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Abstract

In the context of animal or plant development, we tend to think of cells as small, simple, building
blocks, such that complex patterns or shapes can only be constructed from large numbers of cells,
with cells in different parts of the organism taking on different fates. However, cells themselves are
far from simple, and often take on complex shapes with a remarkable degree of intracellular
patterning. How do these patterns arise? As in embryogenesis, the development of structure inside
a cell can be broken down into a number of basic processes. For each part of the cell,
morphogenetic processes create internal structures such as organelles, which might correspond to
organs at the level of a whole organism. Given that mechanisms exist to generate parts, patterning
processes are required to ensure that the parts are distributed in the correct arrangement relative to
the rest of the cell. Such patterning processes make reference to global polarity axes, requiring
mechanisms for axiation which, in turn, require processes to break symmetry. These fundamental
processes of symmetry breaking, axiation, patterning, and morphogenesis, have been extensively
studied in developmental biology but less so at the sub-cellular level. This review will focus on
developmental processes that give eukaryotic cells their complex structures, with a focus on
cytoskeletal organization in free-living cells, ciliates in particular, in which these processes are
most readily apparent.

Cells have anatomy

When we first learn cell biology as children, the idea is often conveyed of the cell as a
watery bag of enzymes. But as one peers inside the cell, one immediately sees that the cell is
chock full of highly complex internal components, organelles and other structures [1,2].
These complex structures are not just floating around at random, instead they tend to have
defined positions within the cell. This is perhaps most dramatically illustrated in the ciliates,
an example of which is shown in Figure 1. Here, we see the giant single-celled ciliate
Stentor coeruleus [3]. This millimeter-long cell is covered with parallel rows of cilia and
microtubules, with a giant array of cilia known as a membranellar band at one end, and a
sticky holdfast at the other. These two structures define an anterior-posterior axis. As
illustrated in Figure 1A, every structure within the cell, including the macronucleus, the
contractile vacuole pore, and the oral pouch, have defined positions along this axis as well as
relative to a dorsal-ventral axis defined by the pattern of cortical stripes. The complexity
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extends down in scale to the organization of the cortical rows of cilia (Figure 1B). Each row
contains hundreds of basal bodies flanked by an orderly stack of microtubules. Below the
microtubule stack is a bundle of contractile fibers that the cell uses to bend and escape
predators. Going further down in scale, each of the cilia is nucleated by a basal body, also
known as a centriole, which is itself a complex structure consisting of nine microtubule
triplets organized around a central cartwheel. The immense complexity of just this one cell
looks nothing like a watery bag of enzymes, and while Stentor may be an extreme example,
it turns out that all cells have complex subcellular structure when looked at carefully. The
big question is where does this structure come from. In animal or plant development, we can
explain away complexity by claiming that it results from a huge number of cells each of
which is capable of switching into different states based on gene expression programs. This
is comforting because it lets us feel like we understand what is going on, since we know a
lot about transcriptional control. At the subcellular level, we are forced to deal with the
question of morphogenesis much more directly. We can break the question down into two
levels. First, we ask how the individual structures of the cell are themselves assembled.
Then, we can ask how the relative positions of these structures are determined. Answering
both of these questions would provide a mechanistic basis for a developmental biology of
single cells, but we are still far from that level of understanding.

From Physics to Shape

Although we often think about shape in terms of evolution and fitness, and say things like
form implies function, the fact remains that the shape of biological structures ultimately
must arise from physical forces.

A key physical principle underlying the shape of many cellular structures is energy
minimization. Consider membrane bound organelles such as the lysosome. The basic form
of a closed lipid bilayer comes from the fact that there is a strong energetic drive for the
hydrophobic tails of the phospholipids to self-associate, shielding them from the aqueous
phase. This same energetic condition means that holes in such a bilayer are not stable, so
that the boundary of an organelle will always be a smooth closed surface, a manifold.
However, the mere fact that the organelle is bounded by such a surface is not sufficient to
predict its shape. Other factors can affect the shape of the surface. First, the surface to
volume ratio determines the range of possible shapes. The minimal surface to volume ratio
object would be a sphere, but if the surface to volume ratio increases, the organelle can
explore a much wider range of shapes. Another factor that helps to sculpt the observed shape
of an organelle is that the curvature of the membrane can be influenced by both the lipids
and the proteins found embedded in it. For example, the endoplasmic reticulum contains
proteins that favor binding to curved membranes and therefore drive the system to form
tubules of defined radius [4]. One of the important threads in the field of differential
geometry is how local curvatures of surfaces affect the global shape of the surface, and
organelle shape seems to be an area ripe to apply such methods. The interplay between local
forces setting curvatures, and global forces such as surface tension, can lead to some quite
interesting and complex shapes, perhaps most notably the famous “parking garage”
configuration of membrane connections between ER sheets [5]. Finally, we note that active
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forces applied by the cytoskeleton can sculpt the shape of membrane bound organelles by
pulling out tethers or branches, turning a blob into a network [6].

The concept of energy minimization also underlies the recent explosion of interest in phase
separation, whereby protein and protein-RNA interactions cause molecules to partition into
highly concentrated droplets [7,8]. Such phase separation is a classical equilibrium behavior
of polymer solutions [9].

Energy minimization is, however, an equilibrium phenomenon. Most cellular processes
consume energy and are therefore non-equilibrium processes. One important difference
between equilibrium and non-equilibrium systems is that equilibrium systems follow the law
of detailed balance, which means that for any transition between states, the rate of the
transition is equal to the rate of the reverse transition (at equilibrium). By violating detailed
balance, non-equilibrium processes permit assembly to take place in a series of defined
steps, one after another, whereas in an equilibrium system everything tries to stick together
at once. Such sequential assembly thus allows for the assembly of much more complicated
structures. Furthermore, non-equilibrium processes are capable of creating organization in a
completely isotropic system, and so in some cases it may make more sense to refer to the
assembly process as one of self-organization rather than self-assembly [10]. The ability of
non-equilibrium systems to spontaneously break symmetry is a central theme in the complex
anatomy of cells. Microtubules combined with motor proteins can spontaneously organize
bipolar structures that resemble the arrangement of microtubules seen in mitotic spindles
[11,12]. When actin filaments are nucleated from beads, the initially radially symmetric
array of filaments spontaneously re-organizes into a linear “comet tail” that can drive motion
of the bead [13-15].

Self-assembling structures inside cells

Many of the complex structures found within cells consists of multi-protein assemblies.
Some of these are relatively simple, like virus capsids, in which a single type of protein self-
associates through a set of defined interfaces such that the proteins can only fit together to
yield a particular polyhedral shape. More complex, and less symmetric, examples include
larger protein machines of the Central Dogma, such as the ribosome, the spliceosome, and
the DNA replication machine. Perhaps the most classic example of such complex self-
assembly is the assembly of bacteriophage like T4, which was shown to take place via a
series of modular sub-assemblies which join together in a precise order [16,17]. We consider
such protein machines to be self assembling in the sense that the information required to
build them comes purely from intermolecular interactions, including protein-protein
interactions, protein-RNA interactions, and RNA folding interactions. The fact that a
structure assembles via self-assembly does not mean that the cell cannot control or regulate
the process. Indeed, the size, number, and even form of self-assembling structures can be
regulated by inputs from regulatory pathways that determine the rate and position of
nucleation, the rate of growth, subunit availability, and eventual disassembly.

One self assembling complex that plays a particular role in establishing complex cellular
patterning is the centriole. This structure, composed of a cylindrical array of nine triplet
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microtubules, also illustrates the complexity that can be created by self-assembly. At the
core of the developing centriole is a protein-based cartwheel structure whose main structural
element is the protein SAS6. Although SAS6 self-assembles into a ninefold symmetric
structure [18,19], this symmetry turns out not to be required for the ninefold symmetry of
the centriole itself. Elegant protein engineering studies, in which SAS6 is modified to self-
assemble into structures of eight or ten fold symmetry, have found that the same constructs
still yield centrioles with nine-fold symmetry when expressed in vivo, suggesting that the
origin of the ninefold symmetry may lie in other parts of the centriole [20]. Recent high
resolution structural studies have shown that the triplet microtubules of the centriole make
extensive contacts with their neighbors via a structure called the A-C linker, and these
contact may help set the angle between triplets, thus determining how many can fit into the
final structure [21]). Drosophila SAS6 mutants form centrioles with fewer than nine triplets,
but with gaps in the structure suggesting that adjacent triplets are trying to maintain the
normal angle between them [22] On the other hand, when the cartwheel is engineered to
have shorter arms, this results in a change in symmetry of the centriole from nine to eight
triplets [23], suggesting that the angle between the triplets is not fixed by their interactions.
It is important to note that although the centriole is a self assembling structure, this does not
mean that the cell has no control over the process. Most of the time, new centrioles only
assemble adjacent to pre-existing centrioles, suggesting a level of spatial control. Moreover,
when a cell contains too many centrioles, the synthesis of new centrioles is inhibited [24].

Centriole structure is conserved in vastly divergent branches of the eukaryotes. For example,
the centrioles of Giardia are almost indistinguishable from those of humans or green algae.
Even more interesting is the high conservation of centriole associated fibers. These fibers
have been perhaps most extensively characterized in Chlamydomonas. In this cell, a distal
connecting fiber joins the mother and daughter centriole at their distal ends while a proximal
connecting fiber joints the centrioles near their bases [25]. Four microtubule bundles known
as rootlets emerge from the centriole pair and extend down the outside of the cell like lines
of longitude. A so-called sinister fiber links each centriole to one of 4-member rootlets,
while a dextral fiber each centriole to a 2 membered root [25]. Another fiber known as the
nucleus basal body connector (NBBC) runs from the centriole to the nucleus [25].

in mammals, the basal bodies of ciliated epithelia of the airway, ependyma, and oviduct,
extend two large fibrous appendages, the basal foot and striated rootlet [26]. These
appendages are used to position the basal bodies and cilia relative to each other. Similar sets
of fibers position and orient the basal bodies and cilia on the surface of ciliates, and indeed
centriole-associated fibers appear to be a universally conserved feature of eukaryotic
diversity.

The importance of these fiber systems is that they allow the centriole to act as a structural
organizing center. In green algae such as Chlamydomonas, virtually every part of the cell is
positioned relative to the centriole-associated rootlets. For example, the eyespot is always
located adjacent the four-membered rootlet arising from the daughter basal body [27].

Other examples of apparently self-assembling or self-organizing structures within cells
include the harpoon-like nematocysts of dinoflagellates [28], lens-like and reflecting
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eyespots of different algae that are assembled from two and three dimensional arrays of lipid
containing droplets [29, 30]; and the contractile vacuole, a water-excreting organelle whose
structure involves a complex network of tubes [31].

Axiation: Symmetry breaking and polarity

It isn’t enough to just build the right pieces, they also have to go in the right place. The study
of animal development has largely been dominated by questions of overall arrangement of
components. For example, intense research has focused on long range morphogen gradients
that establish anterior-posterior ordering of organs, limbs and body segments. This focus on
location of structures was brought to the forefront by the famous homeotic mutants of
Drosophila, in which one body part develops in a position normally occupied by another for
example legs where eyes should be. Developmental biology addresses the location of parts at
four different levels: axiation, patterning, and positional information.

In animals that crawl on the ground, the anterior-posterior axis tells us which way the animal
is moving, and the dorsal-ventral axis tells us which part of the animal is facing the
substrate. Cells crawling on a substrate share these same axes. The “leading edge” of the cell
is analogous to the anterior end of a crawling animal and the “uropod” or trailing edge is the
posterior end. The equivalent of the dorsal-ventral axis is known as the basal-apical axis,
with apical usually being the part of the cell away from the substrate and basal the side in
contact. In some cell types, such as ciliates, the terms dorsal and ventral are used. Molecular
pathways involved in symmetry breaking for these two perpendicular axes have been the
subject of extensive research, and by this point many components of these pathways have
been identified [32-35]. The symmetry breaking mechanisms generally seem to fall into
three categories. The simplest way to break symmetry is to through some sort of singularity,
meaning something that exists in the cell and that there is only one of, so wherever it is, it
defined an axis. The classic example in cultured cells is the so-called nucleus-centrosome
axis. If one draws an arrow from the nucleus to the centrosome, this often lies parallel to the
direction of cell motion, although whether it points forward or backward depends on the cell
type. In at least some cases, centrosome positioning appears to play a causal role in cell
migration, polarization, or division [36—40]. But what sets the nucleus-centrosome axis? One
study of migrating cells found that the orientation of this axis is set by nuclear motions
driven by actin cortical flows, which position the nucleus behind the centrosome [41-42],
thus arguing that the source of the directionality is not the nucleus or the centrosome, but the
actin cortex. A second way to break symmetry is via rupturing of an actin-myosin cortex,
such that the cortex flows towards one end of the cell, a purely physical mechanism that
relies on the idea that if a sheet under tension ruptures in one spot, this rupture relieves the
tension throughout the entire sheet such that further rupturing events are prevented
elsewhere. A more complicated third way to break symmetry is through a reaction-diffusion
system. This type of model was first proposed on purely theoretical grounds and, in its
simplest form, would involve a molecule that marks a region of the cell and exerts positive
feedback on itself, combined with a second molecule that tends to erase the mark created by
the first molecule. Under certain conditions, such as the second molecule having more rapid
diffusion than the first, such a system can spontaneously break symmetry such that the mark
is present in part of the cell and absent elsewhere. The boundaries between these types of
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models are less clear that one might at first think, for example mechanical forces can play
the role of an inhibitory signal [43]. One emerging aspect of cell axiation or polarity is the
fact that some of the organelles whose position responds to the polarity are, themselves,
players in the polarity establishment pathways [44].

In some cases, symmetry does not need to be broken because the anterior poster axis is
already encoded in the structure of the cell cortex. This is true for ciliates as discussed
above. In other cases, a polarizing signal can be provided by the external environment, for
example by neighboring cells or by a basement membrane, and in such cases there does not
need to be an internal spontaneous symmetry breaking mechanism. However it is important
to bear in mind that the existence of external cues need not in itself mean that the system
can’t spontaneously break symmetry when no cue is present.

What about left and right? Many cells look symmetrical from left to right. For example, fish
keratocytes show a highly symmetrical shape [45], and most cultured cells look
symmetrical. However, in some cases an inherent left-right asymmetry is present based on
cell movements. The large syncytial amoeba Physarum is famous for its ability to solve
mazes [46]. When individual Physarum cells are imaged moving through a T-junction, they
are show a tendency to make right-hand turns [47]. It has also been reported that neutrophil-
like HI60 cells tend to polarize to the left of the nucleus-centrosome axis when exposed to
uniform chemoattractant [48]. This asymmetry is likely to arise from the fact that all
components of the cytoskeleton are chiral. For example, chiral movements of the actin-
myosin cortex have been reported in C. elegans cells [49]. In the specific case of HL60 cells,
ablation of the centriole eliminated the left-right bias [48]. Both the centriole itself, and the
fibrous structures attached to it (see above) are chiral, and could thus be serving as a source
of left-right asymmetry.

If cells contain an underlying left-right asymmetry, what happens when a cell divides? A
tendency for sister cells to appear to be mirror images of each other was described by
Albrecht-Buehler [50], who reported that in 3T3 cells, sister cells sometimes appears to be
mirror images of each other. Mirror in sister cell shape was also seen in PtK2 cells [51] and
in zebrafish embryonic cells [52]. At a subcellular level, mirror symmetry between sister
cells has been reported for the arrangement of actin bundles [53], nucleoli [54], and
chromosomes [55,56].

Patterning

In some cases, polarization or axiation is manifest primarily by the formation of a unique
structure or process somewhere on the surface of the cell. Examples include bud formation
in yeast cells, or the formation of a leading edge in motile cultured cells. But in other cases,
the polarization extends to the interior of the cell, such that different intracellular
components come to occupy defined positions relative to the cell axes. This is clearly seen in
ciliates, in which many internal structures, such as the gullet (the place where food is
endocytosed), the contractile vacuole, and the cytopyge (a cellular anus where digested
remnants are expelled) all occupy well-defined positions along both the A-P and D-V axes
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[57]. In mammalian cells, the primary cilium is usually located on the apical surface, and in
some cases points in a direction parallel to the A-P axis [58,59].

Many studies of pattern formation in animal development have focused on repeating
structures such as the bands of pair rule gene expression. These banding patterns were
initially thought to be produced by standing waves of some type, but it is now generally
thought that, at least to a first approximation, they result from long range gradients
combined with enhancers that are sensitive to narrow ranges of concentrations of the
gradient signal. This type of pattern is also seen in in cells. One example is the positioning
of denticles within single cells of Drosophila embryos. These actin based structures have a
uniform spacing that scales proportionally to the size of the cell [60]. Ciliates are probably
the most visibly obvious example of patterning, in which the entire surface of the cell is
spanned by a parallel set of ciliary rows with defined spacing between them [61]. In a given
species, the number of rows per cell is narrowly distributed, and if a cell occurs with too
many or too few rows, the number is inherited by both daughters when the cell divides, but
tends to correct itself back to the mean over several generations [62]. This latter effect
suggests some mechanism exists to sense or control the number of rows, but how this works
is not known.

information and morphogen gradients

Symmetry breaking events can mark one region of the cell as being different from other
regions, but if this is to lead to a globally defined arrangement of components, this
information needs to be propagated to the rest of the cell, such that each region of the cell is
“marked” with positional information telling which components belong in that region. A
simple-sounding way to do this is via gradients of chemical signals, which could be small
molecules such as lipids, macromolecules such as proteins or mMRNA molecules, or else
modified states such as phosphorylated proteins. The two most-discussed examples of
gradients as a source of positional information in cells are those seen with RanGTP and with
POML1 in fission yeast. A gradient of the small GTPase Ran forms around the mitotic spindle
due to the presence of a GTP exchange factor located on the chromatin which coverts
RanGDP to RanGTP [63]. As RanGTP diffuses away from the chromatin, the enzymatic
activity of Ran converts GTP to GDP, such that at steady state there is a detectable gradient
in the GTP/GDP ratio that is highest near the spindle and falls off with increasing distance
from the spindle [64]. This gradient is though to regulate microtubule nucleation and other
activities involved in sculpting the spindle [63]. The original picture of a diffusion-driven
gradient of Ran is probably too simple. Ran interacts with microtubules, such that its spatial
distribution is not determined solely by solution phase diffusion [65]. Because Ran interacts
with microtubules, which are themselves the structure whose grows is regulated by RanGTP,
both the form of the Ran gradient and its influence on the spindle can only be fully
understood in terms of an interaction between a diffusing signal and a solid substrate [65].

In fission yeast, the division-regulating protein kinase POM1 forms gradient that is highest
at the ends of the cell [66—69]. Pom1 regulates both the timing of division and the position
of the division site, and interestingly these two functions seem to depend on different
threshold levels of Pom1 [70], thus evoking a unicellular version of Wolpert’s “French Flag”
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model for morphogen gradient function. Establishing a reproducible gradient is challenging
and can require careful balancing between rates of production and degradation of the signal.

In abnormal situations, a single cell can contain conflicting intracellular patterning signals.
By studying how the cell responds to these conflicting signals, we can gain clues regarding
how those signals are interpreted and generated. One example is seen in the giant ciliate
Stentor which, as discussed above, has a clear anterior-posterior body axis with a feeding
structure at one end and a holdfast at the other. The feeding end is considered anterior and
the holdfast posterior. Stentor excels and wound healing and regeneration, which allows
cutting and pasting experiments to be done [4]. Such experiments have found that if a
second posterior region is grafted onto a cell, such that is has two holdfasts, these ends will
gradually coalesce such that the cell can restore a single anterior-posterior body axis [3].
This experiment suggests that a cell is able to recognize the fact that it contains two
conflicting sets of anterior-posterior signals, and then adjusts its morphology so as to bring
the two gradients into alignment. Maintenance of a unified AP axis requires the kinase
scaffold protein Mob1, such that when Mob1 is knocked down, the cell starts to develop
multiple body axes, leading the normally cone-shaped cell to sprout extra tails [71]. Because
Mob1 protein localizes to the posterior end of the cell, the client kinases of Mob1 would be
clear candidates for components of an anterior-posterior position gradient. However, the
phenotype of Mobl1 knockdowns is not loss of anterior posterior information, just the loss of
the ability to maintain a single unified body axis, so it is also possible that the output signal
from Mobl is not a positional cue per se but some sort of beacon indicating the presence or
absence of a pre-existing posterior pole.

Another source of positional information is the cytoskeleton itself. Because microtubules are
polarized structures, they confer information about direction and distance relative to the
microtubule organizing center [72]. Moreover, it is possible for different microtubules within
one cell to be marked with post-translation modifications that allow them to serve as tracks
for different cargo [73]. An illustrative example is in the unicellular green alga
Chlamydomonas (Figure 2). As discussed above, these cells contain four rootlet microtubule
bundles, one of which correlates with the position of the eyespot. Another cellular structure,
the contractile vacuole that the cell uses to pump out water to handle osmotic stress, also
shows a consistent localization relative to the rootlet microtubules. In mutants that alter
rootlet length, the distance of the eyespot from the top of the cell correlates with the length
of the rootlet [74]. Another way to test a causal role of the rootlets is using mutants that alter
the location of the basal bodies on the surface of the cell [75]. In the asq2 mutant, the
rootlets form normally with respect to the basal bodies, but the basal bodies are mis-
positioned, taking the rootlets with them. In such cells, the contractile vacuoles also show
mis-positioning, which continued to be consistent with the rootlets rather than the overall
cell axis, suggesting that their position was dependent on the rootlets. However, the eyespot
was not mislocalized in centriole position mutants, suggesting that these cells must contain
another source of positional information besides the centrioles-associated fibers and rootlets.
Whey then does the position of the eyespot correlate with the length of the rootlets? One
possibility is that both features are responding to some other global intracellular positional
cue. In that case, the cell might be using a combination of cytoskeleton-mediated and
gradient-mediated positional information. A similar type of coordinated mis-positioning
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experiment established that mitochondria in Tetrahymena are positioned on the cortex by the
ciliary rows, such that altering the organization or orientation of the ciliary rows has a
corresponding effect on the associated mitochondria [61, 76].

We have discussed two sources of positional information thus far: whole-cell patterning
signals that extend over long ranges, and short-range local order provided by cytoskeletal
structures. These do not need to be mutually exclusive. Surgical experiments in the ciliate
Stylonychia shows that positional information can be provided by both the local orientation
of the cortex and also by longer range directional cues, both at the same time. This cell sucks
in food particles by means of a series of ciliary arrays that we will collectively refer to as
feeding structures. The feeding structures are located on the anterior right half of the ventral
surface, and the individual structures occupy reproducible positions with respect to anterior-
poster and left-right axes. When the cell is cut in half lengthwise and then folded over, the
cell builds a second set of feeding on the left half of the cell, which normally would never
form such structures [77]. This presumably happens because the cortex is a stable protein
lattice that retains its right side identity even after the cell is folded, bringing that patch of
cortex onto the left side. Importantly, the left to right arrangement of the new feeding
structures is backwards, implying that the left-right information they are using to direct their
own formation is hard-wired into the cortex. However, the new feeding structures still form
near the anterior end, and retain their normal anterior-posterior arrangement, which shows
that the anterior-posterior information these structures use to form is coming from a global
anterior-posterior body axis cue. Since this cue is retained even when the cortex is folded
over, it is apparently not encoded in the cortex itself and thus may instead be a soluble
gradient of some unknown signalling molecule.

The use of global and local information also takes place in the hair cells of the mammalian
cochlea. These cells contain chevron-shaped arrays of stereocilia whose orientation is
dictated by planar cell polarity, a long range signal that indicates direction within the plane
of a developing tissue [78]. The fact that all the stereocilia are oriented relative to the planar
polarity cue indicates that such cues can influence position within the cell. However, if
planar cell polarity is eliminated the stereocilia still form normal-looking chevrons, although
the direction is randomized with respect to the global orientation of the tissue [79]. Just as in
Stylonychia, local information specifies the a sub-cellular structure (the chevron of
stereocilia), while global information specifies where the structure will form and how it is
oriented.

Convergent evolution of complex looking shapes

We are thus left with the picture of cellular anatomy arising from the interplay of multiple
systems. Each structure has its own assembly pathway that can involve equilibrium
processes of energy minimization or non-equilibrium processes of self-organization and
symmetry breaking. The position of these structures responds to cell polarity and patterning
processes which communication positional information over long ranges. A natural question
to ask is how could such complex systems for generating cellular anatomy have evolved?
The evolution of complexity is always a challenging issue, because it seems that multiple
innovations must have all taken place before a complex shape is fully made, and anything
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short of that final structure would not be functional. This creates a sense of “irreducible
complexity”. A different way to view this issue to ask just how “hard” it is to evolve a
particular shape, where hard in this case is defined in terms of how many different genomic
changes would be required to create a certain type of pattern. It is important, in thinking
about this question, to recognize that shared motifs may appear again and again, due to deep
evolutionary conservation. An excellent example has already been discussed, namely the
many different structures that are formed using centrioles with associated striated fiber
systems. Another example of a structural motif is formed from a ring of actin-based
protrusions (stereocilia) surrounded a central microtubule-based cilium. This type of
arrangement is shared between Choanoflagellates, the closest unicellular relatives of the
animals, and the choanocytes of sponges [80], but is also seen in the hair cells of the
mammalian cochlea, which start our as radially symmetric structures and only acquire their
asymmetric structure later on in development, often accompanied by loss of the central
cilium [81]. Given that these structures are typically composed of conserved protein
modules, it is likely that they represent an example of something that has been inherited by
common descent from something present in a common ancestor. In the case of the basal
body fiber system discussed above, this common ancestor is apparently the last eukaryotic
common ancestor.

An alternative way to approach the question of the evolutionary difficulty of a particular
shape or form, is to ask how many times a given form has independently arisen during the
course of evolution. One famous example is the “heliozoan” cell shape, which consists of a
spherical cell radiating out a symmetrical array of microtubule-based projections. Such a
complex, symmetrical array might seem to require substantial molecular innovation to
create, but it turns out that the heliozoan shape has actually arisen in at least four completely
independent lineages [82], suggesting that this type of cell bauplan may be easy to achieve
with conserved molecular components.

One way that a structure may arise again and again, with potentially different molecular
components, is if the shape or form arises from the physical processes. From an evolutionary
point of view, the laws of physics represent a shared resource or legacy that all living things
can draw on in a similar way, no matter how much their genomes may have diverged. But
this is not to say that a physics-based self organization process exists outside of the genome
— for example by altering the lipid composition of membranes, the curvature can be shifted.

Leveraging subcellular pattern formation to create multicellular life

We generally take for granted the idea that complex multicellular structures arise by putting
lots of cells together in some defined arrangement, like LEGO building blocks. But this
wasn’t always how cells were viewed in the context of organisms. A quite different view
was often taken by the early cytologists, in which the organization of protoplasm into an
organism was the primary activity of development, and the dividing up of that protoplasm
into individual cells was a secondary process [83]. This is, of course, exactly what happens
during Drosophila development, where much of the patterning is established while the
embryo is still a single syncytial cell, after which the different embryonic regions are divided
up into cells by ingression of plasma membrane. In fact, the developmental patterning of the
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Drosophila embryo is remarkably indifferent to the way in which the cytoplasm ends up
being divided into cells. If cellularization is completely blocked using cytoskeletal
inhibitors, pair rule genes like fushi-tarazu still show their characteristic stripes of
expression, which can be seen at both the mRNA and protein levels [84]. A classic example
in which patterning supersedes cellularity is provided by studies of the pronephric duct in
salamanders of different ploidy. The pronephric duct is tube surrounded by a single layer of
cells. Fankhauser [85] found that as ploidy was increased, such that cells because larger and
larger, the diameter of the duct did not change, such that essentially the same biological
structure could be composed of a far smaller number of cells than would normally be seen.
When F.R. Lillie caused marine annelid eggs to develop parthenogenically, the cells
underwent mitosis without cytokinesis. These organisms normally form a trochophore larvae
consisting of hundreds to thousands of cells with distinct rings of cilia that they use to swim.
In Lillie’s experiments, the syncytial division-blocked eggs were still able to develop ciliary
rings despite being single cells [86]. This result suggests that the machinery for building a
ciliary band does not require multicellular tissue organization, and indeed the appearance of
a trochophore larva is remarkably similar to that of the giant ciliate Didinium, which also
forms ciliary bands. Overall, the picture emerges that at least some of the development of
complex animal embryos is using morphogenetic processes present within a single cell. For
animals that undergo mosaic development, this fact should not be surprising. In these
animals, lineages are set aside from the earliest divisions, meaning that fate determinants
have already been patterned within the one-cell stage embryo. It would be surprising if the
mechanisms for this patterning were completely distinct from those used in patterning of
unicellular organisms. The question now is to what extent did early animal evolution rely on
subcellular patterning mechanisms versus newly evolved cell-cell communication pathways.
Studying the mechanisms of pattern formation and complexity in single cells may thus hold
the key to understanding how plants and animals evolved.
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Figure 1. Cells have complex anatomy at multiple scales
(A). The anatomy of Stentor. The anterior-posterior axis is indicated by the membranellar

band at the anterior end and a holdfast at the posterior end. Longitudinal stripes of cilia run
the length of the body, with variable spacing between them such that a region exists where
closely spaced stripes meet widely spaced stripes. This locus of stripe contrast defines a
ventral surface. Together the anterior-posterior and dorsal-ventral axes define a midline,
relative to which all other cellular structures have defined locations. For example the
macronucleus is always to the right (from the cell’s perspective) of the midline, while the
contractile vacuole pore is always to the left.

(B). Detailed view of a cortical row showing pairs of basal bodies (centrioles), which link up
to both longitudinal and transverse microtubule bundles (green).
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Figure 2. Multiple sources of positional information in one cell.
The left panel shows a wild-type Chlamydomonas cell with its complex internal anatomy. In

the asq2 mutant (right panel), the basal bodies are displaced, and this results in some
structures (nucleus and contractile vacuole) also being displaced, indicating that these
structures gain positional information from the basal bodies or their associated fiber systems.
Other structures (eyespot, chloroplast, pyrenoid) retain their normal position, indicating a
positional information system that is not dependent on basal body position.
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