Euplotes with its fringe of waving cilia is
attempting to consume Paramecium in
the upper left corner.

Ciliaand
Flagella

T hecilia(L.,cili=eyelash) andflagella(L ., Littlewhip)
aremicroscopic, contractileandfilamentousprocesses
of the cytoplasm which create food currents, act as
sensory organsand perform many mechanical functionsof the
cell. Morphologically andphysiologically, theciliaandflagella
areidentical structuresbut eventhenboth can bedistinguished
from each other by their number, size and functions. Their
distinguishing features are asfollows :

1 Theflagellaareless(1or 2) innumber thanthecilia
which may be numerous (3000 to 14000 or more) in
number.

2. Theflagellaoccur a one end of the cell, while the
ciliamay occur throughout the surface of the cell.

3. Theflagellaare longer (up to 150 wm) processes,
whiletheciliaare short (5 to 10 wm) appendages of
the cytoplasm.

4. Theflagellausualy beat independently, while the
ciliatend to beat in a coordinated rhythm.

5. The flagella exhibit undulatory motion, while the
ciliamovein asweeping or pendular stroke.

STEROCILIA AND KINOCILIA

Thecell sometimesgivesoutimmobilecytoplasmic ex-
tensionsknownasster ocilia. Thesterociliadiffer fromthetrue
ciliawhichareknownaskinocilia. Thesterociliaoccurinmost
epithelial cellsof the epididymisand maculaand cristaof the
internal ear. Sterocilia of the hair cells of the inner ear are
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responsiblefor thetransduction of sound. Theseand other sterociliado not contain microtubules. They
contain, however, about 3000 microfilaments which are disposed longitudinally but have a definite
polarity and ahelical symmetry, with cross-bridges around the filaments (De Rosier, 1980).

DISTRIBUTION OF THE CILIA AND FLAGELLA

The flagella occur in the protozoans of the class Flagellata, choanocyte cells of the sponges,
spermatozoa of the Metazoa and among plants in the algae and gamete cells. The cilia occur in the
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Fig. 17.1. A ciliary apparatus
in L.S. showing fundamental
structureof ciliumor shaft, basal
bodies and ciliary rootlets.

protozoans of the class Ciliata and members of other classes and
ciliated epithelium of the Metazoa. The ciliamay occur on external
body surface and may helpinthelocomotion of such animalsasthe
larvae of certain Platyhelminthes, Nemertines, Echinodermata,
Molluscaand Annelida. The ciliamay line theinternal cavities or
passages of the metazoan bodies as air passage of the respiratory
systemandreproductivetracts. Thenematodewormsand arthropods
have no cilia

Except for sperm, the cilia in mammalian systems are not
organelles of locomotion. But their effect is the same, that is, to
move the environment with respect to the cell surface.

STRUCTURE OF THE CILIA AND FLAGELLA

Theciliary apparatusiscomposed of foll owing basic compo-
nents(1) theshaft or cilium, whichistheslender cylindroid process
that projectsfrom the free surface of the cell; (2) the basal body or
granule, a centriole like cellular organelle from which the cilium
originates ; and (3) in some cellsfine fibrils—called ciliary root-
|ets. Basal body remainsseparated fromciliumby aciliary or basal
platewhich hastwo functions: termination of the C Tubuleof each
triplet of basal body ; and beginning of two central microtubules.
Theciliaand flagellaare extremely delicate, permanently formed,
thread-likeextension of cytoplasmandtheir thicknessisoftenat the
limit of the resolving power of light microscope.

ISOLATION AND CHEMICAL COMPQOSITION OF
CILIA AND FLAGELLA

Thefirst detailed chemical analysisof theproteincomponents
of the cilia of Tetrahymena pyriformis was conducted by |. R.
Gibbons (1963). Ciliary movements can be analyzed easily by
scraping the pharyngeal epithelium of afrog or toad with aspatula
and placing the scrapings in a drop of physiological salt solution
between a slide and a coverglass. By certain recent techniques, a
flagellum can be severed from a cell by alaser beam and ciliary
membrane can be peeled off by detergent treatments.

Axoneme of cilia has a variety of proteins such as o and 3
tubulins in the micortubules, dynein (the microtubule ATPase),
nexin and others (see Table 17-1).

ULTRASTRUCTURE OF THE CILIA AND
FLAGELLA

Aneukaryoticcilium or flagellumiscomposed of threemajor parts: acentral axonemeor shaft,
the surrounding plasma memberane and the interposed cytoplasmic matrix (Fig. 17.1).
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1. Ciliary Membrane

Though theciliary membrane (9.5 nm thick) isphysically continuouswith plasmamembrane of
thecell, butit containsfar lessamount of proteinsthanthelatter (i.e., itisatypically protein poor; Satir,
1977). Further, some of the proteins present in the ciliary membrane are specific to it and have arole
as the barrier against the loss of ATP and certain essential ion that are required at appropriate
concentrations to provide the energy for the ciliary movement.

Ciliary necklace. An unusual feature of the membranes of all somatic ciliais the presence of
multiple strands (2 to 6 and up to 11) of particles, called ciliary necklace, at the base of the organelle.
These particles can be seenin the electron micrographs of freeze-fractured cilium (see Fumi Suzuki).
Theciliary necklaceisfoundat aregionintheciliumwheremicrotubul esand basal bodiesmakecontact
withthemembrane. Accordingto Thor pe(1984), ciliary necklacemay havefollowingtwofunctions:
1. It may position the underlying basal body from which theciliumisoriginated. 2. It may helpinthe
differentiation of ciliary membrane; i.e., theringsof particlesmay retain proteinsthat woul d otherwise
diffuse out and be incorporated into ciliary membrane.

2. Matrix

The bounded space of the cilium contains awatery substance known as matrix. Intheciliary
matrix are embedded el even microtubules of axoneme and other interconnecting proteins.

3. Axoneme

Theaxial basicmicrotubular structureof ciliaandflagellaiscalled axoneme. Itistheessentia motile
element of these organelles. The axonemeisabout 0.2 to 10 umin diameter and may rangefrom afew
micronsto 1to 2 mminlength. Theciliamay bethicker at the base and may becomethinner gradually
along the length.

Table 17.1. Major protein structuresigefggg)eme of the cilia and flagella (Source : Alberts

Axoneme component Function
(periodicity along axoneme)
1. Tubulin (8 nm) Principal component of microtubules.
2. Dynein (24 nm) Project from microtubule doublets and interact with adjacent
doublets to produce bending.
3. Nexinlink (86 nm) Hold adjacent microtubule doublets together.
4. Radia spokes (29 nm) Extend from each of the nine outer doubl etsinward to the central pair.
5. Sheath projections (14 nm) Project asaseries of sidearmsfrom the central pair of microtubules ;
together with the radial spokes these regulate the form of the ciliary
beat.

Theaxonemal elementsof nearly all ciliaand flagella(aswell asthetailsof sperm cells) contain
thesame9 + 2 arrangement of microtubul es. Inthecentreof theaxonemearetwo.singlet microtubules
orfibrilsthat runlength of thecilium. Each of thecentral microtubules(25nmindiameter) iscomposed
of 13 protofilaments. Thecentral fibrils, each hasawall of 6 nmthick and arelocated 35 nmaway from
each other. Both central fibrilsare connected by abridgeand areenclosedinacommon central sheath.
A planeperpendicular to linejoining thetwo central tubulesdividesthe axonemeinto aright and aleft
symmetrical half. Itisgenerally accepted that the plane of theciliary beat isperpendicular tothisplane
of symmetry.

Nine doublet microtubules (each 36 nmin diameter) surround the central sheath; they remain
separated from each other by a distance of 20 nm and from the ciliary membrane by a distance of 25
nm. Each peripheral doublet consists of two microtubules or subfibres (18 to 25 nmin diameter), one
issmaller (A) and compl ete, having 13 protofilaments of tubulin and lying closer tothe axis; the other
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subfibre (B) islarger andincompl ete, hav-
ingonly 11 protofilaments. The B subfibre
lacksthewall adjacentto A subfibreandis
skewed at about 10° away from the axis.
Other associated structures of the dou-
bletsarethefollowing :

1.Dyneinarms. Extendingfromeach
A subfibrearetwodynein ar ms—anouter
armandaninner arm, that areorientedin
thesamedirectioninall microtubules(i.e.,
peripheral doublets). This orientation is
clockwise when the axoneme is viewed
frombasetotip. Thearmscontaindynein,
which is large protein complex (nearly 2
million daltons) composed of 9 to 10
polypeptidechains, thelargest of whichare
about 450,000 daltons. Dynein is a Mg?*
and Ca2*-activated AT Paseenzymewhich

® interdoublet
(nexin)
bridge

after solubilization can recombine at the
samepositionontheA microtubule. Dynein
containstwo or three elliptical or globular
heads (depending on the source) linked to
a common root, foot or base by the thin
flexiblestrandsor stalks(Fig. 17.3). Thus,
the base of the dynein molecule attaches
only to A subfibre, leaving theheadsfreeto
makecontact withtheadjacent B tubul esof
neighbouring doublet. It indicates that B
tubule has different structure than the A
tubule, so that, the base of dynein cannot
attach to it. The resulting asymmetry is
required to prevent a fruitless tug-of-war
between the neighbouring microtubules,
which presumably explains why each of
nine outer microtubulesisan A-B doublet
(seeAlbertsetal., 1989).

2. Nexin links. Adjacent doublets
are joined or linked by peripheral,
interdoublet or nexin links; the nexin
links have a periodicity of 86 nm. Nexin
links extend from A tubule of one doublet
to B tubule of adjacent doublet. Nexin
protein has a molecular weight of about
150,000 to 160,000 daltons. Nexin links
arehighly elastic: their normal lengthis30
nm, but they can be stretched to 250 nm
without breaking (seeDar nell, 1986). They
arethoughttofunctionliketherubber bands
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Fig. 17.2. Schematic diagram of aflagellar axoneme, showing relationships

between its components at the flagellar tip (A), in the middle of the
flagellum (B), and at the basal body (C). More detailed picture of
flagelluminthecrosssection (after Berns, 1983; Albertsetal., 1989).

to resist the sliding be-
tween adjacent double
microtubules (i.e., they
maintain integrity of the
axonemeduringthedlid-
ing motion).

3. Radial spokes.
There are 36 nm long
radial bridges or links
between the A subfibre
and the sheath contain-
ing the central microtu-
bules. These spokes ter-
minateinadenseknob or
head, which may havea
fork-likestructure. Earlier
observation of Warner
and Satir (1974) that the
spokes are attached per-
pendicularly to the cili-
ary axiswhereitisstraight
and that they are rela
tively detachedin bent or
tilted regions of the axis
hasled to the hypothesis
that they may beactivein
the conversion of active
sliding between outer
doubletsinto local axial
bending.

Lastly, the struc-
tures of a cilium at the
base and tip are dightly
different from features
described above (Fig.
17.2).

PHYSIOLOGY OF
CILIARY
MOVEMENT

The cilia and fla-

gella serve many pur-
poses and their move-

mentspropel theorganism. Theciliaarecontractilestructuresandinthemtwotypesof rhythmsknown
asmetachronicandisochr onicor synchronousr hythmsproducethewaveof contractionsinthecilia.
Inthemetachr onictypeof rhythmtheciliaof arow beat oneafter theother, whileinthesynchronous
orisochronicrhythm, all theciliaof arow beat simultaneously. Incontrast tothecilia, theflagellaexhibit
undulant motion and beat independently.
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Thebeating of ciliaor flagellaiscaused
by theintraciliary excitationwhichisfollowed
by theinterciliary conduction. Hayashi (1961)
has reported that the two inner filaments of a
cilium transmit excitation and the nine outer
filaments are the seat of ATP splitting. The
movement of cilia may be under nervous or
cytoplasmic control. Inafew invertebrateem-
bryos the cilia are probably under nervous
control sincetheir movement may be stopped
upon stimulation of the embryo. In ciliates
they arethought to be coordinated by aneuro-
motor centre near the mouth since destruction
of the fibres connecting the centreto the cilia
resultsin uncoordinated movements (T aylor,
1920). However, Okajima (1966) reported
coordinated movementsin Euploteseven after
compl etedissection of theneuro-motor fibres.
Recent studies have shown that cytoplasm is
necessary for theciliary movements. TheATP
provides necessary amount of energy for the
motion of the ciliaand flagella. Four types of
ciliary movements have been recognized which are asfollows::

1. Thependulusciliary movement. The pendulustype of ciliary movement iscarried outina
singleplane. It occursintheciliated protozoanswhich haverigid cilia. In such casesthe movement of
theciliais carried out by aflexion at its base.

2. The unciform ciliary movement. The unciform (hook-like) ciliary movement occurs
commonly inthemetazoan cells. In such type of movement, when theciliacontract it becomesdouble
and acquires a hook-like shape.

3. Theinfundibuliform ciliary movement. Theinfundibuliform ciliary movement occursdue
to the rotary movement of the cilium and flagellum. In this case, the cilium or flagellum is passed
through three mutually perpendicular planesin the space and makes conical or funnel-shaped shape.

4. Theundulant movement. The undulant movement isthe characteristic of the flagellum. In
undulant movement thewaves of the contraction proceed from the site of implantation and passto the
border.

Each beat of cilium or flagel-

A tubule
-

dynein
heads

Fig. 17.3. Thebaseof thedyneinmoleculebindstightly
toan A tubulein an ATP-independent man-
ner, while the large globular heads have an
ATP-dependent binding site for a second
microtubule (B tubule) (after Albertsetal.,
1989).

lum involves the same pattern of L]

microtubulemovement. Eachcilium L

moveswith awhip-likemotionand " .

its beat may be divided into two ] L S

phases: 1. Thefast effectivestroke - % ., -

(or forward active stroke or power B ‘- .J" L, - . ‘._'ﬁ'-_:: =
stroke) in which the cilium isfully = - & g —

A wave-form g effective stroke
propagation

extended and beating against the C recovery stroke

surroundingliquid (i.e., itislikethe
action of an oar inarowboat ; Fig.
17.4B). 2. The slow recovery
stroke, inwhich the cilium returns

Fig. 17.4. Movement of ciliaand flagella. A—Typical wave-form
propagation of a flagellum, such as that found in sperm ; B—
Effective stroke common with cilia of all types ; C—Recovery of
cilium prior to the next effective stroke (after Dyson, 1978).
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toitsoriginal positionwithanunrolling movement that minimizesviscousdrag (Fig. 17.4B). Thecycles
of adjacent ciliaare almost but not quitein synchrony, creating awave-like pattern.

The flagellum instead of making whip-like movements, propagates quasi-sinusoidal waves
(Fig. 17.4A), i.e., successive waves move toward the tip of the flagellum, propelling the cdll (e.g.,
sperm) in the opposite direction.

The mechanism of force and movement (bending) by the flagellum has recently been studied
extensively. Itiswell established now that the ciliary movement isgenerated by the microtubulesand
theassociated structuresof theflagellum. It wasshownthat the cell freeflagellacan be caused to move
by adding anenergy sourcesuchasATP. Evenbroken piecesof ciliaor isolated axonemeitsel f continue
to beat, suggesting the role of microtubules in the movement. The contractile axostyle of some

(a) cilium

propulsion of
i

power stroke return stroke

plasma membrane

(AN direction of locomotion
n

..-. o i T e

. . - m
continuous propulsion

propulsion of water
n

How cilia and flagella move.

microorganisms such as Metamonadida (adinoflagellate that livesin the gut of termite; Fig. 17.5) is
another example of microtubule mediated motile process (see Ber ns, 1983). Infact, bending forceis
produced by the dliding of microtubules. This has been shown by exposing isolated axonemes to
proteolytic enzymes, which disrupts both the nexin links and the radial spokesbut leaving thedynein
arms and the microtubules

themselvesintact. If suchapartially axostyle microtubules

digested structure is exposed to as i "

little as 10 uM ATP, the axoneme e, o

elongatesuntil itisup to ninetimes =1

its original length, the component C L | Ir

microtubules in the axoneme P ﬁ.

telescoping out of the loosened . il 1 .i'

structure. It seemsthat the adjacent g

peripheral doublets can actively . o ‘

dide against each other once they e

havebeenfreed of their lateral cross- - A B
links(suchasthosemadeof nexin). -I:-

Apparently, inintact structure this

diding movement is converted to | Fig. 17.5. Axostyle of Metamonadida flagellate. A—The relation-
bending. Further, sincetheadjacent ship of the axostyle with the cell body; B—Schematic
outer doubletsactively slideagainst representation of the arrangement of microtubules into
eachother, aforcemust begenerated para !el sheetswith protein cross bridges betweenthem as
between them. This force is seeninaT. S. of axostyle (after Berns, 1983).
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apparently generated by dyneinarmswhich ‘walk’ along the doubl ets, ashasbeen suggested by Peter

Satir’s(1968) sliding filament hypothesis.
Sliding Filament Hypothesis

Recent experimental work on ciliary motion has shown notable similarities with the sliding
mechanism involved in the interaction of actin and myosin in muscle. The dynein arms attached to

N+1 N ATP ADP + Pi
: .I L B} I N I
ti n ey | n ]
p an T rl_h‘
base I I I I
| |
i

A Rigor B Release of the

dynein arm of the dynein
arm
ADP + Pi
PR -
|
"]
u T
D E =m

The extended

dynein arm rebinds
at a new site

To adjust polarity
doublet N+1 slides

Fig. 17.6. Schematicrepresentation of themechanochemical
cycleinvolvedindidingof filamentinciliary movement (after
De Robertis and De Robertis, Jr., 1987).

C Re-extension

towards the tip of the cilium

subfibre A have been compared
with the cross bridges of myosin
and it has been postulated that
they form  intermittent
attachments, by which one
doublet (N,) is able to push the
adjacent one (N, + 1) toward the
tipof theaxoneme(Fig. 17.6). Under
normal conditions, theattachment
of subfibreA of N tosubfibreB of
N + 1 by dynein arms is not
observedinanintact cilium. Only
when the ciliary membrane is
extracted with a detergent, the
axonemeentersinastateof rigor
in which the attachment is
produced (Fig. 17.6 A). Addition
of ATPtoaxonemesinthestateof
rigor restoresmotility and causes
releaseof thedyneinarm(Fig. 17.6
B). In this mechano-chemical
cycle, the next step would be
reextensionof thedyneinarm(Fig.
17.6C) and its rebinding at an

angle, with anew, moreproximal siteon subfibre B (Fig. 17.6 D). Thisstepinvolvesthe hydrolysisof
ATPtoADP+Pi. Inthelast step, thearmreturnsto therigor position and displacement of thedoublets

results(Fig.17.6E).

Forceis generated when dynein arms move. The movement of diding is converted to bending
by virture of radial spokesthat bridge each other doublet to theinner pair of microtubules (War ner

and Satir, 1974 ; Huang et al., 1981). Thewave
that is generated by dliding is propagated down
the organelle from base to tip, with the cell
generally moving in a direction opposite from
that of wave propagation.

Immotile Cilia Syndrome
(Kartagenre’s Syndrome)

Ciliary mation can be affected by many
deficiencies in the protein composition of the
organelle. Forexample,inimmoatileciliasyndrome,
a condition characterized by severe respiratory
difficulty (chronic bronchitis and sinusitis) and
malesterility, theunderlying genetic defectisthe

An eukaryotic flagellum.
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absence of inner and outer dynein arms on the peripheral doublets of both cilia and flagella. The
symptomsof thissyndromeresult fromtheimmobility of ciliaintherespiratory tract and of theflagella
inthe sperm.

In Chlamydomonas several mutational defects have been studied in the axoneme of flagellum
which may lead to paralysisof theflagellar function (L uck, 1984).

Other Functions of the Cilia and Flagella

1. Theciliary or flagellar movement providesthelocomotion to the cell or organism.
2. Theciliacreatefood currentsin lower aquatic animals.
3. Intherespiratory tract, the ciliary movements help in the elimination of the solid particles

fromit.

4. The eggs of amphibians and mammals are driven out from the oviduct by the aid of vibratile
ciliaof the latter.

Thus, the ciliaand flagellaserve many physiological processes of the cell, such aslocomation,
alimentation, circulation, respiration, excretion and perception of sense.

ORIGIN OF CILIA

Thenewly formed basal bodi esbecomealignedin rowshbeneaththeapical plasmamembraneand
each basal body may then produce satellites from the side, aroot from its base and a cilium from its

apex.

The formation of the cilia from the basal bodies is started by the formation of a vesicle-like
structure of the cytoplasm towards the distal end of the basal bodies. The walls of the vesicle are
invaginated duetorapid growth of ciliary shaft. Thewallsof thevesiclearetemporary and arereplaced
by the new and permanent ciliary sheaths.

DERIVATIVES OF CILIA

Theciliaaremodified into avariety of structures such astherodsand cones of theretina, crown
cell of saccus vasculosus of third ventricle of fishes, primitive sensory cells of the pineal eye and
cnidocil of the nematocysts of the coelenterates.

REVISION QUESTIONS

1
2.
3.

Differentiate between ciliaand flagella. Describe the structure of the axoneme.

Explain sliding microtubule hypothesis of ciliary movement.

Flagella and cilia, though identical in structure, commonly exhibit a quite different pattern of
movement. Describe the two patterns and conditions under which one or the other would be more
appropriate.

Write short notes on the following :

(a) axoneme ; (b) sterocilia; (c) ciliary necklace ; (d) axostyle ; () sliding filament hypothesis ;
(f) Kartagenre' s syndrome
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