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Comparative analyses of developmental processes across a broad spectrum of
organisms are required to fully understand the mechanisms responsible for the major
evolutionary transitions among eukaryotic photosynthetic lineages (defined here as
the polyphyletic algae and the monophyletic land plants). The concepts of dynamical
patterning modules (DPMs) and biogeneric materials provide a framework for studying
developmental processes in the context of such comparative analyses. In the context
of multicellularity, DPMs are defined as sets of conserved gene products and molecular
networks, in conjunction with the physical morphogenetic and patterning processes
they mobilize. A biogeneric material is defined as mesoscale matter with predictable
morphogenetic capabilities that arise from complex cellular conglomerates. Using these
concepts, we outline some of the main events and transitions in plant evolution, and
describe the DPMs and biogeneric properties associated with and responsible for these
transitions. We identify four primary DPMs that played critical roles in the evolution of
multicellularity (i.e., the DPMs responsible for cell-to-cell adhesion, identifying the future
cell wall, cell differentiation, and cell polarity). Three important conclusions emerge from a
broad phyletic comparison: (1) DPMs have been achieved in different ways, even within
the same clade (e.g., phycoplastic cell division in the Chlorophyta and phragmoplastic
cell division in the Streptophyta), (2) DPMs had their origins in the co-option of molecular
species present in the unicellular ancestors of multicellular plants, and (3) symplastic
transport mediated by intercellular connections, particularly plasmodesmata, was critical
for the evolution of complex multicellularity in plants.

Keywords: plant evolution, plasmodesmata, algal evolution, convergent evolution, dynamical patterning modules

INTRODUCTION

The goal of this paper is to review the evolution of the multicellularity plant body plan within the
conceptual framework of dynamic patterning modules (DPMs; Newman and Bhat, 2009; Newman
etal,, 2009; Newman, 2011), which provides a means of integrating physical and molecular-genetic
aspects of developmental mechanisms. We have reviewed this topic previously (Hernandez-
Hernandez et al., 2012; Niklas and Newman, 2013; Niklas, 2014). However, our focus here is on
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the DPMs involved in the establishment of body plan polarity
and cell-tissue differentiation. As in our previous treatments
of the topic, a broad comparative approach is adopted here
because multicellularity has evolved multiple times among the
various eukaryotic photosynthetic lineages (Figure 1). The exact
number of times it has evolved in large part depends on how
multicellularity is defined. If multicellularity is regarded as any
transient or permanent aggregation of cells, it is estimated to
have evolved independently at least 25 times (Grosberg and
Strathmann, 2007). If more rigorous criteria are applied, as for
example the requirement for intercellular communication and
cooperation, multicellularity has evolved multiple times in the
Actinobacteria, Myxobacteria, and Cyanobacteria, at least three
times in the fungi (chytrids, ascomycetes, and basidiomycetes),
six times among the polyphyletic algae (twice each in the red,
brown, and green algae), but only once in the Animalia (Niklas
and Newman, 2013; Niklas, 2014).

Regardless of how multicellularity is defined or how
many times it evolved, the repeated independent evolution
of multicellularity evokes many important but as yet
unresolved questions. For example, are the developmental
and morphological motifs involved in the transformation of
unicellular organisms into multicellular ones adaptations to
the exigencies of life, the result of weak selection pressures,
or the predictable consequences of physico-genetic laws and
processes? Do sets of “master genes” for multicellularity exist
among most or all eukaryotic clades? Indeed, given its ubiquity
among pro- and eukaryotic lineages, has multicellularity truly

land plants
prasinophytes

charophytes

red algae
chlorophytes

diatoms ciliates

dinoflagellates
brown algae 9

all multicellular
some multicellular
some colonial
mostly unicellular
all unicellular

00000

FIGURE 1 | The occurrence of multicellularity shown on a highly redacted and
unrooted phylogenetic diagram of the major groups of photosynthetic
eukaryotes. Although some groups are entirely unicellular or multicellular (e.g.,
prasinophytes and the land plants, respectively), most contain a mixture of
body plans such as the unicellular and colonial body plans (e.g., diatoms), or a
mixture of the unicellular, colonial, and multicellular body plans (e.g., brown
algae). In general, early-divergent persistent lineages are dominated by
unicellular species (e.g., prasinophytes in the green algal clade), whereas
later-divergent lineages contain a mixture of body plans (e.g., chlorophytes
and charophytes). Species-rich, late-divergent persistent lineages tend to be
exclusively multicellular (e.g., the land plants and metazoans).

evolved independently among so many kinds of bacteria, fungi,
algae, land plants, and animals, given the fact that all eukaryotes
ultimately shared a last common ancestor?

The application of the framework of DPMs is particularly
useful to address this last question because similar if not identical
phenotypes can be achieved by the developmental mobilization
of very dissimilar molecular systems or processes and because
natural selection acts at the level of the phenotype and not at
the level of the mechanisms that give rise to it. This dictum
has been formalized by Newman and Bhat (2009), Newman
et al. (2009), and Newman (2011) who have conceptualized
the development and evolution of multicellular animals in the
framework of DPMs each of which involves one or more
sets of shared gene networks, their products, and the physical
processes that relate to various types of matter. The importance
of many of the physical processes involved in DPMs such
as adhesion, cohesion, diffusion, activator-inhibitor dynamics,
and viscoelasticity have long been recognized as important
in development. Moreover, experimental research continues to
demonstrate that the mechanical environment experienced by
individual cells, tissues, and organs can alter gene expression
patterns and thus cell fate specification (e.g., Swift et al., 2013).

Considering development and its evolution in terms of the
DPM framework highlights the fact that the morphological
motifs that are produced by physical processes evoked
by specific molecules and pathways constitute a “pattern
language” for configuring the basic body plans of multicellular
animals and plants (Newman and Bhat, 2009; Newman
et al., 2009; Herndndez-Herndndez et al., 2012; Niklas, 2014).
These processes include mechanical forces resulting from the
geometrical arrangements of mesoscale materials, irreversibility,
the properties of network topologies and organization, and
symmetry breaking. Importantly, many of the physical processes
associated with DPMs are “generic” in that they are causally
similar to the physical processes affecting the behavior of
inorganic materials (Niklas, 1992; Niklas and Spatz, 2012). This
congruence between the animate and inanimate world facilitated
the rapid evolution of stereotypical generic morphologies once
multicellularity was achieved in phyletically different groups of
organisms, because there is ample evidence that some DPMs
originated by means of the co-option of genes or gene regulatory
networks (GRNs) present in ancestral unicellular organisms
(Newman and Bhat, 2009; Newman et al., 2009).

Numerous examples of analogous DPMs operating across
a broad spectrum of eukaryotic organisms can be given
because of the many fundamental similarities existing among
all eukaryotic cells (Wayne, 2009). For example, molecular
pathways for the control of cell shape and polarity that
evolved in unicellular organisms were mobilized by the
novel protein Wnt in multicellular animals to mediate, via
respective DPMs, lumen formation, and tissue elongation via
convergent extension (reviewed in Newman, 2016b). Likewise,
all eukaryotic cells have the capacity to produce extracellular
(ergastic) polysaccharides and structural glycoproteins capable
of self-assembly to create extracellular matrices containing
interpenetrating polymeric networks of hydroxyproline-rich
glycoproteins, e.g., collagen in animals and the extensin

Frontiers in Plant Science | www.frontiersin.org

July 2018 | Volume 9 | Article 871


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Benitez et al.

Dynamical Patterning Modules and Plant Evolution

superfamily in numerous algal lineages and in the embryophytes
(Ferris et al., 2001; Stanley et al., 2005) (Figure 2). These proteins
manifest marked peptide periodicity, can form flexible rod-like
molecules with repeat motifs (dominated by hydroxyproline)
in helical configurations with arabinosyl/galactosyl side
chains. This “superfamily” of intercellular adhesives operates
among many unicellular organisms in gamete-to-gamete
self-recognition and adhesion and the adhesion of cells to a
substratum. It is very likely, therefore, that these “ancestral”
adhesive capacities were co-opted to provide the cell-to-cell
adhesives operating in many multicellular organisms, just as
a wide array of microtubule-associated proteins in the algae,
embryophytes, fungi, and metazoans (Gardiner, 2013) mediate
related cell reshaping mechanisms utilized by DPMs in all these
groups.

It is clear, however, that some of the DPMs operating in
animals do not function in the various groups of algae, the land
plants, and most fungi because of substantive differences among
these lineages and clades (Meyerowitz, 2002; Newman and
Niklas, 2018). Consider, for example, that the cells of animals are
typically individually deformable and that during development
they are free to move past one another in ways that permit
differential adhesion, cortical tension, and other processes that
permit the autonomous sorting and assembly of different tissues.
In contrast, most plant and fungal cells possess a rigid cell wall
that is firmly bound to the cell walls of adjoining cells. Likewise,
plant signaling molecules acting as transcriptional modulators
and determinants of tissue and cell fate can act intercellularly
as well as intracellularly (see Cui et al., 2007; Urbanus et al.,
2010; Garrett et al., 2012). This capacity, which is rare albeit
not unknown in animal systems (Prochiantz, 2011), blurs the
functional distinction of the GRNs affecting multi- versus single-
cell differentiation.

Further, plant cell polarity involves the participation of PIN
and PANI proteins in auxin polar and lateral transport and
the regulation of metabolic fluxes by means of plasmodesmata.
In contrast, animal cell polarity involves the participation of

ADH
Lineage Intercellular Adhesives D D
Cyanobacteria  glycoproteins, lipopolysaccahrides
) . , Adhesion
Fungi glycoprotein-—based “glues”
Rhodophytes sulfated galactan polymers
Phaeophytes B—p—mannuronic and a—i—guluronic acid polymers
Chlorophytes hydroxyproline-rich glycoproteins
Embryophytes ~ Ca —rhamnogalacturonic—dominated pectins
Metazoa type—1 transmembrane cadherin proteins
FIGURE 2 | The different adhesives utilized by the cell-to-cell adhesive (ADH)
dynamic patterning module among some of the major multicellular lineages.

integrin, cadherin, and PAR or CDC42 proteins (Geldner,
2009; Dettmer and Friml, 2011; Zhang et al., 2012). Further,
cell, tissue, and organ polarity within the multicellular plant
body is maintained by a complex phytohormone transport
system that involves the differential and sometimes transient
positioning of auxin transporters proteins (Dettmer and Friml,
2011; Zhang et al,, 2012), the establishment of mechanical
heterogeneities within the apoplastic infrastructure (Kutschera
and Niklas, 2007; Geldner, 2009; Peaucelle et al., 2015; Galletti
et al., 2016; Majda et al., 2017), and the regulation of metabolic
fluxes by means of plasmodesmata. Although analogies can
be drawn between the establishment and maintenance of
cellular and tissue polar domains in animals and plants, the
mechanisms by which polarity is achieved are very different.
For example, tight junctions between the apical and basolateral
plasma membrane domains in animal epithelial cells provide
barriers preventing the intramembrane diffusion of proteins
and other macromolecules (Shin et al., 2006), whereas in
plants a variety of phenolic compounds are used to maintain
tissue polarity domains (Alassimone et al., 2010). As a final
example of the differences between DPMs among the eukaryotic
lineages, consider the manner in which cell wall materials are
delivered and deposited during cell division. The mechanics
of this developmental process differs substantively among the
desmids and among different filamentous ascomycetes (Hall
et al, 2008; Seiler and Justa-Schuch, 2010). It even differs
within the monophyletic Chlorobionta, i.e., phycoplastic cell
division in the Chlorophyta and phragmoplastic cell division
in the Streptophyta (see Graham et al., 2009; Niklas, 2014)
(Figure 3).

Focusing on the distinctive physico-genetic morphogenetic
modalities of plants, Hernandez-Hernandez et al. (2012)
identified six DPMs involved in critical embryophyte
developmental processes. These DPMs are (1) the production of
intercellular adhesives (ADH), (2) the manner in which the future
cell wall is formed and oriented (FCW), (3) the establishment
of intercellular communication and spatial-dependent patterns
of differentiation (DIF), (4) the establishment of axial and
lateral polarity (POL), (5) the formation of lateral appendages
or “buds” (BUD), and (6) the formation of lateral, leaf-like
structures (LLS). Hernandez-Hernandez et al. (2012) discussed
all six of these DPMs with an emphasis on the first four (i.e.,
ADH, FCW, DIE, and POL), because cell division, cell-to-
cell adhesion, intercellular communication, and polarity are
essential for achieving simple multicellularity across all clades
and because these four DPMs operate in a pairwise manner
in many multicellular algae and fungi as well as in the land
plants (Figure 4). Here, we emphasize DIF and POL because
these are essential for achieving complex multicellularity
(define here as “the condition in which some cells are not in
direct contact with the external environment”), and present
new evidence that the evolution of plasmodesmata played
a critical role in the evolution of cell, tissue, and organ
differentiation and polarity. We also identify the characteristic
molecules and molecular networks, and when possible, the
physical processes they mobilize for each of the four key
modules.
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FIGURE 4 | Paired dynamic patterning modules (indicated by arrows) that
ECWC participate in the evolution of multicellularity. The acquisition of each of these
modules is required for the evolution of multicellularity. These modules operate
in pairs for organisms with cell walls because cell-to-cell adhesion is related to
the location of a new cell wall and because intercellular communication
operates in tandem with cell polarity. ADH, the capacity for cell-to-cell

FIGURE 3 | Schematic of the land plant phragmoplast (A,B: longitudinal and
transverse views, respectively). AAC, apical actin cluster; AC, actin cable;
AAEP, actin/ABPA endocytoic patches; CC, condensed chromatin; CW, cell
wall; EE, endocytotic elements; FCWC, future cell wall components; GA, Golgi
apparatus; ML, middle lamella; MT, microtubule; PH, phragmoplast; PM,
plasma membrane; SE, post-Golgi sorting endosome; TGN, trans-Golgi
network; VC, vesicle cluster.

BIOGENERIC MATERIALS AND
DYNAMICAL PATTERNING MODULES
(DPMs)

Before proceeding to an exploration of the empirical evidence
for the concepts that will be pursued, it is important to establish
clear definitions for what is meant by biogeneric materials and
DPMs, particularly since these concepts may not be familiar to
some researchers and because clarity in definitions is essential for
clarity in thinking.

Like all matter, living matter manifests inherent
morphogenetic properties, and characteristic morphological
motifs that are in part expressions of inviolable physical laws
and principles (Newman, 2017; see also Niklas and Spatz, 2012;
Niklas, 2017). This idea is familiar to those who study the physical

adhesion. DIF, the establishment of intercellular communication and cellular
differentiation, FCW, the future cell wall module (establishes the location and
orientation of the new cell wall), POL, the capacity for polar (preferential)
intercellular transport. (Adapted from Hernandez-Hernandez et al., 2012.)

sciences as is the notion that the operation of physical laws and
principles is sensitive to scale (Niklas, 1994). On the macroscale,
phenomena such as large-scale climate and oceanic systems
generate fluidic patterns of various but discrete and recognizable
morphologies. On the microscale, atoms and small molecules
can be arranged and rearranged to form discrete molecules with
well-defined chemical and physical properties. Living matter
operates at an intermediate or mesoscale. Non-living mesoscale
materials are familiar as solids, which can be amorphous of
crystalline, and liquids, which can form vortices and waves.
Living matter exhibits many of these generic physical properties
(Green and Batterman, 2017).

Although all living cells have mesoscale properties in common
(e.g., their cell membranes and cytoplasm are rheologically
similar), we focus here exclusively on multicellular matter. For
example, all tissues behave as viscoelastic materials (i.e., they
behave as a combination of a liquid and a solid). However,
the extent to which a material manifests viscoelasticity depends
on the presence and quantity of its rigid components (Niklas,
1989, 1992). With few exceptions (e.g., bone and cartilage),
most animal tissues are highly viscoelastic owing to an absence
of rigid cell walls. In contrast, all plant and fungal tissues
behave as deformable cellular solids because of the presence
of rigid cell wall solids (e.g., cellulose and chitin) (Niklas,
1989, 1992). Animal, plant, and fungal tissues have shared
generic properties, but they differ in the degree to which
they respond to physical stresses. Thus, the subunits - cells -
of animal tissues can be independently mobile and rearrange
with respect to one another, particularly during development,
when the tissues are more liquid-like than they are in the
mature organism, whereas, with the exception of intrusive
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growth, plant and fungal cells do not typically change their
neighbors.

The generic physical properties of living matter lend
predictability to the forms it can assume during development.
Like non-living liquids, liquid crystals, and mixtures thereof,
developing animal tissues can form immiscible layers, interior
spaces, and undergo elongation (Forgacs and Newman, 2005).
Like non-living deformable solids (undergoing, for example,
accretion or melting), developing plant and fungal tissues can bud
or branch (Fleury, 1999; Niklas and Spatz, 2012).

The liquid vs. solid nature of living tissues does not arise from
the same subunit-subunit interactions that endow non-living
materials with these properties. Instead of Brownian motion and
the electronic weak attractive interactions among the molecular
subunits of non-biological liquids, the cells in animal tissues
move non-randomly by cytoskeletally generated forces and
remain cohesive despite their translocation via transmembrane
homophilic attachment proteins. In plant and fungal tissues,
instead of the charge-based or covalent bonds of the atomic
or molecular subunits of non-biological solids, the cells are
cemented together by Ca?*-rhamnogalacturonanic-rich pectins,
or members of the extensin superfamily of hydroxyproline-rich
glycoproteins (Cannon et al., 2008; Lamport et al., 2011). For
these and other reasons, the various viscoelastic and deformable
solid materials that constitute living tissues have been termed
“biogeneric” matter, in recognition of the predictability of
their morphogenetic behavior and outcomes afforded by their
generic properties, and the fact that these generic properties are
dependent on evolved biological, rather than purely physical,
effects (Newman, 2016a).

Another set of biogeneric properties that characterize living
tissues, superimposed upon their identity as predominantly
viscoelastic or non-deformable solid materials, is their
excitability, that is, the ability to store energy and release it upon
stimulation (Levine and Ben-Jacob, 2004; Sinha and Sridhar,
2015). Mechanically, chemically, and electrically excitable
materials are not unknown in the non-living world (exemplified
by loaded mousetraps, forest fires, and tunnel diodes) but they
are uncommon. Multicellular systems are inevitably excitable,
because their cellular subunits are biochemically, mechanically,
and electrically active, the storage and controlled utilization of
energy is intrinsic to all life (Lund, 1947).

During the development of multicellular organisms,
communication among the cellular subunits can induce the
spatiotemporal mobilization of mechanical, chemical, and
electrical energy, leading to cellular pattern formation and
morphogenesis. In animal embryos and organ primordia, this
communication is generally short-range via extracellularly
diffusible morphogens. However, mechanical and electrical fields
can achieve nearly instantaneous long-range communication. In
developing and remodeling plants and fungi, communication
can be both intra- and intercellular and short and long-range.
Like the biogeneric rheological and solid-state properties of
animal, plant, and fungal tissues, the phenomena of excitability
give rise to predictable morphological motifs - repetitive or
fractal arrangements of ridges, appendages, venation patterns
and cell types.

Dynamical patterning modules, defined above, are intrinsic
to this “physico-genetic” account of the origin and evolution
of multicellular life-forms (Newman, 2012). The DPM concept
recognizes that the physical forces that shape tissues cannot
be considered independently of the actual materials (cell
collectivities and their molecules) that they act on. The activity
of DPMs can be regulated in a given multicellular material
(e.g., that characterizing the phylum to which a species
belongs), leading to developmental transitions and phenotypic
differences between members of a phylum. Insofar as the
materials have biogeneric properties (as is the case with animal
tissues, and to a large extent with plant and fungal tissues),
specific DPMs will promote morphological outcomes familiar
from the physics of non-living matter. In other cases, DPMs
will mobilize physical forces to produce outcomes peculiar
to varieties of living matter. Without exception, however,
physics and genetics act together to effect morphological
development.

The following sections will update earlier descriptions of
DPMs in plant systems (Herndndez-Hernandez et al, 2012;
Benitez and Hejatko, 2013; Niklas and Newman, 2013; Niklas
et al., 2013; Niklas, 2014; Mora Van Cauwelaert et al., 2015) and
attempt to assign evolutionary roles to them.

EVOLUTIONARY TRANSITIONS IN
EUKARYOTIC PHOTOSYNTHETIC
LINEAGES

The fossil record and contemporary molecular phylogenetic
analyses indicate that the three major algal clades in which
multicellularity evolved (i.e., the Streptopiles, Rhodophytes, and
Chlorobionta) had independent evolutionary origins because
of primary and secondary endosymbiotic events (reviewed by
Kutschera and Niklas, 2005, 2008). Consequently, these three
clades in tandem with the evolution of the land plants (from a
green algal ancestor) can be viewed as independent “evolutionary
experiments” that provide an opportunity to examine how the
four DPMs (i.e., ADH, FCW, DIE and POL) participated in
achieving multicellularity in each case.

The significance of the four DPMs becomes apparent
when they are placed in the context of a morphospace that
identifies the major plant body plans and when their placement
is juxtaposed with a series of phenotypic transformations
predicted by multilevel selection theory for the evolutionary
appearance of multicellularity regardless of the clade under
consideration (Niklas, 2014). Following McGhee (1999), we
define a morphospace as a depiction of all theoretically possible
structural phenotypes within a specific group of organisms. The
depiction is constructed using orthogonal axes, each of which
represents a phenotypic character that has one or more character
states, e.g., cellular aggregation: yes or no. The intersection of
two or more such axes specifies a hypothetical or real phenotype
defined by the variables or processes the participating and
intersecting axes specify.

Niklas (2000, 2014) constructed such a morphospace for
all photosynthetic eukaryotes using four characters, each of
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which has two character states in the form of a question,
ie, (1) are cytokinesis and karyokinesis synchronous?; (2)
do cells remain attached after cellular division?; (3) is
symplastic or some other form of intercellular communication
established and maintain among adjoining cells?; and (4) do
individual cells continue to grow indefinitely in size? This
simple morphospace identifies four plant body plans that can
be either uninucleate or multinucleate, i.e., the unicellular,
siphonous/coenocytic, colonial, and multicellular body plan
(Figure 5). The different tissue constructs of the multicellular
plant body can be identified also by adding a fifth axis that
specifies the orientation of cell division with respect to the
body axis. With the addition of this axis, three tissue constructs
are identified, i.e., the unbranched filament (when cell division
is restricted to one plane of reference), the branched filament
and the pseudoparenchymatous tissue construct (when cell
division occurs in two planes of reference and when branched
filaments interweave, respectively), and the parenchymatous
tissue construct (when cell division occurs in three planes of cell
division).

Karyokinesis and Cytokinesis
Synchronous
Yes No
5 5
| o9 “e | |3
o @) @ z| £
5 ® L) <
N 3 . 9
= s gl 2 . @ - o
£ |ol|8§ QY |5 (A g X
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[

FIGURE 5 | A morphospace for the four major plant body plans shown in
bold (unicellular, siphonous/coenocytic, colonial, and multicellular) resulting
from the intersection of five developmental processes: (1) whether cytokinesis
and karyokinesis are synchronous, (2) whether cells remain aggregated after
they divide, (3) whether symplastic continuity or some other form of
intercellular communication is maintained among neighboring cells, and (4)
whether individual cells continue to grow indefinitely in size. Note that the
siphonous/coenocytic body plan may evolve from a unicellular or a
multicellular progenitor. The lower panels deal with the plane of cell division
(depicted by small cubes and arrows shown to the right) to yield unbranched
and branched filaments, pseudoparenchyma, and parenchyma (found in the
plants) and the localization of cellular division. The operation of the four DPMs
reviewed in the article is summarized in Figure 7. (Adapted from Niklas, 2000,
2014).

The primary literature dealing with the algae (e.g., Graham
et al., 2009) reveals that all four plant body plans (as well
as the three tissue constructs) have evolved multiple times
in the Stramenopiles, Rhodophytes, and Chlorobionta. This
convergence reveals the evolutionary significance of the four
DPMs that are the focus of our review, i.e., FCW, ADH, DIF, and
POL (Figure 4). Specifically, ADH is required for the colonial
and multicellular body plans; FCW is involved in whether
cyto- and karyokinesis are synchronous and whether the tissue
construction of a multicellular plant is filamentous (unbranched
or branched) or parenchymatous, although how the FCW is
determined remains problematic, even for the well studied land
plants (Schaefer et al., 2017); and DIF and POL are required for
intercellular cooperation and cellular specialization.

These four DPMs also help to identify evolutionary trends
in the establishment of multicellularity predicted by multilevel
selection theory (Folse and Roughgarden, 2010; Niklas and
Newman, 2013; Niklas, 2014). This theory recognizes the
unicellular organism as the ancestral state in each of the
multicellular lineages or clades, and it identifies the colonial body
plan as transitional to the multicellular body plan. Therefore,
when multilevel selection theory is applied to the evolution
of multicellularity, it identifies a “unicellular => colonial =>
multicellular” body plan transformation series (regardless of the
type of organism) in which the participation of ADH, FCW, DIF,
and POL are collectively required to establish and maintain a
colonial body plan and to subsequently coordinate and specify
the intercellular activities within an integrated multicellular body
plan whose complexity exceeds simple dyatic interactions among
conjoined cells, tissues, and organs.

The transformation series among the different genera
and species of the volvocine algal lineage is consistent with
the aforementioned multilevel selection theorys predicted
unicellular => colonial => multicellular transformation
series (Bonner, 2000; Kirk, 2005; Herron and Michod, 2008;
Niklas, 2014). The ancestral volvocine body plan undoubtedly
possessed a unicellular organism that was morphologically and
physiologically like Chlamydomonas. The transformation of
this unicellular organism into a colonial organism is posited to
have involved the modification of the ancestral cell wall into an
extracellular adhesive matrix seen in the Tetrabaenaceae =>
Goniaceae => Volvocaceae transformation series (Kirk, 2005;
see also Graham et al., 2009), which is consistent with what is
known about the biochemistry of this ergastic material (Sumper
and Hallmann, 1998). Subsequent evolutionary modifications
exemplified by a hypothetical Goniaceae => Volvocaceae
transformation series are predicted to have produced life-forms
ranging from simple colonial aggregates (e.g., Tetrabaena
socialis) to more colonies with asymmetric cell division, to
multicellular organisms with a germ-soma division of labor
(e.g., Volvox carteri) (Kirk, 2005; Herron and Michod, 2008).
It is worth noting that in the case of multicellular volvocine
algae, the cytoplasmic bridges that interconnect each cell
to its neighbors have multiple functionalities. These bridges
participate in the mechanics of a unique form of kinesin-driven
inversion, and they provide avenues for the metabolic transport
of nutrients to developing reproductive structures, called gonidia
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(Hoops et al,, 2000). In this sense, these bridges are analogous to
land plant plasmodesmata, although their apertures are much
wider than those of the latter (~200 nm in diameter; Green
et al.,, 1981). Curiously, in some volvocines, these bridges are
developmentally severed and thereby provide an interesting
example of a multicellular-to-colonial transformation series.

DPMs AND BIOGENERIC PROPERTIES
INVOLVED IN PLANT DEVELOPMENT
AND EVOLUTIONARY TRANSITIONS

As noted previously, we proposed a set of DPMs associated
with key plant developmental events and specified some of
the physical and molecular components of these modules
(Hernandez-Hernandez et al., 2012). After reviewing the phyletic
distribution of the molecular elements of the DPMs, we
hypothesized that these modules originated from the co-option
of cell-molecular mechanisms related to single-cell functions
in the unicellular ancestors of the major algal clades and
the land plant lineages that mobilized, in the multicellular
context, novel physical processes. One of our central conclusions
is that once development is set into operation, much of it
becomes self-organizing due to the mobilization of DPMs and
biogeneric properties. This view contrasts with the hypothesis
that land plant diversification resulted mainly from the expansion
of particular gene families (e.g., Vergara-Silva et al., 2000;
Zazimalové et al., 2010). Certainly, while these molecules are
central for plant development and, most probably also for
plant evolution, we argued that the notion that diversification
of certain gene families or molecular classes can be the main
cause of morphological evolution is insufficient. Additionally,
we suggested that the combination of different DPMs at
different places and developmental stages may help understand
the generation of the basic features of the multicellular plant
body plan. We argued further that plant development has
evolved into processes that occur in a physical medium that
is dynamic over large scales, utilizing inherently multicellular
systems of multifunctional hormones/morphogens/transcription
factors that are unrestricted by cell boundaries in many of their
functions. Under such conditions, the origin and mechanisms
behind plant extraordinary plasticity becomes less enigmatic
(Hernandez-Hernéndez et al., 2012).

The Spatially Dependent Differentiation
(DIF) DPM and its Role in the Evolution of

Multicellular Plants and Vascularization

As groups of cells adhered to each other, some physical
constraints were imposed on the transport of nutrients and
signaling molecules. Multicellular aggregates eventually evolved
a division of labor (Niklas, 2000; Kirk, 2005; Knoll, 2011)
that required cell fate specification mechanisms (Niklas et al.,
2014), and the ability of cells to coordinate their metabolism,
patterns of cell growth, and the activity of molecular networks.
In almost every multicellular aggregate two possible mechanisms
for the exchange of nutrients and signaling molecules exist:

indirect and direct transport (Beaumont, 2009). The first
case requires some cells to secrete nutrients to the external
environment and other cells to take them up (Beaumont, 2009).
In contrast, for direct cell-to-cell transport, the presence of
transmembrane connections is required (Niklas, 2000; Knoll,
2011). During the course of evolution, intercellular connections
evolved independently in multicellular lineages to respond to the
biophysical challenges that multicellularity imposed (Figure 6).
For example, animals have gap junctions, whereas the cells of
plants and fungi, respectively, developed plasmodesmata and
septa pores, respectively (Bloemendal and Kiick, 2013). Here,
we discuss the role of plasmodesmata-mediated transport in the
coordination of cell type specification during plant development
and how this could have been a prerequisite for the transitions
from unicellular to multicellular (and from non-vascular to
vascular) plants. We will also briefly review the phylogenetic data
concerning the evolution of plasmodesmatal structure.

Given that plant cells are surrounded by a rigid cell
wall, they rely on the transport of signaling molecules for
the establishment of cell type patterns. As we discussed in
previous work (Hernandez-Hernandez et al., 2012), the spatially
dependent differentiation (DIF) DPM is composed of the
plant intercellular channels, called plasmodesmata, and the
biogeneric properties they mobilize, viz., passive diffusion,
lateral inhibition, and reaction-diffusion. Plants manifest a
precise spatiotemporal control on the aperture (also called
permeability) of plasmodesmata channels and can control the
direction of plasmodesmata-mediated fluxes to create molecular
concentration gradients (Sager and Lee, 2014). Using different
techniques, Christensen et al. (2009) detected unidirectional
transport of fluorescent probes from the basal epidermal
cells into the apical cells of trichomes in the leaves of
tobacco, Nicotiana tabacum. The probes were observed to
move freely among trichome cells in both directions, but they
were prevented from migrating in the opposite direction into
subtending cells. Although the authors did not conclusively
prove that this unidirectional flow depends on the aperture
of plasmodesmata channels, they found that treatments with
sodium azide, a metabolic inhibitor that alters plasmodesmata
permeability, could reverse the direction of unidirectional flow
from epidermal to trichome cells. A unidirectional transport
of the photoconvertible dye Dendra2 was also observed in
Physcomitrella patens (Kitagawa and Fujita, 2013), which indicted
that this phenomenology is likely very ancient and thus of wide
occurrence among the land plants. With the help of a controlled
intercellular transport, plants can then modulate diffusion of
signaling molecules in specific ways to generate or at least
modulate patterns of cell type specification.

At the same time, the regulation of plasmodesmata
permeability can generate morphogen gradients. Plasmodesmata
aperture is regulated by the deposition and degradation of callose
within the cell walls through which plasmodesmata pass (De
Storme and Geelen, 2014). The turnover of callose is achieved
by the participation of several families of proteins among
which the GLUCAN SYNTHASE LIKE (GSL) proteins and
B-glucanases, respectively, synthesize and degrade callose (Ruan
et al., 2004; Guseman et al., 2010; De Storme and Geelen, 2014).

Frontiers in Plant Science | www.frontiersin.org

July 2018 | Volume 9 | Article 871


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Benitez et al.

Dynamical Patterning Modules and Plant Evolution

membrane.

A B
middle
lamella
adhesion
"""" proteins
C D
|1 | | .: ;
tight junction hydrophilic €°""eXONs
proteins channel

FIGURE 6 | Schematics of the diversity of intercellular communication among adjoining (A) land plant and (B-D) animal cells. Each of these cell-to-cell linkages
participates in the establishment of cell polarity as well as physiological communication among adjoining cells. Thus, each represents an analogous evolutionary
innovation for two of the essential features of multicellularity. (A) Plasmodesma. (B) Desmosome. (C) Tight junctions. (D) Gap junctions. AP, attachment plaque
(plakoglobins); CSF, cytoskeletal filaments (keratin); CW, cell wall; DTP, desmotubular proteins; ER, endoplasmic reticulum; ICS, intercellular space; PM, plasma

Further, genetic and chemical experiments have correlated the
amount of callose at plasmodesmatal sites with the genetic
expression of GSLs and P-glucanases, and the intercellular
migration of molecules in several plant systems (Ruan et al,
2004; Guseman et al.,, 2010; Vatén et al., 2011; Benitez-Alfonso
et al., 2013; Han et al,, 2014). For example, in hypocotyls of
Arabidopsis seedlings, it was demonstrated that the reduced
callose deposition at plasmodesmata, resulting from an inducible
knock down mutation of the GLUCAN SYNTHASE LIKE 8
(GSL8) gene, had an enhanced diffusion of auxin (Han et al,
2014). Consequently, the loss of asymmetric auxin distribution
prevented the differential cell elongation between the shaded
and illuminated parts of the hypocotyl that is required for the
phototropic response (Han et al., 2014). Based on these and other
observations, Han et al. (2014) concluded that plasmodesmata
closure is necessary to prevent auxin diffusion in Arabidopsis and
to generate concentration gradients. In a similar way, it has been
proposed that the main mechanism to establish auxin gradients
in mosses such as P. patens is through plasmodesmata-mediated
transport (Brunkard and Zambryski, 2017). Therefore, it seems
likely that the regulation of plasmodesmata permeability has
been key for land plants to establish concentration gradients
of morphogens that coordinate developmental dynamics.

However, it is important to note that neither plasmodesmata
nor multicellularity are required to achieve morphological
complexity. This is evident from siphonous (coenocytic) algae
such as the marine green alga Caulerpa. A recent intracellular
transcriptomic atlas of this organism reveals that the acropetal
transcript distribution conforms roughly to a transcription-to-
translation pattern without the presence of internal cell walls
(Ranjan et al., 2015; see also Menzel, 1996).

Cell type specification that depends on the intercellular
transport of transcription factors is also accompanied by
the closure of plasmodesmata to actuate a lateral inhibition
mechanism. For example, the chor mutant of Arabidopsis, which
encodes a putative GSL8 protein, results in a significant increase
in the number of stomatal lineage cells (Guseman et al., 2010).
Further, in the epidermal cells of leaves, the expression of the
SPEECHLESS (SPCH) transcription factor, which specifies the
initiation of the stomatal lineage, is restricted to the meristemoid
mother cells of stomata after asymmetric division (Pillitteri and
Dong, 2013). The gsI8 mutant has a lower amount of callose
deposition resulting in the leakage of SPCH between epidermal
cells that, in turn, results in abnormal stomata clusters (Guseman
et al,, 2010). By preventing the intercellular migration of SPCH,
plasmodesmata inhibit the cells surrounding meristemoids to
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differentiate into the stomata lineage and thus regulate the
spacing of stomata in the epidermis of leaves. This demonstrates
that the plasmodesmata aperture is necessary for the specification
of cell identities by virtue of regulating lateral inhibition.

The non-cellular autonomous signaling mediated by
symplasmic transport is a key mechanism to establish patterns
of cell specification required for the development of vascular
tissues. For example, in the root of Arabidopsis the transcription
factor SHORT ROOT (SHR) moves from the stele into the cells
within the quiescent center and the endodermis where it turns
on the production of miRNA165/6 (Carlsbecker et al., 2010).
The miRNA165/6 then moves back to the stele where it degrades
the homeodomain leucine zipper PHABULOSA (PHB), which
is necessary for the radial patterning of the xylem tissue and the
pericycle (Carlsbecker et al., 2010). Mutations of the CALLOSE
SYNTHASE GLUCAN LIKE 3/GLUCAN SYNTHASE LIKE 12
(CALS3/GSL12) gene, which the product of degrades callose,
results in an increased callose deposition (Vatén et al., 2011). In
these mutants, the signal of pPSHR:SHR:GFP in the endodermis
relative to that of the stele is decreased when compared with
the wild type. This observation is consistent with the hypothesis
that callose deposition prevents symplasmic transport (Vatén
et al,, 2011). Because of the downregulated symplastic transport,
protoxylem cell identity was disrupted and metaxylem cells were
ectopically expressed in the location of protoxylem cells (Vatén
et al., 2011). In this manner, it is possible that plasmodesmata-
mediated transport may have also driven the development of
specialized cells and tissues by means of the spatiotemporal
differential transport of nutrients.

Finally, it has become increasingly clear that the manner in
which plasmodesmata are distributed within the multicellular
plant body compartmentalizes this body into symplastic domains
that can take on different functionalities by virtue of either
sequestering aspects of metabolic activity, as for example during
the dormancy of terminal tree buds (Tylewicz et al, 2018)
or facilitating specific avenues of symplastic translocation, as
for example the movement of mRNA within the phloem
(Xoconostle-Cazares et al., 1999). When seen in this manner, the
multicellular plant body plan is actually a continuous symplast
incompletely partitioned by a continuous apoplast created by an
infrastructure of perforated cell walls (Niklas and Kaplan, 1991).

Indeed, all the available evidence demonstrates the importance
of plasmodesmata-mediated transport for plant development
(Sager and Lee, 2014). Plasmodesmata seem to have appeared
independently several times in the plant kingdom. Intercellular
connections very similar to the plasmodesmata of land plants
have been found in the multicellular species of the green, red,
and brown algae (e.g., Cook et al., 1997, 1999; Raven, 1997).
As in the case of the land plants, the plasmodesmata of the
green alga Bulbochaete hiloensis are modulated during ontogeny
in a manner that differentially limits intercellular transport and
separates cellular domains into different functional identities
(Fraser and Gunning, 1969; Kwiatkowska, 1999).

Some features of plasmodesmata seem to have evolved after
the Chlorophyte-Streptophyte divergence. For example, there
is some evidence that the encapsulation of the endoplasmic
reticulum (ER) within the plasmodesmatal channel is unique to

the land plants. A close examination of plasmodesmata structure
in the charophycean alga Chara zeylanica and in three putative
early divergent bryophytes (the liverwort Monoclea gottschei,
the hornwort Notothylas orbicularis, and the moss Sphagnum
fimbriatum) reveals that in contrast to C. zeylanica, all three
bryophytes have encased ER (Cook et al., 1997). The ER lumen
serves as another pathway for intercellular transport making
plasmodesmata transport more complex (Guenoune-Gelbart
et al., 2008). The more complex plasmodesmata with internal
ER of the land plants are present in some green algae, such
as Uronema and Aphanochaete (Chlorophyceae) (Floyd et al,
1971; Stewart et al.,, 1973), and in some Laminariales brown
algae (Marchant, 1976; Sideman and Scheirer, 1977). However,
the movement of molecules through the lumen or the ER of
these plasmodesmata has not been yet demonstrated for these
algae. Based on these observations, it is reasonable to conclude
that plasmodesmata lacking encased ER evolved first and that the
encapsulation of ER is an evolutionarily derived feature that was
present in the green algal ancestor of the land plants, well before
bryophytes diverged (Lucas et al., 1993; Cook et al., 1997).

Given that the land plants are more complex than their algal
ancestors because of the presence of specialized cell types and
tissues for nutrient transport, we speculate that the increased
complexity of multicellular plants is associated with the evolution
of structurally complex encapsulated-ER plasmodesmata. This
speculation emerges in part from a consideration of the
limitations imposed by passive diffusion on the transport of
metabolites and by the necessity of bypassing these limits
as multicellularity resulted in larger and larger life-forms.
Specifically, manipulation of Fick’s second law of passive diffusion
shows that the time it takes for the concentration of a non-
electrolyte j initially absent from a cell’s interior to reach one-half
the concentration of j in the external ambient medium (denoted
as to s — to) is given by the formula

\%4 co — Cj)t \%
e L @9 ge0s Vo
APJ' (co — Cj)t0‘5 APj

fo.s
where V and A are the volume and the surface area of
the cell, respectively, P; is the permeability coefficient of j
(a constant for any particular non-electrolyte), the expression (c,
- ¢j)to is the initial difference between the external and internal
concentrations of j at time zero, and the expression (¢, - ¢j)to.5
is the difference between the external and internal concentrations
when the internal concentration of j reaches one-half that of the
ambient medium (Niklas and Spatz, 2012). This formula shows
that the time required for passive diffusion to provide essential
metabolites to a cell increases in direct proportion to the volume
of a cell. Beyond a certain surface area-to-volume limit, passive
diffusion must be replaced by bulk flow, which is impossible
within a unicellular non-aquatic organism. Consequently, the
evolution of complex multicellularity requires intercellular bulk
flow that necessitates some form of intercellular “porosity,” e.g.,
phloem sieve plates. Likewise, intercellular transport systems
require cell-type specialization, which has been shown to be
positively correlated with genotypic and proteomic “complexity”
(e.g., Niklas et al., 2014, 2018; Yruela et al., 2017).
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Molecules that regulate plasmodesmata aperture and structure
may have performed different functions in the ancestors of
land plants. As previously noted, callose turnover is the main
contributor to the regulating of plasmodesmata permeability.
Although callose is widespread in the plant kingdom, its turnover
regulated by plasmodesmata aperture has only been observed in
the land plants (Scherp et al., 2001; Schuette et al., 2009). Thus,
understanding the functionalities of plasmodesmata-localized
proteins implicated in callose turnover could help elucidate
the evolution of plasmodesmata structure and plasmodesmata-
dependent transport. For example, glycosyl hydrolase 17
(GHL17) belongs to another family of proteins involved in
callose degradation (Gaudioso-Pedraza and Benitez-Alfonso,
2014). A phylogenetic study using the sequences of GHL17 of
fungi, algae, bryophytes, Arabidopsis, and monocots identifies a
land plant specific clade characterized by plasmodesmata GHL17
localization (Gaudioso-Pedraza and Benitez-Alfonso, 2014). In
contrast, the fungal and algal selected sequences appear to have
diverged earlier than the land plant sequences, suggesting a
more ancestral GHL17 origin (Gaudioso-Pedraza and Benitez-
Alfonso, 2014). Other callose regulation proteins, such as the
callose synthase (CalS) family, have been duplicated during
the diversification of land plants (Drabkova and Honys, 2017).
Together, these findings indicate that plasmodesmata-localized
proteins were already present in the land plant ancestor but that
they played different roles.

As a consequence of plasmodesmata transport, plants can
utilize the biogeneric properties of DPMs such as diffusion
and lateral inhibition to specify cell identity and develop
vascular tissues specialized in transporting nutrients over long
distances. Without this capacity, plants would have not been
able to generate the complex multicellular organisms that we
know and that have become the major life form on earth.
Despite the importance of plasmodesmata-mediated transport
for plant development and diversification, little is known about
their evolution. The reasons for this stem in part from the
fact that plasmodesmata have structural characteristics that
differ among different kinds of tissues as well as among the
different plant lineages, and from the fact that the complete
disruption of plant tissues is still challenging (Faulkner and
Maule, 2011; Brunkard and Zambryski, 2017). However, some
molecules that may be generically involved in the formation
of plasmodesmata are now being postulated, as for example
certain reticulons (Brunkard and Zambryski, 2017). It is likely
that the advent of new methodologies that allow us to identify
new plasmodesmata proteins will help elucidate the regulatory
properties of plasmodesmata as well as the origins of these
molecules and the genes encoding them in organisms that lack
or that have less complex plasmodesmata.

MOLECULAR REGULATORY NETWORKS
(MRNs): CO-OPTION, DRIFT AND PLANT
EVOLUTIONARY TRANSITIONS

The notion of GRNs, recently referred to as molecular
regulatory networks to include other types of molecules,

has allowed the fruitful exploration of the collective effect
of genes and gene products in organismal development,
although several other phenomena have been recently identified
that call for a re-evaluation or update of current network
modeling formalisms (e.g., the role of intrinsically disordered
proteins in gene regulation, Niklas et al, 2015, 2018).
Molecular regulatory networks integrate a set of nodes that
can stand for genes, proteins, different types of RNA or
other molecules, and a set of edges that correspond to the
regulatory interactions among the elements represented by
nodes. Multiple studies have aimed to study the dynamics
of such networks, not only in plants, but also in animals,
fungi and bacteria, mostly to test the idea that the steady
states (attractors) of molecular regulatory networks correspond
to specific cell types or cellular states (Kauffman, 1969;
Thomas, 1991; Albert and Othmer, 2003; Alvarez-Buylla et al,,
2007)

The picture emerging from theoretical and empirical
studies is that molecular regulatory network steady states may
indeed correspond to cell types or metabolic states, and that
such different attractors can be present even in unicellular
organisms that alternate between different phases or states
in their life cycle (Quifiones-Valles et al., 2014; Mora Van
Cauwelaert et al., 2015). However, the temporal coexistence of
different cell types can only occur in multicellular organisms.
Multiple studies have suggested that the molecular regulatory
networks that underlie the specification of different cell-types
in extant multicellular organisms may have been co-opted
from multistable molecular regulatory networks, i.e., networks
leading to more than one steady state, that were already
present in their unicellular ancestors (Newman and Bhat,
2009; Mora Van Cauwelaert et al,, 2015; Sebé-Pedros et al,
2017). Indeed, mathematical and computational models
have been used to perform proof-of-principle simulations
that illustrate how single cells with multistable molecular
regulatory networks can aggregate and couple via diverse
communication mechanisms, giving rise to stereotypic and
robust arrangements of cells with different identities (Furusawa
and Kaneko, 2002; Mora Van Cauwelaert et al., 2015). This is a
powerful idea, since this scenario requires no massive or abrupt
genetic changes to explain one of the most major evolutionary
transitions (Newman and Bhat, 2008, 2009; Niklas and Newman,
2013).

We have argued that some of the basic features of animal
and plant body plans may have been generated by the cooption
and differential spatiotemporal combination of DPMs (Newman
and Bhat, 2008, 2009; Hernandez-Hernandez et al., 2012; Niklas
and Newman, 2013; Niklas, 2014). However, DPMs are associated
with molecules that are part of evolving regulatory networks such
that DPM-related molecules and their regulatory interactions can
change. As these networks evolve, DPMs may become canalized
(sensu Waddington), this is, the patterns and shapes that
were initially generated by generic physico-chemical processes
mobilized by a few molecules can become somehow stabilized
by the evolution of continuously more robust and intricate
regulatory networks (Salazar-Ciudad et al, 2001). Molecular
network evolution may also follow a trajectory characterized by
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developmental system drift (DSD) (True and Haag, 2001), which
suggests that genetic networks associated with phenotypes are
both flexible and robust, and that differences between regulatory
networks in related species arise by elimination or recruitment of
new elements, erasing in this way traceable signals of common
ancestry at the genetic level. DSD thus suggests that development
of homologous traits in related species may not be mediated by
homologous genetic factors (Miiller and Newman, 1999; Rokas,
2006; Tsong et al., 2006; Kiontke et al., 2007; Nahmad and Lander,
2011; Sommer, 2012; Shbailat and Abouheif, 2013; Stolfi et al.,
2014; Arias Del Angel et al., 2017). The mechanisms triggering
divergence in the regulatory networks in DSD can involve both
cis- and trans-regulatory changes, and the degree of change can
vary from one system to another (Sommer, 2012; Stolfi et al,
2014).

We will now return to the DIF DPM example to illustrate some
of these ideas.

All multicellular lineages with cellulosic cell walls appear to
have evolved structures analogous to plasmodesmata. Indeed,
as noted plasmodesmata evolved independently in different
eukaryotic photosynthetic lineages and the molecules associated
to their evolutionary origin are still unclear (Brunkard and
Zambryski, 2017). However, some of the molecules that passively
move through plasmodesmata and that are involved in the
DIF DPM may have been co-opted from widely conserved
molecular regulatory networks, some of which may predate plant
multicellularity.

The case of auxin was briefly mentioned above. Indeed,
currently available evidence shows that auxin biosynthesis was
already present in the unicellular ancestors of multicellular
eukaryotes (Beilby, 2016; Khasin et al., 2017; Ishizaki, 2017; Kato
et al., 2017; among many other lines of evidence). However,
this is not the case for the auxin transporters that have been
identified and thoroughly studied in angiosperm model systems.
It has thus been suggested that auxin initially moved only
through plasmodesmata in a passive manner, contributing to
multicellular organization through the formation of gradients
and concentration patterns that could account for differential
cellular behaviors and identities in vascular land plants, some
algae, and bryophytes. If true, auxin transport seems to have
been canalized and greatly potentialized by the evolution of
complex molecular networks associated with its biosynthesis
and transport. So much so, that in plants like Arabidopsis
auxin local concentration is highly regulated and participates
in diverse developmental processes and events under specific
spatiotemporal conditions. Moreover, such tight regulation of
auxin transport has enabled cellular and organ polarization,
and has likely contributed to other evolutionary transitions,
such as that to vascular plants. It also seems to be the
case that extant networks associated with auxin biosynthesis
and transport differ in particular elements and interactions,
suggesting that the mechanisms of canalization have differed
among plants or that some degree of developmental systems drift
has occurred.

With regard to the DIF DPM, the role of molecular regulatory
network cooption and further canalization is illustrated by the
MYB-bHLH-WD40 protein complex. These plant proteins are

involved in complex networks that act in different plant organs
and developmental stages, enabling the determination of diverse
cell types, such as stomata, pavement cells, trichomes, and
trichoblasts (Ramsay and Glover, 2005; Benitez et al., 2011; Torii,
2012; Horst et al., 2015; Breuninger et al., 2016). A central feature
of this complex is that some of its components may move to
neighboring cells through plasmodesmata, which gives rise to the
coupling of otherwise intracellular networks and, concomitantly,
the emergence of stereotypic cellular arrangements. Indeed,
it is by the intercellular transport and mutual regulation of
MYB, bHLH, and WD40 proteins that some of the well-known
patterns of spaced-out stomata, trichomes, and aligned root
hairs arise during plant development (Benitez et al, 2011;
Torii, 2012; Horst et al, 2015). Interestingly, although the
molecular regulatory networks in which these proteins take
part seem to have come together in land plants, their key
components appear to predate plant multicellularity (Ramsay
and Glover, 2005). Consequently, some of the major events
in the diversification of cellular types and functions have
involved the co-option of ancient molecules, the presence
of plasmodesmata, and the associated mobilization of certain
DPMs, even if the MYB-bHLH-WD40 complex has drifted into
regulatory systems that are currently species-or even organ-
dependent.

FINAL REMARKS

Based on our review of the available evidence, we reach the
following conclusions:

e Dynamical patterning modules, defined as sets of conserved
gene products and molecular networks in conjunction with
the physical morphogenetic and patterning processes they
mobilize, have played ubiquitous and central roles in the
evolution of multicellularity in the algae, land plants, fungi,
as they have been shown to in metazoans (schematized in
Figure 7).

e Four DPMs are critical in the context of multicellular
evolution of plants and fungi: the DPM for the orientation
of the future cell wall (FCW), the DPM for cell-to-cell
adhesion (ADH), the DPM for polarity (POL), and the
DPM for differentiation (DIF).

e Comparisons across the various fungal, algal, and land
plant lineages indicate that these four DPMs have recruited
different mechanisms and materials to achieve the same
ends. For example, the materials used to achieve cell-
to-cell adhesion differ dramatically among the various
multicellular algal lineages and the land plants.

e These differences in the materials recruited by the
various DPMs indicate that natural selection operates on
morphological phenotypes and not on the components and
mechanisms that produce them.

As exemplified in this study focusing on plant multicellularity,
the DPM concept provides a valuable framework to further
understand the processes behind multicellular development and
evolution and can give rise to clear propositions that can in
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FIGURE 7 | Serial schematic of the ways four DPMs have contributed to the evolution of complex multicellularity in the land plants (see also, Figure 5). (A) The
ancestral unicellular condition within the Streptophytes (the green algae and the land plants) with a flagellar apparatus and associated eyespot, nucleus, and parietal
chloroplast. (B) The future cell wall (FCM) module operates along the longitudinal cell axis in conjunction with the polarity (POL) module to specify the plane of cell
division (dashed lines). (C) The cell-to-cell adhesion (ADH) module establishes the colonial body plan (show here by two adjoining cells). (D) Symplastic continuity
between adjoining cells is established by means of plasmodesmata. (E) The POL module shifts the frame of reference for the FCW module (now orthogonal to the
cell longitudinal axis) to form an unbranched filament. (F) The differentiation (DIF) module is deployed for the evolution of specialized cells. (G) The POL module
operates to now specify a second plain of cell division to produce a branched filament. The role of the POL module in establishing a third plane of cell division (and
thus the development of parenchyma) is not shown here. e, eyespot; fl., flagellar apparatus; n, nucleus; chl, chloroplast.

L

\

turn be tested through comparative methods, mathematical
and computational modeling, and experimental modification
of parameters and biogeneric properties. However, the DPM
concept has not been fully integrated into the “standard model”
of contemporary evolutionary developmental biology. Typically,
“mechanism” is considered at the level of genes and gene
networks, while morphology is handled descriptively, with
adaptationist narratives where they pertain, and appeals to
pleiotropy and its consequences when they do not (Minelli,
2018). This perspective is unsatisfactory as an explanatory
framework for biological form in light of the unquestioned
role of physical mechanisms of morphogenesis across all
categories of multicellular (Forgacs and Newman, 2005; Niklas
and Newman, 2013; Newman and Niklas, 2018) and increased
recognition of the conservation of early-evolved architectural
motifs despite drift in molecular mechanisms (True and Haag,
2001).

Such homoplasy is even more pervasive in plant than in
animal systems, where, as we have described here and elsewhere,

there have been multiple routes to multicellularity rather than
the single, classical cadherin-based, one in the metazoans (Niklas
and Newman, 2013; Newman, 2016b). Moreover, the ability of
the cyanobacteria, the land plants, and the brown algae to form
plasmodesmata-like intercellular structures involves significantly
different GRNs, gene products, and developmental processes.
Yet, the result in each case is the same, i.e., intercellular adhesion,
communication, and polarity.

Whereas in animal systems GRNs and DPMs act relatively
independently of each other, with the former mainly specifying
cell type identity and latter patterns and arrangements of cells
(Newman et al., 2009), the molecular regulatory networks of
plants and fungi act in a more integrated fashion, comprising
both GRN- and DPM-type functions of metazoans. This is partly
because transcription factors move more freely between cells
in the non-metazoans. Moreover, since the physics embodied
in DPMs often leads to predicable morphological outcomes,
these modules have served as “simplification forces” in evolution,
acting as major instructive cues that channel development in both

Frontiers in Plant Science | www.frontiersin.org

July 2018 | Volume 9 | Article 871


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Benitez et al.

Dynamical Patterning Modules and Plant Evolution

animals and plants. In contrast to animal GRNs, however,
the mixed-nature plant molecular regulatory networks have
been “complexification forces” in plant and fungal evolution,
offering additional opportunities to use/modulate/bridge
DPMs to generate an enhanced spectrum of morphological
complexity.

The behaviors of developing tissues as excitable biogeneric
materials (liquids and liquid crystals in the case of animals,
deformable cellular solids in the case of plants), are inescapable,
as are the preferred morphological motifs generated by
characteristic DPMs of these materials, whatever their
molecular genetic underpinnings may be. Understanding these
inherent properties is essential to mechanistic explanations
of development and its transformations during the evolution
of multicellular organisms (Newman, 2017). A challenge for
future research is to determine how these modules recruit
and integrate the ancillary processes required to achieve the
morphological variety seen across the broad phylogenetic
spectrum of multicellular plants and fungi.
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