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Propulsion by slender cellular appendages called cilia and flagella is an ancient means of lo-
comotion. Unicellular organisms evolved myriad strategies to propel themselves in fluid en-
vironments, often involving significant differences in flagella number, localisation and modes
of actuation. Remarkably, these appendages are highly conserved, occurring in many com-
plex organisms such as humans, where they may be found generating physiological flows
when attached to surfaces (e.g. airway epithelial cilia), or else conferring motility to male
gametes (e.g. undulations of sperm flagella). Where multiple cilia arise, their movements
are often observed to be highly coordinated. Here | review the two main mechanisms for
motile cilia coordination, namely, intracellular and hydrodynamic, and discuss their relative
importance in different ciliary systems.

Introduction

A major signature of living organisms is their ability to generate and coordinate movement. Even plants,
which are often considered to have a static existence, exhibit purposeful, directed movement for growth
optimisation (e.g. circumnutation) [1]. Throughout evolution, multiple divergent strategies for locomo-
tion have arisen in land, air and sea, including swimming, crawling, galloping and flying. By far the most
ancient of these is locomotion through a fluid environment (known as motility), which gave motile or-
ganisms the ability to navigate towards favourable conditions (light, nutrients), and consequently a signif-
icant selective advantage over their non-motile counterparts. Here, we focus on motility associated with
surface-attached appendages known as cilia, or interchangeably flagella. This ubiquitous and evolution-
arily successful organelle appears in virtually all extant branches of eukaryotes [2]. Figure 1 illustrates
a number of different species spanning several orders of magnitude in size, which invariably use cilia
to swim or to move fluid from one region to another. At the unicellular extreme, spermatozoa propa-
gate bending waves from base to tip to push themselves through the fluid [3], the biflagellate green alga
Chlamydomonas coordinates two flagella in a synchronous breaststroke [4-6], while larger ciliates in-
cluding Paramecium and Stentor are covered in cilia which have become specialised either for efficient
swimming or feeding [7]. In the ventricles of the brain, cilia generate a complex, directional transport net-
work for precise control of substance redistribution [8] and even provides structural support [9], while in
the human trachea, the coordinated sweeping of cilia clears debris and mucus up and out of the lungs over
distances of tens of centimetres [10,11]. Do these diverse ciliary systems rely upon unified mechanistic
principles to achieve coordinated patterns of activity?

The green algal flagellates, in particular, have emerged as a preferred model system not only for studying
the structural biology of cilia and their relation to human ciliopathies [22-25] but also the fluid physics of
cilia-driven flows [16,26-28]. Here, we focus on select species of microalgae that exhibit significant differ-
ences in size, number and spatial organisation of their flagella, and which, presumably through adaptation
to various ecological niches, are able to produce a surprising diversity of swimming gaits. These species
encompass single-celled organisms with a diameter of 10 um or less, but also larger, multicellular species
such as Volvox spp which are several hundreds of microns in size. As we shall see, their distinct ciliary
coordination patterns could only have arisen from a delicate interplay between two very different physical
mechanisms.
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Figure 1. Unity and diversity of ciliary systems

The same fundamental structure occurs in the tiniest of microorganisms as well as ciliated tissues, but exhibits drastic differences
in number and localisation. Examples include (A) the algal biflagellate Chlamydomonas reinhardltii [4], (B) a quadriflagellate Prasino-
phyte alga Pyramimonas sp. [12], (C) rosette-forming choanoflagellates [13,14], (D) human sperm [15], (E) the spherical alga Volvox
carteri [16,17], (F) the ciliated larvae of the marine annelid Platynereis dumerilii which have segmental multiciliated cells, and long,
stiff chaetae [18], (G) the trumpet-shaped ciliate Stentor coeruleus [19], (H) ciliated epithelia of Xenopus laevis embryos [20], (I)
ependymal cilia in mouse brain ventricles which direct cerebrospinal fluid flows [8] (cilia are localised to shaded region) and (J)
multiciliated columnar cells in the human trachea [10,21].

Swimming with cilia and flagella

The act of waving an appendage through a fluid creates a local disturbance of decaying magnitude away from the
source [29]. Micron-sized organisms dwell in a regime dominated by viscous effects, in which there is zero inertial
coasting, so that they must employ very different mechanisms of self-propulsion compared with larger organisms
such as fish. Consequently, cilia have evolved to harness drag-based propulsion [30]. There is a surge of recent in-
terest in mimicking the success of this design in the manufacture of artificial robotic microswimmers for biomedical
applications [31].

Self-propelling bodies in the viscous (so-called low Reynolds number) regime experience no net forces or torques,
so that motion is completely specified by their shape kinematics. There are two main considerations for generating net
propulsion, first, a cilium’s characteristic slender shape ensures drag-anisotropy when moving through the fluid, sec-
ond, microorganisms actively prescribe a time-varying distribution of bending moments along the cilium to generate
a cyclical, but importantly non-reciprocal sequence of shape changes — in other words a stroke. A typical ciliary beat
consists of a power stroke, in which the long axis is perpendicular to the direction of motion, and a recovery stroke, in
which it is much more curved, and aligned with the direction of motion. Eukaryotic cilia and flagella are distinctive
in their capacity to propagate large-amplitude bending waves of activity. Indeed, the observation of slow amplitude
decay first led Machin [32] to postulate the existence of active force generating components distributed along the
entire length of the filament, before the first experiments were conducted showing these putative components to be
dyneins (from the Greek for ‘force’) residing inside the axoneme. The precise mechanism by which distributed dynein
activity leads to emergence of ciliary beating is still not fully understood, and remains a highly active field of research
[33-40].

Individual as well as groups of cilia and flagella show a remarkable sensitivity and mutability to extracellular as
well as intracellular perturbations. For multiple cilia, different propulsion modes are produced by careful modulation
of the phase difference between the periodic strokes of neighbouring cilia: zero phase difference for the biflagellate
breaststroke, or a fixed, non-zero phase difference for metachronal waves in ciliary arrays.

(© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).
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Figure 2. The Chlamydomonas flagellar apparatus

(A) Schematic showing the cytoskeletal architecture of basal bodies (B1,2), microtubular roots (two-membered rootlets R2 and
four-membered rootlets R4), and fibrous/contractile connections (NBBCs to the nucleus, proximal and distal striated fibres PF and
DF). (B) Longitudinal section of a flagellum showing a structural change from triplet microtubules to doublets, two characteristic
cross-sections are shown: one through the basal body and the second through flagellum proper. (C) Top view, highlighting radial
symmetries in the flagellar apparatus, the locations of the two PB, the cruciate arrangement of microtubule bundles and the DF
connecting specific microtubule doublets in the mature basal bodies (B1,2),

Centrioles in the algal flagellar apparatus

Across diverse evolutionary phyla, a high degree of conservation pertains not only to the cilium itself but also to the
centrioles to which these microtubule-based organelles are attached [41,42]. Centrioles are present in many unicellu-
lar eukaryotes but lost in most land plants [43], and have been studied extensively in several model species including
Chlamydomonas reinhardtii, Drosophila melanogaster, Caenorhabditis elegans and human cell lines [44-46],
and itis to C. reinhardtii in particular that we owe much of our knowledge of centriole assembly and the microtubu-
lar composition of cilia and flagella [25,47]. Centrioles also serve as the structural basis of centrosomes, which in turn
organise spindles during cell division and regulate cytokinesis [48]. Centrosomal duplication is tightly coupled to the
cell-cycle [49-51], and in mammalian cells are intimately involved in cell proliferation, migration and determining
polarity [52,53]. Mature centrioles, in this context then known as basal bodies, can dock to the plasma membrane
(Figure 2) where they are responsible for templating sensory or primary cilia for signal transduction, or motile flagella
for cell motility.

Eukaryotic centrioles/basal bodies are cylindrical, have a chiral arrangement of triplet microtubules (termed A,
B, C) which become doublets extending into the axoneme proper, giving rise to a distinctive nine-fold symmetry.
In the flagellar apparatus of C. reinhardtii, individual triplets also exhibit a gradual longitudinal twist going from
the basal to distal end [54]. C. reinhardtii flagella are approx. 12 pm long and 250 nm wide, and have a ubiquitous
structure comprising nine doublet microtubules encircling a central pair, which consists of two microtubules (Figure
2B). Basal bodies associated with such ‘9 + 2’ axonemes are thought to be the ancestral form present in the common
unicellular ancestor of eukaryotes [44]. The C tubules terminate in the transition zone, which gates protein entry
into the axoneme, while A and B tubules terminate in the distal part of the flagellum [55]. The peripheral doublets
are transiently linked by tens of thousands of dynein motors, regulatory components and other complexes in 96
nm repeating units [56], and beating occurs through the distributed activity of these various dynein isoforms [57].
Signalling and mechanical interactions via the central pair/radial spokes are also thought to be involved in axonemal
beat modulation [40,58].

(© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 831
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Algal basal bodies are particularly important for organising the cytoskeleton and for organellar placement
[59,60]. In interphase, C. reinhardtii cells have two mature flagella-bearing basal bodies (~400 nm) and two
nascent/pro-basal bodies (PB, ~86 nm), anchored in a fixed orientation (Figure 2C). Unlike metazoan centrosomes
where mother and daughter centrioles are oriented perpendicularly [41], in C. reinhardtii they assume a V-shape
[61,62], to facilitate breaststroke swimming. Two types of fibrous structures are present in the flagellar apparatus
[63,64]: microtubular roots, and contractile, centrin-based fibres. Each mature basal body has a four-membered and
atwo-membered microtubule rootlet, containing acetylated oc-tubulin, which are assembled to form a cruciate pattern
characteristic of green algal flagellates. The four-membered rootlets demarcate the cleavage furrow, and determine
the placement of a de novo assembled eyespot (photosensor) near the daughter basal body. Each cell has a unique
eyespot, thereby breaking bilateral symmetry. A large distal striated fibre (DF) connects the two mature basal bodies
just below the transition zone. Fibrous bundles called nuclear basal body connectors (NBBCs) connect the basal bod-
ies to the nucleus [65]. The precise functions of many of these accessory structures remain to be further elucidated
[66,67].

More than one cilium - a question of coordination

Given all of the above, how do cilia and flagella cooperate to optimise the movement of fluid given physical constraints
such as placement of basal bodies within a precisely defined cytoskeletal architecture? In the human ciliopathy known
as primary ciliary dyskinesia (PCD), mutations were first identified in ciliary ultrastructure, but variants of the syn-
drome have also been found that are due entirely to disorientation of the cilia [68]. Likewise, in unicellular protists
such as Tetrahymena or Paramecium the main function of the ciliate cortex is to order basal bodies and nucleate
cilia for motility. In all these cases, maintaining correct ciliary orientation and coordination is crucial. Neighbouring
cilia which inhabit a shared fluid environment must interact hydrodynamically due to their physical proximity, but
cilia may also constrained intracellularly, which of these two (possibly antagonistic) contributions dominate can only
be ascertained on a case-by-case basis.

Proof of hydrodynamic interactions

The colonial alga Volvox (Figure 1E) holds clues to the ancient evolutionary origins of multicellularity [69]; spheroids
have two cell types, large germ cells in the interior, and thousands of flagellated somatic cells adorning the surface are
oriented with their basal bodies directed away from the A-P axis to produce large-scale flows and directed swimming
[70]. Individual flagellated somatic cells, when isolated from their parental colonies and placed in pairs with different
relative beat orientations on separate micropipettes, can synchronize their beating purely as a result of interactions
through the fluid [71]. Pairs of cells with parallel stroke orientations exhibited in-phase synchrony, but anti-phase
synchrony when the power strokes faced away from each other (Figure 3A,B). Moreover, the decay of synchronization
with increasing distance of separation was shown to be functionally consistent with hydrodynamic predictions [71].
Theoretical models can also account for the emergence of phase synchrony and even large-scale metachronal waves
of ciliary activity, consistent with experimental observations [17,72,73]. A corollary of this is that flagellar beating
must be compliant: mechanical forces and hydrodynamic loading can alter the engagement of axonemal dyneins,
thereby changing the beating waveform and frequency. The physics of these non-local, feedback-driven phenomena
is currently under further investigation [74-77]. More recently, hydrodynamic stresses have even been suggested as
a mechanism for ultrafast and efficient cell-cell communication in the protist Spirostomum ambiguum [78].

Proof of intracellular control
Contrary to the case of Volvox, the in-phase synchronous breaststroke of Chlamydomonas (Figure 3D-F) could
not be reconciled with the same hydrodynamic theory (see also [79]). Instead, can fibrous connections in the algal
flagellar apparatus, which not only lie in the plane of flagellar beating, but are even found attached to each basal body
at specific numbered microtubule doublets, provide additional intracellular coupling [61,65,80]? Recent experiments
examining the motility phenotypes of vfl-3 mutants — which have a variable number of full-length, fully motile flag-
ella (0 < N <5), suggest this is indeed the case [12]. In this mutant, flagella are also found in aberrant positions and
orientations [81], but importantly are missing or defective in the distal striated fibre (recall Figure 2). No in-phase
synchronous breaststrokes were observed, indicating that internal coupling must have been necessary to coordinate
the biflagellate breaststroke of wildtype cells. Indeed, flagella in certain configurations (e.g. triplets) exhibited hydro-
dynamic synchronisation in the absence of these intracellular connections (Figure 4A).

Notably, it has been predicted in multiple theoretical models that changes in the amount of sliding between micro-
tubule doublets at the flagellar base or other boundary conditions can effect global changes in the beating dynamics

(© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).
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Figure 3. Experimental versus natural configurations of algal flagella

In all cases, the conspicuous orange dots represent algal eyespots (rudimentary photoreceptors), whose positioning is related to
the developmental age of the flagella. A pair of V. carteri somatic cells held on nearby micropipettes, interacting hydrodynamically,
exhibits either in-phase synchrony (A) or anti-phase synchrony (B) depending on their relative orientation. (C) /n vivo, arrays of
these cells coordinate metachronal waves in the Volvox colony. By contrast, the in-phase breaststroke of C. reinhardtii (D) cannot
be reproduced in pairs of wildtype cells that have been rendered uniflagellate (E), implicating an internal (possibly spring-like)
coupling provided by the distal striated fibre. Arrows indicate power stroke directions (A-E). (F) In a different species (see also
Figure 1B), a quadriflagellate beat pattern (aka trot) is observed, comprising two pairs of breaststrokes displaced temporally by 1/2
beat cycle.

Figure 4. Aberrant flagellar coordination patterns in a basal-coupling mutant.
Flagellar waveforms and dynamics are tracked in a tri-flagellate vfl-3 mutant (A) and wildtype C. reinhardtii (B). (Cell body/pipette
not shown on subsequent image frames.) The distal striated fibre is missing or defective in vf/-3 [81]. Consequently, coordination
between the three flagella reverts to hydrodynamic interactions, in which the pair beating with power strokes in the same direction
tends to synchronize in in-phase, but in anti-phase with respect to the third singlet flagellum. The wildtype cell on the other hand,
maintains an in-phase synchronous breaststroke. (For further examples, see [12].)

(© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 833
License 4.0 (CC BY-NC-ND).
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Figure 5. Revealing intrinsic differences between the two C.reinhardtii flagella

The two flagella are similar but not identical. /n vivo micromanipulation and microsurgery revealed a differential sensitivity to deflag-
ellation-induced intracellular calcium elevation — here inferred indirectly by measuring ciliary beat frequencies in the two flagella of
the same cell, after successive rounds of deflagellation and regrowth. The stereotypical trans-flagellum beating mode is markedly
faster, has an attenuated waveform, and exhibits greater frequency variations than the cis.

in a non-trivial manner [36,40,82,83]. Such considerations may yet help to explain observations of a novel (biflagel-
late) anti-phase gait in another C. reinhardtii mutant known as ptx1I [83,84]. More generally, elaborate networks of
intracellular structures are associated with the basal bodies of other species of algal flagellates including quadri- and
octoflagellates, revealing a surprising diversity of gaits involving precise phase relationships between the flagella [12].
Further investigation into the morphology and function of these fibrous structures may yield fresh insights into the
evolution of the algal flagellar apparatus and the origins of active, biochemical gait-control.

The generational age of basal bodies

For many simple eukaryotes, cilia and flagella are used simultaneously for sensing and motility, which leads to one fur-
ther complication. Organisms must be able to produce asymmetric behavioural changes in response to environmental
cues: in addition to directed swimming, they must be able to turn. This is of particular importance in phototaxis —
motility with respect to light, where they adjust to photostimuli by altering the beating of cilia/flagella [85,86]. In C.
reinhardtii, this is accomplished through asymmetric actuation of the two flagella [87], which are termed cis or trans
depending on relative distances from the unique eyespot (Figure 5). Both flagella insert into the apical region of the
cell and are of equal length, and have no visible ultrastructural or morphological differences. An inherent centriolar
asymmetry exists however, rooted in the difference in generational age of the cis versus trans basal body; at each
round of cell division, the cis basal body is always formed anew yet the trans is inherented from the parent cell. This
sequence of semi-conservative basal body duplication forms the basis of a greater, cell-wide asymmetry [88,89].

At a behavioural level, evidence of differential Ca** sensitivities in the two C. reinhardtii flagella first emerged
in demembranated cell models placed in buffers with varying concentrations of calcium [90,91], as well as in early
micropipette experiments [4]. More recently, high-speed imaging was used in combination with micromanipulation
and microsurgery in live cells to decouple the intrinsic beating dynamics of one flagellum from its partner, in which
individual cis- or trans-flagella were carefully removed from each biflagellate cell by induced self-scission (Figure 5),
allowing sufficient time for flagellar regeneration between the successive amputations [6]. Attributing these in vivo
flagellar responses to deflagellation-induced calcium elevation [92], isolated cis-flagella were found to beat with a
lower mean frequency as well as lower frequency noise [93] than isolated trans-flagella. Biochemical explanations for
these differences remain elusive, but entry of signalling proteins into a basal body may well depend on its generational
age [35]. In the normal wildtype breaststroke (a putative lower calcium state), intrinsic cis—trans frequency and am-
plitude differences are presumed sufficiently suppressed [91] to enable intracellular fibres to lock the two flagella into
synchrony.

Conclusions

For many eukaryotes, the importance of the centriole/basal body complex is well established. Highly conserved basal
body and axonemal architectures are thought to have originated in unicellular organisms that adopted the very first
proto-cilium for motility [44,94]. The algal flagellates display a great diversity in form yet conservatism in function,

(© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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emphasising their value in helping us disentangle the ancient evolutionary and phylogenetic origins of the flagellar
apparatus. By performing comparative studies across different species spanning extremes in size and complexity,
causal relationships between ultrastructure and motile behaviour were deduced, uncovering two distinct mechanisms
for achieving robust beat coordination that are exemplified by dominance of hydrodynamic interactions in the
colonial Volvox, and of intracellular coupling in the unicellular Chlamydomonas.

In metazoa however, or even in the larger ciliates, causality is not usually so clear-cut and additional mechanisms
must also be considered [95]. In Platynereis larvae for example (Figure 1F), ciliary coordination is closely gated by
neural activity [18]. In Tetrahymena, striated kinetodesmal fibres help maintain basal body orientation and resist hy-
drodynamic stresses produced by ciliary beating [96], while in the mouse trachea, the apical cytoskeleton was found
to be necessary for correct basal body alignment [97]. Conversely, ciliary flows are implicated in the establishment
of order: ciliary patterning in the larval skin of Xenopus is a two-stage process in which basal bodies are first ori-
ented relative to the tissue axis but subsequently refined through feedback by extracellular fluid flows [98], in mouse
brain ventricles however, basal bodies begin randomly docked, before a coupling between hydrodynamic forces and
intracellular Planar Cell Polarity signalling sets the correct orientation [99]. With these more confounding contexts
in mind, further study of flagellar coordination in algae and other protists will help reveal with greater clarity, the
physics behind this complex interplay between flows, mechanical coupling and intracellular signalling.

Summary

e Moitile cilia and flagella occur in diverse biological systems.
e Multiple cilia can interact intracellularly as well as hydrodynamically.

e Passive hydrodynamic interactions can drive the beating of nearby filaments into synchrony or
metachrony, e.g. in ciliary arrays.

e Inunicellular algae with only a few front-mounted flagella, additional coupling is instead provided
by contractile fibres, implicating an essential role of the flagellar apparatus for the coordination
and control of appendages.
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