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Introduction
In 1674, peering through the lens of a crude
light microscope, Antoni van Leeuwenhoek
observed individual living cells for the first time
in history (1). He noted long, thin appendages
protruding out of some of the otherwise globular
cells that seemed to provide locomotion, like
“little feet” (1, 2). Leeuwenhoek’s description of
what we now know to be cilia, the first organelle
discovered, initiated centuries of research on the
structure and function of this versatile organelle.
Cilia and flagella are hair-like organelles
that project out from the cell surface in
eukaryotic organisms (3). Cilia come in two
varieties, motile cilia and non-motile, primary
cilia, and share many characteristics with
flagella. The membranes of both cilia and
flagella are continuous with the cell membrane,
but possess a distinctive lipid and protein
composition (4). Most cilia and flagella are 200
– 300 nm in diameter and range from 1 – 5 μm
long for most cilia and up to more than 2 mm for
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certain insect sperm flagella (3, 5, 6). A unique
intracellular transport mechanism known as
intraflagellar transport is responsible for the
assembly and maintenance of these organelles
(3, 6). Cilia and flagella are primarily composed
of the protein tubulin, which polymerizes into
long tracks called microtubules. However,
proteomic analysis, the analysis of the total
protein complement of a sample at a single time
point, has revealed the presence of 600 – 1000
different polypeptides in a single flagellum (7,
8).
While many ciliary and flagellar proteins
are known to play a structural role in the cilia
and flagella scaffolding, known as the axoneme,
the structure and function of the majority of this
diverse protein array remains unknown and is
an active area of research (4, 7). Recent research
has focused on the role cilia play in ciliopathies,
a broad and enlarging class of diseases linked to
defects in cilia, particularly primary cilia, as well
as the role cilia may play in cancer progression.

Figure 1: Chlamydomonas
reinhardtii, a single-celled, biflagellate green alga, viewed
with a scanning electron
microscope. Chlamydomonas is
a model organism in flagellar
dynamics and motility studies.
Source: Wikimedia Commons
(Credit: Rippel Electron
Microscope Facility, Dartmouth
College)
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Cilia and Flagella:
The Dividing Line
Cilia and flagella are so similar in terms
of structure and function that the terms are
often used interchangeably (4, 7). Structurally,
cilia and flagella are identical; a cross section
of either organelle reveals the same ordered
arrangement of proteins in the axoneme, which
is highly conserved across species (8). The
following generalizations highlight their few
distinguishing characteristics: cells typically
have few, long flagella or many short cilia;
flagella function to propel a cell through a liquid
medium whereas cilia, in addition to propelling
some cell types through a liquid medium,
function to propel fluid across a stationary

layer of cells; the mechanism by which cilia and
flagella generate propulsion also varies such
that flagella primarily beat in a regular sine
wave motion while cilia move by a “power and
recovery stroke” in much the same way that a
swimmer’s arm generates thrust. Unlike flagella,
primary cilia are found on nearly all vertebrate
cells (8).

More than Movement
A critical distinction within cilia is that
between motile cilia and primary cilia, which
differ both structurally and functionally.
The structural component of motile cilia,
the axoneme, has a “9+2” arrangement of
microtubules in which 9 pairs of microtubule

Figure 2: Primary cilium
structure. a. Transmission
electron microscopy of a
primary cilium. b. Schematic
of intraflagellar transport.
c. Cross section of motile
cilium with 9+2 microtubule
arrangement and dynein arms.
d. Cross section of primary
cilium with 9+0 microtubule
arrangement.
Source: Waters, A. M.,
& Beales, P. L. (2011).
Ciliopathies: An expanding
disease spectrum. Pediatric
Nephrology, 26(7), 1039-1056.
doi: 10.1007/s00467-010-17317. Reprinted with permission.
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doublets surround a central pair of microtubule
singlets, as shown in Figure 2 (8). Motile cilia, also
called secondary cilia, are capable of rhythmic
movements that provide propulsion, such as
in protists or spermatozoa, and function in the
passage of fluid over a stationary membrane,
such as in the epithelia of the respiratory tract (6,
9). Underlying this motion are arms composed
of the motor protein dynein. Every motile cilium
contains thousands of dynein proteins, each of
which is fixed in place on one end and free to
walk a short distance along microtubule tracks
at the other end. This structural arrangement of
the axoneme gives cells the ability to coordinate
the walking of thousands of dynein proteins
over short distances along the length of the
cilia. The summation of this process generates
bending and rhythmic beating (4, 8).
Primary cilia are non-motile organelles
found in most non-dividing vertebrate cells (2,
8). Primary cilia lack dynein motor proteins and
other structural features common to motile cilia,
such as the central pair of singlet microtubules,
and are therefore classified as having a “9+0”
arrangement of microtubules, also demonstrated
in Figure 2. Because primary cilia are incapable
of motion, some researchers initially concluded
that primary cilia were merely vestigial
structures (2). More recent experimentation
and research has revealed that primary cilia
play critical roles in diverse signaling pathways
both during development and in maintaining
homeostasis (2). Primary cilia are optimized for
this signaling role via their unique, high-density
arrangement of receptors and ion channels
(2). Because of the growing interest in the link
between primary cilia and disease, the remainder
of this article focuses on primary cilia, although
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much of the material is applicable to motile cilia
and flagella as well.

Four-Stage Assembly
Primary cilia are assembled in four main
stages, according to the hypothesis illustrated
in Figure 3 (10). In stage one, a membranebound vesicle within the cell buds off the Golgi
apparatus, an organelle composed of layers of
membrane sacks that is involved in protein
packaging and modification. This vesicle merges
with a centriole, a cylindrical organelle also
composed of microtubules, but in a triplet, not
a doublet, array, to form the centriolar vesicle.
The membrane-associated centriole, designated
as the “mother centriole,” forms the base of
the growing cilium (10). The mother centriole
begins to grow into the centriolar vesicle, which
wraps around the centriole much like a partially
deflated balloon wraps around a fist pressed into
it.
In stage two, the centriolar vesicle and
mother centriole migrate together toward the
cell membrane. Meanwhile, additional smaller
vesicles called secondary centriolar vesicles
fuse with the primary centriolar vesicle. The
rudimentary axoneme growing out of the
mother centriole continues to grow rapidly
through polymerization of tubulin at its tip. The
extent to which cilium growth occurs during
transport before docking with the membrane
remains unknown (10).
In stage three, the centriolar vesicle fuses
with the cell membrane. Here, the nomenclature
changes and the mother centriole now becomes
known as the basal body, the organelle at the
base of the cilium (10).
Finally, in stage four the primary cilium

Figure 3: The four stages of
primary cilia assembly.
Source: Pedersen, L. B.,
Veland, I. R., Schrøder J. M.,
& Christensen, S. T. (2008).
Assembly of primary cilia.
Developmental Dynamics,
237(8), 1993-2006. doi:
10.1002/dvdy.21521. Reprinted
with permission.

“More recent
experimentation
and research
has revealed that
primary cilia play
critical roles in
diverse signaling
pathways both
during development
and in maintaining
homeostasis.”
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is elongated and maintained by intraflagellar
transport, as discussed in the following section.

The Intraflagellar Transport Train
“IFT serves this
function as a
bidirectional
transport system,
moving protein
complexes from the
base of the cilium
at the junction with
the cell body to the
ciliary tip several
micrometers away.”

Figure 4: Photoreceptors,
show in green in this
fluorescence microscope
image, are divided into
two halves via a modified
“connecting cilium.”
Source: Flicr (Credit: Wei Li,
National Eye Institute, National
Institutes of Health)
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In the 1990s, advances in light microscopy
facilitated the discovery at Yale University of
intraflagellar transport (IFT), a revolutionary
transport mechanism unique to cilia and flagella
(7, 11). Given that the proteins comprising the
axoneme of cilia and flagella are synthesized
in the cell body but assemble at the tip, the
tip gets further away from the cell as the
flagellum grows. Thus, an efficient, organized
system is necessary to bring proteins to the
tip assembly site for elongation, remodeling,
and maintenance. IFT serves this function as a
bidirectional transport system, moving protein
complexes from the base of the cilium at the
junction with the cell body to the ciliary tip
several micrometers away. Unlike other cellular
transport mechanisms, such as the transport
of neurotransmitter-containing vesicles along
axons in neurons, IFT does not involve the
use of membrane bound vesicles (11). Instead,
proteins are transported together in loosely
associated complexes comprised of IFT proteins,
called trains, and their associated cargo proteins
along the thin space between the axoneme and
ciliary membrane (Figure 2).
Over two decades of experiments have
worked out the major details of the IFT
mechanism (1). IFT requires two types of
motor proteins, each of which walks along

the microtubule-based axoneme in a particular
direction. Microtubules have polarity inherent
to their structure, which gives them a head or
“plus end” and tail or “minus end.” Kinesin-II and
OSM-3 are plus-end directed motor proteins that
transport proteins away from the cell body to
the tip of the cilium in the anterograde direction
(7, 12). Cytoplasmic dynein (a version different
than the dynein attached to the outer doublets)
is a minus-end directed motor protein that
transports proteins from the tip of the cilium to
the cell body in the retrograde direction. Early
evidence for different classes of motor proteins
involved in IFT came from the observation that
the speed of transport differs in the anterograde
and retrograde directions (0.2-2.4 um/s vs
0.14-5.60 um/s, respectively) (4). Experiments
demonstrate that cilia and flagella are dynamic
structures constantly being disassembled at cell
division, rebuilt, and remodeled; when IFT is
blocked, cilia begin to shorten and cannot regrow after cell division (7).
A helpful analogy to conceptualize IFT is
in considering the process as a bidirectional
train system. IFT particle proteins (cars)
assemble into IFT complexes (trains), which
associate with motor proteins (engines) (12).
Proteins required for growth and maintenance
(the passengers) associate with the trains
as cargo. A separate engine is needed each
direction; thus, either kinesin-II or OSM-3, the
anterograde motor, moves the train to the tip
and dynein, the retrograde motor, transports
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Figure 5: Polydactyly in a
patient with Ellis-van Creveld
syndrome, a rare ciliopathy.
Source: Wikimedia Commons
(Credit: G. Baugat, M. Le
Merrer)

the train back to the cell body. Interestingly, the
dynein engine “hitchhikes” in the anterograde
direction in association with the anterograde
trains. Similarly, kinesin-II and OSM-3, which
are turned off at the ciliary tip where dynein is
activated, ride back along the dynein powered
retrograde trains (12). In neither case, however,
are the IFT trains encapsulated in a membrane.
Instead they associate into multiple repeating
units which reversibly bind the motor proteins.

Clinical Significance
Unlike most organelles which perform
similar roles in all cell types, many cilia are
highly specialized, particularly those involved
in sensory perception. Their location on the
periphery of the cell uniquely positions cilia for
receiving external stimuli. Olfactory receptors in
the nasal cavity contain cilia with high densities
of odor receptor proteins. Hair cells of the inner
ear contain a kinocilium, a true cilium, and
approximately 100 stereocilia, which are actually
not true cilia but microvilli, which are folds in
the cell membrane supported by microfilament
proteins. The kinocilium and stereocilia bend in
response to sound vibrations transmitted to the
inner ear and convert this physical displacement
into signals that the central nervous system
can process (13). Even more unusual are the
connecting cilia in the eye’s photoreceptors,
rods and cones. Connecting cilia form narrow
linkages between the main cell body, the inner
segment, and the functional outer segment
containing photoreceptor proteins involved in
light detection (Figure 4). These examples of
the ways in which cilia have evolved to serve
incredibly varied functions throughout the body
FALL 2017

highlight the essential role they play in human
biology. Unsurprisingly, ciliary defects are
linked to anosmia (defect in the ability to sense
odors), deafness, and blindness (6).
An explosion of research in recent years
has focused on ciliopathies, diseases involving
defects in cilia (4, 6, 8). Ciliopathies can manifest
in any organ, but the kidney, eye, liver, and
brain are the main organs affected (8). The most
prevalent ciliopathy is polycystic kidney disease
(PKD), in which a mutation occurs in a ciliary
calcium channel that functions in cell signaling
(8). Absent the signaling pathway, cells continue
proliferating into cysts, and ultimately liver
damage and kidney failure results (8). Many
other ciliopathies result in developmental
defects, including cleft palate, skeletal dysplasia
(dwarfism), and polydactyly, a condition in
which a person has extra fingers or toes (8)
(Figure 5). Many ciliopathies lead to defects
throughout the body, largely because they
play roles in ubiquitous signaling pathways,
including Hedgehog and Wnt (8). Likewise,
ciliopathies often share common phenotypic
features, or observable characteristics (8).
Among the most active areas of clinical
research on cilia in recent years are studies
uncovering the role cilia may play in the
development of various cancers. Interestingly,
it has been shown that many cancerous cells
have lost or compromised cilia, including
breast cancer, skin cancer, pancreatic cancer,
and prostate cancer (14). While the direct role
played by cilia is unknown, evidence suggests
that the presence of cilia can suppress the cell
cycle and prevent abnormal cell growth (14).
Primary cilia are resorbed before cell division
and then regrown, indicating their intimate

“These examples of
the ways in which
cilia have evolved
to serve incredibly
varied functions
throughout the
body highlight the
essential role they
play in human
biology.”
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“Further research
into the proteins
regulating this
process may lead
to the development
of novel drugs for
the treatment of
cancer and other
ciliopathies.”

integration into the cell cycle (2). A recent study
investigating the ties between cilia and cancer
found that when proteins that inhibit cilia
growth are inhibited, not only do the cell’s cilia
lengthen but the cells also have delayed reentry
into the cell cycle (14). These findings suggest
that cilia indeed have a suppressive function in
the regulation of the cell cycle. By extension,
these findings suggest that mutations in proteins
critical for cilia growth and maintenance
can lead to deregulation of the cell cycle and
progression into cancer (14). Further research
into the proteins regulating this process may
lead to the development of novel drugs for the
treatment of cancer and other ciliopathies (14).

An Evolving Field of Research
Our understanding of the structures
and functions of cilia and flagella has
progressed immensely since their discovery
in the seventeenth century, with most major
advancements coming in the past three decades.
The discovery of intraflagellar transport in the
1990s made cilia and flagella the focus of intense
study in cellular biology. Still, the role of many
of the hundreds of proteins that comprise a
single cilium or flagellum remains a mystery.
The expanding field of research into ciliopathies
teaches us that much is to be gained in studying
the consequences of ciliary mutations. Finally,
research on the links between cilia and flagella
and the cell cycle holds promise and may
open new avenues for cancer treatments and
therapies.
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of many of the
hundreds of proteins
that comprise a
signle cilium or
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8

CONTACT DYLAN CAHILL AT DYLAN.J.CAHILL.18@
DARTMOUTH.EDU

References
1. Brown, J. M., & Witman, G. B., (2014). Cilia and
Diseases. BioScience, 64(12), 1126–1137. doi: 10.1093/
biosci/biu174
2. Satir, P. (2017). CILIA: before and after. BioMed Central,
6(1), 1-11. doi: 10.1186/s13630-017-0046-8
3. Delling, M., DeCaen, P. G., Doerner, J. F., Febvay, S.,
& Clapham, D. E. (2013). Primary cilia are specialized
calcium signaling organelles. Nature, 504(7479), 311-314.
doi: 10.1038/nature12833
4. Lechtreck, K. F. (2015). IFT–Cargo Interactions and
Protein Transport in Cilia. Trends in Biochemical Sciences,
40(12), 765-778. doi: 10.1016/j.tibs.2015.09.003
5. Lodish, H., Berk, A., Zipursky, S. L., Matsudaira, P.,
Baltimore, D., & Darnell, J. (2000). Molecular Cell Biology.
New York, NY: W. H. Freeman.
DARTMOUTH UNDERGRADUATE JOURNAL OF SCIENCE

Instead of relying on the more industrial Haber-Bosch process,
by simulating the reaction mechanism of the enzyme nitrogenase,
a natural producer of ammonia, quantum computers have the
capability to discover alternative methods of nitrogen fixation.
Without relying on factory conditions, nitrogenase is able to split the
nitrogen bond at standard temperature and pressure (10), allowing
for far more energy-efficient nitrogen fixation. Although the
classical computer is not powerful enough for the task of developing
nitrogenase, the computing speed of a quantum computer enables
it to understand how the steps of ammonia synthesis take place on
a molecular level (11). A precise understanding of these steps will
allow biochemical engineers to replace the energy-inefficient HaberBosch nitrogen fixing process. If quantum computing improves to
the point where it can conceivably simulate nitrogen fixation, it
could have profound social implications. Most notably, less energyintensive ammonia synthesis will allow for cheaper fertilizer,
thereby reducing the cost of producing food. This technology would
not only lessen the global economic burden of producing fertilizer,
but also provide underprivileged communities access to affordable
food, marking a bold step towards resolving world hunger.
Despite the exponential increases in memory and speed of
quantum computers that open up potentially new applications for
computing, critical physical and logistical limitations currently
prevent us from tackling these problems. Perhaps the most pressing
challenge to quantum computing is the construction of a quantum
computer in the physical world. Firstly, in order for the data stored in
qubits to remain stable, all computations must be done in extremely
low temperatures while also maintaining strict conditions regarding
pressure and magnetic fields, all of which limits the commercial
viability of quantum computers (12). The technology to simulate
an environment conducive to quantum computing simply cannot
conceivably exist in a household or an office, and as long as these
challenges persist, it is unlikely that quantum computers will replace
classical, commercially available computers. Quantum computers
in laboratories are also limited by the sheer number of qubits
required for practical applications. Although the most advanced
quantum computers currently have around two thousand qubits,
applications such as nitrogen fixation are expected to require “only”
millions of qubits (11). Similarly, the quantum computers currently
in development do no better than classical computers at breaking
encryption schemes, as even a human with pencil and paper can
factor the largest number factored by a quantum computer to date,
a relatively unimpressive record set in 2014 (13). Despite recent
breakthroughs in quantum computing, it is clear that more progress
in resolving physical limitations of the technology is necessary
before quantum computers can see practical usage.
Regardless of current physical and logistical limitations, it is
clear that many people among the scientific community believe that
using principles from quantum theory to construct a computer is
a novel idea. Combining ideas from multiple disciplines of science,
the study of quantum computing is likely to attract popularity from
researchers in a variety of fields. More theory in quantum physics is
necessary to prove precisely how effective these computers can be.
Furthermore, engineers and even biologists must be involved in order
for this technology to leave a lasting impact on humanity. Although
many more breakthroughs are necessary before quantum computing
becomes a viable technology, this innovation can potentially be one
of the defining ideas of the current generation. The problems that
advanced quantum computers would be able to solve would not
only benefit industries, but also be able to provide large amounts of
humanitarian support with applications such as nitrogen fixation.
36

Due to its potential to make these meaningful, large scale impacts
on society, it should be evident that further studies and research in
the field of quantum computing is a worthwhile pursuit regardless
of current limitations. D
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