in other multicellular systems, such
as other eukaryotic aggregative organisms (e.g. dictyostelids), synthetic multicellular
aggregates, as well as animals and plants.

While the DPM framework is now well-established and has led to the detailed
characterization of specific and semi-autonomous DPMs (e.g. Zhu et al., 2010;
Hernández-Hernández et al., 2018), little is known about the dynamics of these
modules, how they propagate environmental signals, and how they connect to each
other in developmental processes. Besides characterizing the DPMs for aggregative
bacteria, one of the objectives of this work was to take Network Motifs tools and
concepts to explore the dynamics of the molecular elements associated with each DPM
and their connections. In turn, this would enable a much-needed connection between
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the molecular scale of systems biology and the organismic scale of morphogenetic
processes. This approach revealed that some of the dynamic motifs and mechanisms
that might, at least partially, underlie the robust behavior, dynamic abundance and
semi-autonomy of DPMs. For instance, the AMC DPM involving a relaxation-like
oscillator, interlinking fast-positive and slow-negative feedbacks, exhibits better
robustness and tunability properties than a purely negative feedback oscillator.

Our analysis leads to the classification of what we call Motif Nodes, underlying DPM
nonlinear dynamics, and Coupling Nodes, underlying DPM temporal coordination. Motif
Nodes allowed us to identify molecules that enable specific dynamical behaviors.
Variation in these nodes may underlie developmental qualitative variation of potential
evolutionary relevance, not because of an intrinsic property but because of their role as
part of complex motifs and DPMs. Similarly, variations in Coupling Nodes may underlie
significant developmental, and thus morphological, changes. Recent studies have
demonstrated that the topology of a network can result in different dynamical behaviors
depending on environmental conditions and network interaction strengths (Jimenez et

 017; Perez-Carrasco et al., 2018; Verd et al., 2019). In M. xanthus developmental
al., 2
MRN, Motif and Coupling Nodes have an important role in generating various DPM
dynamics that trigger and drive multicellular development after nutrient depletion. The
resulting dynamical behaviors are determined by the specific motif topology and can
vary depending on control inputs, parameters, and initial conditions. This controlled
variability in DPM dynamics supports the idea of diverse multicellular morphologies
developing and evolving through the dynamic interaction between multiple DPMs and
the environment.
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The functional classification of network nodes into Patterning, Motif and Coupling
Nodes may be particularly suitable to pursue broad comparative studies, in which
analyses that are solely based on the molecular or phylogenetic nature of the nodes
can be obscured by the evolutionary molecular drift (e.g. Arias Del Angel et al., 2017).
It is indeed the generic (physical and dynamical) properties of developmental MRNs’
constituents, rather than their genetic or molecular characterization, that might enable
novel and more robust Evo-Devo comparative studies. This idea is already present in
DPM theory but only regarding physical aspects of development and evolution, while
largely neglecting dynamical and purely temporal ones. Considering the two together,
as suggested by our work, reveals that physical and temporal aspects of development
are tightly intertwined at the transition to multicellularity. The fact that many DPMs, with
generic morphogenetic functions, are comprised by highly recurrent network motifs,
with generic dynamical behaviors, suggests that evolution is not only constrained by
the physical properties of the materials on which it acts upon, but also (and equally
important) by the possible dynamical behaviors that the emerging molecular networks
are likely to exhibit, as dictated by the topology of simple (and thus highly recurrent)
network motifs.

We conclude that the integration of the DPM framework and Network Motif theory can
lead to a more comprehensive understanding of the processes underlying multicellular
development and morphogenesis, gathering knowledge from molecular networks at
different scales (from single DPMs to the organismic level). In this case, our approach
allowed us to uncover some of the dynamic features behind the aggregative
development

of myxobacterial fruiting bodies, thus contributing to a better
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understanding of both the specific and common aspects of the different paths to
multicellularity.

Methods

DPM identification

 evelopmental MRN (taken from Arias del Angel et al., 2018)
Analysis of M. xanthus d
started with a more detailed functional classification of each component. The
classification was based only on their biological functions and the process they are
involved in. This information was extracted from the literature found for each node
(Table 1) and from the Gene Ontology database (Ashburner et al., 2000, The Gene
Ontology Consortium, 2019). Based solely on the initial functional classification, we
assigned the corresponding DPM to each node (Table 1). After this second
classification we incorporated the regulatory interactions and found that the nodes
belonging to the same DPM form a dynamic structure. Patterning Nodes group together
and form well-known network motifs with at least one Motif Node, these “groups” are
connected via Coupling Nodes (N.B. some nodes can be both Motif and Coupling
Nodes). Once we identified these DPM structures, we analyzed their temporal
behaviors through computational simulations.

Model equations and numerical simulations
The model equations are generic in the sense that they capture the generic properties
of MRN (sigmoidal activations, linear degradations, feedback loops) in simplified
equations that do not necessarily describe the biomolecular details. As such, they are
amenable to a mechanistic mathematical analysis, as provided in the text, without
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compromising the qualitative value of the predictions. These equations can be found in
supplementary information.

The parameters used for our simulations are based on experimental evidence reported
in the literature for the transient activation of MrpC2 (Lee et al., 2012) (DTW), the
decision-making role of MazF (Nariya & Inouye, 2009) (PCD), the knockout effect of
PtkD9 knockout (Escalante et al., 2012), and the oscillatory behavior of FruA and the
Frz genes (AMC) previously proposed (Igoshin et al., 2004).

We use our model to explore perturbations to the network motifs and to explore the
simplified DPM subnetwork, predicting dynamic coupled behaviors (on, off and
sustained or damped oscillations) for each DPM that replicate the relevant transitions
during M. xanthus multicellular development.

Code availability
The code and equations used to generate Figure 3 and 4 are available at
https://github.com/NeurAlessio/Myxo-DPM-SB/blob/master/TIM-MOV-SWI-lmcbIsolate
d.ipynb
The code used to generate Figure 5 is available at
https://github.com/NeurAlessio/Myxo-DPM-SB/blob/master/TIM-MOV-SWI.ipynb
The code used to generate Figure S1 is available at
https://github.com/NeurAlessio/Myxo-DPM-SB/blob/master/TIM-MOV-SWI-DeltaPktD9.i
pynb
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Supplementary material

Figures

Figure S1. Effect of PktD9 knockout in the coupled DPM network. In light grey is the temporal
behavior of relevant nodes (from Figure 5a). In dark grey is the predicted effect of knocking out each node,
 evelopment (Escalante
which replicates the experimentally effect on the accelerated onset of M. xanthus d
et al., 2012; Arias Del Angel et al., 2019). Tdev indicates development time in control conditions and TdevΔ
indicates development time in knock-out conditions.

Methods and model
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