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16. CYTOSKELETON, CELL SHAPE, AND MOTILITY

4 September 2021

As in multicellular organisms, single cells are confronted with challenges associ-
ated with structural support and delivery of bioproducts, albeit at a different scale.
Most cells rely on endoskeletons (filaments and tubules) and/or exoskeletons (cell
walls) to maintain cell-shape integrity. Cell division requires membrane-deforming
proteins, and in eukaryotes, various modes of internal cellular movement require
cytoskeletons for the transport of large cargoes, such as vesicles. Central to all of
these cellular features are protein fibrils and sheets comprised of long concatena-
tions of monomeric subunits. In eukaryotes, long, linear fibers serve as highways for
the walking movement of special cargo-carrying molecular motors fueled by ATP
hydrolysis.

This chapter continues an exploration of the internal anatomy and natural his-
tory of cellular components, exploring the evolutionary diversification of cytoskele-
tal proteins and their varied functions, as well as the expansion of diverse sets of
eukaryote-specific molecular motors and their roles in intracellular transport. Al-
though prokaryotes are often viewed as being devoid of such proteins, fibrillar pro-
teins in prokaryotes have comparable diversity to that in eukaryotes, playing central
but contrasting roles in structural support and cell division. How fundamental fea-
tures such as cell division were carried out prior to the origin of filament-forming
proteins is unknown, but the emergence of self-assembling fibrils would have been a
watershed moment for evolution, providing new opportunities for cellular features
requiring structural support systems.

In eukaryotes, fibrillar proteins are also central to swimming with flagella and
crawling with pseudopodia, so this chapter will explore a few generalities with re-
spect to cellular motion. The limits to motility of single-celled organisms will be
shown to follow some general scaling laws across the Tree of Life. Prokaryotes and
eukaryotes both use flagella to swim, and such structures are sometimes suggested
to be so complex as to defy an origin by normal evolutionary processes. However,
not only are there plausible routes for the emergence of flagella via modifications of
pre-existing cellular features, but prokaryotic and eukaryotic flagella evolved inde-
pendently and operate in completely different manners.

The Basic Cytoskeletal Infrastructure
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The three major groups of fibrillar proteins distributed across the Tree of Life will
be discussed in the following sections. The most celebrated members, actins and
tubulins, are often viewed as eukaryotic innovations, However, relatives of both fam-
ilies have diverse functions in various prokaryotic lineages, e.g., cell-shape sculpting,
cell division, plasmid replication partitioning, and magnetosomes (Ozyamak et al.
2013). This phylogenetic distribution suggests that the antecedents of most of the
major fibril-forming proteins were present as early as LUCA. Moreover, it bears
noting that additonal types of filament-forming proteins, not discussed below, are
sequestered in various prokaryotic lineages (Wagstaff and Löwe 2018). This supports
the idea that fibrils are not particularly difficult to evolve, the main requirements
being the emergence of a heterologous interface for fibril formation and a presumed
selective advantage (Chapter 13). Indeed, as noted in Chapter 13, a major challenge
in the evolution of many proteins may be the avoidance of producing open chains.

All filaments are comprised of chains of noncovalently linked monomeric sub-
units. Nonetheless, despite sequence divergence at the level of monomers, fibrillar
proteins from very distant species faithfully assemble and function in novel host
species (Horio and Oakley 1994; Osawa and Erickson 2006). General reviews can be
found in Wickstead and Gull (2011), Erickson (2007), Michie and Löwe (2006), and
Löwe and Amos (2008). An overview of the energetic costs of producing cytoskeletal
proteins in eukaryotes is provided in Foundations 16.1.

Actins. Comprised of one of the most abundant proteins within eukaryotic cells,
actin polymers play diverse roles, including cell-cortex formation, vesicle trafficking,
cell division, endocytosis, and amoeboid movement. Actin filaments are homopoly-
meric, double-stranded, and helical, typically 5 to 9 nm in diameter (Figure 16.1).
Free actin monomers are generally bound to ATP, and upon joining a filament un-
dergo ATP hydrolysis. Actin filaments are polar, with the monomeric subunits being
added at the plus (barbed) end. Combined with removal at the minus end, this can
result in the “apparent” movement of a filament in a treadmilling-like process (Car-
lier and Shekhar 2017) – at a critical concentration of monomers, the end-specific
rates of addition and removal become equal, with no net filament growth and simple
movement of the ends.

Multiple families commonly exist within a species, with different copies often
being assigned to different intracellular functions (e.g., Sehring et al. 2007; Joseph
et al. 2008; Velle and Fritz-Laylin 2019), although yeasts and Giardia encode only
a single copy. Numerous additional families of proteins are associated with the
assembly of actin cables and networks. For example, at least eight families of actin-
related proteins (ARPs), related to actins by gene duplication, are involved in the
nucleation of new filaments and patterning of branches off parental actins (Goodson
and Hawse 2002). Profilins are involved in the regulated delivery of monomers to
growing filaments, a process that is further facilitated by formins. WASP (Wiscott-
Aldrich syndrome protein)-family proteins are involved in context-specific catalysis
of ARP-induced branch growth, and appear to be essential in crawling motility
(Fritz-Laylin et al. 2017). At least three major families of such proteins are inferred
to have been present in LECA, and these have in turn diversified enormously among
phylogenetic lineages, while also being lost from some lineages in coordination with
ARP loss (Veltman and Insall 2010; Kollmar et al. 2012).
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Actin-like proteins in bacteria share the basic structural architecture of eukary-
otic actin (including the contact sites at monomer interfaces and the ATP binding
site involved in polymerization/depolymerization). Although this suggests likely
phylogenetic relatedness (Ghoshdastider et al. 2015), they are substantially differ-
ent sequence-wise (sometimes to the point of not being identifiable by this means;
Bork et al. 1992). The bacterial actin relatives also have diverse functions, but are
sporadically distributed over the bacterial phylogeny, usually with only one or two
types per species. For example, MreB is involved in the maintenance of rod-shaped
cells, forming helical shapes around the cell periphery (Margolin 2009). ParR acts
like a centromeric-binding protein, elongating and pushing plasmid copies to the
opposite ends of the dividing parental cell with an actin-like concatamer of ParM
(Salje et al. 2010). In some bacteria, magnetite crystals organize along a MamK
filament, creating a magnet used in orientation (Bazylinski and Frankel 2004). Ex-
pression of DivB in foci during times of stress induces Streptomyces to grow into
branching, filamentous mats.

Although usually consisting of double-stranded helices, these broad families of
bacterial filaments vary widely with respect to the periodicity of twists, the degree of
staggering between strands, and even the direction of helix winding (handedness).
A protein harbored by the archaebacterium Pyrobaculum calidifontis, crenactin,
has closer sequence similarity to eukaryotic actins and again shares similar helical
structure (Ettema et al. 2011; Braun et al. 2015; Izoré et al. 2016). All of these
observations strongly suggest that an actin-like protein was present in LUCA.

Tubulins. The second major types of eukaryotic fibrils are comprised of tubulin
monomers, which initially assemble into thin protofilaments through the stepwise
addition of heterodimers of α- and β-tubulin subunits. Ultimately, 13 protofilaments
are typically assembled into hollow cylindrical microtubules, approximately 25 nm
in diameter (Figure 16.1). Unlike actins, which use ATP hydrolysis in assembly,
tubulins use GTP hydrolysis. The minus ends of microtubules are generally anchored
at a microtubule-organizing center, such as a centrosome, a spindle-pole body, or a
basal body. Growth and contraction occurs at the opposite end in a process known
as dynamic instability, which plays a central role in various aspects of cell motility
(Gardner et al. 2013; Akhmanova and Steinmetz 2015).

As with actins, there is clear evidence that the antecedents of tubulins were
present in LUCA, the most telling of which is FtsZ, a bacterial protein that assembles
into homomeric filaments that can form bundles (but not organized microtubules).
FtsZ monomeric subunits are nearly identical in structure to tubulin monomers,
and despite having very low sequence identity, the few sites conserved between FtsZ
and tubulin are almost all involved in GTP binding (Löwe and Amos 2009). FtsZ
produces contractile rings that guide bacterial cell division, although at least one
bacterial group (the planctomycetes) deploys an unrelated protein for such purposes
(Van Niftrik et al. 2009). Notably, FtsZ-related proteins are also present in numerous
eukaryotes, where they form the division ring responsible for fission of mitochondria
and chloroplasts (presumably a vestige of these organelles having arising by bacterial
endosymbiosis; Chapter 23). Such proteins have, however, been lost from a number
of eukaryotic lineages (including metazoans), implying alternative modes of organelle
division (Kiefel et al. 2004; Bernander and Ettema 2010).
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α- and β-tubulin are products of an ancient gene duplication that preceded
LECA. Moreover, in addition to the α and β families, at least six other distinct
tubulin families are known in eukaryotes (although only γ seems to be present in
all lineages), and these are generally deployed in different cellular contexts, e.g.,
basal bodies out of which cilia and flagella grow, rails for vesicle transport, and
mitotic/meiotic spindles used for chromosome separation.

Such diversification of function, sometimes called the multi-tubulin hypothe-
sis (McKean et al. 2001; Dutcher 2003), extends to different variants within the α

and β subtypes. Consider, for example, two closely related amoeboid protists, with
extreme forms of pseudopodia. Foraminiferans produce branching networks (retic-
ulopodia) that assist in prey capture, whereas radiolarians produce stiff, spine-like
axopodia that assist in floating and capturing prey. Each group deploys a uniquely
modified β tubulin to construct the helical filaments involved in such structures
(Hou et al. 2013).

Tubulins can also be assembled into higher-order structures. For example, most
eukaryotes harbor a pair of barrel-shaped organelles called centrioles, comprised
largely of microtubules. With few exceptions, centrioles consist of rings of nine
microtubule triplets, with the overall structure resembling a cartwheel. Throughout
eukaryotes, centrioles serve as the basal body from which flagella and cilia grow
(below). Phylogenetic analysis implies their presence in the ancestral eukaryote,
with losses in a few lineages, including yeasts and land plants (Carvalho-Santos et
al. 2010, 2011; Hodges et al. 2010).

In animals and some fungi, centrioles play a second role, comprising the centro-
some that serves as the organizing center from which the mitotic spindle expands
during cell division (Chapter 10). Some insects have evolved centrioles with much
more elaborate structures than the conventional nine-triplet cartwheel, and a few
protists have simpler structures (Gönczy 2012), although the mechanisms driving
such change remain unknown. During sexual reproduction in animals, the centriole
is excluded from the egg and introduced via the sperm, possibly an evolutionary
outcome of sexual conflict and/or sperm competition and causally related to the
high rate of evolution of centriolar protein sequences (Carvalho-Santos et al. 2011;
Ross and Normark 2015).

Although the 13-protofilament microtubule appears to be unique to eukaryotes,
related structures exist in some prokaryotes. For example, some members of the
Verrucomicrobiales genus Prosthecobacter contain two tubulin-like genes, BtubA
and BtubB, that form heterodimers, which in turn polymerize into four-filament
microtubules capable of dynamic instability and are also joined by a third protein
seemingly related to a eukaryotic motor protein (Pilhofer et al. 2011; Deng et al.
2017). Acquisition of such proteins by ancient horizontal transfer from a eukaryote
cannot be ruled out, but regardless, the altered assembly clearly indicates the po-
tential for variation in microtubule structure. The general picture is that FtsZ and
the tubulins are all members of a common family of proteins, with BtubA/B having
evolved a heterodimeric form after gene duplication.

One of the more interesting aspects of actin and tubulin-related proteins is that
they have seemingly exchanged roles in cell division in eukaryotes vs. prokaryotes.
As noted above, cytokinesis involves a tubulin-like ring (FtsZ) in bacteria but an
actin ring in eukaryotes. In contrast, whereas microtubules are universally used
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to move chromosomes apart in eukaryotes, actin-like molecules are involved in the
partitioning of plasmid genomes in most bacteria (Larsen et al. 2007; Salje et al.
2010; Szewczak-Harris and Löwe 2018), although tubulin-like molecules are used
in still others (Larsen et al. 2007). This differential utilization of fibrillar proteins
provides a clear example of convergent evolution of the same function from sub-
stantially different starting points. Notably, phylogenetic subgroups of the archaea
also appear to deploy diverse sets of filaments in cytokinesis, some FtsZ-like and
others actin-like, including a protein involved in the partitioning of endosomes in
eukaryotes (Lind̊as et al. 2008; Samson and Bell 2009; Makarova et al. 2010; Pelve
et al. 2011).

Finally, as will be noted below, actins and tubulins act in consortia with motor
proteins to accomplish a wide array of intracellular functions. However, these fibrils
are also capable of work on their own, creating pushing forces that can be used to
move various organelles and to deform the cell membrane. How can this occur if
the fibrils grow at the tips that are in contact their targets? Although not all of the
details are worked out, it appears that continued fibril elongation occurs by a sort of
Brownian motion ratchet. Slight fluctuations at points of contact allow occasional
room for a new monomer to join the pushing end of the fibril, thereby ratcheting
the point of contact forward.

Intermediate filaments. A third group of fibril forming proteins known as interme-
diate filaments are quite unlike tubulins and actins structurally, forming unpolarized
cables and sheets that are not dynamic. Although such structures are ultimately
assembled from dimeric subunits, unlike the situation in actins and tubulins, these
organize into coiled coils before further development into higher-order structures
(Figure 16.1). Intermediate filaments are mostly confined to metazoans and slime
molds, where they have a variety of functions involved in structural support, e.g.,
lamins, keratins, and desmins (Preisner et al. 2018). This restricted distribution,
sequestered to one clade, suggests a post-LECA origin. However, a potential ho-
molog, crescentin, exists in the bacterium Caulobacter crescentus and is thought to
determine cell shape.

Cell Shape

Cells come in a wide variety of sizes and shapes. Indeed, unicellular eukaryotes often
have such characteristic shapes that they can sometimes be used as diagnostics for
species identification, e.g., as in diatoms and dinoflagellates. Bacteria also have
a wide range of possible cell shapes (Young 2006), although only a small number
of these are commonly utilized. Most bacteria are either spherical or rod-shaped,
having an average axial (length:width) ratio of ∼ 3, with nonmotile cells being
spheres more frequently than are flagellated cells (Dusenbery 1998; Young 2006).
When confined to constricted settings or forced to bend, bacteria can take on a wide
variety of shapes, but upon release to more natural settings, they return to their
characteristic shapes (Männik et al. 2009; Amir et al. 2014), demonstrating both a
capacity for plasticity and a significant degree of genetic determinism.

Cytoskeletal fibrils and cell walls provide support structures essential for main-
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taining shape, although the precise molecular mechanisms governing the diversifica-
tion of cell shape remain largely unknown. The evolutionary advantages of alterna-
tive cell shapes are also unknown in most cases, although a variety of hypothetical
scenarios can be envisioned (Pirie 1973; Marshall 2011; Pančić et al. 2019). For
example, given the known behavior of different shapes within fluids, the relative
advantages of alternative forms, e.g., spheres, oblate spheroids (flat ellipsoids), and
prolate spheroids (elongate ellipsoids, close to rods in form), can be determined from
a purely biophysical perspective (Dusenbery 1998). Under this view, if there were to
be a premium on increased surface area (as would be the case if cell surface area lim-
its nutrient uptake), disk-shaped cells would be expected to be common. However,
these are almost never found among bacteria (one exception being Haloquadratum,
which forms flat squares), although some diatoms have such forms. Spheres (which
have a minimum surface:volume ratio) have the highest rate of diffusion through
a liquid, and would be selectively promoted if random dispersal were to be advan-
tageous. However, the sedimentation rate of spheres also exceeds that of all other
ellipsoids, which may be disadvantageous under many conditions, e.g., phytoplank-
ton sinking out of the photic zone. Up to a 2.4× reduction in sinking rate occurs
with a rod-like form, but this maximum effect requires an axial ratio of ∼ 30, far be-
yond what is typically observed (some needle-shaped diatoms being an exception).
Owing to reduced drag, swimming efficiency is greatest for a rod with an axial ratio
of 2, but this is smaller than what is typically seen.

Why then are rod-shaped bacteria so common? Rods generally grow only in
length (not width), essentially keeping the surface area:volume constant over the cell
cycle (as the end caps make only a small contribution). Rods may also be advanta-
geous in environments where sheer forces are high, as they are able to attach to solid
surfaces better than spheres. Environmental sensing (Chapter 22) may also be en-
hanced in elongate cells, which can have a 100 to 600-fold enhanced capacity to sense
the direction of chemical gradients (Dusenbery 1998). This can be accomplished by
simultaneously sensing the environment at both ends of the cell or by performing a
temporal survey by swimming across and environmental gradient. Spheres are much
more subject to rotational diffusion (and hence loss of directionality) than rods.

Despite the uncertainties regarding ecological and evolutionary consequences,
rod-shaped bacterial cells appear to follow a specific scaling pattern such that the
surface area:volume (SA:V) ratio ' 2πV −1/3, at both the level of individual species
when grown under different nutritional levels as well as at the phylogenetic between-
species level (Ojkic et al. 2019). In both cases, as cell volume declines, the surface
area increases, and this specific SA:V scaling requires a general mechanism to main-
tain the aspect ratio (length:width) at a constant value ' 4.

Although the underlying selective forces may not always be clear, cellular di-
mensions can undergo rapid evolutionary changes involving relatively simple mod-
ifications at the molecular level. In the case of bacteria, the molecular toolbox for
cell-shape determination primarily involves two cytoskeletal molecules: the tubulin-
like FtsZ, and the actin-like MreB, both noted above. For rod-shaped cells, MreB
and its relatives usually play central roles in setting the cellular dimensions, direct-
ing the synthesis of the sidewalls, and operating in spatially restricted manners that
ensure uniform width (Margolin 2009; Typas et al. 2012; Ursell et al. 2014). Over a
period of just a few years, laboratory cultures of E. coli have been found to exhibit
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increases in cell volume via a single mutation in the MreB gene, with further study
showing that substitutions of the 20 alternative amino acids at just one amino-acid
site generate a range of cell sizes, with an increase in growth rate accompanying an
increase in cell volume up to a point (Monds et al. 2014). Numerous other examples
exist in which simple manipulations of the protein-coding regions of these genes
elicit radical shifts in cell form, e.g., spheres to rods to long filaments (Young 2010).

When MreB is deleted from rod-shaped cells, the cells generally shift to more
spherical forms (Margolin 2009), and indeed bacteria that are naturally coccoid
have invariably lost MreB. However, some rod-shaped bacteria have also lost MreB,
implying the presence of alternative methods for the maintenance of this shape.
Moreover, even when MreB is utilized in the formation of the same cell shape in
different species, the end point can be achieved by rather different mechanisms.
For example, the two model bacteria, E. coli and B. subtilis, both use MreB to
maintain their rod shapes, but the helical movement of this molecule proceeds in a
left-hand fashion in the former and a right-hand fashion in the latter. In addition, the
deployment of MreB in wall growth differs, the first species regulating the amount
of peptidoglycan loaded per MreB patch and the second regulating the speed of
growth of individual MreB patches (Wang et al. 2012). In addition, the two species
differ in the ways in which they integrate subunits into the cell wall, the thickness
of which in E. coli is only ∼ 10% that in B. subtilis (Billaudeau et al. 2017).

Lactococcus lactis lacks MreB and is typically an ovoid cell, but under certain
environmental conditions cells can become rod-shaped, extending to long filaments.
FtsZ is involved in these transformations (Pérez-Núñez et al. 2011). Generally, FtsZ
directs the production of the cross-wall septum during cell division, playing a key role
in cell division (Chapter 5), but in this case multiple rings of the division proteins
develop along the filaments, with complete septation being inhibited. This kind
of transition from spherical (coccoid) to rod-shaped cells has been seen in other
bacteria (Lleo et al. 1990), but cases are also known in which shifts from rod to
coccoid shapes are elicited by deletions of genes other than FtsZ and MreB (Veyrier
et al. 2015). Thus, although it has been suggested that the ancestral bacterium was
rod-shaped (Siefert and Fox 1998; Tamames et al. 2001), with coccoid forms being
derived evolutionary dead-end states, the ease with which both types of transitions
leaves little basis for such a simple interpretation.

Cell Walls

Most prokaryotes, fungi, and green plants maintain their cell shapes via external
support structures such as cell walls. Other forms of structural support include the
scales of haptophytes, chrysophytic algae, and other phytoplankton species (con-
structed from diverse substrates, including calcite, chitin, and cellulose), the sili-
cious shells of diatoms, and the thecal plates of dinoflagellates (Okuda 2002). In
addition to their roles in cell-shape determination, such outer coverings can have
other roles, such as protection against pathogens and consumers. Structural sup-
port also allows aquatic cells to resist the turgor pressure that inevitably results from
high intracellular molarity, which encourages the influx of water molecules from the
environment. Cells lacking such pressure resistance would blow up without active
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mechanisms for the continuous efflux of water. Raven (1982) makes the point that
cell walls represent a one-time investment against the osmolarity problem, whereas
an active mechanism of export, e.g., a contractile vacuole, incurs costs that must
be paid throughout the life of the cell. Assuming negligible costs of cell-wall main-
tenance, the latter expense must eventually surpass the former in slower-growing
cells.

One of the most striking variants of cell-wall architecture distinguishes Gram-
negative from Gram-positive bacteria (originally identified by a difference in staining
intensity of the cells). Bacterial cell walls are constructed primarily out of peptido-
glycan (often called murein), which consists of a mesh of glycan chains linked to-
gether by short peptides. Gram-positive bacteria (also known as monoderms) have
a single cell membrane surrounded by a thick cell wall, whereas Gram-negative bac-
teria (diderms) sandwich a thin peptidoglycan layer between two lipid membranes
(often with an additional layer of lipopolysaccharides on the cell surface). Although
the basic structure of peptidoglycan is universal, there is substantial variation among
bacterial lineages with respect to peptide sequence, location of crosslinks between
the peptide chains, and secondary modifications of the components (Vollmer and
Seligman 2010).

How a dual-membrane form could have evolved from an ancestor with a single
membrane (assuming this was, in fact, the ancestral bacterial state) is an unsolved
problem. One idea derives from the observation that monoderms often produce
double-membrane endospores. These are produced by engulfment within the mater-
nal cell, with the plasma membrane of the mother becoming an external membrane
of the spore (Vollmer 2012; Tocheva et al. 2016). Some bacteria with two mem-
branes can also produce endospores wherein the outer membrane of the maternal
cell is displaced by the inner membrane (Tocheva et al. 2011). These observations
show how a cell can undergo special kinds of divisions to establish an altered cell
envelope. However, such changes are terminal and lost upon spore germination, so
such repatterning is a far cry from demonstrating how a stable developmental pat-
tern of two-layer biogenesis is acquired. One interpretation of bacterial phylogeny
suggests that the ancestral bacterium was a sporulating diderm (with monoderms
losing the outer membrane) (Tocheva et al. 2016). If correct, this is another example
of the regression of complexity to simpler forms (although it then leaves the origin
of the diderm phenotype unexplained).

Like Gram-positive bacteria, the archaea nearly always have single lipid mem-
branes, often surrounded by a variant of peptidoglycan (pseudomurein) and then by
an outer crystalline shell called the S layer (Albers and Meyer 2011; Visweswaran
et al. 2011; Oger and Cario 2013). S layers consist of highly organized, essentially
crystalline protein lattices, with substantial variation in design among species. As
there is significant variation in the biosynthetic pathways leading to murein (bacte-
ria) and pseudomurein (archaea), and little homology between the genes involved,
it has been suggested that the cell walls of these two groups evolved independently
(Hartmann and König 1990; Steenbakkers et al. 2006).

Although cell walls provide obvious advantages in certain ecological settings,
they have been lost in most eukaryotic and a few bacterial (e.g., Mycoplasma and
Ureaplasma) lineages, presumably during prolonged periods in which the invest-
ment in biosynthesis outweighed the fitness advantages. Detailed calculations of the
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bioenergetic costs of cells walls have not yet been pursued, but indirect evidence
suggests that they comprise a substantial fraction of a cell’s energy budget. For
example, Yin et al. (2007) estimate that ∼ 21% of the biomass of a S. cerevisiae cell
consists of the cell wall (∼ 4% protein, 30% mannose, 60% glucan, and 1% chitin).
The glucan subunits are derived from ∼ 7.7×109 glucose molecules, which would oth-
erwise be available for cellular energy or as carbon skeletons for other biosynthetic
pathways, and the ∼ 1.6 × 106 protein molecules per adult cell surface constitute
∼ 2% of the total protein content of the cell (Klis et al. 2014). Similar numbers were
obtained for another yeast species, Candida albicans (Klis et al. 2014).

A rough estimate of the cost of the cell wall in S. cerevisiae can be calculated
as follows. Given that mannose is a simple derivative of a glucose molecule, and
comprises half the biomass of the glucans, together these two constituents account
for the equivalent of ∼ 1.5 × 7.7 × 109 = 1.2 × 1010 glucose molecules. Noting that
S. cerevisiae has an average cell volume ' 70 µm3, and using Equation 8.2b, the
cost of building a yeast cell ' 1.6 × 1012 in units of ATP hydrolyses, or assuming
that a glucose molecule is equivalent to 32 ATPs under aerobic respiration, 5× 1010

in units of glucose molecules. Thus, mannose and glucans together account for
∼ 24% of the energetic growth requirements in this species. Klis et al. (2014) further
estimate that the cell wall contains ∼ 1.7×106 proteins. Assuming an average cost of
synthesizing and concatenating amino acids of ∼ 34 ATP hydrolyses each (Chapter
17), and an average protein length of 400 amino acids, the cost of proteins (in glucose
equivalents) ' 7.2 × 108, which is ∼ 1.4% of the total energy budget. With the cell
membrane in this species constituting an additional 4.6% of the cell budget (Chapter
17), the entire cell envelope in S. cerevisiae comprises ∼ 32% of the total cell budget.

A similar analysis is possible for the bacterium E. coli (Lynch and Trickovic
2020). The basic carbohydrate subunit of peptidoglycan consists of two joined
molecules, NAG (N-acetylglucosamine) and NAM (N-acetylmuramic acid), with
short peptide chains fused to the latter for cross-bridging. Using methods out-
lined in Chapter 17, the total cost of synthesis of each peptidoglycan unit can be
shown to be equivalent to ∼ 209 ATP hydrolyses, and there is an estimated 3.5× 106

disaccharides in the entire cell wall (Wientjes et al. 1991; Gumbart et al. 2014),
implying a total cost of ∼ 7.3× 108 ATP hydrolyses (∼ 2.7% of the total cell-growth
budget). In the E. coli envelope, there are also ∼ 106 molecules of Braun’s lipopro-
tein (Li et al. 2014; Asmar and Collet 2018), which attaches the outer membrane
to the cell wall. Each of these molecules consists of a chain 58 amino acids (worth
∼ 34 ATPs each, including chain elongation) and three chains of palmitate (∼ 122
ATPs each) for a total cost of 2338 ATPs per unit, and ∼ 2.3×109 ATPs in total, or
∼ 8.5% of the total cell budget. There are in addition ∼ 1.2× 106 lipopolysaccharide
molecules on the surface of the cell (Neidhardt et al. 1990), with a cost of 1048 ATPs
per molecule, accounting for another 3.6% of the cell’s construction budget. Finally,
the total cost of lipids in the cell membranes of E. coli comprises ∼ 34% of the cell
budget (Chapter 17). Thus, summing all of these components, the entire envelope
constitutes ∼ 49% of the energy budget of an E. coli cell. This is a downwardly
biased estimate, as the considerable costs of surface antigens attached to the ends of
lipopolysaccharides (and present in variable amounts in different strains) have been
ignored.

Extension of this sort of analysis to the Gram-positive bacterium B. subtilis
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leads to the conclusion that, despite the membrane organization differences from
E. coli, about a third of the total-cell energy budget is allocated to the envelope,
with ∼ 25% of the latter being associated with the thickened cell wall (Lynch and
Trickovic 2020). Thus, for species with cell walls, lipid membranes are generally
still the most expensive components of the envelope. Most significantly, however,
the overall cost of the envelope constitutes a larger fraction of a cell’s energy budget
than any other single component, although this declines with increasing cell volume
as a consequence of the reduction in surface area:volume ratio (Chapter 17).

A wide variety of wall types exists in eukaryotes. One macro-scale classifica-
tion uses categories related to whether walls are internal or external to membranes,
neither, or both (Becker 2000), although such a scheme belies the underlying di-
versity in chemical makeup (Niklas 2004). One of the most common constituents
of eukaryotic cell walls is cellulose, a linear polymer of glucose residues, which may
be the most common biomolecule in the world. Found throughout plants, some
slime molds, some bacteria, and even a group of animals (tunicates), this simple
molecule does have variants among phylogenetic lineages, with the glucosyl residues
sometimes carrying modified side chains.

The phylogenetic distribution of cellulose biosynthetic capacity, along with the
conserved structure and sequence of the underlying machinery, strongly suggests its
movement into and throughout eukaryotes by horizontal transfer events, possibly
starting with the endosymbiotic colonist that formed the chloroplast. It remains
a mystery, however, as to why eukaryotes have completely abandoned the use of
peptidoglycans, if they ever had them. Biosynthesis of peptidoglycan in bacte-
ria starts with UDP-acetyl glucosamine, whereas cellulose biosynthesis starts with
UDP-glucose, implying either an ancient common ancestry for the production of
such building blocks, or another case of convergent evolution.

Contrary to the situation with bacterial peptidoglycan held together by peptide
cross-linking, cellulose consists of long aggregated filaments of the underlying glu-
cose derivatives held together by intra- and inter-chain hydrogen bonds. Cellulose
production proceeds in a spatially organized fashion via large, membrane-bound cel-
lulose synthase complexes, organized in rows, arrays, or rosettes in different species,
with the organizational form defining the dimensions of the resultant microfibrils and
their aggregated mesh-like forms (Niklas 2004; Saxena and Brown 2005). Based on
the known biosynthetic pathway, the cost of each glucan subunit is equivalent to ∼ 34
ATP hydrolyses, although it remains an open question as to the total investment
cells make in cellulose (which requires estimates of the total number of subunits per
wall).

In seemingly no case do walls consist solely of cellulose, with a wide variety
of glycoproteins, lignins, pectins, uronic acids, xyloglucans, and many others being
utilized in various forms of cross-linking in individual lineages (Niklas 2004; Do-
mozych et al. 2014). In the brown algae, cellulose is a relatively minor component
of cell walls, the majority consisting of other forms of linked polysaccharides called
alginates and sulfated fucans thought to have been acquired by horizontal transfer
from bacteria (Michel et al. 2010). Even rough estimates of the costs of these com-
ponents would be useful. As one example, deposition of silicon into the frustules of
diatoms may be relatively cheap, involving the expenditure of perhaps just a single
ATP per incorporated molecule, with the total cost to a cell being only ∼ 2% of the
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total energy budget (Raven 1983), although this ignores the underlying organic wall
components.

Molecular Motors

In prokaryotes, most intracellular molecular transport is passive, driven primarily by
random diffusion resulting from background thermally induced molecular motion.
In eukaryotes, however, a good deal of molecular transport comes at a cost, in par-
ticular active transport driven by ATP-consuming molecular motors, with diverse
functions ranging from cargo transport along actin filaments and microtubules to
the movement of flagella (Howard 2001). Actins and tubulins can exert mechanical
pressure on their own, as they push against larger structures, and thermal fluctua-
tions allow the stochastic insertion of monomeric subunits and progressive extension.
However, motor proteins supplement the cytomotive capacity of the cytoskeletal fil-
aments, using them as highways for dragging along attached cargoes (Figure 16.2).

Given their apparent absence from prokaryotes, all three major families of
cytoskeleton-associated motors – dynein, kinesin, and myosin – likely emerged on
the path between FECA and LECA. Myosins travel exclusively on actin filaments,
whereas kinesins and dyneins operate on microtubules (tubulin filaments). Their
physical structures vary, but each type of molecule works by the same mechanism
– the transduction of chemical energy into mechanical force via ATP hydrolysis.
Each motor molecule has an ATP-binding site, a track-binding site, and a tail do-
main involved in cargo attachment. Although the specific details remain unclear
(Hwang and Karplus 2019), the molecules effectively walk along their cytoskeletal
roadways, with each ATP hydrolysis resulting in one step forward (in some cases
two hydrolyses occur per step; Zhang et al. 2015).

Ubiquitous to all eukaryotes, kinesins underwent massive diversification into an
estimated eleven families prior to LECA (Lawrence et al. 2004; Richards et al. 2004;
Wickstead et al. 2010). Prominent roles include vesicle transport, spindle assem-
bly, chromosome segregation, and intraflagellar transport of flagellar components.
Monomeric, dimeric, trimeric, and tetrameric forms exist, and the multimers may be
either homomeric or heteromeric. The motor domains generally operate like walk-
ing feet paired together at one end of the molecular structure, although tetramers
have motor domains on both ends. Kinesin movement is generally unidirectional,
towards the + ends of microtubules (usually moving from the center to the edges
of cells), with typical rates of movement on the order of 0.5 to 1 µm/sec and stride
lengths ' 8 nm (Block et al. 1990; Howard 2001; Muthukrishnan et al. 2009; Sc-
holey 2013). However, those involved in meiosis and mitosis are particularly slow,
with speeds on the order of 0.05 µm/sec. Different kinesins vary in neck lengths,
and these and other molecular features determine the degree of processivity of the
motors along tubulin filaments (Hariharan and Hancock 2009; Shastry and Hancock
2010; Cochran 2015).

Myosins are nearly ubiquitous among eukaryotes, but apparently have been lost
from the red algal, diplomonad, and trichomonad lineages (Richards and Cavalier-
Smith 2005; Foth et al. 2006). Although myosins and kinesins differ in size and
exhibit little sequence similarity, they may have evolved from a common ancestor,
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given the similar 3-D structures of their functional domains (Kull et al. 1998). The
most likely ancestral state prior to eukaryotic diversification is something on the
order of three myosin classes, all derived from a single common ancestral protein en
route from FECA to LECA. However, like kinesins, myosins further diversified into
a large number of subclasses (as many as 24; Foth et al. 2006; Goodson and Dawson
2006), again with numerous functions, including cellular motility, and transport of
organelles, vesicles, and mRNAs. An argument has been made that diversification
of myosin functions followed paths of subfunctionalization, from generalized to more
specialized forms (Mast et al. 2012), with the original functions involving cytokinesis,
vesicle transport, phagocytosis, and locomotion by pseudopods.

Although most myosins are dimeric with parallel coiled-coil domains, monomeric
forms exist, as do dimers with anti-parallel constructs with actin-binding domains at
each end (Quintero and Yengo 2012). Almost all myosins move in the + direction of
actin filaments, although a few are known to move in the opposite direction. Each
type of molecule has a specific affinity for filaments and a particular step length
(usually 5 to 40 nm per step), and speeds often in the range of 0.3 to 0.5 µm/sec,
which together determine the speed of movement (Elting et al. 2011). However, a
myosin involved in cytoplasmic streaming in plant cells can move at rates up to 60
µm/sec (Titus 2016). Exceptionally high rates occur when myosins run rather than
walk, jumping from point to point with actual step lengths greater than those that
can be accomplished when one motor domain is always in contact with the filament.

Dyneins, the third major class of motor proteins, have a substantially different
structure than kinesins and myosins, including an intramolecular hexameric ring
consisting of AAA (ATPases Associated with cellular Activities) domains, all physi-
cally linked in a single gene (Kardon and Vale 2009). Containing > 4500 amino-acid
residues, dyneins are among the largest known proteins. In total, there are at least
nine deeply diverging dynein lineages, most of which trace back to LECA, although
they were independently lost in the lineages leading to land plants and red algae.
Although dyneins maintain the attribute of having two walking feet, with each step
fueled by single ATP hydrolysis, contrary to the situation with kinesins, dyneins
always walk towards the − ends of microtubules, typically towards the cell center,
and with variable speeds in the range of those noted above (Walter and Diez 2012;
Sweeney and Holzbaur 2016). Dyneins are also unique in that all but one cytoplas-
mic family member is associated with the cilium (Wickstead and Gull 2007; Wilkes
et al. 2008). The latter operate in a team-like fashion to elicit ciliary movement,
causing microtubules to slide past each other.

Although molecular motors have been subject to numerous biochemical and
biophysical studies, few questions have been asked from an evolutionary perspective.
The three central phenotypic features of motor proteins are their step length, step
rate, and processivity (distance progressed before falling off a substrate). Although
all three parameters are readily estimated in laboratory constructs, and the rate of
movement is equal to the product of the length and rate of steps, almost nothing is
known about how these traits vary among species or among motor family members
within species. In addition, the total drain on a cell’s energy budget owing to motor
activity is essentially unknown.

Motility
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All cells are capable of movement, even if simply as a consequence of the physical
forces associated with cell division. Here, however, the concern is with active move-
ment within the lifespan of a cell, as in swimming or crawling. The range of cellular
motility mechanisms is diverse, and even seemingly similar, complex mechanisms
such as flagella have evolved independently in different lineages. Regardless of the
mechanism, all forms of motility require some investment of energy, either a gradient
of hydrogen ions driving a turbine-like apparatus or active hydrolysis of ATP used
in the conversion of chemical to mechanical energy used in microfibril movement. In
addition, the construction of the motility machinery itself can require a substantial
energetic investment. Thus, unless active motility provides a boost in fitness, the
mechanism will be liable to rapid loss, as this can free up substantial energy for
other cellular functions.

The details of how simple cells can utilize mechanisms of directed motion to
enhance resource acquisition will be addressed in Chapter 18, with the primary
focus here being on the evolutionary origins of motility machineries and the costs
of running and building them. Flagella and cilia have received considerably more
attention than mechanisms of crawling, and accordingly are given the most attention
in the following sections.

Crawling in eukaryotes. Numerous bacteria are capable of movement on solid
surfaces (Jarrell and McBride 2008; Nan and Zusman 2016). For example, some
bacteria, such as Neisseria, can crawl over surfaces by twitching of Type IV pili,
whereas others, such as the social bacterium Myxococcus, glide by use of surface
adhesins (either secreted or embedded in the membrane), and still others move by
an inchworm-like mechanism involving membrane-embedded proteins. In addition,
crawling is achieved by similar enough molecular mechanisms over diverse phyloge-
netic groups of eukaryotes that there seems little doubt that LECA was capable of
such movement (Fritz-Laylin et al. 2017). Moreover, given that a similar conclusion
has been reached on the origins of the eukaryotic flagellum (below), and the fact
that numerous eukaryotic lineages have cells capable of both flagellar swimming and
amoeboid movement (Fulton 1977; Brunet et al. 2021; Prostak et al. 2021), LECA
was likely capable of both forms of motility, unless crawling has evolved indepen-
dently by similar mechanisms. If correct, this would also suggest that LECA was
devoid of a cell wall which would prevent the production of cytoplasmic extrusions
necessary for crawling.

Despite the approximate uniformity of mechanisms, most notably the shared
use of actins and actin-associated proteins to generate growth and retraction of
cellular protrusions, a variety of structures are used in crawling activities. These can
generally be classified into two major groups: 1) pseudopods, which involve broad
protrusions underlain by branched actin-networks, and allow cells to drag themselves
across surfaces; and 2) filopods, which involve narrower and linear extensions of
unbranched actin bundles that enable a more walking-like motion. Unlike more
permanent flagella, all such structures are dynamic, allowing rapid changes in shape
via local assembly and disassembly of the underlying cytoskeleton. In addition, blebs
produced in some lineages involve cytoplasmic extensions of the cell surface released
from the underlying actin cortex. One of the primary side activities associated with
crawling is the ingestion of food particles by phagocytosis.
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In general, crawling on surfaces proceeds at much lower speeds than swimming
through liquids. For example, the amoeba Naegleria gruberi crawls at a rate of 1
to 2 µm/sec (Preston and King 2003, which is one to two orders of magnitude more
slowly than typical swimming speeds for prokaryotes and eukaryotes of similar size
(below). Gliding motility in Myxococcus is even slower, on the order of 0.03 µm/sec
(Tchoufag et al. 2019).

Based on the cost of actin polymerization, Flamholz et al. (2014) estimated
that the crawling motion in goldfish keratocytes consumes ∼ 4× 105 ATPs/second.
Recalling from Chapter 8 that the basal metabolic requirement of a vertebrate cell
' 5× 107 ATPs/second, and that, assuming a one-day cell division time, the cost of
building such a cell is ∼ 6× 108 ATPs/second, the cost of crawling in this particular
case is on the order of 1% of such a cell’s operational budget (or ∼ 0.1% of the total
energy budget).

Prokaryotic flagella. Some planktonic cyanobacteria, such as Synechococcus, can
swim without flagella (Waterbury et al. 1985), and others are capable of buoyancy
regulation via gas vacuoles (Walsby 1994), but the vast majority of bacterial swim-
ming involves a flagellum, one of the most complex molecular machines within bac-
terial cells (Figure 16.3). The dozens of proteins contributing to the overall structure
can roughly be divided into five major components: the basal body (which includes
the membrane-embedded stator within which the motor rotates), the switch, the
hook, the filament, and the export apparatus. Bacterial flagellar assembly starts at
the basal body, anchoring the overall structure to the cell membrane, proceeds to the
construction of the hook, and finally to the filament. The latter is a hollow, tubular
structure, consisting of tens of thousands of flagellin molecules, making this one
of the most abundant proteins in swimming bacterial cells. Its assembly proceeds
by the export of component proteins through a central pore. Specific chaperones
are assigned to each exported protein, which have to remain unfolded until passing
through the pore. The monomeric flagellin subunits are then configured in such
a way that the final structure is helical in form. Unicellular species live in a low
Reynold’s number world (Foundations 16.2), where viscous forces dominate to the
extent that there is essentially no inertia upon cessation of activity. Thus, rather
than pushing the cell forward like legs or wings on an animal, bacterial flagella
essentially operate like cork screws, pulling the cell forward through an effectively
syrup-like environment.

Generally driven by a proton-motive force (but in some species, by a sodium-
motive force or even by divalent cations; Ito and Takahashi 2017), the helical filament
rotates within the hub embedded in the cell membrane (Manson et al. 1977, 1980;
Meister et al. 1987), much like a rotor guided by a surrounding stationary stator in
an electrical motor (and not unlike the situation with ATP synthase; Chapter 2).
Although the bacterial flagellum does not directly consume ATP, an ATP-driven
proton pump maintains the gradient of hydrogen ions necessary to run the turbine.
Energy associated with ions passing through channels surrounding the motor is
converted to a rotational force, which is applied to the internal shaft, analogous
to the links of a bicycle chain rotating a wheel. The speed and orientation can
be regulated through various signal transduction systems (Chapter 22) that modify
flagellar activity (Boehm et al. 2010).
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Despite the intricacies of the bacterial flagellum, there is substantial phyloge-
netic variation in its basic features, including the angularity and periodicity of the
helices, clockwise vs. counter-clockwise rotation of the helices (or both), the num-
ber of distinct flagellin proteins incorporated into the filament, and the number of
protofilaments per flagellum (Pallen and Matzke 2006; Galkin et al. 2008; Chaban
et al. 2018; Kaplan et al. 2019). Enormous variation also exists in the structure
and number of components in the basal body (Chen et al. 2011; Moon et al. 2016;
Chaban et al. 2018; Rossmann and Beeby 2018). The cellular positions and numbers
of flagella are also highly variable. Although the flagella of most bacteria are not
surrounded by membranes, in numerous genera, including Helicobacter, Vibrio, and
Bdellovibrio, they are (Seidler and Starr 1968; Geis et al. 1993; Zhu et al. 2017).
In spirochaetes, the flagella are not even external, but reside within the periplas-
mic space, where their twisting contorts the entire cell. The degree to which the
scattered presence of flagella throughout the bacterial phylogeny is due to lineage-
specific losses or gains by horizontal gene transfer remains unclear (Snyder et al.
2009).

How might a molecular machine as complex as a bacterial flagellum have arisen?
That paths of descent with modification are involved is supported by several lines of
evidence. For example, the subcomponent that drives flagellar component export is
related to the catalytic subunits of ATP synthase. In addition, the remainder of the
system appears to be related to cell-surface projections used to transfer infection-
determining proteins into host cells, so-called Type-III secretion systems (Pallen et
al. 2005). At least ten components of such secretion systems have strong homologies
to components of the bacterial flagellum, and the overall architecture is similar. The
main difference is that instead of a flagellum, the secretion system harbors a stiff
injection apparatus (Blocker et al. 2003; Egelman 2010).

Liu and Ochman (2007) provide evidence that least 24 of the > 50 genes whose
products enter the bacterial flagellar system were likely present in the common
ancestor to all bacteria, and that many of the component origins involved gene du-
plication. They further suggest that the order of inferred duplications imply an
“inside-out” sequence of evolutionary steps that in turn reflects the assembly pro-
cess, i.e., basal body, hook, junction, and filament, a potential example of ontogeny
recapitulating phylogeny. These observations provide further support for the idea
that the flagellum arose from something like a Type-III secretion system, rather than
the other way around. Nonetheless, just as the flagellum may have evolved from
bacterial structures with alternative functions, partial loss of the flagellum some-
times leads to the maintenance of structures with novel functions. For example,
Buchnera aphidicola, an endosymbiont that inhabits the cells of aphids, has lost the
flagellar filament, but the cells still harbor hundreds of hook/basal body structures,
with likely roles in secretion into host cells, much like Type-III secretion systems
(Maezawa et al. 2006; Toft and Fares 2008).

Although fairly similar in overall structure, the flagella of archaea appear to
be completely unrelated to those of bacteria, providing a remarkable example of
convergent evolution. As in bacteria, the archaeal flagellum (the archaellum) rotates
via an embedded membrane structure. However, rather than being driven by a
proton-motive force, ATP hydrolysis drives rotation of the archaellum (Thomas et
al. 2001; Desmond et al. 2007; Lassak et al. 2012; Daum et al. 2017; Albers and
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Jarrell 2018). The components of the whip, archaellins, appear to be unrelated to
bacterial flagellins, and unlike the situation in bacteria, archaeal flagella are not
hollow and have no hook structure. Archaeal flagella appear most closely related to
bacterial type IV pilus systems (Albers and Pohlschröder 2009), which are used as
adhesive structures and in twitching motility, although this too might be a matter
of convergence.

Eukaryotic flagella. This theme of diversity extends to the eukaryotic flagellum,
which is unlike anything utilized in the prokaryotic world. Unlike the rotational
flagella of prokaryotes driven by a proton-motive force, eukaryotic flagella operate
by a whip-like mechanism driven by ATP-consuming motor proteins, which cause
doublets of microtubules to slide past each other. Only a few eukaryotic lineages
lack the ability to produce flagella, most notably slime molds, yeasts, and land
plants, leading to the general conclusion that the origin of the eukaryotic flagellum
preceded LECA (Cavalier-Smith 2002; Nevers et al. 2017). In some protists, such as
ciliates and barabasalids, an enormous proliferation of proportionally short flagella
coats large portions of the cell surface. The word cilia (singular cilium) is generally
reserved for these cases, although aside from length differences relative to cell size,
the basic structure remains the same.

As in bacteria, there are many variants on the structure and deployment of
eukaryotic flagella. For example, the green alga Chlamydomonas can swim either
by a breaststroke or by undulatory waves (Tam and Hosoi 2011). The cryptophyte
Ochromonas has perpendicular hairs (mastigonemes) radiating from the flagellum,
creating a feather-like appearance. Combined with the use of flagella, euglenoids are
capable of additional cell contortions (called metaboly), with the cell shifting the
positions of cellular contents progressively along its axis (like food moving through
an animal’s gut). In trypanosomes, a single flagellum is embedded along the side of
the cell.

Eukaryotic cilia are much larger than bacterial flagella, generally on the order
of 200 nm in diameter as compared to 10 to 30 nm in prokaryotes, and almost
always consisting of bundles of nine peripheral microtubule doublets surrounding a
central pair (Ginger et al. 2008; Ishikawa and Marshall 2011, 2017). (The central
pair is typically absent in derived structures called primary cilia, which are used
as sensing organs in cells of metazoa). This overall core structure, known as an
axoneme, is surrounded by an extension of the cell membrane. The doublets grow
out of cylinders known as basal bodies, where the microtubules consist of triplets
comprised of δ- and ε-tubulins, which arose by gene duplication prior to LECA
(Dutcher 2003). In most organisms, the basal bodies are recycled centrioles, which
are also used as mitotic-spindle organizing centers during cell division (discussed
above).

While bacterial flagella are comprised of a few dozen proteins, on the order of
250 to 500 proteins contribute to the eukaryotic flagellum, up to 3% of the proteins
encoded in a eukaryotic genome (Avidor-Reiss et al. 2004; Pazour et al. 2005; Smith
et al. 2005). For the few organisms for which the flagellar proteome has been evalu-
ated (the green alga Chlamydomonas, the ciliate Tetrahymena, and mammals), ∼ 200
proteins are flagellar-specific and not found in nonciliated species (Avidor-Reiss et
al. 2004; Smith et al. 2005).
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Numerous activities occur within the lumens of eukaryotic flagella, which are in
a constant state of assembly and disassembly at the tip. As there are no ribosomes
within the flagellum, all materials must be selectively imported by intraflagellar
transport (IFT). However, eukaryotic flagella contain metabolic machinery for gen-
erating ATPs that are presumably used to fuel the molecular motors involved in
transport and motility (Ginger et al. 2008). Kinesins move structural and other
flagellar components forward on one member of each microtubule doublet, while
dyneins move cargo in the opposite direction on the other member (Stepanek and
Pigino 2016), preventing bi-directional traffic collisions. Transport rates are on the
order of 1 to 3 µm/sec (Ishikawa and Marshall 2017). Flagella also function secondar-
ily as sense organs, harboring numerous signal-transduction systems (environmental
sensors that initiate information cascades within cells; Chapter 22).

The most convincing scenario for the evolution of the eukaryotic flagellum in-
vokes an autogenous origin, starting as protruding microtubule bundle emanating
from a microtubule organizing center (as used in mitotic spindles) (Cavalier-Smith
1978; Jékely and Arendt 2006). Such an initial structure may have had little to do
with motility at all, operating instead as an environmental sensing organ. Eventually
an IFT system would have to evolve, along with the ninefold symmetric structure
of the axoneme, and the recruitment of molecular motors. Such a scenario invokes
little more than a series of gene duplication and modification events associated with
tubulins and motors deployed in the cellular interior (Hartman and Smith 2009).
An alternative hypothesis, which postulates an origin via a virus that somehow vic-
timized a host cell in such a way as to produce a primitive basal body for extruding
viral particles (Satir et al. 2007; Alliegro and Satir 2009), has an obvious problem
of ignoring the cost of maintaining such a pathogen for the eons required for the
emergence of the complex ciliary structure.

Further potential insight into the origins of the components of the eukaryotic
flagellum derives from similarities to various structural and functional aspects of
the nuclear pore complex and vesicle scaffolding proteins. Fibers at the base of
the flagellum may operate as gateways to admission of appropriate protein cargoes
for intraflagellar transport, making use of RAN-GTP cycles and importin molecules
as in the case of transport through nuclear pores (Rosenbaum and Witman 2002;
Dishinger et al. 2010; Kee et al. 2012; see Chapter 15). Notably, the two IFT protein
complexes that bind to cargoes (and are in turn dragged by motors) appear to be
derived by duplication from a common ancestor related to vesicle-coat proteins (van
Dam et al. 2013), which as noted in Chapter 15 are in turn related to the scaffold
of the nuclear pore complex. Left unresolved here is whether the nuclear-pore com-
plex preceded the evolution of the flagellum or vice versa, but these observations
again illustrate how the complex features of cells often evolve by duplication and
modification of pre-existing structures rather than by de novo establishment.

The eukaryotic flagellum has also served as a model for understanding how size
homeostasis is maintained for cellular organelles, one of the key questions in devel-
opmental biology focused at the cellular level (Chapter 9). Inappropriate flagellum
lengths (including unequal lengths in species with paired flagella) lead to aberrant
swimming patterns (Tam et al. 2003; Khona et al. 2013). Because eukaryotic flag-
ella undergo constant assembly and disassembly of tubulin subunits (Marshall and
Rosenbaum 2001), maintenance of a constant length implies that the two rates
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equalize. This further requires that at least one of the two reaction rates be length-
dependent, such that disassembly exceeds assembly above the equilibrium length,
and vice versa below the equilibrium. Such regulation is supported by experiments
in the biflagellated Chlamydomonas, showing that when one flagellum is severed, it
grows back while the other shrinks until the two equilibrate in length (Ludington
et al. 2012, 2013). One suggestion for such behavior is that the rate of assembly
declines with cilium length as the arrival time of tip components by IFT declines
with the distance that must be traveled by each particle (Ludington et al. 2013).
However, the data appear to support an active-disassembly model, with depolymer-
ization increasing with flagellum length (Fai et al. 2019). In the case of Giardia,
which has four pairs of flagella of different lengths, the data again support a model
of length-independent assembly and length-dependent disassembly associated with
the behavior of kinesins (McInally et al. 2019).

The costs of swimming. Although many cells can swim, and it is easy to imagine
adaptive reasons for doing so, e.g., directive movement towards patchy resources
and avoidance of predators, not all cells living in aquatic environments can self-
propel. The latter include many planktonic bacteria, diatoms, and green algae.
This suggests that the energetic cost of swimming in certain settings may exceed
the benefits. Drawing from prior work (Lynch and Trickovic 2020), an effort is
made here to obtain a rough estimate of such costs for both the act of swimming
and of building the mobility apparatus, and to determine how the evolutionary
consequences of such costs scale with cell size.

The baseline power requirement for swimming can be estimated as the work re-
quired to move an object (usually assumed to be a sphere, or an alternatively shaped
cell suitably transformed to an effective sphere) at a particular velocity (Founda-
tions 16.2). In biology, the mechanical force essential for movement is obtained by
a conversion from chemical energy, i.e., ATP hydrolysis, which is a less than perfect
process. Comparing the predictions of physical theory with actual estimated costs of
moving flagella, a number of attempts have been made to estimate the efficiency of
swimming in microbes. The universal conclusion is that the conversion of chemical
energy into motion is quite low, averaging ∼ 1%: ∼ 0.1% for the ciliate Paramecium
(Katsu-Kimura et al. 2009); 1.3% for the euglenoid Eutreptiella (Arroyo et al. 2012);
0.8%, 1.5%, and 1.4%, respectively, for the green algae Chlamydomonas (Tam and
Hosoi 2011), Polytoma uvella (Gittleson and Noble 1973), and Tetraflagellochloris
mauritanica (Barsanti et al. 2016); 8% for the archaebacterium Halobacterium (Ki-
nosita et al. 2016); and 1% and 5%, respectively, for the bacteria E. coli (Purcell
1977; Chattopadhyay et al. 2006) and Streptococcus (Meister et al. 1987). Thus,
the power requirement for swimming is on the order of 100× that expected based
solely on the physics of the process. Brownian-motion jostling of cells, rotational
diffusion, helical swimming patterns, and flexibility of the flagellum are among the
reasons for this low efficiency.

Despite this low efficiency, it has been suggested that the total cost of swimming
is still trivially small (Purcell 1977), but this sort of statement needs context. Only
a few attempts have been made to estimate the cost of swimming. Raven and
Richardson (1984) concluded that the cost of running a flagellum for an idealized
dinoflagellate is about equal to the basal metabolic rate, whereas Katsu-Kimura et
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al. (2009) suggested 70% for the ciliate Paramecium. Crawford (1992) estimated
that 1 to 10% of ciliate and dinoflagellate total energy budgets are allocated to
swimming, whereas Fenchel and Finlay (1983) estimated costs equivalent to ∼ 0.4%
of total cellular energy budgets in the cryptomonad Ochromonas and the ciliate
Didinium.

There are a number of uncertainties in this broad range of estimates, and no-
tably, they ignore the cost of building the apparatus required for motion. Nonethe-
less, although fractional energy investments as low as 0.1 to 1% may seem trivial
in an absolute sense, this is not correct from an evolutionary perspective, as such a
cost can easily be perceived by natural selection in most populations. As discussed
in Chapters 4 and 5, the power of selection is almost always sufficient to perceive
a cost as low as 0.01% (and much lower than that in unicellular species). Thus, it
is clear that the cost of swimming is sufficiently large that such a trait exists in an
evolutionary “use it or lose it” context, with promotion of nonmotile mutants likely
if the benefits of motility do not exceed the cost of operation.

A more general view of the problem can be obtained from the scaling relationship
between swimming velocity (v in units of µm/sec) and cell volume (V in units of
µm3) (Figure 16.4). For eukaryotic species, average v ' 16.6V 0.25, and noting that the
radius of a sphere is r = (3V/4π)1/3, this suggests a swimming speed for unicellular
eukaryotes of ∼ 13V −0.08/sec in units of effective cell diameters (2r), yielding average
estimates near 4 and 13 lengths/sec for the largest (V = 106) and smallest (V = 1)
swimming cells. Some ciliates are capable of “jumping” behavior at rates of 130 to
150 lengths/sec (Gilbert 1994). Scaled in this way, swimming speeds for eukaryotic
cells are comparable to those observed for the larvae of marine invertebrates, which
generally fall in the range of 5 to 10 lengths/sec (Chia et al. 1984), and much higher
than those for swimming vertebrates (fish, birds, seals, and whales, all of which
fall in the narrow range of 0.5 to 2.5 m/sec; Sato et al. 2007). The peak speeds of
the fastest fish (marlins and sailfish) are ∼ 15 body lengths/sec, and the maximum
speed for an Olympic swimmer is ∼ 2 body lengths/sec.

When the same derivation is made for bacteria, average swimming speeds in
units of cell length are found to be ∼ 24V −0.16/sec, yielding average estimates of
17 and 35 lengths/sec for the largest (V = 10) and smallest (V = 0.1) swimming
bacterial cells. In this sense, despite their small size and simplicity, bacteria are
easily the champions of the swimming world.

How much energy does such activity demand? From Equation 16.2.2, it can be
seen that the power required for swimming scales with the product of the viscosity
of the medium (η), the radius of the cell (r), and the squared swimming velocity
(v2), and to account for the inefficient conversion from chemical energy to motion,
this must further be multiplied by 100 (from above). Assuming spherical cells, the
scaling relationship for eukaryotes in Figure 16.4 implies rv2 ' 171V 0.83 µm3/sec2.
From Chapter 3, the viscosity of water is 10−2 g · cm−1 · sec−1 (assuming 20◦ C),
and after applying this to Equation 16.2.2 and appropriate changes of units, the
average power requirement of swimming is estimated to be (1.6×10−16)V 0.83 kg · m2

· sec−3, which has equivalent units of joules/sec (here, cell volume V is in units of
µm3).

To put this in more familiar terms, note that a rough estimate of the energy
associated with the hydrolysis of one mole of ATP at physiological conditions is
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50 kilojoules. After allowing for Avogadro’s number of molecules per mole, the
power requirement for swimming in units of ATP molecules hydrolyzed/hour is then
∼ (17 × 106)V 0.83 for eukaryotes, and similar extrapolation leads to (54 × 106)V 0.67

for bacteria. Recalling that average basal metabolic rates scale isometrically with
cell volume, ' 0.4× 109V ATP hydrolyses/hour at 20◦ C (Chapter 8), this suggests
a fractional energetic investment in swimming (relative to total maintenance costs,
and assuming the cell is constantly swimming) in the range of 1 to 4% for the largest
and smallest eukaryotic cells, but substantially higher in bacteria, ranging from 6%
in the largest to 29% in the smallest swimming species.

These estimates do not include the cost of building the swimming apparatus.
As outlined in Foundations 16.3, the total biosynthetic cost of the proteins com-
prising each E. coli flagellum and its basal protein parts is equivalent to ∼ 108 ATP
hydrolyses. The flagella of some bacteria are surrounded by a lipid membrane, and
although E. coli is not one of them, were it to do so, the cost would be ∼ 3.6× 108

ATP hydrolyses, raising the total construction cost by ∼ 5× relative to that for a
naked flagellum.

Although approximations, such calculations motivate some conclusions with re-
spect to swimming in bacteria. First, recalling from above that the cost of swimming
is ∼ (54× 106)V 0.67 ATP hydrolyses per hour for bacteria, because the average vol-
ume of an E. coli cell is V ' 1 µm3, the cell-division time is typically no more than
a few hours, and an average cell harbors several flagella, more than 50% of the cost
of swimming will typically be associated with building as opposed to operating the
apparatus. Second, from Chapter 8, the total cost of building an E. coli cell is
∼ 2.7 × 1010 ATP hydrolyses, implying that the bioenergetic cost of building each
flagellum is on the order of 0.4% of the total cellular energy budget. There will, of
course, be quantitative differences among species after variation in flagellar lengths
and numbers and cell size are accounted for, but given that most swimming bacterial
cells, including E. coli, have multiple flagella, the total construction cost of flagella
will typically exceed 1% of the cell’s total construction budget.

Calculations for eukaryotes (Foundations 16.3) suggest roughly similar relative
costs of swimming. Noting that the volume of a C. reinhardtii cell is ∼ 150 µm3,
and allowing for a 24-hour cell division time implies an energetic cost of swimming
of ∼ 2.6× 1010 ATP per cell life time, whereas the costs of flagellar construction are
∼ 3×1010 ATP hydrolyses for the protein content and ∼ 1010 for the lipid membrane
(for each of the two flagella). With the total cost of building a C. reinhardtii cell
being ' 3.2× 1012 ATP hydrolyses (Chapter 8), the relative costs of swimming and
constructing the flagellar pair are 0.8 and 2.5%, respectively.

Thus, from an evolutionary perspective, it can clearly be concluded that the
cost of swimming constitutes a significant fraction of a cell’s total energy budget.
In accordance with this view, many bacteria have evolved mechanisms for selective
use of flagella, regulating the expression of the necessary genes for use only in envi-
ronments providing significant benefits. When confronted with nutrient depletion,
some species shed all external features of their flagella, leaving behind just a plugged
remnant of the flagellar motor, whereas others cease assembly, leading to a reduction
in flagellum number as the cells divide (Ferreira et al. 2019).

Prolonged periods of silencing of such genes would be expected to eventually
lead to the accumulation of deactivating mutations (and complete loss of motility),
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and this presumably explains the absence of flagella/cilia from numerous branches
in the Tree of Life. Once such an event occurs, there must also eventually be a point
at which mutation accumulation is so high that reversion to motility is impossible
without horizontal gene transfer. However, a remarkable case of the resurrection of a
flagellum was observed in an experimental construct of the bacterium Pseudomonas
fluorescens engineered to be nonmotile by deletion of a key regulatory gene for
flagellar gene expression (Taylor et al. 2015). After just four days of strong selection
for motility, the bacteria regained flagella as mutations redirected a regulatory gene
for nitrogen assimilation towards the promotion of expression of still intact flagellar
genes (albeit at the expense of nitrogen uptake).

Summary

• Eukaryotic cells rely heavily on protein polymers consisting of monomeric (actin)
or heterodimeric (tubulin) subunits to construct linear beams used in a variety
of cellular functions ranging from structural support to intracellular trafficking
and motility.

• Although less apparent at the cellular level, evolutionary relatives of such fila-
ments are also found in prokaryotes, implying their presence at the time of the
last universal common ancestor, with subsequent functional modifications arising
in the eukaryotic domain. In particular, shifts in the deployment of tubulins vs.
actins for different functions between the major domains of life provide dramatic
examples of convergent evolution of cellular functions at the molecular level.

• Scaled to the total costs of constructing cells, the investment in fibrillar proteins
in eukaryotes (' 0.1 to 2%) may be only two-fold greater than it is in prokaryotes.

• Cell sizes and shapes are sustained by endoskeletons (fibrillar proteins) and/or
exoskeletons (cell walls). Although the detailed genetic mechanisms underlying
cell-shape homeostasis and the evolutionary mechanisms driving shape changes
are largely unknown in eukaryotes, in bacteria, substantial shifts in the geometric
features of cells can be accomplished by just single amino-acid changes in one or
two proteins.

• Many species deploy hard cell coverings, either internal or external to the plasma
membrane, which resist turgor pressure and likely have other functions such as
avoiding predation. Although peptidoglycans (prokaryotes), and glycans, cel-
lulose and chitin (eukaryotes) are common components of cell walls, numerous
variants are deployed across eukaryotic phylogeny, including the use of inorganic
components (e.g., silicon and calcium) in some lineages.
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• The investment in cell walls can be quite substantial, accounting for as much
as half the costs of the complete cell envelope, with the latter (including lipid
membranes) comprising on the order of 20 to 40% of a cell’s lifetime energy budget.
These numbers are strikingly similar to the rule-of-thumb that one should spend
no more than one-third of one’s income on a home.

• Whereas most intracellular transport in bacteria relies on passive diffusion, eu-
karyotic cells deploy molecular motors to carry large cargoes, such as vesicles,
using the cytoskeleton as a structural highway. Three major classes of molecu-
lar motors exist within eukaryotes (kinesins, myosins, and dyneins), all of which
diversified into multiple subfamilies with different subfunctions prior to the last
eukaryotic common ancestor.

• The most complex morphological structure of most prokaryotic cells is the flag-
ellum, whose origin seems rooted to structures used in ATP synthase and in
secretion systems, with the overall elaborations having arisen in part by gene
duplication. Numerous eukaryotes also swim with flagella, but the eukaryotic
flagellum evolved independently of that in prokaryotes and operates in a dramat-
ically different way, using cytoskeletal and motor proteins.

• In units of body lengths, swimming rates are several times higher in prokaryotes
than eukaryotes, but their operating costs per unit volume are higher as well.
The efficiency of conversion of chemical to mechanical energy used in motion
is quite low (of order 1%), and as a fraction of a cell’s total energy budget, the
costs of flagella are on the order of 0.1 to 1.0%, with the costs of construction and
operation being of similar magnitudes. Thus, there is a strong selective premium
of eliminating flagella unless the advantages outweigh the costs.
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Foundations 16.1. The eukaryotic cellular investment in the cytoskele-
ton. Given the central roles that the cytoskeletal proteins, actin and tubulin, play
in eukaryotic cell biology, it is of interest to evaluate the fraction of the cell’s energy
budget devoted to their production. Estimates are available for the average number of
monomers of each protein within the cells of a few species, and this information com-
bined with the cost of protein biosynthesis (to be covered in more detail in Chapter
17) and the cost of building an entire cell (Chapter 8) can be used to obtain a rough
estimate of the relative cost of the cytoskeleton.

For the two model yeast species, the average numbers of actin and tubulin
monomers per cell are, respectively: 88,600 and 22,400 for S. cerevisiae (Norbeck
and Blomberg 1997; Kulak et al. 2014); and 731,500 and 125,100 for S. pombe (Wu
and Pollard 2005; Marguerat et al. 2012; Kulak et al. 2014). Together, these two
molecules account for ∼ 0.24% and 0.77% of the total number of proteins per cell in
these species.

These numbers can be converted into bioenergetic-cost estimates by noting that:
1) actin and tubulin monomers contain ∼ 375 and 450 amino acids, respectively; and 2)
the average cost of amino-acid biosynthesis is 30 ATP hydrolyses per amino acid, with
another 4 hydrolyses necessary for polypeptide-chain elongation (Chapter 17). Taking
the total cost (in ATP hydrolyses per cell cycle) to be the product of the number of
monomers, the number of amino acids per monomer, and 34 ATP hydrolyses per amino
acid leads to estimates of 1.1×109 and 3.3×108 for actin and tubulin in S. cerevisiae,
and 9.1 × 109 and 1.9 × 109 in S. pombe. There are additional costs associated with
transcription of the genes for these proteins, but as will be more fully discussed in
Chapter 17, about 90% of the total cost of running genes is associated with protein
production, so the above numbers are only slight underestimates.

To put this into broader perspective, recall that Equation 8.2b provides an es-
timate of the cost of building an entire cell. Given cell volumes of ∼ 70µm3 for S.
cerevisiae and 130µm3 for S. pombe, the number of ATP hydrolyses required for the
construction of cells in these two species ' 1.5×1012 and 2.9×1012, respectively. Thus,
just 0.1 and 0.4% of the total energy budgets for cell construction in these species is
devoted to the cytoskeleton, with ∼ 80% of such costs being associated with actin.
Similar calculations for data from mouse fibroblast cells (Schwanhäusser et al. 2011)
leads to estimates of 3.8% for actins and 1.9% for tubulins, and for human HeLa cells
(Kulak et al. 2014) of 0.1% for actins and 0.5% for tubulins.

It is of interest to note that the two major cytoskeletal proteins in E. coli,
FtsZ (related to actin) and MreB (related to tubulin), have average abundances of
3,450 and 1,060 protein monomers per cell (Pla et al. 1991; Rueda et al. 2003; Lu
et al. 2007; Taniguchi et al. 2010; Wizniewski and Rakus 2014; Vischer et al. 2015;
Ousounov et al. 2016; Bratton et al. 2018), with respective contents of 383 and 347
amino acids/monomer. With the cost of building an E. coli cell being ' 27 × 109

ATP hydrolyses (Chapter 8), the fractional contributions of these two molecules to
the total cell budget are 0.16 and 0.04%, respectively. Thus, although the common
view is that eukaryotes invest substantially more in cytoskeletal infrastructure than do
prokaryotes, this simple comparison suggests just a two-fold increase in yeasts relative
to E. coli.

Foundations 16.2. The physical challenges to cellular locomotion. A key
to understanding the relative advantages / disadvantages of motility in single-celled
organisms is the way in which the resistance of a fluid to the motion of an object
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scales with the size of the object (Purcell 1977). The central concept is embodied in
the definition of a dimensionless index known as the Reynolds number, which equals
the ratio of inertial to viscous forces,

Re =
ρvL

η
, (16.2.1)

where ρ is the fluid density (g/cm3), v is the velocity of the object (cm/sec), L is
the characteristic linear dimension of the object (which depends on the shape; cm),
and η is the fluid viscosity (g/cm·sec). For water, η/ρ ' 10−2 cm2/sec. Although
the source of Equation 16.2.1 may not be intuitive, the derivation follows from the
fact that the inertial force of an object (the numerator in Re) is equal to mass times
acceleration (the rate of change of velocity), i.e., (ρL3) · (v/t), where t denotes time.
The denominator follows from the definition of the coefficient of viscosity (η) as the
viscous force per unit area per the velocity gradient (change in velocity per distance),
which gives a total viscosity force of η · L2 · (v/L). Noting that (v/t)/(v/L) = L/t is
equivalent to v returns [ (ρL3) · (v/t) ]/[ η · L2 · (v/L) ] to Equation 16.2.1.

The Reynolds number is a convenient index of the challenges confronted by an
object moving in a fluid. When Re < 1, viscous forces dominate, and in the limiting
case of Re � 1, the motion at any particular moment is essentially independent of all
prior action. In the latter case, the resistance of the fluid is so great that movement of
the object ceases nearly instantaneously if the force of motion is stopped. Almost all
aspects of cellular movement are in this low Reynolds number range. For example, as
noted above for bacterial motility, v is almost always < 100µm/sec, and most bacterial
cells have lengths of order 1µm, so given that 1µm = 10−4 cm, Re is on the order of
10−4.

A key definition from physics is that power (the rate of doing work, or equivalently
the rate of energy utilization) is equal to the product of force and velocity, P = F · v.
From Stokes’ law, which specifically applies to low Reynolds number situations, the
inertial drag force is F = 6πrηv, so

P = 6πrηv2 (16.2.2)

for a sphere with radius r. The formula differs for different shapes (see pages 56-57,
Berg (1993) for some approximations; and Perrin (1934, 1936) for more general results),
although the scaling with ηv2 remains. One has to be careful with units here. If F in
units of kg-m/sec2, and v has units of m/sec, then P has units of watts or joules/sec.
To determine the total metabolic power required to maintain velocity v, the preceding
expression must be divided by the efficiency of conversion of electrochemical energy to
directional motion (i.e., the ratio of propulsive-power output to rotary-power input),
which in E. coli is estimated to be 0.017 (Chattopadhyay et al. 2006; and see main
text for other estimates).

To determine the potential benefits of swimming in terms of resource acquisition,
the overall process can be viewed as being equivalent to a measure of effective diffusion
of the cell through the medium. Suppose a cell swims for time τ with constant velocity
v in a three-dimensional environment, pauses for infinitesimally short time, and then
randomly starts off in a new direction, with the swimming durations being exponen-
tially distributed. Although the physical length of each individual bout is vτ, because
the runs are distributed over three dimensions (Chapter 7), and because the times
are exponentially distributed, which implies an average squared value of run times of
τ2 = 2τ2, the mean-squared length of movement per bout is 2v2τ2/3. By definition,
the mean-squared deviation of movement in τ time units is 2Dτ (Chapter 7), where D
is the diffusion coefficient. Equating these two expressions and factoring out 2τ leads
to

D =
v2τ

3
(16.2.3a)
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under the assumption that the directions of movement between adjacent steps are
random.

In contrast to the situation in which the directions of successive travel bouts are
uncorrelated, if there is some memory of the swimming process such that successive
bouts tend to go roughly in the same direction, the average distance traveled is ex-
pected to increase. If, however, there is a tendency to switch to opposing directions,
the cumulative distance traveled will be decreased. Such correlations of movement can
be accommodated by dividing the previous expression by (1− c), where c is the mean
cosine of the angle of switching (Lovely and Dahlquist 1975),

D =
v2τ

3(1− c)
. (16.2.3b)

If the angle of switching is small, (1 − c) ' θ2/2, where θ is in radians. The mean-
squared angular (rotational) deviation θ2/2 is analogous to the mean-squared linear
(translational) movement encountered in Chapter 7, leading to the concept of rota-
tional diffusion. By definition then, θ2/2 = 2Drτ , where Dr is the rotational diffusion
coefficient.

Even in the absence of behaviorally-induced switching of angles, the jostling of
fluid molecules causes rotational diffusion of the cell, just as in the case of translational
movement. It is known that under these conditions Dr = kBT/(8πηr3) (Berg 1993;
Equation 6.6). This inverse relationship between the rate of rotational diffusion and
cell size means that directional swimming becomes increasingly challenging in small
cells that are continually being reoriented by physical forces (Mitchell 1991). Using
the preceding approximation for (1− c), this leads to an effective diffusion rate of

D =
v2τ

3(1− c)
=

2v2τ

3θ2
=

v2

6Dr
=

4πηr3v2

3kBT
. (16.2.4a)

for a cell at the mercy of random thermal jostling. From Chapter 2, we know that
kBT ' 4.1× 10−14 cm2 · g · sec−2, and for water η ' 10−3 g · cm−1 · sec−1, so for a cell
in a freshwater environment, subject to translational and rotational diffusion

D ' 1012 · r3v2, (16.2.4b)

where r and v have units of cm and cm/sec, respectively, yielding D with units of
cm2/sec.

If one then considers a bacterium with typical r ' 10−4 cm, and v ' 3 × 10−3

cm/sec, the effective diffusion coefficient is D ' 10−5 cm2/sec. From Figure 7.6, the
average diffusion coefficient for a typical anion/cation is also ' 10−5 cm2/sec, with
that for a protein containing 100 amino acids being ' 10−6 cm2/sec. The encounter
rate between two different types of diffusing particles is proportional to the sum of
their diffusion coefficients. Thus, without direct behavioral modifications of swimming
direction, a swimming bacterial cell will encounter randomly distributed resources at
a rate at least double that expected for a nonmotile cell, and larger, more rapidly
swimming cells will achieve more.

An ability to respond to local resource abundance (e.g., by chemotaxis;Chapter
22) can enhance encounter rates by fostering a positive directional bias of movement
up a resource gradient. Likewise, a negative bias can lead to local retention in a
nutrient-rich patch. Consider, for example, a strong positive correlation of directional
movement, c = 0.9. Applying this to the left-most expression in Equation 16.2.4a, with
a bacterial swimming speed of v ' 3×10−3 cm/sec and τ = 1 sec, leads to D ' 3×10−5

cm2/sec, whereas c = 0 (random movement) leads to D ' 3 × 10−6, and c = −0.8
leads to D ' 1.7 × 10−6 cm2/sec. Thus, behavioral mechanisms can substantially
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magnify average levels of resource availability by biasing movement towards resource-
rich patches in a heterogeneous environment.

Arguments like these provide a starting point for estimating costs and benefits of
locomotion and chemoreception. Based on a metabolic scaling argument, Dusenbery
(1997) estimates that there is a minimal size limit of ∼ 0.8 µm below which there is no
advantage to motility, although his arguments ignore the cost of building the motility
apparatus (Foundations 16.3).

Foundations 16.3. The construction costs of flagella. The cost of building a
molecular machine such as a flagellum can be estimated using the general strategy out-
lined in Foundations 16.1 (with further elaborations on the underpinnings in Chapter
17). For a bacterial flagellum, the biosynthetic costs can be roughly computed as fol-
lows. From Berg (2003), an average E. coli flagellar filament contains ∼ 5340 flagellin
protein molecules, each containing ∼ 500 amino acids, implying a total investment of
∼ 2.7 × 106 amino acids/flagellar filament. The remaining proteins associated with
the basal body, rod, and hook comprise only about 5% of the protein in the flagellum
(Sosinsky et al. 1992; Berg 2003), so in total there are ∼ 3× 106 amino acids involved.
As noted in Foundations 17.2, the total translation-associated cost per amino acid (in-
cluding synthesis and polymerization) is ∼ 34 ATP hydrolyses, and additional costs
of genes at the DNA and mRNA levels only inflate these estimates by ∼ 10%. This
implies a protein biosynthetic cost per E. coli flagellum of ∼ 108 ATP hydrolyses.

For some bacteria, there is an additional cost of wrapping the filament with a
lipid membrane. Although not one of these, E. coli will nonetheless be used here
to examine the consequences of such an elaboration. Again, the details underlying
the computations will be given in Chapter 17. The essential points are that with
an average E. coli flagellum radius and length of 0.01 and 6 µm, respectively, the
cylindrical surface area of the flagellum is ∼ 0.4µm2. As the average membrane area
occupied by a bacterial lipid molecule is 0.65 × 10−6 µm2, after accounting for the
two leaflets of the lipid bilayer, there would be an estimated 1.2× 106 lipid molecules
surrounding this flagellum. The biosynthetic costs of lipids are much greater than
those for proteins, averaging 300 ATP hydrolyses per lipid molecule, leading to a total
biosynthetic cost of the flagellar membrane of ∼ 3.6× 108 ATP hydrolyses, ∼ 4× that
of the protein components.

To extend these calculations to eukaryotes, consider the green alga Chlamy-
domonas reinhardtii, which generally has two flagella with approximate radii and
lengths of 0.075 and 20 µm. After accounting for the slightly elevated cost of lipid
biosynthesis in eukaryotes (' 350 ATPs), this implies a total membrane cost surround-
ing each flagellum of ∼ 1010 ATP. Raven and Richardson (1984) estimate there to be
∼ 48, 000 tubulin monomers (each ∼ 450 amino acids in length) per µm of flagellum,
implying a cost for this major molecule of ∼ 1.5×1010 ATP. There are also ∼ 600 of the
large motor protein dynein (each ∼ 15, 000 amino acids in length) per µm, implying
an additional construction cost of ∼ 6.1 × 109 ATP. There are numerous other pro-
teins within eukaryotic flagella, including the smaller motor protein kinesin, but their
summed number is unlikely to rival that for tubulin and dynein, so the total cost of
protein synthesis associated with each C. reinhardtii flagellum is ∼ 3×1010 ATP. This
is ∼ 3× the lipid cost, opposite the situation for a bacterial flagellum, but expectedly
so, given the lower surface area:volume ratio of the thicker eukaryotic flagellum.
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